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Simultaneous cooling of coupled mechanical resonators in cavity
optomechanics
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Abstract. Quantum manipulation of coupled mechanical resonators has become an important research
topic in optomechanics because these systems can be used to study the quantum coherence eﬀects involving
multiple mechanical modes. A prerequisite for observing macroscopic mechanical coherence is to cool the
mechanical resonators to their ground state. Here we propose a theoretical scheme to cool two coupled
mechanical resonators by introducing an optomechanical interface. The ﬁnal mean phonon numbers are
calculated exactly and the results show that the ground-state cooling is achievable in the resolved-sideband
regime. By adiabatically eliminating the cavity ﬁeld in the large-decay regime, we obtain the cooling
limits, which show the smallest achievable phonon numbers and the parameter conditions under which the
optimal cooling is achieved. Finally, the scheme is extended to the cooling of a chain of coupled mechanical
resonators.
Keywords: resonators, phonon numbers, cooling limit
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Model and Hamiltonian
!"

We consider a three-mode optomechanical system,
which is composed of one cavity mode and two mechanical modes, as illustrated in Fig. 1. The cavity-ﬁeld mode
is coupled to the ﬁrst mechanical mode via the radiationpressure coupling, and the two mechanical modes are
coupled to each other via the so-called position-position
interaction. To manipulate the optical and mechanical
degrees of freedom, a proper driving ﬁeld is applied to
the optical cavity. The Hamiltonian of the system reads
(~ = 1)
)
∑ ( p2
ml ω̃l2 x2l
xl
H = ωc a† a +
+
− λa† ax1
2ml
2

ωL
Ω

x
&'(
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!"#$
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x
"!

#%
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(1)
Figure 1: (a) Schematic of the three-mode optomechanical system. A single-mode cavity ﬁeld with resonance
frequency ωc is coupled to an end mirror with resonance
frequency ω̃1 via the radiation pressure coupling. The
end mirror is coupled to another mechanical resonator
with resonance frequency ω̃2 via the “position-position”
interaction. (b) By adiabatically eliminating the cavity
mode, the model (a) can be simpliﬁed as two mechanical modes b1 and b2 whose coupling strength is η0 . Each
harmonic oscillator is also coupled to its own heat bath
with initial phonon numbers n̄1 and n̄2 by decay rates
γ1 and γ2 . Additionally, the mode b1 is coupled to an
eﬀective optical bath with the eﬀective decay rate γopt
and thermal occupation n̄opt .

where a and a† are, respectively, the annihilation and
creation operators of the cavity mode with the resonance
frequency ωc . The coordinate and momentum operators
xl and pxl are introduced to describe the lth (l = 1, 2) mechanical resonator with mass ml and resonance frequency
ω̃l . The optomechanical coupling between the cavity ﬁeld
and the ﬁrst mechanical mode is described by the λ term
in Eq. (1), where λ = ωc /L denotes the optomechanical
force of a single photon, with L being the rest length of
the optical cavity. The η term depicts the mechanical
interaction between the two mechanical resonators. The
parameters ωL and Ω are, respectively, the optical driving frequency and driving amplitude, which is√
determined
by the driving power via the relation Ω = 2PL κ/ωL ,
where PL is the power of the driving laser, and κ is the
decay rate of the cavity ﬁeld.
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Ground state cooling and cooling limits

Mathematically, the ﬁnal mean phonon numbers in the
two mechanical resonators can be calculated by the rela1

1
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cooled eﬃciently (nf1 , nf2 ≪ 1) in the resolved-sideband
limit and under the driving ∆/ω1 ∼ 1, which means that
the ground-state cooling is achievable in this system. For
a given value of the ratio κ/ω1 , the optimal driving detuning is given by ∆ ≈ ω1 . This is because the energy
extraction eﬃciency between the cavity mode and the
ﬁrst mechanical mode should be maximum at ∆ = ω1 ,
and the small deviation of the exact value of ω1 in realistic simulations is caused by the counter RW term in
the linearized interaction between the cavity mode and
the ﬁrst mechanical mode. Physically, the generation of
an anti-Stokes photon will cool the mechanical oscillator
by taking away a phonon from the mechanical resonator.
For the optimal cooling detuning ∆ ≈ ω1 , the frequency
ω1 of the phonon exactly matches the driving detuning
∆ and hence ∆/ω1 = 1 corresponds to the optimal cooling. At the optimal driving ∆ = ω1 , the ﬁnal mean
phonon numbers become worse with the increase of the
ratio κ/ω1 .
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Figure 2: (Color online) The ﬁnal mean phonon numbers
(a) nf1 and (b) nf2 in the two mechanical resonators vs the
eﬀective driving detuning ∆/ω1 and the decay rate κ/ω1 .
The used parameters are given by ω1 /2π = ω2 /2π = 10
MHz, γ1 /ω1 = γ2 /ω1 = 10−5 , ωc /ω1 = 2.817 × 107 ,
η0 /ω1 = 0.04, m1 = m2 = 250 ng, n̄1 = n̄2 = 1000,
L = 0.5 mm, PL = 50 mW, and λ = 1064 nm. The black
solid curves correspond to nf1 = nf2 = 1.
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Figure 3: (Color online) Final mean phonon numbers (a)
nf1 and (b) nf2 as a function of κ/ωm . In addition, we take
∆ = ωm , γ1 /ωm = γ2 /ωm = 10−6 , and η0 /ω1 = 0.02.
Other parameters are the same as those given in Fig. 2.
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for o = ql=1,2 and pl=1,2 . The ﬂuctuation spectrum can
also be expressed in the frequency domain as

0.02
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−∞

(o = ql , pl ).

(b)

n2
0.6

Here the ﬂuctuation spectra of the position and momentum of the two mechanical oscillators are deﬁned by
∫ ∞
So (ω) =
e−iωτ ⟨δo(t + τ )δo(t)⟩ss dτ,
(4)

⟨δõ(ω)δõ(ω ′ )⟩ss = So (ω)δ(ω + ω ′ ),
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Figure 4: (Color online) Final mean phonon numbers
(a) nf1 and (b) nf2 as a function of η0 /ωm . The insets are
zoom-in plots of the phonon numbers in a narrower range
of η0 /ωm . We take ∆ = ωm , κ/ω1 = 0.2, and PL = 70
mW. Other parameters are the same as those given in
Fig. 3.

(5)

In Fig. 2, we plot the ﬁnal mean phonon numbers nf1
and nf2 as a function of the driving detuning ∆/ω1 and
the cavity-ﬁeld decay rate κ/ω1 . When κ/ω1 ≪ 1, the
phonon sidebands can be resolved from the cavity emission spectrum, and this regime is called as the resolvedsideband limit. We can see that the two resonators can be

Below, we derive the approximate cooling results in the
bad-cavity regime such that compact expressions of the
cooling limits can be obtained. This is achieved by elim-

2

inating adiabatically the cavity ﬁeld in the large-decay
regime (κ ≫ G̃) and then calculating the ﬁnal phonon
numbers under the RWA (ω1,2 ≫ G̃). Thus, the approximate expressions of the ﬁnal mean phonon numbers can
be obtained as
γopt nopt + χn1,χ
γ1 n̄1
+
,
(6a)
nf1 ≈
Γ1
Γ1 − 4χ
γ2 n̄2 + χn2,χ
nf2 ≈
,
(6b)
χ + γ2

and hence the rotating-wave approximation is justiﬁed.
In this case, the Hamiltonian of the system can be written
in a frame rotating at the driving frequency as

where nopt = κ2 /4(ωm +∆)2 , n1,χ = γ2 n̄2 (4χ+Γ1 )/[(Γ1 +
γ2 )(χ+γ2 )], and n2,χ = (γ1 n̄1 +γ2 n̄2 +γopt nopt )/(Γ1 +γ2 )
with Γ1 = γ1 +γopt . We also introduce the eﬀective decay
rates γopt = 4|G̃|2 /κ and χ = 4η02 /(γ1 +γopt ) corresponding to the optomechanical channel and the mechanical
coupling channel, respectively. To evaluate the approximate cooling results, we compare the approximate results
with the exact results. It shows that the approximate and
exact phonon numbers coincide well with each other in
κ ≈ 0.1ωm ∼ 0.5ωm and η0 ≈ 0 ∼ 0.05ωm . Figure 3(a)
shows that diﬀerence between the approximate result and
the exact result increases when κ < 0.1ωm . This is because the adiabatic elimination procedure only works under the condition κ ≫ G̃. In Fig. 4(a), we see that the
two results do not matched well for a large η0 (for example η0 /ωm > 0.05 in our simulations). This phenomenon
can be explained based on the parameter requirement of
the system stability. In the case of Ω1 ≈ ω2 and γ1 = γ2 ,
the parameter condition is reduced to γopt > 4χ. Corresponding to Fig. 4(b), when η0 /ωm > 0.05 , the stability
condition γopt > 4χ is violated.

where a (a† ) and bj=1−N are the annihilation (creation)
operators of the cavity mode and the jth resonator. The
parameter ∆ is the driving detuning after the linearization of the optomechanical coupling, G is the strength of
the linearized optomechanical coupling, and ωm and η0
are the frequency of these resonators and the coupling
strength between the neighboring mechanical resonators,
respectively. To include the dissipations, we assume that
the cavity is coupled to a vacuum bath and the mechanical resonators are coupled to independent heat baths at
the same temperatures. Then the evolution of the system
can be governed by the quantum master equation
κ
ρ̇ = i[ρ, HI ] + (2aρa† − a† aρ − ρa† a)
2
N
∑
γm
+
(n̄m + 1)
(2bj ρb†j − b†j bj ρ − ρb†j bj )
2
j=1

3

HI

(a)

1.0
f

n1

(b)

−

+

0.8

f

n3

f

n3
f

0.6

0.4

0.4

0.2

0.2

0.5

f

n1

n4

0.6

1.0

1.5
m

0.5

1.0

b†j bj − (Ga† b1 + G⋆ b†1 a)

N
−1
∑

η0 (b†j bj+1 + b†j+1 bj ),

(7)

N
γm n̄m ∑ †
(2b ρbj − bj b†j ρ − ρbj b†j ),
2 j=1 j

(8)

where ρ is the density matrix of the coupled cavityresonator system, n̄m is thermal phonon number of the
heat baths of these mechanical resonators, κ and γm are
the decay rates of the cavity mode and the mechanical resonators, respectively. To evaluate the cooling efﬁciency, we solve the steady-state solution of quantum
master equation (8) and calculate the average occupation
numbers in the cavity and these mechanical resonators.
We see that the ground-state cooling is achievable and
the ﬁnal phonon numbers successively increase from nf1
to nfN at the optimal eﬀective detuning ∆ = ωm . The
physical reason for this phenomenon is that the system
is a cascade system and the vacuum bath of the optomechanical cavity provides the cooling reservoir to extract
the thermal excitations in these mechanical resonators,
which are thermally excited by their heat baths. After
the linearization, the system is reduced to an array of coupled bosonic modes. Then the vacuum bath provides the
cooling channel of the cavity, and the cavity provides the
cooling channel of the ﬁrst mechanical resonator. Successively, the former resonator provides the cooling channel
for the next resonator. As a result, the cooling eﬃciency
is higher for a mechanical oscillator which is closer to the
cavity.

f

n2

N
∑

j=1

n2

f

0.8

∆a† a + ωm

j=1

Cooling of a chain of coupled mechanical resonators
1.0

=

1.5
m

Figure 5: (Color online) Final mean phonon numbers in
the mechanical resonators as a function of the eﬀective
driving detuning ∆ when (a) N = 3 and (b) N = 4.
Other parameters are given by G/ωm = 0.2, η0 /ωm =
0.1, κ/ωm = 0.3, γm /ωm = 10−5 , and n̄ = 1000.
In this section, we extend the optomechanical cooling
means to the cooling of a coupled-mechanical-resonator
chain. Without loss of generality, we assume that all
the mechanical resonators are identical, having the same
frequency, decay rate, and thermal occupation number.
Meanwhile, the couplings between the mechanical resonators are much smaller than the mechanical frequency
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Abstract. Few-photon optomechanical effects are not only important physical evidences for understanding the radiation-pressure interaction between photons and mechanical oscillation, but also have wide
potential applications in modern quantum technology. Here we study the few-photon optomechanical
effects including photon blockade and generation of the Schrödinger cat states under the assistance of a
cross-Kerr interaction, which is an inherent interaction accompanied the optomechanical coupling in a generalized optomechanical system. By exactly diagonalizing the generalized optomechanical Hamiltonian and
calculating its unitary evolution operator, we find the physical mechanism of the enhancement of photon
blockade and single-photon mechanical displacement.
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Figure 1: (Color online) (a) Schematic diagram of the
generalized optomechanical model. (b) Diagram of the
eigenenergy spectrum of the Hamiltonian Ĥgom in the
subspace associated with zero, one, and two photons.

(2)

δ̂ =
(3)

∞
X
g02 â† ââ† â
=
δ [m] |m⟩a a ⟨m|,
ωM − gcK â† â m=0

(5)

with the m-photon energy shift
δ [m] =

g02 m2
.
ωM − mgcK

(6)

ˆ
The eigensystem of the Hamiltonian H̃
gom can be expressed as

†

ˆ Ĥgom D̂(ξ)
ˆ
= D̂ (ξ)
= ωc â† â + (ωM − gcK â† â)b̂† b̂ − δ̂,

γM

δ[2]

where we introduce the number states |m⟩a (m =
0, 1, 2, · · · ) of the cavity mode. The Hamiltonian Ĥgom
can be diagonalized as follows,
ˆ
H̃
gom

ωMb†b

κ

with the m-photon induced mechanical displacement
ξ [m] =

†

gcKa ab b

2ω c

where â (â† ) and b̂ (b̂† ) are, respectively, the annihilation
(creation) operators of the cavity mode and the mechanical mode, with the corresponding resonance frequencies
ωc and ωM . The g0 term denotes the optomechanical coupling between the cavity field and the mechanical mode,
with the coupling strength g0 . The gcK term describes
the cross-Kerr interaction between the cavity field and
the mechanical mode, with the coupling strength gcK .
To calculate the eigensystem of Ĥgom , we introduce
ˆ = exp[ξ(
ˆ b̂† −
a conditional displacement operator D̂(ξ)
ˆ
b̂)], where the displacement amplitude ξ is a nonlinear
function of the photon number operator â† â,
∞
X
g0 â† â
ξ [m] |m⟩a a ⟨m|,
=
ωM − gcK â† â m=0

ωca a

ωd

Ĥgom = ωc â† â + ωM b̂† b̂ − g0 â† â(b̂† + b̂) − gcK â† âb̂† b̂, (1)

ξˆ =

g0a†a(b†+b)

Ω

We consider a generalized optomechanical model,
which is composed of a single-mode optical field and a
mechanical mode [see Fig. 1(a)]. The Hamiltonian of the
generalized optomechanical model reads (ℏ = 1)

(4)

ˆ
H̃
gom |m⟩a |n⟩b = Em,n |m⟩a |n⟩b ,

(7)

where |n⟩b (n = 0, 1, 2, · · · ) are number states of the mechanical mode. The corresponding eigenvalues are

where we introduce the optical nonlinearity as
∗jfhuang@hunnu.edu.cn
† jqliao@hunnu.edu.cn

Em,n = mωc + (ωM − mgcK )n − δ [m] .

4

(8)
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0.5 n=1

g (2)(0)

n=1
g0 = 0.5
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0.3

where Ω and ωd are the driving strength and driving
frequency, respectively. For below convenience, we work
in a frame rotating at the driving frequency ωd , then the
Hamiltonian of the total system becomes

2

M

(I)
(I)
Ĥsys
= Ĥgom
+ Ω(â† + â),

2

g0 = 0.7

M

3

0.2

4

with

5

(I)
Ĥgom
= ∆c â† â+ωM b̂† b̂−g0 â† â(b̂† + b̂)−gcK â† âb̂† b̂, (13)

0.1

where ∆c = ωc − ωd is the detuning of the cavity frequency with respect to the driving frequency.
To include the dissipations of the cavity field and the
mechanical resonator, we study the photon blockade effect in the open-system case by using the method of quantum master equation. The quantum master equation in
the rotating frame is written as
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Figure 2: (Color online) (a) Plot of g (2) (0) as a function
of gcK /ωM under g0 /ωM = 0.5, 0.7 and the single-photon
resonance ∆c = δ [1] . (b) Plot of g (2) (0) as a function of
gcK /ωM and g0 /ωM at ∆c = δ [1] . Other parameters are
κ/ωM = 0.1, γM /ωM = 0.001, Ω/κ = 0.01, and n̄M = 0.

D[ô]ρ̂(t) =

(9)

where we introduce the m-photon displaced number
states of the mechanical mode as
|ñ(m)⟩b ≡ exp[ξ [m] (b̂† − b̂)]|n⟩b .

(15)

n=0

calculated numerically.
The second-order correlation function g (2) (0) can also be obtained by
g (2) (0) = Tr(â† â† ââρ̂ss )/[Tr(â† âρ̂ss )]2 .
In Fig. 2(a) we plot the correlation function g (2) (0)
at the steady state as a function of gcK /ωM , under
given values of g0 /ωM and ∆c = δ [1] . Here we can see
that the correlation function exhibits an oscillating pattern with several resonance peaks located at specific values of gcK /ωM . Moreover, we can see that the value
of g (2) (0) of the generalized optomechanical system is
greater (less) than those of the typical optomechanicl
system when g0 /ωM = 0.5 (0.7). It indicates that the
cross-Kerr interaction could either enhance or suppress
the photon blockade effect. A more comprehensive analysis of these phenomena is shown in Fig. 2(b), in which
we plot the correlation function as a function of g0 /ωM
and gcK /ωM under the single-photon resonant transition
|0⟩a |0⟩b → |1⟩a |0̃(1)⟩b . We can see that the value of
g (2) (0) is approximately equal to 1 when g0 /ωM < 0.1,
which indicates that the photon blockade effect can not
be observed. For a given value of g0 /ωM , the correlation function g (2) (0) experiences some oscillations with
the increasing of the ratio gcK /ωM .

(10)

For studying few-photon optomechanical effects, we
show the eigenenergy levels of Ĥgom in the subspace associated with zero, one, and two photons in Fig. 1(b). Physically, the induced optical nonlinearity depicted by δ [m]
[cf. δ [1] and δ [2] in Fig. 1(b)] is the origin of the photon
blockade effect in this generalized optomechanical model.
In addition, the photon-number-dependent displacement
ξ [m] in this model is not a linear function of the photon
number m. This nonlinear conditional photon displacement can be used to create quantum superposition states
of the mechanical mode.

2 Photon blockade effect
To show the photon blockade effect, we introduce a
monochromatic driving field to the cavity. The driving
Hamiltonian is given by
Ĥd = Ω(â† eiωd t + âe−iωd t ),

1
[2ôρ̂(t)ô† − ô† ôρ̂(t) − ρ̂(t)ô† ô]
2

with ô = â, b̂, and b̂† .
By numerically solving Eq. (14), we can get
the steady-state density operator ρ̂ss of the system, and then the photon-number probabilities
∞
P
Pm=0,1,2 = Tr[
|m⟩a |n⟩b a⟨m|b ⟨n|ρ̂ss ] can be

The eigensystem of the Hamiltonian Ĥgom can be obtained as
Ĥgom |m⟩a |ñ(m)⟩b = Em,n |m⟩a |ñ(m)⟩b ,

(14)

where we assume that the cavity field is connected with
a vacuum bath, while the mechanical resonator is a heat
bath at temperature T . κ and γM are, respectively, the
decay rates of the cavity field and the mechanical oscillator. The n̄M = (eℏωM /(kB T ) − 1)−1 is the average
thermal phonon number associated with the mechanical
dissipation, with kB being the Boltzmann constant. The
Lindblad superoperators used in Eq. (14) are defined by

0
0.05

(I)
= −i[Ĥsys
, ρ̂(t)] + κD[â]ρ̂(t) + γM (n̄M + 1)D[b̂]ρ̂(t)

+γM n̄M D[b̂† ]ρ̂(t),

0.2

0

(12)

(11)
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(a)
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2

For the mechanical mode in the density matrix ρ̂b , the
Wigner function is defined by
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†
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Tr[ρ̂b D̂(η)eiπb̂ b̂ D̂† (η)],
π
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where D̂(η) = exp(η b̂† − η ∗ b̂) is a displacement operator.
For the rotated quadrature operator

-0.5

0.5

(d)

W(−)(η )

2

1
X̂(θ) = √ (b̂e−iθ + b̂† eiθ ),
2

0.4

its eigenstate is denoted by |X(θ)⟩b : X̂(θ)|X(θ)⟩b =
X(θ)|X(θ)⟩b . For the states |Φ(±) (t)⟩b , we can obtain
the probability distributions of the rotated quadrature
operator X̂(θ) as
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0

0
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4

P (±) [X(θ)] =

Re(η)
gcK = 0

gcK = 0.25g0

0.5

gcK = 0.25g0

0
-2

0

X(θ0)

2

(±)

2

(t)⟩b .

(21)

In Figs. 3(a) and 3(b), we plot the Wigner functions
W (±) (η) for the mechanical cat states |Φ(±) (ts )⟩b with
ts = π/(ωM − gcK ) being the detection time. Here we
can see that the positions of the two main peaks in the
Wigner functions are located at the origin and the point
corresponding to β(ts ) in the phase space. Moreover, we
see clear interference pattern (in the region between the
two peaks) in the Wigner functions. More importantly,
the two main peaks in the Wigner functions of the states
|Φ(±) (ts )⟩b can be distinguished in the phase space. In
addition, in Figs. 3(c) and 3(d) we show the Wigner functions of the two states in the absence of the cross-Kerr
interaction. By comparing the Wigner functions in the
two cases: gcK /g0 = 0.25 and 0, we can see that the distance between the two peaks is enhanced and that the
interference fringes become more clear in the presence of
the cross-Kerr interaction. This implies that the crossKerr interaction is helpful to the generation of macroscopic mechanical cat state. This enhancement can also
be seen from the probability distributions P (±) [X(θ0 )]
for the states |Φ(±) (ts )⟩b , as shown in Figs. 3(e) and 3(f).
Here, the angle of rotation θ0 = arg[β(ts )] − π/2 is chosen such that the quadrature direction is perpendicular
to the link line between the two main peaks. It can be
seen that a stronger oscillation exists in the probability
distributions corresponding to the generated cat states in
the presence of the cross-Kerr interaction.

gcK = 0

0.5

0

b ⟨X(θ)|Φ

1 (f)

P(−)[X(θ0)]

P(+)[X(θ0)]

1 (e)

(20)

-2

0

X(θ0)

2

Figure 3: (Color online) The Wigner functions W (±) (η)
for the mechanical oscillator states |Φ(±) (ts )⟩b : (a),(b)
gcK /g0 = 0.25 and (c),(d) gcK /g0 = 0. (e),(f) The probability distributions P (±) [X(θ0 )] for the states |Φ(±) (ts )⟩b
as a function of X(θ0 ) at different value of gcK /g0 . Other
parameters are ωc /ωM = 1000, and g0 /ωM = 1.2.

3 Generation of the Schrödinger Cat
states
To generate the mechanical cat states,
√ we consider an
initial state |ψ(0)⟩ = (|0⟩a + |1⟩a )|0⟩b / 2 of the system,
where |m⟩a (m = 0, 1) denotes the Fock state of the cavity
field and |0⟩b is the ground state of the mechanical resonator. By utilizing the unitary evolution operator Û (t),
the state of the system at time t can be obtained as
|ψ(t)⟩ = Û (t)|ψ(0)⟩
1
= √ [|0⟩a |0⟩b + eiϑ(t) |1⟩a |β(t)⟩b ],
2

(16)

By expanding the √
cavity-mode state with basis states
|±⟩a = (|0⟩a ± |1⟩a )/ 2, Eq. (16) becomes


1
1
1
|ψ(t)⟩ =
|+⟩a |Φ(+) (t)⟩b +
|−⟩a |Φ(−) (t)⟩b ,
2 N+ (t)
N− (t)
where we introduce the mechanical cat states
|Φ(±) (t)⟩b = N± (t)[|0⟩b ± eiϑ(t) |β(t)⟩b ],

(17)
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which are quantum superposition of the ground state |0⟩b
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Abstract
We study the evolution of a two-particle system on a one-dimensional lattice, subjected to quantum random walk. The quantum random walk of these two particles may contain spatial entanglement,
thus offering a resources for quantum information and quantum communication purposes. The degree of
spatial entanglement depends on the initial states of both particles and coins. Then we set out to investi gate the behavior of the entanglement through the discrete evolution in various scenarios of the initial
condition. The result of the study shows that most of the cases the spatial entanglement exhibits damped
oscillating behavior throughout the walk causing from the configuration of the particle’s state and size of
the lattice at nth step. In the asymptotic limit, the degree of the spatial entanglement will approach to a
certain value as a result of vanishing battle between loss and gain of the entanglement in the walking
process.
Keywords: quantum random walk, spatial entanglement, quantum information and communication
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Measurement-device-independent quantification of irreducible entanglement
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One of the core problems of quantum theory lies in the certification and quantification of quantum entanglement, which
is the key resource in various quantum information processes.
An important physical property in the entanglement certification is the dimension of quantum states, which places an upper
bound for the entanglement of a system.
However, studying only on the relation between the dimension of quantum states and the entanglement seems not
enough, since the practical application of entanglement is also
relevant to the quantum operations that we can perform on
these states. If the local quantum operations are limited, we
can not make full use of the existing entanglement of the
quantum state. Recently it is pointed out in Ref. [1] that a
two-ququart maximally entangled state (MES), can actually
be written as two two-qubit MES, however, if general joint
local operations can not be performed between the two twoqubit states, the entanglement the two-ququart MES can not
be thoroughly displayed by these two two-qubit MES. Therefore the authors propose the notion of irreducible dimension.
Instead of considering only the dimension of a quantum state,
they consider the dimension of a quantum system, which includes two elements, quantum states and a set of quantum operations. A system has reducible dimension if both the quantum states and quantum operations are separable into those
of lower-dimensional subsystems, otherwise it has irreducible
dimension. We can see that a system with entanglement of irreducible dimension, which we will call irreducible entanglement in short, can make better use of the entanglement than
those with reducible one of the same dimension, so it is important to distinguish irreducible entanglement in the certification
process.
The most important part of distinguishing irreducible entanglement lies in certifying the irreducibility of the quantum
operations, which is directly relevant to the capability of using
the existing entanglement. This is not a trivial task in practical entanglement certification scenario, where we usually do

not have the information of the systems—we have to treat the
measurement apparatus as black boxes, and certify the entanglement only with the measurement statistics it produce. In
Ref. [1], the authors show that some device-independent (DI)
entanglement witness can not distinguish irreducible entanglement, since it is incapable to detect whether the quantum
operations are reducible. A solution for the two-ququart systems is proposed by having additional tests to check the quantum operations, but it is not a general one, and its robustness
requires assumptions of constraining the classical communication between the local subsystems and the two distant parties.
In this article we try to give a more general solution to the
problem, we show that a recently proposed protocol called
quantitative measurement device independent entanglement
witness (QMDIEW) in Ref. [2], developed from measurement device independent (MDI) quantum test and semiquantum scenarios, can naturally distinguish the irreducibility of
the quantum operations, thus witnesses irreducible entanglement. We prove that in a QMDIEW, the quantified entanglement exceeds the upper bound of m-dimensional systems only
if the shared system is entangled in irreducible dimension at
least m + 1, and the result is robust against the most general classical communication scheme. We then experimentally demonstrate the protocol on a two-qutrit system and observe a lower bound of its generalized robustness (GR) that
exceeds the value of arbitrary 2-dimensional systems.
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Continuous hidden shift problem on Rn
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Abstract. There have been several research works on the hidden shift problem, quantum algorithms
for the problem, and their applications. However, all the results have focused on discrete groups. So, we
define a continuous hidden shift problem on Rn as an extension of the hidden shift problem, and construct
a quantum computing algorithm for solving this problem efficiently.
Keywords: quantum algorithm, hidden shift problem, continuous hidden shift problem

1

Introduction

which is the hidden shift problem on a continuous group.
Considering a continuous version of a certain problem can
be helpful to solve unsolved problems as in the results of
Eisenträger et. al [21]. They found an efficient quantum algorithm for solving a continuous hidden subgroup
problem to compute the unit group of an arbitrary degree number field. It was also shown that the algorithm
can pose a threat to certain lattice-based cryptosystems.
In this paper, we consider a hidden shift problem for a
continuous group, and answer the question.

Quantum computers can solve certain problems exponentially faster than classical computers by taking advantage of the quantum mechanical properties such as quantum interference and superposition. Many researchers
have been studying algebraic problems which can be
solved efficiently on a quantum computer, for instance,
hidden subgroup problem [1, 2, 3, 8, 9, 10, 11, 17], hidden shift problem [6, 7, 13, 16], hidden polynomial problem [14, 15, 20], and hidden symmetry subgroup problem [18, 19].
In particular, the hidden shift problem has provided a
frame work to solve various problems such as the shift
Legendre symbol problem [7], Gauss sum estimation [4],
and the stabilizer problem [6]. It has been shown that
several interesting and important problems have been
related to the hidden shift problem. For example, it
was proved that the hidden shift problem for the abelian
group ZN can be used to solve some lattice problem over
ZN [3, 5], and it was also discovered that an efficient algorithm of the hidden shift problem for the symmetric
group Sn would yield an efficient algorithm for the graph
isomorphic problem [14].
The hidden shift problem can be cast in the following
terms: Let f0 and f1 be two injective functions from a
finite group G to a finite set satisfying that there exits
an element u in G such that the equality f0 (x) = f1 (xu)
holds for all x in G. The task is to find the hidden shift
u.
Although there is no general algorithm to solve the
hidden shift problem even for abelian groups, it has been
known that there are efficient algorithms to solve the
problem for some groups. Friedl et. al [6] found an
efficient quantum algorithm for the hidden shift problem over Znp for any fixed prime number p, and a similar work for the problem over the group Znpk has been
done by Ivanyos [16], where pk is any fixed prime power.
However, when m is not a prime power, the hidden shift
problem for the group Znm still remains unsolved.
All known results on the hidden shift problem have
been concerned with only discrete groups. Thus, it is
natural to ask whether there exits an efficient quantum
algorithm for solving a continuous hidden shift problem,

2

Hidden shift problem on a continuous
group

To deal with the hidden shift problem on a continuous
group, we need a suitable definition. The following definition can be considered as a continuous version of the
original problem.
Definition 1 (Continuous hidden shift problem)
Let S be the set of unit vectors in some Hilbert space.
For two injective functions f0 , f1 : Rn × Z2 → S, let
f : Rn × Z2 → S be defined by fa (x) = f (x, a), with the
following promises:
1. f (x, 0) = f (x + u, 1)
for all x ∈ Rn and for some u ∈ Rn ;
2. k|f (x, a)i − |f (y, b)ik ≤ α · dist(x − au, y − bu)
for all x, y ∈ Rn and a, b ∈ Z2 , where |f (·, ·)i is a pure
state corresponding to f (·, ·).
The goal of the problem is to find u, which is called the
hidden shift.
Note that the given oracle function f is efficiently computable, and the positive constant α in condition 2 is
called a Lipschitz constant of the function f .
As in Ref. [20], let us first define a window function
ω : R → C as
(√
2 sin(πx) if x ∈ [0, 1],
ω(x) =
0
otherwise.
Then ω is a Lipschitz function with unit L2 -norm supported on [0, 1]. For a sufficiently large number ∆ and a
sufficiently small number δ = ∆−1 , let us define

∗eobae@khu.ac.kr

w(x1 , . . . , xn ) =

† level@khu.ac.kr

9

1
∆n/2

n
Y
j=1

ω

x 
j

∆

n
for x = (x√
1 , . . . , xn ) ∈ R . For convenience, we assume
q
that ∆ = 2 for sufficiently large q with u2i ≤ ∆ for all
i.
Now, we are ready to construct our algorithm for solving the hidden shift problem with the above materials as
follows.
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Analysis of our algorithm

In this section, we analyze our quantum algorithm presented in the above section. As in the way of Ref. [21],
instead of directly measuring in the Fourier basis of the
continuous group directly, we use the phase estimation to
approximate the probability distribution pδ (y, 1) of the
variable δ −1 ỹ by the distribution of p(y, 1), when δ is
close to 0. We can derive these two distributions from
the following quantum states:
X X
p
|x̃i |ci |ψ(x, c)i ,
|ψδ i = δ n /2

Theorem 2 (Quantum algorithm for solving the
hidden shift problem on Rn )
Input: The oracle function f : Rn × Z2 → S that hides
the shift u ∈ Rn .
0. If f (0, 0) = f (0, 1), then output 0.
1. Create the initial state
X X
p
w(x) |x̃i |ci
δ n /2

x̃∈Zn c∈Z2

1
|ψi = √
2

x̃∈Zn c∈Z2

Z

X

|xi |ci |ψ(x, c)i dx,

Rn c∈Z
2

where |ψ(x, c)i = w(x) |f (x, c)i. Precisely, pδ and p are
from the Fourier transform of ψδ and ψ, respectively:

with x = δ x̃.
2. Apply the oracle function f .
3. Perform the QF TZn ×Z2 , which can be implemented
by the phase estimation technique as in Ref. [21], and
measure on the first two registers.
4. Consider the samples (ỹ, 1).
5. Use the values of ỹ non-orthogonal to ũ among the
samples (ỹ, 1) to find ũ.
6. Compute u = δ ũ.
Output: u

pδ (y, 1) =< ψˆδ (y, 1)|ψˆδ (y, 1) >,
p(y, 1) =< ψ̂(y, 1)|ψ̂(y, 1) >
with ψˆδ = FδZn ψδ and ψ̂ = FRn ψ. We can show that pδ
goes to p as δ is close to 0.
So, it is enough to focus on the distribution p(y, 1)
which can be calculated precisely;
n
 πu 
Y
1 1
i
cos
.
p(y, 1) = − cos(2π hu, yi)
2 2
∆
i=1

Remark 1 Since it is difficult to compute continuous
variables, we need to truncate and discretize the continuous domain Rn of the oracle functions by using the window function w and the small number δ. As in Ref. [21],
we use the following variables in our calculations;
Real Domain: x = δ x̃ ∈ δZn
Fourier Domain: y = δ −1 ỹ ∈ Rn /δ −1 Zn

Although the probability that a sample y is orthogonal
to u is not zero, which is different from the original hidden shift problem, it can be shown that the probability
is (exponentially) small when n is large enough by the
following Propositions and Lemma. In other words, the
samples (y, 1) after the Fourier sampling subroutine are
mostly non-orthogonal to u.
In order to show that the probability that a sample y
is orthogonal to u is small enough when n is sufficiently
large, we consider the case when the number of y satisfying the equation hu, yi = 0 attains a maximum value.
Note that we actually get the samples ỹ instead of y to
return ũ first and recover u from ũ in the practical implementation of our algorithm.

• In Step 2, the state becomes
r
δn X X
w(x) |x̃i |ci |f (x, c)i .
|ψδ i =
2
n
x̃∈Z c∈Z2

• In Step 3, QF TZn ×Z2 means the quantum Fourier
transform performing over the group Zn × Z2 . As
in the original hidden shift problem, it is necessary
to perform the Fourier transform and measure in
the standard basis for the continuous hidden shift
problem as well. However, the Fourier transform
over any infinite group cannot be implemented by
a quantum computer. So, we can perform the approximate quantum Fourier transform on the infinite group by means of a variation of the phase
estimation algorithm on the register on the group
and ancillary register, which was used in Ref. [21].

Lemma 3 For any n, k ∈ N, let q = 4k, ∆ = 2q/2
and ũ ∈ Zn2q . The number of ỹ ∈ Zn2q which is ork(4n−3)
thogonal to ũ has the
, when
√ value, 2
√ maximum
ũ = (ũ1 , . . . , ũn ) = ( ∆, . . . , ∆). Moreover, the probability that ỹ ∈ Zn2q is orthogonal to ũ is at most 1/23k in
our algorithm.
Theorem 4 There is a quantum algorithm for solving
the continuous hidden shift problem on Rn in polynomial
time in n.

• In Step 5, we reduce the hidden shift problem to
the random-linear-disequations problem to find the
hidden shift u as in the method of Ref. [16].

4

Discussion

It has been known that the hidden shift problem over
discrete groups can affect cryptosystems [23, 24]. In particular, Bonnetain and Naya-Plasencia [24] recently constructed an efficient quantum algorithm to solve the hidden shift problem over the abelian group Zw
2p , and proved

10

that the algorithm can be used to establish a quantum
attack in a cryptosystem claimed to be secure quantumly.
In this work, we have defined a continuous hidden shift
problem over the group Rn , and have shown that a quantum computer can efficiently solve the problem. Thus it
is natural to consider whether the continuous version of
this problem can also have any crypto-related applications. In fact, a similar consideration has been involved
in the previous results. In Refs. [21, 22], it has been
shown that a continuous hidden subgroup problem induces a quantum attack on cryptosystems based on the
hardness of finding a short generator of a principal ideal,
although the discrete hidden subgroup problem cannot
break them [10, 12]. Inspired by these results, we expect that our result could have an application related to
cryptography.

[12] S. Hallgren. Polynomial-time quantum algorithms
for Pell’s equation and the principal ideal problem. In
Proc. of the 37th ACM STOC, pages 468–474, 2005.
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Abstract. We experimentally simulate non-unitary quantum dynamics using a single-photon interferometric network and study the information flow between a parity-time (PT )-symmetric non-Hermitian
system and its environment. We observe oscillations of quantum-state distinguishability and complete information retrieval in the PT -symmetry-unbroken regime. We then characterize in detail critical phenomena of the information flow near the exceptional point separating the PT -unbroken and -broken regimes,
and demonstrate power-law behavior in key quantities such as the distinguishability and the recurrence
time. We also reveal how the critical phenomena are affected by symmetry and initial conditions.
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Introduction

as distinguishability between time-evolved states and the
recurrence time of the distinguishability exhibit powerlaw behavior.
In this work, we simulate PT -symmetric non-unitary
quantum dynamics using a single-photon interferometric
network, and experimentally investigate the critical phenomena in the information flow close to the exceptional
point. To extract critical phenomena from non-unitary
dynamics, a faithful characterization of the long-time dynamics is necessary. This poses a serious experimental challenge, because maintaining and probing coherent
dynamics in the long-time regime is difficult. We overcome this difficulty by directly implementing non-unitary
time-evolution operators at any given time, and simulate
the non-unitary quantum dynamics by performing nonunitary gate operations on the initial state. Since our
experimental protocol is general enough to implement a
broad class of non-unitary operators, we are able to examine in detail the role of symmetry and initial states
on non-unitary quantum dynamics driven by a series of
related non-Hermitian Hamiltonians.

Parity-time (PT )-symmetric non-Hermitian systems
feature unconventional properties in synthetic systems
ranging from classical optical systems and microwave
cavities to quantum gases and single photons.
In
these systems, the spectrum is entirely real in the PT symmetry-unbroken regime, in contrast to the regime
with spontaneously broken PT symmetry. As a result, the dynamics is drastically different in the PT symmetry-unbroken and -broken regimes, and dynamical criticality occurs at the boundary between the two
regimes. In previous experiments, such unconventional
dynamical properties as well as signatures of the PT transition point, or the exceptional point, were observed
in classical PT -symmetric systems with balanced gain
and loss. Whereas quantum systems with passive PT
symmetry were realized recently, critical phenomena in
PT -symmetric quantum dynamics are yet to be experimentally explored. Understanding these critical phenomena in the quantum regime provides an important perspective for the study of open quantum systems and is
useful for applications in quantum information.
A paradigmatic example of PT -symmetric non-unitary
dynamics in the context of open quantum systems is the
reversible-irreversible criticality in the information flow
between a system and its environment. Here, information lost to the environment can be fully retrieved when
the system is in the PT -symmetry-unbroken regime because of the existence of a finite-dimensional entanglement partner in the environment protected by PT symmetry. In contrast, the information flow is irreversible
when the system spontaneously breaks PT symmetry.
Close to the exceptional point, physical quantities such

2

Experimental setup

To simulate the dynamics of a two-level PT -symmetric
system, we encode basis states in the horizontal and vertical polarizations of a single photon, with |Hi = (1, 0)T
and |V i = (0, 1)T . We generate heralded single photons
via type-I spontaneous parametric downconversion, with
one photon serving as a trigger and the other as a signal photon. The signal photon is then projected into the
initial state |Hi or |V i with a polarizing beam splitter
(PBS) and a half-wave plate (HWP), and is sent to the
interferometric network as illustrated in Fig. 1.
Experimentally, instead of implementing a non-
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Figure 1: Experimental setup. A photon pair is created via spontaneous parametric downconversion (SPDC). One of
the photons serves as a trigger, the other is projected into the polarization state |Hi or |V i with a polarizing beam
splitter (PBS) and a half-wave plat (HWP), and then goes through various optical elements.
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Figure 2: Information retrieval in the PT -symmetryunbroken regime. (a)-(c) Oscillations of the distinguishability D(t) for a < 1, and between the two time-evolved
states starting from |Hi and |V i. Dots with error bars
represent the experimental results, while the curves show
the theoretical predictions. (d) Recurrence time T of the
distinguishability as a function of ε = 1 − a.

(2)

3

Measuring distinguishability

We characterize information flowing into and out of
the system via the trace distance defined by
D [ρ1 (t), ρ2 (t)] =

1
Tr |ρ1 (t) − ρ2 (t)| ,
2

(4)

√
with |A| = A† A. The trace distance D measures
the distinguishability of the two quantum states characterized by ρ1 (t) and ρ2 (t). An increase in the distinguishability signifies information backflow from the environment, whereas a monotonic decrease means unidirectional information flow to the environment. In Fig. 2,
we show the time evolution of the distinguishability when
the system is in the PT -symmetry-unbroken regime with
a < 1. For comparison, we also show the case of a unitary evolution with a = 0. As illustrated in Figs. 2(a-c),
D(t) oscillates in time when a < 1, suggesting complete
information retrieval with the initial trace distance fully
restored periodically. The period of the oscillation T , or
the recurrence time, increases as the system approaches
the exceptional point. We extract the recurrence time by
fitting the experimental data with a Fourier series. As
shown in Fig. 2(d), the recurrence time agrees well with

†

e−iĤPT t ρ1,2 (0)eiĤPT t
h
i,
†
Tr e−iĤPT t ρ1,2 (0)eiĤPT t

0.6

(d)
1.0

where σ̂x(z) are the standard Pauli operators, and 1̂ is
the identity operator. The non-Hermitian Hamiltonian
Ĥeff possesses passive PT symmetry, which can be easily
mapped to a PT -symmetric Hamiltonian ĤPT with balanced gain and loss, with ĤPT = Ĥeff + ia1̂. Here, a > 0
controls non-Hermiticity, and the Hamiltonian becomes
Hermitian for a = 0; the system is in the PT -symmetryunbroken (-broken) regime for 0 < a < 1 (a > 1), with
the exceptional point located at a = 1.
The non-unitary dynamics of the system is captured
by the time-dependent density matrix
ρ1,2 (t) =

6

0.8

Time

(c)

where the rotation operator Rj (θj , ϕj ) (j = 1, 2) is realized using a quarter-wave plate (QWP) at ϕj and a HWP
at θj , and the polarization-dependent loss operator L is
realized by a combination of two beam displacers (BDs)
and two HWPs with setting angles θH and θV .
Here, the setting angles {θj , ϕj , θH , θV } of wave plates
are determined numerically for each given time t, such
that U = e−iĤeff t . In our experiment, the effective nonHermitian Hamiltonian is given by

4

Distinguishability D(t)

Distinguishability D(t)

Hermitian Hamiltonian, we directly realize the timeevolution operator U at any given time t and access timeevolved states by enforcing U on the initial state. As
illustrated in Fig. 1, this is achieved by decomposing U
according to

(3)

with the initial density matrices ρ1(2) (0)
=
|H(V )ihH(V )|. Note that applying Heff or HPT in
Eq. (3) would give the same time-dependent matrices.
Experimentally, we construct the density matrix at
any given time t via quantum-state tomography after
signal photons passed through the interferometric setup.
Essentially, we measure the probabilities of√photons in
the bases {|Hi
√ , |V i , |P+ i = (|Hi + |V i)/ 2, |P− i =
(|Hi−i |V i)/ 2} through a combination of QWP, HWP,
and PBS, and then perform a maximum-likelihood estimation of the density matrix. The outputs are recorded
in coincidence with trigger photons. Typical measurements yield a maximum of 18, 000 photon counts over 3
seconds.
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Figure 4: (a) Power-law behavior of the distinguishability D(t) ∼ t−2 of the PT -symmetric system with initial states {|Hi , |V i}. (b)(c) Power-law behavior of the
distinguishability of the time-reversal symmetric system
at the exceptional
point a = 1 with initial states (b)
√
(|Hi ± |V i)/ 2 or (c) {|Hi , |V i}. The power law behaviors D(t) ∼ t−2 in (b) and D(t) ∼ t−1 in (c) demonstrate the dependence of the critical phenomena on the
initial state. In the long-time limit, the experimentally
measured distinguishability agrees well with theoretical
predictions. The blue solid curves show the theoretical
prediction, and the red dashed lines indicate their asymptotes.

Figure 3: Unidirectional information flow to the environment in the PT -symmetry-broken regime. (a) Decay of
the distinguishability in the PT -broken regime with different coefficients a > 1. (b) Relaxation time τ of the distinguishability as a function of ε = 1 − a. The
√ blue solid
curve shows the theoretical result τ = 1/2 a2 − 1. We
readout the experimental results (dots with error bars)
by fitting the experimental data to an exponential function.
√
the analytic expression T = π/ 1 − a2 . In the limit
 → 0 with  = 1 − a, the recurrence time should diverge
as T ∼ −1/2 .
In Fig. 3(a), we show the time evolution of the distinguishability when the system is in the PT -symmetrybroken regime with a > 1. Here, the distinguishability
decays exponentially in time. Fitting the experimental
data using D(t) = D(0)e−t/τ , where D(0) is a constant
and τ is the relaxation time, we find that the relaxation
time increases as the system approaches the exceptional
point. As shown in Fig. 3(b), the measured √
τ agrees
excellently with the analytical result τ = 1/2 a2 − 1,
which also diverges with a power-law scaling τ ∼ ||−1/2
as  → 0.
Finally, at the exceptional point (a = 1), the distinguishability exhibits power-law behavior in the long-time
limit. As illustrated in Fig. 4(a), the long-time behavior
of the distinguishability agrees well with the theoretical
prediction D(t) ∼ t−2 . Importantly, the observed critical
phenomena do not depend on the details of the system
but the order of the exceptional point, which signifies
their universality. We note that the measurement suffers
from a relatively larger systematic error at long times due
to the small D(t).
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try: information is retrieved only in the symmetryunbroken regime (0 < a < 1), and critical scaling is still
D(t) ∼ t−2 . However, when we choose the initial states
{|Hi , |V i}, the critical scaling at the exceptional point
is now D(t) ∼ t−1 , as illustrated in Fig. 4(c). This new
universality arises because |Hi is one of the eigenstates
of ĤT . We note that the same scaling relation can be √
realized under ĤPT√ with the initial states (|Hi ± i |V i)/ 2
as (|Hi − i |V i)/ 2 is one of the eigenstates of ĤPT . For
the dynamics governed by Ĥ, however, the lack of symmetry therein prevents the information retrieval and the
distinguishability decays in time just as in the symmetrybroken cases.

5

Conclusion

We have experimentally simulated PT -symmetric
quantum dynamics using single-photon interferometric
networks. Enforcing non-unitary gate operations on photons and performing quantum-state tomography, we have
reconstructed a time-dependent density matrix of the PT
dynamics at arbitrary times.Our work is the first experimental demonstration of critical phenomena in PT symmetric non-unitary quantum dynamics. We expect
that critical phenomena associated with higher-order exceptional points can also be probed using a similar approach.

Symmetry and initial states

Since our experimental protocol is quite general and
capable of implementing a broad class of non-unitary operators, we are able to investigate the role of symmetry
and initial states on the information flow and critical phenomena. In particular, we experimentally simulate nonunitary dynamics governed by i) ĤT = σx + iaσy and
ii) Ĥ = σx + (c + ia)σz . Whereas ĤT has time-reversal
symmetry T ĤT T −1 = ĤT with complex conjugation T ,
Ĥ has no relevant symmetries for a 6= 0 and c 6= 0.
We first study dynamics under ĤT √with different parameters and initial states (|Hi±|V
i)/ 2. Since eigenen√
ergies of ĤT are given as ± 1 − a2 , the exceptional point
is located at a = 1. As shown in Fig. 4(b), the same
critical phenomena emerge under time-reversal symme-
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Abstract. Topological matter exhibits exotic properties yet phases characterized by large topological
invariants are difficult to implement, despite rapid experimental progress. A promising route toward higher
topological invariants is via engineered Floquet systems, particularly in photonics, where flexible control
holds the potential of extending the study of conventional topological matter to novel regimes. Here we
implement a one-dimensional photonic quantum walk to explore large winding numbers. By introducing
partial measurements and hence loss into the system, we detect winding numbers of three and four in
multi-step non-unitary quantum walks, which agree well with theoretical predictions.
Keywords: winding number, quantum walk, partial measurement

1

Introduction

which gives rise to higher winding numbers.We detect
winding numbers of three and four through average dispacements.
Our experimental detection of large winding numbers
in non-unitary FTPs offers the exciting prospect of exploring topological phases characterized by large topological invariants in non-unitary or non-Hermitian settings,
which will create further opportunities in engineering unconventional topological phenomena using photonics.

Topological phases are typically characterized by
integer-valued topological invariants, associated with the
emergence of robust edge states through the so-called
bulk-boundary correspondence. Recent experiments reveal and characterize topological edge states and bulk
topological invariants in settings ranging from condensed
matter to synthetic systems. However, the experimentally detected topological invariants are typically small
and limited to two, with the only exception being the recently engineered topological photonic materials in two
dimensions, with Chern numbers greater than two having been reported. In one dimension, while topological
phases with large winding numbers have been theoretically studied, e.g., in quantum transport or in quantumwalk dynamics, experimental realization is still lacking. Realizing systems with large topological invariants,
whether large Chern numbers in two dimensions or large
winding numbers in one dimension, is fundamentally important goal for the study of topological matter.
In this work, we report experimental detection of large
winding numbers of three and four in photonic nonunitary quantum walks, which are scalable to feature
even higher winding numbers. By periodical partial measurements on polarization of the photonic walker, we realize multi-step non-unitary quantum walks in one dimension supporting Floquet topological phases (FTPs).
As for two-step non-unitary quantum walks, partial measurement introduces loss to the quantum-walk dynamics and provides a natural detection channel for FTP
winding number. Whereas FTPs in two-step non-unitary
quantum walks are directly related to those in a lossy
Su-Schrieffer-Heeger (SSH) model, the multi-step nonunitary quantum walks here are analogous to adding
longer-range hopping terms in the lossy SSH model,

2

Multi-step non-unitary quantum walks

We introduce the photonic setup for multi-step nonunitary quantum walks, where the walker is shifted more
than twice at each time step. We focus on three- and
four-step non-unitary quantum walk in this work. As illustrated in Fig. 1, the three-step quantum walk is on a
one-dimensional lattice L (L ∈ Z) with periodic boundary condition, and the dynamics is governed by the Floquet operator
 
 
e30 := M U30 = M R θ1 SR (θ2 ) SR (θ2 ) SR θ1 .
U
2
2
(1)
Here, the coin operator R(θ) rotates single-photon polarization by θ about the y-axis, where coin states are horizontally polarized (|Hi) and vertically polarized (|V i).
The polarization-dependent shift operator S moves the
walker with coin state |Hi (|V i) to the left (right) by
one lattice site. Non-unitary dynamics is enforced by the
loss operator


p
M = 1w ⊗ |+i h+| + 1 − p |−i h−| , 0 < p 6 1,
(2)
√
P
where |±i = (|Hi ± |V i)/ 2, and 1w = L |xi hx| with
x denoting the position of the walker. The loss operator
is equivalent to performing a partial measurement Me =
√
1w ⊗ p |−i h−| in the basis {|+i, |−i} at each time step,
with p the probability of a successful measurement.

∗wyiz@ustc.edu.cn
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Figure 1: We show a three-step non-unitary quantum walk up to 4 time steps as an example. The photon pair is
created via spontaneous parametric downconversion. One photon serves as a trigger. The other photon is projected
into the polarization state |+i with a polarizing beamsplitter (PBS) and a half-wave plate (HWP, at 22.5◦ ) and then
proceeds through the quantum-walk interferometric network.
By analyzing the effective non-Hermitian Hamiltonians
0(4)
00(4)
Heff and Heff respectively associated with the Floquet
e 00 and U
e 00 , it is straightforward to demonoperators U
4
4
strate that FTPs exist for four-step quantum walks,
which are characterized by integer-valued winding numbers as large as four. Importantly, both the three- and
four-step quantum walks defined in Eqs. (1), (3) and
(4) have chiral symmetry in the unitary limit (p = 0),
with the chiral symmetry operator given by Γ = σx as
ΓU Γ = U −1 , where U designates the Floquet operator of
the corresponding quantum walk. Consistent with previous studies, we find that topological properties of the
non-unitary quantum-walk dynamics derive from those
in the unitary limit, which are in turn protected by chiral symmetry. Hence, chiral symmetry in the unitary
limit is crucial for the perseverance of the FTPs in the
non-unitary case (p > 0).

Whereas R and S are implemented by using appropriate wave plates and beam displacers (BDs), the partial
measurement operator Me is realized by a sandwich-type
setup involving two half-wave plates (HWPs) and a partially polarizing beamsplitter (PPBS). At each measurement step in the quantum-walk dynamics, photons in
the state |−i are reflected by the PPBS with probability
p. Photons are then detected by single-photon avalanche
photodiodes (APDs) and lost from the quantum-walk dynamics.
Topological properties in the experimental three-step
non-unitary quantum walk are introduced via the effec0(3)
tive non-Hermitian
i Hamiltonian Heff defined through
h
e 0 = exp −iH 0(3) . For the homogeneous single-photon
U
3

eff

0(3)

quantum walk considered here, Heff (k) = Ek n · σ in
momentum k space, with σ the Pauli vector, Ek the
quasienergy spectrum, and n the direction of the spinor
eigen-vector for each momentum −π < k ≤ π. Similar to
the case of the two-step non-unitary quantum walk, the
winding number of the three-step quantum walk, which
serves as a topological invariant of the system, is the
number of times the real component of n winds around
the x-axis as k varies through the first Brillouin zone.
For a given FTP with chiral symmetry, two distinct
winding numbers (ν 0 , ν 00 ) exist for Floquet operators fitted in different time frames. Whereas the corresponde 0 is ν 0 , ν 00 is similarly deing winding number for U
3
fined through the winding of the spinor eigen-vector
00(3)
e 00 =
of the
Hamiltonian Heff , where U
3
h non-Hermitian
i
00(3)

exp −iHeff

3

Detecting topological invariants from
losses

In two-step non-unitary quantum walks, topological
invariants can be probed by monitoring losses. As we
experimentally demonstrate and explain, topological invariants of the multi-step non-unitary quantum walks are
determined from losses by measuring average displacement
∞
XX
xPth (x, t0 ),
(5)
h∆xi =
x t0 =1

and

e300 := M Sup R(θ2 )SR(θ1 )SR(θ2 )Sdown .
U
(3)
P
Here, Sup = Px (|x + 1i hx| ⊗ |V i hV | + |xi hx| ⊗ |Hi hH|)
and Sdown = x (|xi hx| ⊗ |V i hV | + |x − 1i hx| ⊗ |Hi hH|).
Depending on the coin parameters, the absolute value of
the winding numbers can take large integer values up to
three, as we show in the phase diagram in Fig. 2(a).
Similar to three-step quantum walks, we define fourstep non-unitary quantum walks from constructing the
evolution operators






θ1(2)
θ1(2)
0 ( 0)
e
SR(0)SR θ2(1) SR(0)SR
,
U4
:= M R
2
2
(4)
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for the walker-coin system initialized in the state |ψ0 i =
|x = 0i ⊗ |+i. Here, the probability of the walker being
detected at x during the t-th time step is
Pth (x, t) = hψt−1 | U30† Me† (|xi hx| ⊗ 1c ) Me U30 |ψt−1 i ,
(6)
0 t
e
where |ψt i = (U3 ) |ψ0 i, and 1c is a 2 × 2 identity operator.
To experimentally probe the average displacement in
the non-unitary quantum walk with t steps in total, we
perform coincidence measurements on the number of the
reflected photons NR (x, t0 ) (t0 = 1, ..., t) at each position
successively up to t. We then construct the probability
Pexp (x, t0 ) = P hP
t
x0

t00 =1

NR (x, t0 )

i , (7)
NR (x0 , t00 ) + NT (x0 , t)

(a) π

(-1,0)

(b)

(-1,0)
(3,0)

(3,0)

(1,0)

(-3,0)

(-1,0)

(1,0)

(3,0)

Δx

θ1

0
(-3,0)

-π-π

(-1,0)

(-3,0)

(1,0)

(1,0)

π

0
θ2

3
2
1
0
-1
-2
-3

e 00 are not shown). These reaverage displacements for U
3
sults agree well with the numerical simulations of threestep quantum walks up to 4 time steps and demonstrate
plateaux close to the quantized values of ν 0 calculated
for quantum walks with infinite time steps. We observe
that with increasing loss parameter p, measured average displacements at a given time step converge faster
to the quantized values. This result is consistent with
the measurement results for two-step non-unitary quantum walks and suggests that the quantum Zeno effect is
weak in these systems. Meanwhile, regardless of the loss
parameter, it takes much longer for the displacements
to converge near topological phase transitions, where the
topological invariants undergo abrupt changes.
We then implement four-step non-unitary quantum
walks with the loss parameters p = 1, 0.36. The corresponding phase diagram is shown in Fig. 3(a). As the
coin parameters vary along the dotted line θ1 = θ2 + π/2
in the phase diagram, the topological invariants (ν 0 , ν 00 )
change from (−4, 0), (0, −4), (4, 0), to (0, 4). The meae 0 and U
e 00
sured average displacements for the operators U
4
4
up to 3 time steps are shown in Figs. 3(b) and 3(c), respectively, which agree well with the corresponding numerical simulations.

p=0.36
p=1

-π

-π/2
θ2

-3π/4

-π/4

0

Figure 2: (a) Phase diagram for three-step non-unitary
quantum walks characterized by the topological invariants (ν 0 , ν 00 ) as functions of the coin parameters (θ1 , θ2 ).
e 0 and
(ν 0 , ν 00 ) are calculated from the Floquet operators U
3
00
e , respectively. (b) Measured average displacements of
U
3
three-step non-unitary quantum walks corresponding to
e 0 with different loss parameters p = 1, 0.36. Coin paU
3
rameters vary along the line θ1 = θ2 + π/2, as indicated
by dots in Fig. 2(a). The dashed curve indicates expected
results of infinite-step quantum walks. The solid curve
indicates numerical simulations for quantum walks with
4 time steps and the experimental results are presented
by dots. Experimental errors are due to photon-counting
statistics.
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We experimentally realize FTPs with large topological
invariants in photonic multi-step non-unitary quantum
walks. The topological invariants are detected by monitoring the average displacements of the walker.
Our experimental scheme can be extended to quantum walks with more steps, where FTPs with even higher
winding numbers can be prepared and probed. This extension would significantly enrich the experimentally accessible non-unitary FTPs in one dimension, and would
stimulate further studies on dynamic properties of nonunitary FTPs.
Another interesting direction would be the exploration
of the relation between FTPs in non-unitary quantumwalk dynamics and those in a parity-time-symmetric configuration. This is particularly relevant due to the existence of hidden pseudo-unitarity in our system, which is
intimately connected with the reality of the quasienergy
spectrum and hence with parity-time symmetry as well.
Our experiment, with its excellent extendibility, opens
up the avenue toward a hierarchy of FTPs with large
winding numbers, and sheds new light on understanding
topological phenomena in non-unitary systems.

π/2

Figure 3: (a) Phase diagram for four-step non-unitary
quantum walks in terms of the topological invariants
(ν 0 , ν 00 ). (ν 0 , ν 00 ) are calculated from the Floquet operae 0 and U
e 00 respectively. Measured average displacetors U
4
4
e 0 (b)
ments of four-step non-unitary quantum walks of U
4
e 00 (c) with different loss parameters p = 1, 0.36.
and U
4
Coin parameters vary along the line θ1 = θ2 + π/2 as
indicated by dots in Fig. 3(a). Experimental errors are
due to photon-counting statistics.
where NT (x, t) is the number of transmitted photons at
the last step t. The average displacement is then
h∆xiexp =

t
XX

xPexp (x, t0 ).

Discussion

(8)

x t0 =1

To detect topological invariants, we realize three-step
non-unitary quantum walks with two different loss parameters p = 1, 0.36. The corresponding phase diagram is shown in Fig. 2(a), where the topological invariants (ν 0 , ν 00 ) are functions of the coin parameters (θ1 , θ2 ).
Thirten sets of coin parameters (θ1 , θ2 ) are chosen along
the line θ1 = θ2 + π/2, as indicated in Fig. 2(a). The
topological invariant ν 0 assumes values −3, −1, 1 to 3
along the line, while ν 00 is fixed at 0. The walker starts
from x = 0, and the initial coin state is chosen to be |+i.
Measured average displacements are shown in Fig. 2(b)
e 0 (as ν 00 is always zero, the
for the Floquet operator U
3
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Information is physical: logical phenomenon
correspond to structures of the nature. Landauer
principle dictates that it takes at least an unit energy
to erase a classical information unit and No-cloning
theorem dictates that the quantum information cannot
be cloned[1].
Games have information theoretic meanings such
as (i) games have physical meanings, (ii) games are
governed by dynamics and (iii) games are measures
of complexity. Specifically, the voting as a game is a
famous concept in Boolean analysis governed by
Arrow’s impossibility theorem[2,3]: ‘dictatorship’ is
inevitable in the classical voting. It was recently
found that its quantum extension does not hold[4].
We propose a new proof of Arrow’s impossibility
theorem based on the fact that the dictatorship in the
voting is equivalent to the cloning operator in the
circuit. The equivalence is a meaning of the voting.
We interpret phenomenon in infinite voting with
the thermodynamics of the information. It was proven
that Arrow’s theorem does not hold if either the
number of voters or alternatives is infinite. Infinite
phenomenon can be explained by thermodynamic
limits and Landauer principle.
We suggest Bell-like inequalities of voting where
the quantum voting violates. The voting is a wellknown communication complexity problem[5]. Bellviolations explain the quantum supremacy of
communication complexity problems[6]. Moreover,
the thought experiment of voting is presented.
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Abstract. Recent experiments in superconducting circuit with Josephson junction nonlinearities give
rise to new properties [1]. We obtained exact analytic solutions for the steady-state of this single-mode
case of subharmonic generation. In the region of weak nonlinearities, we obtained analytic solutions for
the tunneling time over which the time symmetry-breaking is lost [2]. And for strong nonlinearities, we
find that a cat-like steady state can be formed, which is a mixed state whose purity will be reduced by the
driving. We also show that steady-state pure cats cannot survive with single-photon loss concerned [3].
Keywords: quantum optics, quantum tunneling, Schrödinger cat, DPO, phase space methods.

1

Introduction

will enhances quantum tunneling rates, which may have
practical applications for escaping a local minimum in
quantum neural networks [21, 22]. And in the region of
strong nonlinearities, we find that a cat-like steady state
can be formed, which is a mixed state whose purity will
be reduced by the driving. Since pure cat states are unachievable because of the inevitable single-photon loss,
we propose a scheme to form an approximate steadystate cat state in realizable systems.

Quantum time symmetry breaking is widespread in
non-equilibrium quantum optics and superconducting
circuits. This is implicit in the use of coherent states,
which have a well-defined phase, to describe lasers [4, 5].
Discrete time symmetry breaking takes place in intracavity subharmonic generation [6]. For quantum optical systems, an exact solution for the steady-state quantum density matrix [7] is known for special cases. From
this, one can calculate quantum tunneling between time
phases [8]. Transient Schröinger cats are also possible in
this case [9, 10, 11]. Tunneling in these systems demonstrates the existence of long range time order, which has
been confirmed in optical experiments [12].
Macroscopic superposition states have been proposed in quantum computation [13], quantum teleportation [14], quantum metrology [15] and quantum key
distribution [16]. As well as transient macroscopic superpositions and tunneling, subharmonic generators can
generate space-time ordering [17]. These effects are related to time crystals [18], which are recent, similar phenomena. Physically, such devices are quantum squeezed
state generators. Below threshold, they are used to reduce quantum noise in gravity-wave detectors [19, 20],
while networks of above threshold parametric devices are
used for NP-hard optimization [21, 22].
Quantum subharmonic generation with anharmonic
nonlinearities has been achieved in superconducting circuits [1]. Relatively large cat states were observed. In
our studies [2, 3], we find that the physics of the quantum steady state is different from previous studies, where
a complex manifold is introduced. In the region of weak
nonlinearities, we obtained analytic solutions for the tunneling time. Our results show that the anharmonicity

2

Steady state of DOP with anharmonic
nonlinearity

We consider a general model for two coupled bosonic
modes of an open system. The annihilation and creation
operators of the k-th mode are ak , a†k at frequencies ωk .
They have a non-interacting
Hamiltonian in the rotating
P
frame of H0 = ~ ∆k a†k ak , where ∆k = ωk − kω0 
ω0 for a input laser frequency of 2ω0 . The interaction
Hamiltonian is then given by
 κ

χ
†2
†
2
HI = ~ a†2
a
+
i~
a
a
+
i~E
a
+
h.c.
. (1)
2
2
2
1
2 1 1
2
Here E2 is the envelope amplitude of the driving for the
mode a2 , and κ, χ are the parametric and anharmonic
nonlinearities [23] respectively. Anharmonic nonlinearities are only included for the mode a1 .
With adiabatic approximation and generalized Prepresentation [24], we find the steady-state probability
distribution P (α, α+ ) = N exp [−Φ (α, α+ )], where

Φ α, α+ = −2α+ α − c ln[λc − α2 ] − c∗ ln[λ∗c − α+2 ], (2)
with dimensionless parameters c = γ/g − 1 and λc = /g,
(1)
(2)
(2)
(2)
where γ = γ1 + i∆1 , g = γe + iχe , γe = γ1 +
(1)

γ2
2
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2

κ
(1)
γ2 +i∆2

2

, χe = χ −

∆2
2

κ
(1)
γ2 +i∆2

and  =

κ
γ2 E2 .
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no single-photon loss, as shown in Fig. 4. This is because
the parity symmetry breaks once the single-photon loss
is nonzero.
By changing the driving, we show in Fig. 5 that the
exact distribution is similar to the mixed delta-form distribution, while the pure cat state is a different distribution which is only vaild if there is no single-photon loss.

Geometrically, we can regard the quantum dynamics
as occurring via a distribution function defined on a twodimensional manifold embedded in a four-dimensional
complex space, considering that α and α+ are two complex independent variables. Then the potential Φ can be
expressed as in Fig. 1. We note that there are two local minima and a saddle point in the potential, thus the
quantum tunneling will take place.
The analytic solution of the tunneling time is obtained
with the potential-barrier approximation. Comparing
with the numerical results, they agree with each other
in the large tunneling time limit, where the potentialbarrier approximation is valid, as shown in Fig. 2.

5

Summary

We have discussed general properties of quantum tunneling and cat-like steady states in subharmonic generation with anharmonic nonlinearities. In the weak nonlin4

(a)

Cat-like steady state with strong nonlinearity

0.8

In the region of strong nonlinearities, the probability
distribution can be expressed in Fig. 3. In extremely
strong nonlinearity limit, c → −1, the distribution approaches the delta-function form, which resembles the
Schrödinger cat. And in the large driving limit, λ → ∞,
the distribution reduce to a classical mixture of coherent
states.
Further studies tell us that the delta-form steady-state
distribution is a mixed state rather than a pure state,
which is only valid in the limit c → −1. We also find
that pure steady-state cats are only reachable if there is

0.4

4

0

Figure 3: Real parts of steady-state probability distributions for (a) c = −0.6 − 0.2i and λc = −0.193 + 0.096i,
and (b) large λ: c = −0.6 − 0.2i and λc = −1.93 + 0.96i.

All the parameters here can have complex values, which is
necessary when treating the situations in recent quantum
circuit experiments [1].

3

7

Figure 2: Comparisons of the tunneling times obtained
using the P-representation (blue lines) and the numberstate expansion (red circles) changing with the anharmonic nonlinearity χ (a) and the parametric nonlinearity
κ (b). In figure (a), the other parameters are γ = 1.5kHz,
γ (2) = 0.8kHz,  = 10kHz. In figure (b), γ = 1.5kHz,
(2)
γ1 = 0.1kHz, γ2 = 20kHz, χ = 0.1kHz, E2 = 40kHz.
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Figure 4: Comparing the average photon numbers (a)
and the second order correlation functions (b). The blue
dashed line is obtained from the mixed cat distribution,
the red solid line from the analytic method, the black
dash-dotted line from the pure cat state, and the magenta
circles are obtained with γ = 0 and initial vacuum state.
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Skew informations from an operational view
via resource theory of asymmetry
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Abstract. The Wigner-Yanase skew information was proposed to quantify the information
contained in quantum states with respect to a conserved additive quantity, and it was later
generalized to a class called metric-adjusted skew informations. We analyze this general family
of the skew informations from an operational point of view by utilizing the fact that they are
valid asymmetry resource monotones. We show that such an approach allows for clear physical
meanings as well as simple proofs of some of the basic properties of the skew informations. Notably,
we constructively prove that any type of skew information cannot be superadditive, where the
violation of the superadditivity had been only known for a specific class of skew informations
with numerical counterexamples. We further show a weaker version of superadditivity relation
applicable to the general class of the skew informations, which proves a conjecture previously
proposed for the Wigner-Yanase skew information as a special case. We finally discuss an
application of our results for a situation where quantum clocks are distributed to multiple parties.

1

Introduction

them, investigating properties of the skew informations usually requires highly involved mathematical
techniques [6, 13] that are not physically very intuitive, and it is hoped that the operational view
stemming from the resource theory would provide
another route that gets around with these difficulties.
Here, we employ an operational approach to analyze the general class of skew informations, extending
the argument in Ref. [10] employed for a special class
of skew informations. We see that operational views
provided by the resource theory allow for richer physical intuitions as well as simpler proofs of some of
the important properties. Notably, we constructively
show that any skew information cannot be superadditive. The superadditivity of the Wigner-Yanase
skew information was listed as a desired property for
the skew information to be an information measure,
and Wigner and Yanase themselves proved this property for pure bipartite states [5]. It had been widely
believed that it would hold in general until counterexamples have been recently found [14–16]. On the
other hand, it has been also shown that “classical”
states always satisfy the superadditivity [17, 18], so
it would be essential to investigate what property
of the state contributes to the violation of the superadditivity, since it might be an indicator of some
form of “quantumness”. However, the previously
shown counterexamples are purely numerical examples obtained by exhaustive computational search
or semianalytical forms which fail to provide much
physical insights. In this work, we find that the violation of the superadditivity is a natural consequence
from the resource-theoretic point of view, providing
a fully analytical and physically clear proof for the
violation of the superadditivity. We also propose and
prove a weaker version of superadditivity relation

Quantifying the information contents is a central theme in information theory, but it becomes
subtle when the system has a certain symmetry
and possesses a conserved quantity because, in such
cases, some observables can be measured more easily than others as observed by Wigner, Araki, and
Yanase [2–4]. Motivated by this observation, the
Wigner-Yanase skew information was proposed as
an information-theoretic quantity that measures the
information contents contained in a quantum state
with respect to a conserved additive quantity [5].
This is later extended to Wigner-Yanase-Dyson skew
informations, and further to the general family of
metric-adjusted skew information [6], establishing a
connection with with information geometry [7].
The characterization of the skew informations by
information geometry then further finds a connection to the measures of asymmetry in the context of
resource theories. Resource theories are formal frameworks dealing with quantification and manipulation
of intrinsic physical quantities, called resources, associated with given physical settings [8]. In particular,
resource theory of asymmetry [9] accounts for the
capability of breaking the relevant symmetry possessed by the system. It has been found that not only
Wigner-Yanase-Dyson skew informations [10, 11] but
the whole family of skew informations [12] serve as
valid asymmetry quantifiers, providing another operational aspect to this information-theoretic quantities. It is thus highly desired to unveil the general
properties shared by the skew informations in the
general family. However, due to the generality of the
skew informations as well as restrictions imposed on
∗
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I ⊗ H2 . As asymmetry measures, this relation entails a natural physical meaning; if one throws away
a subsystem, the capability of breaking the symmetry (e.g. accuracy of quantum clock) must decrease. From resource-theoretic perspective, this is
concisely obtained by that the partial trace is indeed a covariant operation. Also, a related property
I f (ρ12 , H1 ⊗ I) ≥ I f (ρ1 , H1 ) has been proved in
Ref. [13, 20] for Wigner-Yanase-Dyson skew informations by an explicit but involved calculation. By
our argument, however, one can immediately prove
even more general relation applicable to any skew
information as a special case of the monotonicity
under partial trace when H2 = 0.

that holds for any skew information, which proves
the conjecture posed in Ref. [16] as a special case of
our results. We finally apply our results to a physical
situation where quantum clocks are distributed to
multiple parties. The full paper is found in Ref. [1].

2

Preliminaries

We first review the resource theory of asymmetry.
The resource theory of asymmetry with group G
corresponds to the setting where one has free access
to quantum states that are invariant (symmetric)
under group action whereas states that can break the
group symmetry, asymmetric states, are considered
precious, and thus resources. Formally, the state ρ is
called a symmetric state if Ug ρUg† = ρ, ∀g ∈ G where
Ug is a unitary representation of the group element
g. A relevant set of free operations are covariant
operations E satisfying the covariance condition: E ◦
UgI = UgO ◦ E ∀g ∈ G where UgX (·) refers to the
application of unitary representation of g on the
system X, and X = I, O correspond to the input
system and output system of E. Then, any function
R from quantum states to real number satisfying
R(ρ) ≥ R(E(ρ)), ∀ρ for any covariant operation E
is called asymmetry monotone. Here we only deal
with the U (1) group whose unitary representation
is labeled by a real number t as UX (t) = exp(iHX t)
where HX is an observable defined on system X.
We next briefly review the skew informations. Suppose the system possesses an additive conserved quantity whose observable is denoted by H. To quantify the information contained by quantum states
with respect to the conserved quantity, Wigner and
Yanase proposed the Wigner-Yanase
skew informa√
tion I W Y (ρ, H) = − 12 Tr([ ρ, H]2 ). Later, a general
family of skew informations called metric-adjusted
skew informations were introduced
f (0)
I f (ρ, H) =
Tr [(i[H, ρ]) cf (Lρ , Rρ ) (i[H, ρ])]
2

−1
where cf (x, y) := yf (xy −1 )
is the MorozovaChentsov function [19], and f is a standard operator
monotonic function. Note that the Wigner-Yanase
skew information is reconstructed by taking an appropriate form of cf (x, y). Remarkably, all the skew
informations are valid asymmetry monotones [12].

3

Decrease under measurements not disturbing the conserved quantity In Ref. [21], the
dynamics of Wigner-Yanase skew information under the measurement that does not disturb the
conserved quantity have been investigated. Specifically, they considered the measurement operation
P
M (·) = j Ej · Ej† whose measurement operators
commute with the observable corresponding to the
conserved quantity; [Ej , H] = 0, ∀j. This implies
Tr[M (ρ)H] = Tr[ρH], so the expectation value of the
conserved quantity is not disturbed. For such a measurement, they asked whether the Wigner-Yanase
skew information would decrease under determinisWY
tic measurement I W Y (M (ρ), H)
P ≤ I W Y(ρ, H) and
(σj , H) ≤
under selective measurement
j pj I
I W Y (ρ, H) where pj

= Tr[Ej ρEj† ] and σj

=

Ej ρEj† /pj .

They proved that the former holds in general and proved the latter holds for two-dimensional
systems, while they left the higher dimensional cases
as a conjecture.
Our resource-theoretic approach immediately
proves these relations at the most general level: for
general dimensions and for any skew information. To
see this, note that the condition [Ej , H] = 0, ∀j implies that M is a covariant operation and Ej · Ej† are
covariant completely-positive trace non-increasing
maps. Then, these relations follow from the monotonicity and selective monotonicity of the skew informations as asymmetry monotones.

4

Superadditivity

Superadditivity of the skew informations refers to
the property that the skew informations for total
states are never less than theP
sum of local skew informations: I f (ρ1...n , H1...n ) ≥ nk=1 I f (ρP
k , Hk ) for any
n ∈ N, ρ1...n , and H1...n with H1...n = nk=1 Hk ⊗ Ik̄
where ρk = Trk̄ ρ1...n is the reduced state on the k th
subsytem, and Ik̄ is the identity operator acting on
the subsystems other than k th subsystem.
Here, we employ an operational argument to show
the violation of superadditivity relation for any choice
of f .

Properties of skew informations as
asymmetry monotones

In this abstract, we discuss two properties for
which resource-theoretic arguments turn out to be
useful. An extended list for such properties are found
in Ref. [1]
Monotonicity under the partial trace The
skew informations of the subsystem are not greater
than the skew informations of the total system.
I f (ρ12 , H12 ) ≥ I f (ρ1 , H1 ) where H12 = H1 ⊗ I +
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Theorem 1. Any skew information I f cannot be
superadditive.
The idea is that one can construct a covariant
operation which creates larger sum of the local asymmetry than the global asymmetry. For such a covariant operation, we consider the protocol proposed
by Åberg [22], which approximately implements a
desired unitary only using covariant operations and
a resource state. What is interesting about the protocol is that it is “perfectly repeatable” in the sense
that one can reuse the resource state again and again
without degrading the quality of the implementation
of the unitary. Thus, one can keep applying the
approximate unitary that creates local asymmetry
forever while the global asymmetry is upper bounded
by the asymmetry of the initial resource state because
of the covariance of the protocol. This observation
naturally leads to the fact that any skew information
is prohibited from being superadditive as a valid
asymmetry monotone. The detailed proof can be
found in Ref. [1].

they serve as quantifiers for how useful they are for
metrological tasks [9]. In particular, when the conserved quantity is chosen as the Hamiltonian, the
skew informations may be seen as the quality of
the state as a quantum clock [25]. Suppose that
A1 desires to possess a quantum clock with high
precision that requires the amount of skew inforf
mation Ith
> I f (ρ1 , H1 ). In such a situation, A1
could ask the other parties to send their states via
quantum teleportation, but A1 would like to make
sure that it will be indeed possible to achieve the
desired level of asymmetry by doing so because otherwise the precious entanglement will be wasted. To
this end, suppose A1 asks the other parties to measure the skew information of their own reduced state
(by, for instance, a method provided by Ref. [26])
and report it back by classical communication. A1
then tries to infer the total skew information she
would obtain I f (ρ1...k , H1,...,k ) by reported values
If (ρj , Hj ), j = 2, . . . , k.
Theorem 1 warns A1 not to make a naive decision
in which she asks the other parties to send their
P
f
states when kj=1 I f (ρj , Hj ) ≥ Ith
because it may
be the case that ρ1...k significantly violates the superf
additivity relation such that I f (ρ1...k , H1,...,k ) < Ith
.
On the other hand, Theorem 2 ensures that if A1
asks the other parties to send their states only when
f
1 Pk
f
j=1 I (ρj , Hj ) ≥ Ith , she will certainly obtain the
k
enough amount of asymmetry to implement a quantum clock with the desired accuracy. Moreover, it is
the best possible she can do because 1/k is the maxif
mum constant to ensure that I f (ρ1...k , H1,...,k ) ≥ Ith
holds as shown in Theorem 2.

Weak superadditivity Although the superadditivity does not hold in general, one can still ask
whether some weaker version of superadditivity holds.
We prove such weak superaditivity relation by an
operational approach, proving the conjecture posed
in Ref. [16] as a special case.
P
Theorem 2. For any ρ1...k and H12...k = j Hj ⊗Ij̄ ,
P
I f (ρ1...k , H12...k ) ≥ k1 kj=1 I f (ρj , Hj ) holds. Moreover, k1 is the maximum constant for β(k) such that
P
I f (ρ1...k , H12...k ) ≥ β(k) kj=1 I f (ρj , Hj ) holds for
any ρ1...k and H12...k .
The first part can be immediately obtained by
using the monotonicity under partial trace. As for
the second part, we show that if β(k) is larger than
1/k, the sum of local asymmetry must grow sublinearly with respect to the number of qubits. However,
becaue Åberg’s protocol is perfectly repeatable, one
can construct a state whose local asymmetry grows
linearly, which leads to the contradiction. A detailed
proof can be found in Ref. [1].

5

Conclusions

We analyzed properties of the general family of
skew informations from operational perspectives in
the context of resource theory of asymmetry. We
showed that such operational approach can give
clearer physical meanings as well as simpler proofs of
some of the properties of the skew informations. We
in particular provided the first full analytical proof
for violation of superadditivity property and prove
weak superadditivity relations valid for general skew
informations. We also discussed an application of
our results to a situation where quantum clocks are
distributed to multiple parties, providing the optimal
strategy for a single party to ensure that the enough
amount of asymmetry will be obtained after costly
quantum communications.
Our results not only indicate much potential of
analyzing information-theoretic quantities from operational perspectives, motivating to extend the analysis to a broader class of the quantities beyond the
skew informations, but also shed new light on further
applications of resource-theoretic considerations.

Distributed quantum clocks The above Theorems provide an interesting implication for the situation where quantum clocks are distributed to multiple parties. Suppose that k parties A1 , A2 , . . . , Ak
share some number of copies of state ρ1...k while each
party only has access to their reduced state and does
not know the description of the global state ρ1...k .
Assume also that they share a limited amount of
entanglement among each other, which only enables
them to send a limited number of qubits by quantum
teleportation although they can freely make classical communication. This is a situation relevant to
the setups such as quantum network and distributed
quantum computation [23, 24].
From the perspective that the skew informations
are asymmetry monotones, it is natural to see that
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Abstract. One of the central problems in the study of resource theories is to provide a given
resource with an operational meaning, characterizing physical tasks in which the resource can
give an explicit advantage over all resourceless objects. We show that this can always be
accomplished for all convex resource theories — describing the resource content of not only
states, but also measurements and channels — both within quantum mechanics and in general
probabilistic theories (GPTs). We in particular find that discrimination tasks provide a unified
operational description for quantification and manipulation of resources by showing that the
family of robustness resource measures can be understood as the maximum advantage provided
by any physical resource in several different discrimination tasks, as well as establishing that
such discrimination problems can fully characterize the allowed transformations within the given
resource theory. Our results establish a fundamental connection between the operational tasks of
discrimination and core concepts of resource theories — the geometric quantification of resources
and resource manipulation — valid for all physical theories beyond quantum mechanics with no
additional assumptions about the structure of the GPT required.

1

Introduction

relying on quantum mechanics at all? This motivates
us to extend the framework of resource theories to
general probabilistic theories (GPTs) [19–22], a family of physical theories which includes classical and
quantum probability theory as special cases, and
investigate a unified characterization of general resources in the extensive formalism of GPTs rather
than limiting it to quantum mechanics.
In our works [1, 2], we contribute to advancing
general resource theories with regard to one of the
central questions that can be asked about them:
their operational characterization. As the very word
“resource” suggests, understanding the operational
aspects of resources — how they can be utilized for
physical tasks, and what limitations a resource theory
places on the conversion of physical resources — has
central importance both theoretically and practically.
However, it frequently requires resource-specific approaches and does not easily generalize to encompass
all physically relevant resource theories, and it is
thus highly desired to find a fundamental class of
operational tasks that would allow for the understanding of the resourcefulness of a given physical
property in general settings. Here, we solve this
problem at the most general level — we characterize
quantification and manipulation of resources in general convex resource theories defined in any GPT for
not only states, but also measurements and channels,
in terms of the fundamental tasks of state and channel discrimination. Our results establish tools for
the resource quantification and endow fundamental
resource measures called robustness measures [17, 23–
25] with an explicit operational interpretation as the

A rigorous understanding of quantum resources
is one of the ultimate goals in quantum information science. In addition to the apparent theoretical
interest, it also has high relevance to burgeoning
quantum information technologies such as quantum
communication [3, 4], quantum cryptography [5, 6],
and quantum computation [7, 8]. Quantum resource
theories [9] have recently attracted much attention
as powerful tools which offer formal frameworks allowing for the characterization of quantification and
manipulation of intrinsic resources associated with
quantum systems.
Although applications of the resource-theoretic
framework have enhanced systematic studies of many
physical settings, these setting-specific resource theories do not tell us much about how to understand
the individual properties and results in a unified
fashion. One could then wonder whether the generality of the framework allows one to go beyond
specific examples and obtain results applicable to
a broad class of settings, thus providing a unified
picture of resources in general. A complete study
of which features are universal among all resources,
stemming from only the very foundations of quantum
mechanics, therefore remains a major area of investigation, and such a general approach has recently
gained much attention [9–18]. In fact, one can pose
an even more fundamental question: can common
features of resource theories be understood without
∗
†
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advantage that a physical object can provide in various discrimination tasks, and show that such discrimination tasks fully characterize the conversion
between states or measurements with free operations
of the given resource theory. Our results indicate
that many physical quantities, seemingly different
and unrelated to each other, can be understood in a
unified way and are all encompassed together in the
operational perspective of resource theories.

2

of channel ensembles and measurement strategies is
given precisely by the generalized robustness.
Theorem 2. Let F be a convex and closed set of
free states. Then, for any state ρ, it holds that
max

{pi ,Λi }
{Mi }

psucc ({pi , Λi }, {Mi }, ρ)
= 1+RF (ρ).
maxσ∈F psucc ({pi , Λi }, {Mi }, σ)

This result ensures that the generalized robustness
with respect to any choice of F admits an operational
interpretation: it serves as an exact quantifier for
the advantage that a given state enables in a class
of channel discrimination problems. In Ref. [1], we
also consider relaxing the constraints on measurements under the setting of theory of entanglement,
coherence, and magic.
Next, we extend our consideration to measurements. Understanding the discriminative power
of restricted sets of measurements is of central
importance not only in characterizing the operational consequences precipitated by limitations of
physically allowed measurements, but often also in
studying the very fundamental structure of the underlying GPT [36, 41, 42]. We will show that a
robustness measure associated with the measurement can provide a precise answer to the question. Let MF be some convex and closed set of
measurements,
which we will define as MF :=

{Mi }i ∈ M Mi ∈ EF ∀i where EF is some chosen convex and closed set of free effects which we
are able to access within the constraints of the
given resource theory. We define the generalized
robustness of measurement with respect to EF for
a given
n measurement M = {Mi }i asoREF (M) :=

Quantification of resources and discrimination tasks

Channel discrimination is one of the most fundamental operational tasks in quantum information
theory [26–33] and in GPTs [19, 20, 34–36] where
one is to decide which channel was applied to the
input state by making a measurement on the output. The average probability of successfully discriminating a channel sampled from the channel
ensemble {pi , Λi }i with input state ρ and measurement {Mi }i where each Mi is an effect (known as a
POVM element in quantumPmechanics) is written
as psucc ({pi , Λi }, {Mi }, ρ) = i pi hMi , Λi (ρ)i. Note
that the canonical bilinear form hE, ωi is understood
as the Hilbert-Schmidt inner product Tr[Eω] in quantum mechanics. Our first result shows that for any
choice of convex and closed set of free states F,
any resource state is helpful for some channel discrimination task. This in particular provides clear
operational meaning for all the bound resource states
(e.g. bound entangled [37], magic [38, 39], and genuine non-Gaussian states [40]), whose applicability
in physical tasks is often uncertain.
Theorem 1. Let F be a convex and closed set of
free states. Then, ρ ∈
/ F if and only if there exist a
channel ensemble {pi , Λi } such that

+r Ni
min r Mi1+r
∈ EF ∀i, {Ni }i ∈ M where M is
the set of all measurements. Consider now the state
discrimination task where one is to discriminate
states sampled from a state ensemble {pi , σi }i by
making a measurement {Mi }i with
P average success
probability psucc ({pi , σi }, M) = i pi hMi , σi i.

max{Mi } psucc ({pi , Λi }, {Mi }, ρ)
> 1.
maxσ∈F max{Mi } psucc ({pi , Λi }, {Mi }, σ)
The next natural question is about quantification:
what is the relation between the resource contents of
the given state and the advantage in channel discrimination that it can provide? To this end, we consider
the generalized robustness resource measure, which
can be defined for any convex
o
n and closed set of free
states F as RF (ρ) = min r ρ+rτ
∈
F,
τ
∈
D
1+r
where D refers to the set of all states — that is,
RF corresponds to the least amount of noise (in the
form of convex admixtures) that can destroy the
resource content of a given state. We will quantify the advantage that a quantum state ρ provides over all free states F in the discrimination
of {pi , Λi }i using the measurement strategy {Mi }i
as the ratio of psucc ({pi , Λi }, {Mi }, ρ) to the best
success probability when using a free input state,
maxσ∈F psucc ({pi , Λi }, {Mi }, σ). The following result
shows explicitly that, in any convex resource theory,
the maximal such ratio optimized over all choices

Theorem 3. Let MF be the set of measurements
whose effects are elements of EF . Then,
psucc ({pi , σi }, M)
= 1 + REF (M).
max
{pi ,σi }
F∈MF psucc ({pi , σi }, F)
max

The above Theorem establishes an explicit connection between the inherent resourcefulness of a given
measurement and the advantage realized in state
discrimination tasks with respect to a general set
of free measurements, which ensures an operational
interpretation to the generalized robustness of measurements in any resource theory corresponding to
measurements. We additionally establish a connection between generalized robustness and single-shot
information theory in Ref. [2].
However, states and measurements are not the
only objects that can be regarded as resourceful
— it is often natural to attribute resources to dynamical components of the system, i.e. channels,
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in many physical situations in information processing. Analogously to the cases of states and measurements, for given convex and closed set of free
channels OF , we propose the generalized robustness measure for n
channel Λ with respect to
o OF as
Λ+r Θ
:=
ROF (Λ)
minΘ r
where
1+r ∈ OF , Θ ∈ T

all valid choices of channel ensembles, but allow for the application of a single chosen prior
transformation from the set O to the ensemble before applying the channels to be discriminated. The success probability for this task for a
choice of channel ensemble {pi , Λi }i and measurement {MP
i }i is given by p̃succ ({pi }, {Λi }, {Mi }, ω) :=
maxΞ∈O i pi hMi , Λi ◦ Ξ(ω)i . The following result
shows that this success probability serves as a complete set of monotones for state transformations under the free operations O.

T is the set of all channels. 1 To see the operational
meaning of this measure, let us consider the problem of discriminating an ensemble of quantum states
by an application of the channel I ⊗ Λ, with average
P success probability psucc ({pj , σj }, {Mj }, I ⊗ Λ) =
pj Tr [I ⊗ Λ(σj )Mj ] . We then have the following
result, characterizing the robustness measure as the
maximum advantage that the given channel provides
for such channel-assisted state discrimination tasks.

Theorem
5. There exists Λ
∈
O
such that ω 0
=
Λ(ω) if and only if
it holds that p̃succ ({pi }, {Λi }, {Mi }, ω)
≥
p̃succ ({pi }, {Λi }, {Mi }, ω 0 ) for all channel ensembles
{pi , Λi } and measurements {Mi }.

Theorem 4. Let OF be a convex and closed set of
free channels. Then

In fact, we find that the Theorem can be greatly
simplified: in particular, it is sufficient to consider
only two-outcome measurements to fully describe the
transformations allowed within any resource theory,
thus providing an accessible method of characterizing
resourceful state manipulation. We discuss several
other connections between state transformations and
discrimination tasks in [2].

psucc (A, {Mj }, I ⊗ Λ)
= 1+ROF (Λ)
A,{Mj } maxΞ∈OF psucc (A, {Mj }, I ⊗ Ξ)
max

where A refers to a state ensemble. One can take
another approach to quantify resourcefulness of channels based on the underlying theory of states. We
introduce suitable measures for this approach and
provide their operational characterization in Ref. [2].

3

4

Concluding remarks

We provided a general operational characterization of quantification and manipulation of resources
— two core concepts of resource theories — in terms
of state and channel discrimination tasks. The generality of our works is three-fold: our formulations
encompass general convex resource theories, are applicable to all types of resource objects (states, measurements, and channels), and major parts of the
results are valid in all general probabilistic theories
beyond quantum mechanics.
In addition to providing fundamental insights spanning a broad class of physical theories, the results
are immediately applicable to a wide range of physical resources in quantum information theory. The
resource theories of coherence, (bi- or multipartite)
entanglement, magic, athermality, asymmetry, and
many others all fit the framework introduced herein
and therefore all of our results apply to them immediately. In the case of measurements, many significant
insights can be gained from studying classes of measurements such as separable, PPT, incoherent, or
Pauli measurements, all of which are again special
cases of the resource theories considered in our works.
The generality of the results also provides insights
into the foundation of quantum mechanics, as our
results in particular show an equivalence between the
robustness measures (a priori a geometric concept)
and the advantage provided in discrimination tasks
in any GPT; therefore, one cannot hope to separate
a given theory from quantum mechanics by finding
a gap between these two quantities. The results also
provide an experimentally accessible way of bounding
resource measures as well as characterizing resource
transformations in any GPT by relating them with
discrimination tasks.

Manipulation of resources and discrimination tasks

Finding the necessary and sufficient conditions for
the existence of transformation between a given input
object and output object by means of free operations
is one of the most important questions to address,
as it underlies the operational capabilities of a given
resource theory. We call a family of monotones a
complete set of monotones if it fully characterizes the
necessary and sufficient conditions for the existence
of a free transformation. Such monotones were found
in specific settings [15, 44–53], but no set of general conditions with clear operational meaning was
previously known to provide a comprehensive characterization of transformations in general resource
theories.
We will now show that performance enhanced by
a state or measurement in a class of channel or state
discrimination tasks precisely serves as a complete
set of monotones for general resource theories defined
in any GPT. This, together with the results obtained
above, completes a full operational characterization
of general resource theories of states and measurements, and strengthens the connection between resource theories and discrimination tasks. In this
abstract, we only discuss the state transformation;
the argument about measurement transformations
goes analogously, and the details can be found in [2].
Let O be a convex and closed set of free operations. Consider the channel discrimination over
1
For the simplicity of the discussion, here we will limit ourselves to quantum theory although it can be easily generalized
to GPTs under suitable assumptions [43].
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As a ubiquitous aspect of modern information technology, data compression has a wide range
of applications. Therefore, quantum autoencoder which can compress quantum information into
a reduced space is fundamentally important to achieve atomatical data compression in the field
of quantum information. Such a quantum autoencoder can be implemented through training the
parameters of a quantum device using machine learning. In this paper, we experimentally realize a
universal two-qubit unitary gate and achieve a quantum autoencoder by applying machine learning.
Also, this quantum autoencoder can be used to discriminate two groups of nonorthogonal states.

Introduction.
A traditional autoencoder can
compress classical data into a lower-dimensional space.
As shown in Fig.1(a), the input information represnted
by yellow dots can be compressed into fewer dots after
the encoder ε and a decoder D can reconstruct the
input data at the output. For a quantum device to
realize an autoencoder, as illustrated in Fig.1(b), a
parameterized unitary U j (p1 , p2 , · · · , pn ) is trained as
a quantum autoencoder where measurement results are
considered and an optimization algorithm is employed.
Fig.1(b) also indicates the scheme for our experiment:
the core issue is to use the same 2-qubit unitary operator
U to encode two 2-qubit states |ϕ1 i, |ϕ2 i into two qubit
states. In the classical scheme, we use stochastic gradient
descent to optimize the parameterized unitary gate.
The setup for a universal two-qubit unitary gate is
shown in Fig.1(c). It is well known that any binary
quantum alternative of a photon can serve as a qubit.
Thus, by choosing polarization and path degrees of
freedom as two qubits, we can achieve the 2-qubit
universal parameterized unitary gate combining path
unitary gate with polarization gate [1].
In this paper, we experimentally realize a universal
two-qubit unitary gate and achieve a quantum autoencoder based on the theoretical model in Ref. [2].
Our quantum autoencoder can encode two 2-qubit pure
states |ϕ1 i, |ϕ2 i into two qubit states without any other
restriction. Besides encoding qubits, our device can also
be used to discriminate two groups of nonorthogonal
states.
Experiment Setup and Results. In the part of
state preparation, since the M ach − Zehnder interferometer in Fig.1(c) is difficult to realize and keep phase
stable, we use two phase stable Sagnac interferometers
to separately implement state preparation and M–Z
interferometer. At the beginning (Fig.2(a)), photon pairs
with wave length λ = 808 nm are created by typeI spontaneous parametric down-conversion (SPDC) in
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FIG. 1: (a) A graphical representation of encoding and
decoding process.
The map ε encodes the input data
(yellow dots) into a lower-dimensional space (red dots). The
decoder D can reconstruct the input data at the output
(green dots). (b) The hybrid scheme for training a quantum
autoencoder [16]. The input state |ϕi i is compressed by
parameterized unitary U j (p1 , p2 , · · · , pn ). When overlaps
between trash state and reference state for all states in
the input set are collected, a classical learning algorithm
computes and sets a new group of parameters to the unitary
U j+1 (p1 , p2 , · · · , pn ). (c) Universal two-qubit unitary gate
composed of two beam splitters, two mirrors and four same
single-qubit parts (V1,V2,VR,VL). (d) Each single-qubit part
is composed of two QWPs, a HWP, and a phase shifter (PS).

a nonlinear crystal (BBO). One photon is detected by
a single-photon counting module (SPCM) as a trigger,
another photon is prepared in the state of very pure
horizonal polarization noted as |Hi through a polarizer
beam splitter (PBS). Then a half-wave plate (HWP)
along with a PBS can control the path-bit of the photon.

2
In each path, a HWP and a quarter-wave plate (QWP)
are used to control the polarization of the photon, as
shown in Fig.2(b). Thus, we can produce any expected
phase stable two-qubit state thanks to the first Sagnac
interferometer.
(b)

(d)
①

②
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PBS

mirror

controlled. Meanwhile, due to the structure of Sagnac
interferometer, produced two-qubit states go through the
NBS-coated surface twice. Thus, as illustrated before,
we finally achieve the parameterized universal two-qubit
unitary gate.
We can construct any local measurements on polarization just by a QWP, a HWP and a PBS in Fig.2(d)(e). Our classical programme is mainly carried out by
a computer and electronic-controlled devices including
phase shifter, HWPs and QWPs.
For characterization of our unitary gate, we estimate
the process matrix using the maximum-likelihood
method [3] for many different but significant gates such
as identity gate, controlled-not gate, controlled-Z
gate,
√
controlled-Hadamard gate, SWAP gate, iSW AP gate
and so on. Some results of the process tomography are
shown in Fig.3. The real elements and the imaginary
elements are plotted respectively, with ideal theoretical
values overlaid. For clarity, we use red to represent
positive and blue to
negative. Our fidelity
p√represent
√
χexp χ χexp . Here χexp is the
is computed by tr
experimental process matrix and χ is the theoretical
process matrix. The average fidelity of our gates is 0.953.

computer

optical fiber

coincidence
half PBS-coated half NBS-coated cube

① ② ③ ④ trigger

FIG. 2:
Experiment setup for realizing a quantum
autoencoder. The setup consists of three modules. (a)-(b)
state preparation: Photon pairs are created by type-I SPDC
through a BBO. One photon is set as a trigger and another
photon is prepared in the state |Hi through a PBS. Then
a HWP along with a PBS can control the path-bit of the
photon. In each path, a HWP and a QWP are used to control
the polarization of the photon. (c)-(e) parameterized unitary
U and measurements: The second Sagnac interferometer
contains four unitary polarization operators V1 , V2 , VR , VL .
Due to the structure of Sagnac interferometer, produced
two-qubit states go through the NBS-coated surface twice.
Thus, a parameterized universal two-qubit unitary gate is
achieved. Then, a QWP, a HWP and a PBS can form any
local measurements on polarization. (f) classical optimization
algorithm: Our algorithm is mainly carried out by a computer
and electronic-controlled devices.

The parameterized unitary U is realized with the
help of the second Sagnac interferometer in Fig.2(c).
It is worth noting that there is a special beamsplitter cube which is half PBS-coated and half
coated by non-polarizer beam splitter (NBS) in the
junction of two Sagnac interferometers. The second
Sagnac interferometer contains four unitary polarization
operators V1 , V2 , VR , VL . Each of them is composed
of two quarter-wave plates (QWP), a half-wave plate
(HWP), and a phase shifter (PS), which are all electronic-
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(a)

(b)

(c)

(d)

FIG. 3: Characterization of experimentally realized gates.
A two-qubit gate can be described by its process matrix
χ̃. Specifically, each input state ρ is mapped to an output
Σmn χ̃mn Êm ρÊn† , where the summation is over all possible
two-qubit Pauli operators Êk . Here we plot the real elements
in Fig.3(a) (Fig.3(c)) and the imaginary elements in Fig.3(b)
(Fig.3(d)) of CNOT (SWAP), with ideal theoretical values
overlaid. For clarity, we use red to represent positive and
blue to represent negative. The fidelity of CNOT/SWAP is
0.957/0.948.

Now we turn to the core issue of encoding the
quantum information into lower dimension. Our goal
is to achieve a 2-qubit unitary operator U which can
encode two 2-qubit states |ϕ1 i, |ϕ2 i into two qubit states
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5:
The
results
of
discriminating
two
different groups of nonorthogonal states.
The
bound
for
(a)-(b)
is
plotted
in
blue
dashed
line. (a) encode {cos θ1/2 |RHi + sin θ1/2 |RV i, θ1/2 = ±
4◦ } & {cos θ3/4 |RHi + sin θ3/4 |RV i, θ3/4 = 60◦ ± 4◦ }
into
different
polarization
qubits.
(b)
encode
{cos θ1/2 |RHi +
sin θ1/2 |RV i, θ1/2 =
± 2◦ }
&
{cos θ3/4 |RHi +
sin θ3/4 |RV i, θ3/4
=
30◦ ± 2◦ }
into
different
polarization
qubits.
(c)
encode
{cos θ1 |RHi + sin θ1 |LHi, θ1
∈
[−50◦ , 50◦ ]}
&
{cos θ2 |RV i + sin θ2 |LV i, θ2 ∈ [−50◦ , 50◦ ]} into different path
qubits, (d) encode {cos θ1 |RHi+sin θ1 |RV i, θ1 ∈ [−20◦ , 20◦ ]}
& {cos θ2 |LHi + sin θ2 |LV i, θ2 ∈ [−20◦ , 20◦ ]} into different
polarization qubits. Here infidelity is the cost funtion in our
algorithm and iterations indicate the train process.
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|ϕ01 i, |ϕ02 i. For example, we encode two 2-qubit states
|RHi, |LV i into states |ϕ01 i|Ri, |ϕ02 i|Ri. Here |Ri/|Li
stands for path qubit and |Hi/|V i stands for polarization
qubit. Thus, we can trash the path qubit and obtain
the compressed states |ϕ01 i, |ϕ02 i which maintain the
original quantum information totally in polarization
qubit. Similarly, encoding the information into path
qubit is also feasible. Fig.4(a) (Fig.4(b)) shows the result
of encoding {|RHi, |LV i} into path (polarization) qubit.
Here infidelity is the cost funtion in our algorithm and
iterations indicate the train process.
Results of encoding
√
another set of states { 21 |RDi + 23 |LV i, |LV i} into path
(polarization) qubit is shown in Fig.4(c) (Fig.4(d)). The
performance of our quantum autoencoder is related to
the experimental conditions such as imperfect NBScoated surface, unbalanced coupling efficiency, and
uneven wave plates. Though under these imperfect
conditions, the cost funtion can still approach 0 after a
few iterations.
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40
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FIG. 4: The results of encoding two 2-qubit states into two
qubit states. Here we show the results of encoding different
initial states into different qubits (path/polarization). (a) encode {|RHi, |LV i} into path qubit. (b) encode√{|RHi, |LV i}
into polarization qubit. (c) encode { 12 |RDi + 23 |LV i, |LV i}
√
into path qubit. (d) encode { 12 |RDi + 23 |LV i, |LV i} into
polarization qubit. Here infidelity is the cost funtion in our
algorithm and iterations indicate the train process.

Apart from encoding quantum information into lower
dimension, we find our quantum autoencoder can also
realize the discrimination between two different groups
of nonorthogonal states by encoding different groups
into orthogonal path/polarization qubits. For example,
encode two groups of nonorthogonal states {|φi i}, {|ϕj i}
into states {|ϕ0i i|Ri}, {|ϕ0j i|Li}. Thus we can realize the
bound of min-error discrimination between two different
groups of nonorthogonal states after some iterations.
We follow the core principle in Ref. [4] to derive
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the error bound and the optimal strategies to realize
the min-error discrimination between two groups. Some
of the results are shown in Fig.5. The blue dashed
line is the bound of min-error discrimination between
two different groups of nonorthogonal states. We also
show our agent’s learning ability by encoding groups
of path/polarization orthogonal states into orthogonal
polarization/path states in Fig.5(c)-(d).
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Experimentally probing quantum communication in a superposition of causal orders
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Abstract: Communication in a network generally takes place through a sequence of intermediate nodes connected by communication channels. In the standard theory of communication, it is assumed that the communication network is embedded in a classical spacetime, where the relative order of different nodes is well-defined.
In principle, a quantum theory of spacetime could allow the order of the intermediate points between sender and
receiver to be in a coherent superposition. Here we experimentally realise a table-top simulation of this exotic
possibility, by transmitting quantum information through certain entanglement-breaking channels in an optical
quantum switch.
Keywords: quantum communication, indefinite causal order, quantum switch

time points are well-defined, and so is the order of the intermediate nodes between the sender and receiver. For example,
one can have the order P  P 0  Q  Q0 , indicating that
signals can be transmitted from P to P 0 , and then to Q and
to Q0 . Assuming for simplicity that no noise takes place in
the transmission from P 0 to Q, this configuration leads to the
overall channel FE. In another spacetime configuration, one
could have the order Q  Q0  P  P 0 , corresponding to
the channel EF (again, assuming that no noise takes place in
the transmission from Q0 to P ). In either configurations, the
sender and receiver are assumed to know the structure of spacetime, and therefore to know whether the overall channel
is EF or FE.
New possibilities arise when the background spacetime is
treated quantum mechanically [2]. One can associate the basic
configurations P  P 0  Q  Q0 and Q  Q0  P  P 0
to two orthogonal states |0i := |P  P 0  Q  Q0 i and
|1i := |Q  Q0  P  P 0 i, forming a basis for an effective
two-dimensional quantum system, called the order qubit. The
order qubit can be interpreted as a coarse-grained description
of a quantum spacetime in which the communication network
is embedded. Hereafter, the state of the order qubit will be
denoted by ω.
The insertion of two quantum channels E and F into a
quantum spacetime in the state ω can be described by the
quantum SWITCH (QS) transformation [5, 6] Sω : (E, F) 7→
Sω (E, F), defined as
X
Sω (E, F) (ρ) :=
Wij (ρ ⊗ ω) Wij† ,
(1)

Introduction. The extension of the theory of communication to scenarios where quantum channels act a superposition of orders was recently addressed in a series of works
[1–3]. These works demonstrated advantages over the standard communication model where the communication channels are quantum but their order is fixed, as it is normally
assumed in the field of quantum Shannon theory [4]. For
example, Ref. [1] showed that two completely depolarising
channels acting in a superposition of two orders can transmit a
non-zero amount of classical information, whereas in the standard model of quantum Shannon theory they would completely block any kind of information. Similar advantages arise in
the transmission of quantum information [2], sometimes leading to a complete removal of the noise [3]. The advantages
over the standard model of quantum communication suggest
that quantum superpositions of spacetimes would have major
consequences on quantum communication networks.
Here we experimentally test the consequences of the superposition of causal orders for quantum communication networks, demonstrating the possibility of heralded [2] and deterministic quantum communication [3] through channels that
individually have zero quantum capacity. The experimental
realisation of communication protocols using quantum channels in a superposition of orders is important not only as a simulation of communication in quantum spacetimes, but also as
a step towards a new technology of quantum communication
with control over multiple transmission lines.
Communication networks and superposition of orders.—
In a network scenario, the communication between the sender
and a receiver proceeds through a sequence of intermediate
nodes, with the transmission between one node and the next
described by a suitable quantum channel. Here we will consider the case of n = 2 communication channels, E and F, the
former connecting two intermediate nodes at spacetime points
P and P 0 , and the latter connecting two intermediate nodes at
spacetime points Q and Q0 .
In the standard setting, the causal relations among space-

i,j

with
Wij := Ei Fj ⊗ |0ih0| + Fj Ei ⊗ |1ih1| ,

(2)

where {Ei } and {Fj } are the Kraus operators of E and F,
respectively. Note that quantum switch is independent of the
choice of {Ei } and {Fj }.
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We interpret the channel Sω (E, F) as describing the action
of the channels E and F combined together in a superposition
of orders depending on the state of the order qubit ω. In this
scenario, it is assumed that the sender cannot encode information in the order qubit, but the receiver can access it and use
to enhance the decoding. It is worth stressing that the transformation Sω : (E, F) 7→ Sω (E, F) does not provide a way
to bypass the channels E and F, in the sense that there is no
way for the sender and the receiver to transmit information
independently of the channels E and F [2].
The interference between the two alternative orders provides dramatical advantages in both classical and quantum
communications over standard quantum Shannon theory, as
it was predicted theoretically in a number of examples [1–
3]. All theseP
examples involve pairs of P
Pauli channels, of the
3
3
form Ep~ =
p
σ
ρσ
and
F
=
i
i
i
q
~
i=0
i=0 qi σi ρσi , where
(σ0 , σ1 , σ2 , σ3 ) are the Pauli matrices (I, X, Y, Z). Suppose that the two channels Ep~ and Fq~ are combined in a
superposition of orders, with the control qubit is in the state ω = |+ih+|, corresponding
to the uniform superposition
√
|±i := (|0i ± |1i)/ 2. From Equations (1)and (2), the resulting channel Sω (Ep~ , Fq~ ) acts as

Quantum
communication
with
entanglementbreaking channels.— Consider a bit flip channel
Bs (ρ) = (1 − s) ρ + s σ1 ρσ1 and phase flip channel
Pt (ρ) = (1 − t) ρ + t σ3 ρσ3 , corresponding to Pauli channels
Ep~ and Fq~ with p~ = (1 − s, s, 0, 0) and ~q = (1 − t, 0, 0, t),
respectively [2]. For s = t = 1/2, the two channels are
entanglement-breaking, and therefore unable to transmit any
quantum information. In contrast, the channel C− of Equation
(5) is the unitary gate σ2 , and therefore it allows for the
noiseless heralded transmission of a qubit, meaning that the
receiver can decode the message without any error through
the channel C− .
The possibility of noiseless heralded quantum communication is an important difference between the communication
model with independent quantum channels in a superposition
of orders and the related communication model with independent quantum channels traversed in a superposition of paths
[7–9]. In the second model, noise can be reduced, but never completely removed. While every real experiment involves
some level of noise, the in-principle possibility of noiseless
communication through superposition of orders implies that
the experimental fidelities can be arbitrarily close to 1.
In our experiment, we report an average fidelity of 0.9747±
0.0012 with the unitary gate σ2 predicted by the theory. We
reconstructed the channel matrix γij from the tomographic data and used it to find the input state that maximises the oneshot coherent information in Eq. (??). The optimisation can
be reduced to three real parameters (α, θ, ψ) by parameterising the qubit state ρ as ρ = α0 |φihφ| + (1 − α0 )|φ⊥ ihφ⊥ |,
where |φi = cos(θ)|0i+sin(θ)eiψ |1i and |φ⊥ i = sin(θ)|0i−
cos(θ)eiψ |1i are basis states. Since the entropy exchange
is independent of the choice of purification, the parameters (α0 , θ, ψ) completely determine the coherent information.
Fig. 2 shows the experimental results for the evaluation of the
coherent information Ic of the channel C− and also the whole
channel S(Bs , Pt ). For channel C− , the result is a coherent
information of about 0.812 ± 0.003, obtained with parameters
α0 = 0.500, θ = 0.0723π, and ψ = 0.790π. The deviation
of the channel capacities from their theoretical predictions are
due to imperfect channel simulations and measurement error.
The dependence of the coherent information on α0 and θ is
shown in Fig. 2 (b) for fixed ψ = 0.790π. More generally, the
coherent information Q1 of the channel S(Bs , Pt ) is further
show in Fig. 2 (c) as a function of t, with s = t. One can
find out that, as long as t > 0.62, Ic of S(Bt , Pt ) (red line)
surpasses the coherent information when the two channels are
combined in a fixed order (black line). Our experimental results (cyan rhombuses) verified the existence of the advantage
of indefinite causal order and the possibility of heralded, highfidelity communication.
An even more radical example of quantum communication
in a superposition of order corresponds to two entanglementbreaking channels F(ρ) = 1/2(σ1 ρσ1 + σ2 ρσ2 ) [3]. In normal conditions, the channel F cannot transmit any quantum
information. Still, when two such channels are inserted in
the quantum SWITCH, the channels C+ and C− of Equations

S(Ep~ , Fq~ )(ρ) = r+ C+ (ρ) ⊗ |+ih+| + r− C− (ρ) ⊗ |−ih−| ,
(3)
where r+ and r− are the probabilities defined by r− :=
r12 + r23 + r13 , rij := pi qj + pj qi , and r+ := 1 − r− are
probabilities, and C+ and C− are the Pauli channels defined by
P3
P3
( i=0 rii /2)ρ + i=1 r0i σi ρσi
C+ =
r+

(4)

and
C− =

[r12 σ3 ρσ3 + r23 σ1 ρσ1 + r31 σ2 ρσ2 ]
.
r−

(5)

ppKT

P

Lase

r

Hence, a receiver who measures the order qubit in the basis {|+i, |−i} can separate the two channels C+ and C− , and
adapt the decoding operations to them.
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FIG. 1. Experimental setup.
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FIG. 2. Quantum communication with entanglement-breaking channels. (a) Real part of the reconstructed matrix of S(Bs , Pt ), for s = t =
1/2. The fidelity is 0.9747 ± 0.0012. (b) Coherent information Ic for S(Bs , Pt ) with s = t = 21 as a function of θ and α0 , for fixed
ψ = 0.790π. (c) Coherent information Q1 for the channel S(Bt , Pt ) with t ∈ [0, 1]. The experimental results are marked as cyan rhombuses,
while the correspond theoretical predictions are plotted in the red line. For comparison, the coherent information of the two dephasing channels
combined in a definite order is also shown in the black line. (d-e) Real parts of the reconstructed matrices of C+ and C− of the channel S(F, F).
(f) Coherent information Q1 for channel S(F, F) as a function of θ and α0 , for fixed ψ = 0.155π. Error bars are smaller than the marker
size.
†

(4) and (5) are both unitary, enabling the deterministic noiseless transmission of one qubit. This effect it is more dramatic
than the heralded noiseless communication discussed in the
previous paragraphs. While the heralded noiseless transmission does not guarantee a quantum capacity, the deterministic
noiseless transmission of our second example guarantees in
principle a maximal capacity.
In our experiment,we find that the conditional channels C+
and C− have fidelities 0.9823 ± 0.0013 and 0.9846 ± 0.0014
with the corresponding unitary gates, respectively. The coherent information is 0.855 ± 0.004 and can be obtained when
α0 = 0.500, θ = 0.7575π, and ψ = 0.155π. The corresponding data are presented in Figures 2 (e) and 2 (d). Figure 2 (f)
reports the result of coherent information of channel S(F, F)
varying with the parameters α0 and θ, while ψ is set to be
0.155π.
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Distribution of high-dimensional orbital angular momentum entanglement at telecom
wavelength over 1km vortex fiber
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High-dimensional entanglement exhibites massive potential in increasing channel capacity and resistance to noise in quantum information processing. However, its distribution is quite a challenging
task. Here we report the first distribution of three-dimensional orbital angular momentum (OAM)
entanglement via a 1-km-length vortex fiber. Using an actively-stabilizing phase precompensation
technique, we successfully transport one photon of a three-dimensional OAM entangled pair. It still
shows a fidelity up to 71% with respect to the three-dimensional maximal-entangled-state (MES).
In addition, we certify that the high-dimensional entanglement survives the transportation by generalized Bell inequality, obtaining a violation of ∼ 3 standard deviations with I3 = 2.12 ± 0.04.

Encoding in a multi-dimensional state space is beneficial for increasing channel capacity and improving the
tolerance to noise or eavesdropping in secure quantum
communications [1–3]. High-dimensional entanglement,
exhibits more complex structures of entanglement [4–6],
and stronger nonclassical correlation.
OAM allows for encoding large amount of information per photon and its dimension scalability is much
more desirable compared to other DOFs. The blossom of OAM manipulating technology in recent years
make an essential step toward manipulating quantum
system beyond qubit[7–9]. However, undistibuted highdimensional OAM entanglement becomes a challenging
task which will advance the quantum application beyond
lab proof-of-principle demonstrations, as is recognized to
be a valuable project [10, 11].
There are two method to distribute OAM entanglement. One is free-space propagation, spin-orbit hybrid
2-d entanglement distribution across Vienna has been exploited [12]. However, OAM is highly sensitive to atomospheric turbulence and subject to weather, line-of sight,
or time of day. The other potential way is fiber transport.
But only two dimensional entanglement can be identified
and the transmission distance is just 30 cm in Ref.[13]
and 40 cm in Ref.[14].
The main difficulties of sending photonic entanglement
through long-distance fiber lie in two aspects: crosstalk
and intermodal dispersion. These problem prevent the
distribution of entanglement going beyond lab-scale and
toward higher-dimension.

∗
†

Figure 1. Schematic of the experimental setup. The precompensation module (blue painted area) is used for compensating the intermodal dispersion induced by 1-kilometer-long
OAM fiber. SLM: spatial light modulator, DM: dichroic mirrors, DP: dove prism. The phase locking system is detailed
in top right inset.

In our experiment, several developments has been
made to overcome these problems. The schematic experimental setup is depicted in Fig. 1. First, we develop a high quality three-dimensional OAM entanglement source with a satifying fidelity of 0.888±0.007, considering of the need for balancing the trade-off between
high fidelity and narrow bandwidth, which are both important for long-distance distribution. In most cases, the
OAM entanglement state is prepared by thin crystal in
order to obtain a high-fidelity resource. However, in such
cases the bandwidth of the twins photons is too wide for
long-distance transmission even though a higher fidelity
entanglement is accessible using thin crystal. In the
regime of long-distance distribution or quantum memory, a narrow bandwidth is required. We carefully optimize all the optional parameters to make a balance,
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finally adjusting properties of entangled source suitable
for long-distance distribution. Besides, we experimentally identify the intermodal dispersion simply using coincidence instrument, and we further design an activelystabilizing precompensation module to eliminate this intermodal dispersion. This module is based on introducing a reverse dispersion to pre-compensate it before entering the 1-km fiber. With these measures we successfully
transport one of the three-dimensional OAM entangled
twin photon through a 1 km fiber. Owing to the the advantage of vortex fiber, the OAM spiral wavefront could
survive the transport hence direct quantum tomography
is accessible, quantifying a high surviving fidelity up to
0.71±0.02 with respect to 3*3 maximally entangled state.
Furthermore, certification of three-dimension entanglement is approved by testing CGLMP inequality with the

violation about 3 standard deviations (I3 = 2.12 ± 0.04)
.
The most tough challenges for distributing highdimensional OAM entanglement has been settled down,
and distributing distance is extended more than three
orders over previous work [13, 14], if practical OAMentanglement-based applications would like to advance
beyond laboratory. It is the first time to distribute highdimensional OAM entanglement and our method is extendable to both higher-dimension and longer-distance
in principle. The preserved spiral wavefront make the
distributed entangled state capable of further manipulation.We believe that our result will motivate further
experimental research into novel protocol of longdistance
high-dimensional quantum communications.
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Abstract. Minimum Steiner tree problem is a well-known NP-hard problem. For the minimum Steiner
tree problem in graphs with n vertices and k terminals, there are many classical algorithms that take
exponential time in k. In this paper, to the best of our knowledge, we propose the first quantum algorithm for the minimum Steiner tree problem. The complexity of our algorithm is O∗ (1.812k ). A key to
realize the proposed method is how to reduce the computational time of dynamic programming by using
a quantum algorithm because existing classical (non-quantum) algorithms in the problem rely on dynamic
programming. Fortunately, dynamic programming is realized by a quantum algorithm for the travelling
salesman problem, in which Grover’s quantum search algorithm is introduced. However, due to difference
between their problem and our problem to be solved, recursions are different. Hence, we cannot apply
their technique to the minimum Steiner tree problem in that shape. We solve this issue by introducing a
decomposition of a graph proposed by Fuchs et al.
The full version of this extended abstract is available at https://arxiv.org/abs/1904.03581.
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Keywords: Minimum Steiner Tree, The Dreyfus-Wagner Algorithm, Dynamic Programming, Grover
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−1

and Mölle et al. [7] to O((2 + δ)k nf (δ ) ) for any constant δ > 0. For a graph with a restricted weight range,
Björklund et al. have proposed an O∗ (2k ) algorithm using subset convolution and Möbius inversion [8]. An important thing is that the dynamic programming part of
these algorithms [7, 6, 8] use the D-W algorithm.
In order to speed up classical algorithms, use of quantum algorithms is an effective technique. In particular,
Grover’s quantum search (Grover search) [9] and its generalization, quantum amplitude amplification [10, 11], are
widely applicable. Grover search brings quadratic speed
up to an unstructured search problem [9, 12]. This is one
of the advantages quantum algorithms have over classical algorithms. For NP-hard problems, speeding up using
Grover search [9] is a typical method. However, simply
applying Grover search to a classical algorithm does not
always make faster than the best classical algorithm in
many problems. For example, in [13], by using quantum
computers, the Travelling Salesman Problem (TSP)
√ for
a graph which has n vertices is solved in time O∗ ( n!)
which is the square root of the classical complexity O∗ (n!)
of an exhaustive search. However, the best classical algo∗ n
rithm for TSP takes
√ only O (2 ) [14, 15] which is clearly
∗
faster than O ( n!).
In order to speed up algorithms for the minimum
Steiner tree problem, it is thought that use of Grover
search is also an effective technique. Combining classical algorithms with Grover search is one of the ways to
make an algorithm faster than the best classical algorithm. For example, Ambainis et al. [16] have combined
Grover search with algorithms for TSP, Minimum Set
Cover Problem and so on that use dynamic programming. A naive way is replacing the dynamic programming part of the algorithm of Ambainis et al. by D-W
algorithm. However, we cannot use the method of Ambainis et al. in the same way because the characteris-

Introduction

Given an undirected graph G = (V, E), a weight w :
E → R+ , and a subset of vertices K ⊆ V , usually referred
to as terminals, a Steiner tree is a tree that connects all
vertices in K. In this paper, let n = |V | be the size of
vertices and k = |K| be the size of terminals. A Steiner
tree T is the minimum
Steiner tree (MST) when the toP
tal edge weight e∈E(T ) w(e) is the minimum among all
Steiner trees of K. Note that all leaves of a Steiner tree
T are vertices in K. The task that finds a minimum
Steiner tree is called minimum Steiner tree problem, and
this problem is known as an NP-hard problem [1]. Note
that for fixed k, this problem can be solved in polynomial
time, which means that the minimum Steiner problem is
fixed parameter tractable [2, 3].Although there are difficulties in solving the minimum Steiner tree problem,
this problem is applied to solve problems such as power
supply network, communication network and facility location problem [4]. Since these practical problems need
to be solved, researching the exponential algorithm that
has better base is significant.
A naive way to solve the minimum Steiner tree problem is to compute all possible trees. However, the number of all trees in the graph G = (V, E) is O(2|E| ) at
worst. However, an exhaustive search is not realistic.
The Dreyfus-Wagner algorithm (the D-W algorithm) is
a well-known algorithm based on dynamic programming
for solving the Steiner problem in time O∗ (3k ) [5]. The
O∗ notation hides a polynomial factor in n and k. This
algorithm has been the fastest algorithm for decades. In
2007, Fuchs et al. [6] have improved this to O∗ (2.684k )
∗This research was done when the first author studied in Osaka
Prefecture University.
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Table 1: Comparison
Algorithm
Dreyfus and Wagner [5]
Fuchs [6]
Mölle [7]
Björklund [8] ( best known in the restricted weight case)
This paper

tic of minimum Steiner tree problem differs from that
of TSP. Hence, we adapt this method to a method proposed by Fuchs et al. [6] for applying Grover search. The
decomposition method of Fuchs et al. is optimized for
a classical computer. We optimize the decomposition
for a quantum computer. Our algorithm achieved the
complexity O∗ (1.812k ). This improvement of complexity
brings more than 104 times speed up compared to O∗ (2k )
even in the case of k = 100. Table 1 shows the complexity
of classical algorithms for minimum Steiner tree problem
and our proposed algorithm.

of the algorithms.
Complexity
O∗ (3k )
O∗ (2.684k )
−1
O((2 + δ)k nf (δ ) )
∗ k
O (2 )
O∗ (1.812k )

classical or quantum
classical
classical
classical
classical
quantum
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estimation. Contemporary Mathematics, 305:53–74,
2002.
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Abstract. We propose measurement-device-independent verification protocol of channel coherence and
channel steering. We first obtain channel-state duality using any bipartite pure state with full Schmidtrank, which guarantees that, channel is coherent and steerable if and only if dual state is non-separable and
steerable with respect to a bystander. Subsequently, following canonical protocol, we verify the dual state in
measurement-device-independent manner, which completes measurement-device-independent verification
of channel coherence and channel steering. We further analyze the effect of imperfect preparation of
pure states used for obtaining channel-state duality, and found that the lower bound of noise threshold is
determined by robustness measures.
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Extended Abstract

of the bipartite pure states with full Schmidt-rank used
for obtaining the dual state from the given channel. We
found that, for undesired noise which is separable or unsteerable type, the threshold of the noise for successful
MDI verification of channel coherence and steering are
bounded from below by RE /(1 + RE ) and RS /(1 + RS ),
where RE is the robustness of entanglement [6] and RS is
the robustness of steering [7]. Together with loss-tolerant
property of MDI verification protocol [4, 5], this would
help us to overcome large amount of noise and uncontrollable affairs in practical situation.

Given a quantum channel from an input to an output
system, it is of our interest to check information leakage
to a third party, say a bystander. To analyze this, we can
come up with a concept of broadcasting channel [1] consisting of one input and two output systems, where one
of the outputs is a bystander, by which we can retrieve
the original channel by disregarding the bystander’s system. If the broadcasting channel can be described by sum
of decompositions into subchannel and bystander’s local
state, we call it an incoherent extension [2]. Intuitively,
incoherent extension of the channel implies that the information leakage to the third party is not more than
classical randomness. If broadcasting channel is not an
incoherent, we call it a coherent extension, which means
that the information leakage to the third party is more
than classical randomness. We can verify coherence of
the extended channel in two different scenarios : whether
we trust the bystanders side, or not. If we trust, the verification protocol is device-dependent and we call it as
channel coherence, and if we do not trust, the verification protocol is one-sided-device-independent and we call
it as channel steering [2].
In this research, we propose the verification protocol of
channel coherence and channel steering in measurementdevice-independent (MDI) way [3]. To do this, we first
obtain the dual state of the given channel using bipartite
pure state with full Schmidt-rank, and prove two theorems. 1. The dual state of the extended channel is IO/B
entangled, where B is a bystanders system, if and only
if the channel extension is coherent. 2. The dual state
of the extended channel is steerable by bystanders side
if and only if the channel extension is steerable. Consequently, based on two theorems, we convert the given
extended channel into tripartite state and verify their entanglement or steerability in the MDI way as suggested
in Refs. [4, 5]. This protocol completes the MDI verification of the channel coherence and channel steering.
Moreover, we analyze the effect of imperfect preparation
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Abstract. A commitment scheme allows one to commit to hidden information while keeping its value
recoverable when needed. Despite considerable efforts, an unconditionally and perfectly secure bit commitment has been proven impossible both classically and quantum-mechanically. The situation is similar
when committing to qubits instead of classical bits as implied in the no-masking theorem [K. Modi et al.,
Phys. Rev. Lett. 120, 230501 (2018)]. In this work, we find that circumvention of the no-masking theorem
is possible with the aid of classical randomness. Based on this, we construct an unconditionally secure
quit-commitment scheme that utilises any kind of universal quantum maskers with optimal randomness
consumption, which is distributed by a trusted initializer. This shows that randomness, which is normally
considered only to obscure the information, can benefit a quantum secure communication scheme. This
result can be generalised to an arbitrary dimensional system.
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Introduction

mitment, in which the commited secret value is a qubit.
A result recently proven by Modi et al. [7] known as the
no-masking theorem states that it is impossible to encode quantum information in a bipartite pure quantum
state so that it is inaccessible to local subsystems. As a
corollary, an unconditionally and perfectly secure qubit
commitment is also forbidden [7]. It shows that qubit
commitment schemes with straightforward protocols are
vulnerable to entanglement-based attacks [7].
One might expect that the no-masking theorem can be
extended to mixed states similarly as the case of the nobroadcasting theorem [8] extended from the no-cloning
theorem [9]. In this work however, we show that this is
not the case. We first prove a stronger version of the nomasking theorem by showing that one additionally needs
at least log2 d bits and 2 log2 d bits of randomness respectively when entanglement is available and when only
zero one-way quantum discord is allowed in the masked
bipartite quantum state. We then introduce a simple way
to circumvent the strengthened no-masking theorem by
constructing explicit examples of quantum masker that
consumes the minimal amount of randomness.
We further show that the class of universal quantum
maskers that consume uniform randomness can be used
for unconditionally secure qubit commitment schemes by
introducing a trusted initializer, whose role is very similar to that of Rivest’s commitment scheme. Our scheme
has a security advantage over Rivest’s scheme even when
applied to the bit commitment as it avoids a certain type
of security failure.

In a commitment protocol, a sender (say Alice) commits to a secret value in the way that a receiver (Bob)
cannot access the value until it is revealed. On the other
hand, Bob should be able to reject Alice’s cheating of
revealing a value different from the originally committed
value. A commitment scheme, which has many cryptographical applications[1, 2], is said to be unconditionally
secure when the scheme does not depend on the computational power of both participants, while it isperfectly
secure when the scheme works with zero probability of
failure. However, an unconditionally and perfectly secure commitment protocol is impossible. If a commitment protocol is unconditionally and perfectly binding,
which means that any attempt of Alice to change the already committed secret value can be detected by Bob,
then there should be a unique secret value for each commitment provided by Alice to Bob. If so, the protocol,
however, cannot be unconditionally and perfectly concealing, i.e., Bob could have some information about the
committed value before Alice discloses it, because Bob
with unlimited computational power can reveal the secret value by searching through every possible secret values and corresponding commitments.
Quantum bit-commitment is an attempt to circumvent
this difficulty by using quantum mechanics [3]. However,
it has been proven [4, 5] that an unconditionally secure
commitment of a classical value is impossible even with
the aid of quantum mechanics. Meanwhile, a fully classical breakthrough was developed by Rivest [6] as introducing a partially credible mediator, “trusted initializer,”
who is only involved in the beginning (setup) of the protocol and does not receive any information during the
remaining protocols. In Ref. [6], it was shown that the
trusted initializer enables the construction of unconditionally secure commitment schemes for classical bits.
It transpired that the situation is similar for qubit com-
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Figure 1: A schematic description of the qubit-commitment protocol proposed in this work. Lane 1-2 belongs to Alice,
lane 3-5 to Bob, and lane 6-7 to Ted. ρC gate denotes the preparation of the secret state ρC to which Alice commits,
and VA denotes the unitary transformation secretly applied on the system A by Alice to cheat Bob. Note that this
diagram does not show the classical information flow.
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Abstract. We investigate the uncertainty relation of one electron in a uniform magnetic field by the quantum
estimation theory. As the two-parameter unitary models, we use two sets of unitary transformations that make a
shift in the position of the electron probability density. The sets of the generators used are the canonical momenta
and the mechanical momenta. In both cases, we obtain non-trivial bounds unlike the result of Heisenberg-Robertson
uncertainty relation. Although both models make a shift in the position of the position probability density, the
uncertainty relation derived from the quantum Cramér-Rao bounds of those two models are diﬀerent.
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1

⃗ The vector potential for the uniform field
where ⃗π = ⃗p + eA.
⃗ is denoted by A.
⃗ The charge of an electron is −e (e > 0).
B
Both Model 1 and Model 2 make a shift in position of the
position probability density which is defined by the product
of the wave function and its complex conjugate.
As the main contribution, we derive the uncertainty relation by the trade-oﬀ relation between the components of mean
square error (MSE) matrix by using the quantum Cramér-Rao
(C-R) inequality. We compare the results of Model 1 and
Model 2. The uncertainty relation from the quantum C-R inequalities of Model 1 and Model 2 are diﬀerent though both
Model 1 and Model 2 make the same shift in the position of
the position probability density. In either case of the pure state
or the thermal state as the reference state, Model 2 gives more
precise measurement for the position of electron.

Introduction

The uncertainty relation based on the quantum estimation
theory was investigated by many authors [1, 2, 3, 4, 5]. In the
present work, we set up a specific physical model, a model
of one electron in a uniform magnetic field and investigate
the uncertainty relation regarding the position of the electron
by the parameter estimation problem of two-parameter unitary
model. In this model, the Heisenberg-Robertson uncertainty
relation [6, 7] of the position operators of an electron (x, y)
only yields to the following trivial inequality. (∆ρ x)(∆ρ y) ≥
|⟨[x, y]⟩|/2 = 0, because two position operators x and y commute, i.e., [x, y] = 0. In the relation above, ∆x denotes the
(quantum) standard deviation about x with respect to a state ρ,
which is defined by (∆ρ x)2 = tr [ρ (x − ⟨x⟩)2 ] = ⟨x2 ⟩ρ − ⟨x⟩2ρ
with ⟨A⟩ρ = tr [ρ A], the expectation value about an observable
A. ∆ρ y is defined similarly. Usually, when the uncertainty relation is discussed, the Heisenberg-Robertson uncertainty relation makes sense only for two non-commuting observables,
see for example [8, 9, 10]. In contrast, the quantum estimation
theoretical formulation of the uncertainly relation is applicable when discussing two-commuting observables as shown in
this paper.
In order to derive the uncertainty relation between x and
y based on the quantum estimation theory, we need to introduce a parametric model describing the position measurement
of the electron. We use the unitary transformation generated by the canonical momenta p x and py with the parameter θ = (θ1 , θ2 ). We define the family of states ρθp generated
by this transformation from the reference state ρ0 , which is
known:
Model 1: ρθp = e−iθ

1

p x −iθ2 py

e

ρ0 eiθ

2

py iθ1 p x

e

.

2

Hamiltonian With using the two sets of the the creation
and annihilation operators, a, a† and b, b† such that [a, a† ] =
[b, b† ] = 1, Hamiltonian H and z component of the angular
momentum L are expressed as [11]
1
H = ω(a† a + ),
2
L = xpy − yp x = a† a − b† b.

1

π x −iθ2 πy

e

ρ0 eiθ πy eiθ
2

1

πx

,

(3)
(4)

ω = eB/m is the cyclotron frequency. We assume the mag⃗ is along the z axis i.e., B
⃗ = (0, 0, B). Eqs. (3), (4),
netic field B
and the generators expressed by a, a† and b, b† are given in
Appendix 5.1.

(1)

Reference state Since the energy eigenstate is infinitely degenerated [12], we choose the tensor product of the vacuum
states as the reference state ρ0 which is denoted by

By estimating the parameter θ1 (θ2 ), we can infer the expectation value of x (y).
Besides this ‘natural’ unitary transformation, we use an alternative unitary transformation. That is
Model 2: ρπθ = e−iθ

Preliminaries

ρ0 = |0⟩a a ⟨0 | ⊗ |0⟩b b ⟨0 | = |0, 0⟩ ⟨0, 0| .

(5)

The wave function of this state is known as the2 Lowest
Landau
x +y2
Level (LLL), ψ0 0 (x, y) = ⟨x, y | 0, 0⟩ ∝ e− 2λ2 , where λ2 =
2(eB)−1 .

(2)
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Model 1 SLD

Unitary transformations We introduce two kinds of uni1
2
1
2
tary transformations, e−iθ px e−iθ py and e−iθ πx e−iθ πy . We consider that we have them act on the LLL, ψ0 0 (x, y). We can
show
|e−iθ

1

|e−iθ

1

p x −iθ2 py

ψ0 0 (x, y)|2 = |ψ0 0 (x − θ1 , y − θ2 )|2 ,

π x −iθ πy

ψ0 0 (x, y)|2 = |ψ0 0 (x − θ1 , y − θ2 )|2 ,

e

e

2

where

Model 2 Generalized RLD

Model 2 SLD

2.0

1.5

λ-2 V22

(6)

1.0

0.5

− (x−θ

|ψ0 0 (x − θ , y − θ )| ∝ e
1

2 2

1 )2 +(y−θ2 )2
λ2

.

(7)
0.0

Therefore, both Model 1 and Model 2 make a shift in position
of the position density probability.

0.0

2.0

Figure 1 shows the SLD C-R bound (dashed line) and the
generalized RLD C-R bound (solid line) of Model 2 as well.
An optimal measurement for Model 1 is to measure x and y,
and the SLD C-R bound is achievable. Since Model 2 is a coherent model, the generalized RLD bound is achievable [14].
Unlike the result of Model 1, the bound for Model 2 is not
limited by a constant. It is always lower than that for Model 1.

3.1 Model 1: unitary model generated by p x and py
In Model 1, the generators of the unitary transformation p x
and py commute. We can show that the SLD’s commute on the
support of the states and that the SLD C-R bound is achievable [15].
The SLD Fisher information matrix and the MSE matrix are
denoted by GSp and Vθ , respectively. Then, from the SLD C-R
inequality Vθ ≥ (GSp )−1 , we obtain the following inequalities.

4

Uncertainty relation for mixed state model

Next, we use a mixed state as the reference state to see
how the noise aﬀects the measurement accuracy of the electron position. For the purpose, as the mixed state, we choose
a thermal state. However, in the current system we are considering, there is no unique thermal state, because the energy
eigenstate is (infinitely) degenerated [12]. Then, a thermal
state of this system is not uniquely specified by the temperature only. To resolve this degeneracy problem, we impose a
condition that the expectation value of the angular momentum
⟨L⟩0 = tr [ρ0 L] is constant. Given an arbitrary value of ⟨L⟩0 ,
the reference state ρβ, µ is denoted by

λ2
λ2
, V2 2 ≥ .
2
2
where Vθ = [Vi j ]. The generalized RLD is equal to the SLD.
Figure 1 shows the SLD C-R bound (dotted lines). λ2 /2 is
a half of the square of the spread of the LLL wave function
Eq. (7). This result shows that the measurement accuracy is
limited by the spread of the probability density of the electron
in the LLL, because of the quasi-classical nature of Model 1,
i.e., the SLD’s commute.
V1 1 ≥

3.2 Model 2: unitary model generated by π x and πy

ρβ, µ = Zβ,−1µ e−βH+µL ,

Let GπS denote the SLD Fisher information matrix of Model
2 with respect to the reference state ρ0 [Eq. (5)]. From
Vθ ≥ (GπS )−1 , we obtain the following inequalities.

(9)

where Zβ, µ = tr [e−βH+µL ] is the partition function and µ is the
chemical potential. By using the coherent states which are
defined by
a |z⟩a = z |z⟩a , b |z⟩b = z |z⟩b .
(10)

λ2
λ2
, V2 2 ≥ .
4
4

Notably, the relation (GSp )−1 = 2(GπS )−1 holds.
Let G̃πR denote the generalized RLD Fisher information.
From the generalized RLD C-R inequality Vθ ≥ (G̃πR )−1 [14],
we obtain the following inequality,
λ2
λ4
λ2
)(V2 2 − ) ≥
.
4
4
16

1.5

Figure 1: Uncertainty relation of Model 1 and Model 2 given
by the quantum C-R inequalities. The SLD C-R bound of
Model 1 is the blue dotted lines. The allowed region of Model
1 for the MSE matrix components (V1 1 , V2 2 ) given by SLD CR inequality is the blue region. The allowed region of Model
2 is above the black solid line, the region given by the inequality (8) which is derived from the generalized RLD C-R
inequality. The allowed region of Model 2 by the SLD C-R inequality consists of all of the light, dark gray and blue regions
.

It is known that the right logarithmic derivative (RLD) does
not exist in general when the reference state is a pure state.
Only the symmetric logarithmic derivative (SLD) exists [13].
For the coherent model, the generalized RLD also exists and
provides the tight bound [14]. We calculate the SLD and the
generalized RLD Fisher information matrices by the method
given in [13, 14]. We obtain the uncertainty relation from the
quantum C-R inequalities. The inequalities we derived from
the the quantum C-R inequality are given in Appendix 5.2.
The inverse of the quantum Fisher information matrices are
given in Appendix 5.3.

(V1 1 −

1.0

λ-2 V11

3 Uncertainty relation for pure state model

V1 1 ≥

0.5

ρβ, µ is expressed as
ρβ, µ = ρ0, a ⊗ ρ0, b ,

(11)

where

(8)

ρ0, a =

45

1
2πκa2

∫

2

− |z| 2

e

2κa

|z⟩a a ⟨z | d2 z, ρ0, b =

1
2πκb2

∫

2

e

− |z| 2
2κ

b

|z⟩b b ⟨z | d2 z.

2κa2 and 2κb2 are
2κa2

Model 1 SLD

βω−µ

= (e

−1

− 1) ,

2κb2

µ

−1

= (e − 1) .

(12)

Model 2 SLD

2.0

λ-2 V22
1.5

4.1 Model 1: unitary model generated by p x and py

1.0
1.0

Let GSp thermal and GRp thermal denote the SLD and RLD Fisher
information matrices, respectively. The shape of the uncertainty relation from the quantum C-R bounds changes depending on the value of |⟨L⟩0 |.
Case (i). When |⟨L⟩0 | ≤ 1/2, the SLD C-R bound defines a tighter lower bound, because the matrix inequality
(GSp thermal )−1 − (GRp thermal )−1 ≥ 0 holds, if and only when
|⟨L⟩0 | ≤ 1/2.
Case (ii). In the other case, |⟨L⟩0 | > 1/2, however, there
is no matrix ordering between the RLD and SLD Fisher information matrices. This means that both inequalities contribute to the uncertainty relation. Figure 2 shows an example of the quantum C-R bound given by the current analysis for Case (ii) (|⟨L⟩0 | > 1/2). The allowed region of
Model 1 for the MSE matrix components (V1 1 , V2 2 ) is the
blue region which is defined by two quantum C-R bounds,
the SLD and the RLD C-R bounds. The parameters used are
κa2 = 1, κb2 = 1/2, |⟨L⟩0 | = 1 > 1/2. The RLD and SLD C-R
bounds have two intersection points in this case.
Finally, we briefly discuss achievability of the above uncertainty relation. We can show that Model 1 is not D-invariant.
Hence, the RLD C-R bound is not achievable [16]. We can
also show that the SLD C-R bound is (asymptotically) achievable if and only if ⟨L⟩0 = 0. In our model, this is equivalent
to ⟨L⟩0 = 0. When ⟨L⟩0 , 0, neither the RLD C-R bound nor
SLD C-R bound is even asymptotically achievable. Therefore, the uncertainty relation is not tight, except for the special
choice of the parameter, ⟨L⟩0 = 0.

1.5

2.0

2.5

λ-2 V11

Figure 2: Uncertainty relation of Model 1 and Model 2 given
by the quantum C-R inequalites. The temperature parameters
used are κa2 = 1, κb2 = 1/2, ⟨L⟩0 = 1, i.e., ⟨L⟩0 > 1/2. The
allowed region of Model 1 for the MSE matrix components
(V1 1 , V2 2 ) is the blue region. The allowed region of Model 1
is given by both the SLD C-R bound (blue dotted lines) and
the RLD C-R bound (blue solid line). The allowed region of
Model 2 for the MSE matrix components (V1 1 , V2 2 ) is the
gray region. The RLD C-R bound (black solid line) is achievable.

5

Conclusion

We have investigated the uncertainty relation of one electron in a uniform magnetic field by the parameter estimation
of θ = (θ1 , θ2 ) in the two-parameter unitary models. Two
diﬀerent sets of generators for the unitary transformation are
used. One is a set of canonical momenta, p x and py (Model
1) and the other is a set of mechanical momenta, π x and πy
(Model 2). In the both cases, we got non-trivial bounds unlike
the result of Heisenberg-Robertson uncertainty relation.
Although both models give the same eﬀect to the position
probability density defined by the product of the wave function and its complex conjugate, the uncertainty relation from
the quantum C-R bounds of both models are diﬀerent.
With the pure state as the reference state, the C-R bound
is quasi-classical for Model 1 and it is quantum mechanical
for Model 2. With the thermal state as the reference state,
the quantum C-R bound is complicated and its shape changes
when the angular momentum ⟨L⟩0 is at 1/2 for Model 1.
Model 2 becomes a simple Gaussian shift model. In either
case of the pure or thermal state, Model 2 gives more precise
measurement.

4.2 Model 2: unitary model generated by π x and πy
The SLD and RLD Fisher information matrices of Model
2 are denoted by GπS thermal and GπRthermal , respectively. Since
this model is a Gaussian shift model, the RLD C-R bound is
achievable [2, 17].
The RLD C-R inequality gives the following inequalities
λ2
λ2
(13)
V 11 ≥ (1 + 4κa2 ), V 22 ≥ (1 + 4κa2 ),
4
4
λ2
λ2
λ4
[V 11 − (1 + 4κa2 )][V 22 − (1 + 4κa2 )] ≥
.
(14)
4
4
16
The SLD C-R inequality gives the following
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λ
λ
(1 + 4κa2 ), V 22 ≥ (1 + 4κa2 ).
4
4
Figure 2 shows the RLD C-R bound (black solid line) and the
SLD C-R bound (black dashed lines). We see that the quantum
C-R bounds of Model 2 stays lower than those of Model 1.
V 11 ≥

Model 2 RLD

2.5

The relation among µ, κa , κb , and ⟨L⟩0 are given in Appendix 5.4.
The reference state ρβ, µ is expressed as a tensor product of
two independent Gaussian states with diﬀerent temperatures.
We obtain the uncertainty relation from the SLD and RLD CR inequalities [2, 3].
The inverse of the quantum Fisher information matrices
calculated from the reference state ρβ, µ are given in Appendix 5.5.

2

Model 1 RLD

2

46

References
[1] C. W. Helstrom Quantum Detection and Estimation Theory, Academic, New York (1976).
[2] A. S. Holevo, Probabilistic and Statistical Aspects of
Quantum Theory, Edizioni della Normale, Pisa, 2nd ed
(2011).
[3] H. Nagaoka, in Surikagaku, no. 508, p. 26–34, SaienseSha (2005). (in Japanese)
[4] P. Gibilisco, H. Hiai, and D. Petz, IEEE Trans. Information Theory, Vol. 55, 439 (2009).
[5] Y. Watanabe, T. Sagawa, and M. Ueda, Phys. Rev. A,
Vol. 81, 042121 (2011).
[6] W. Heisenberg, Zeitschr. Phys. Vol. 43, 172 (1927).
[7] H. P. Robertson, Phys. Rev. Vol. 34, 163 (1929).
[8] M. Ozawa, Phys. Lett. A, Vol. 320, 367 (2004).
[9] P. Busch, T Heinonen, and P. Lahti Rev. Mod. Phys. Rep.
Vol. 452, 155 (2007).
[10] P. Busch, P. Lahti, and R. F. Werner Rev. Mod. Phys.
Vol. 86, 1261 (2014).
[11] I. A. Malkin and V. I. Man’ko, Soviet Physics JETP.,
Vol. 28, 527 (1969).
[12] M. Johnson and B. Lippmann, Phys. Rev, Vol. 76, 828
(1949).
[13] A. Fujiwara, H. Nagaoka Phys. Lett. A, Vol. 201, 119
(1995).
[14] A. Fujiwara, H. Nagaoka J. Math. Phys., Vol. 40, 4227
(1999).
[15] K. Matsumoto J. Phys. A, Vol. 35, 3111 (2002).
[16] J. Suzuki, J. Math. Phys., Vol. 57, 042201 (2016).
[17] H. Yuen and M. Lax, IEEE Trans. Information Theory,
Vol. IT19, 740 (1973).

47

Appendix

The inequality above gives the following inequality.
(V11 − gθ1 1 )(V22 − gθ2 2 ) ≥ |V12 − gθ1 2 |2 .

5.1 Hamiltonian
Hamiltonian H for an electron motion in a uniform magnetic field in the units, ℏ = 1 and c = 1 is
H=

1
⃗ 2.
(⃗p + eA)
2m

The right hand side of the inequality above is written as follows.

(15)

|V12 − gθ1 2 |2 = |V12 − Re gθ1 2 − i Im gθ1 2 |2
= |V12 − Re gθ1 2 |2 + | Im gθ1 2 |2

where −e and m are the charge of an electron, (e > 0) and the
⃗ is a vector potential. The
mass of the electron, respectively. A
canonical observables describing this systems are p x , x, py ,
and y. We will investigate uncertainty relation of an electron
⃗ = (0, 0, B), B > 0. We
motion in a uniform magnetic field B
use the symmetric gauge. Then, the vector potential is writ⃗ = B (−y/2, x/2, 0). We can show that the change in
ten as A
the gauge gives no change in the quantum Fisher information
when the magnetic field is uniform.
We will consider the motion in x − y plane only, because z
component solution is a plane wave. With a new vector oper⃗ our Hamiltonian becomes
ator, ⃗π = ⃗p + eA,
1 2
H=
(π + π2y ).
2m x
It is known that the operators π x , πy and p x , py are equally
described by the two sets of the creation and annihilation operators, a, a† and b, b† such that [a, a† ] = [b, b† ] = 1 with all
other commutation relations vanishing [11].
i
1
π x = (a† − a), πy = (a† + a),
λ
λ
i
1
px =
[(a† − a) + (b† − b)], py =
[(a† + a) − (b† + b)],
2λ
2λ
λ
λ
x = [(a† + a) + (b† + b)], y = [(a† − a) − (b† − b)],
2
2i
√
where λ = 2(eB)−1 has the dimension of length. As shown
in Eq. (7), λ corresponds to the spread of the probability density of the electron in the LLL.
Hamiltonian H and z component of the angular momentum
L are

≥ | Im gθ1 2 |2 .
Then, we obtain the following inequalities,
V 11 − gθ11 ≥ 0, V 22 − gθ22 ≥ 0.

(18)

(V11 − gθ1 1 )(V22 − gθ2 2 ) ≥ | Im gθ1 2 |2 .

(19)

When Im gθ1 2 = 0, the uncertainty relation is given by Eq. (18)
only.
5.3

Quantum Fisher information matrices: Pure state

5.3.1 Model 1: unitary model generated by p x and py
The SLD Fisher information matrix is calculated by the way
given in [13]. The SLD Fisher information matrix is denoted
by GSp . Then, its inverse is
(
)
λ2 1 0
p −1
,
(GS ) =
2 0 1
5.3.2 Model 2: unitary model generated by π x and πy
Let GπS denote the SLD Fisher information matrix of Model
2. Then, the inverse of SLD Fisher information matrix (GπS )−1
is
(
)
λ2 1 0
π −1
.
(GS ) =
4 0 1
Let G̃πR denote the generalized RLD Fisher information matrix. The inverse of the generalized RLD Fisher information
matrix [14] is calculated as
(
)
λ2 1 i
π −1
.
(G̃R ) =
4 −i 1

1
H = ω(a† a + ),
2
L = xpy − yp x = a† a − b† b.

5.4

ω is the cyclotron frequency and ω = eB/m.
5.2 Uncertainty relation by quantum Fisher information

Chemical potential µ, expectation value of angular
momentum ⟨L⟩0 , and temperature parameters κa and
κb

From Eqs. (3), (4), and (9),

The quantum C-R inequality is

†

Vθ ≥ (Gθ ) ,

(16)

(20)

ρβ, µ is expressed as

where Gθ is a quantum Fisher information. Let (Gθ )−1 be
(Gθ )−1 = [gθi j ],

†

ρβ, µ = Zβ,−1µ e− 2 βω e−(βω−µ)a a−µb b .
1

−1

ρβ, µ = ρ0, a ⊗ ρ0, b ,

(17)
where

We can show that gθ21 = (gθ12 )∗ .
From Gθ > 0, we have gθ11 , gθ22 > 0 and gθ11 gθ22 − |gθ12 |2 >
0. The RLD C-R inequality (16) holds if and only if tr [Vθ −
(Gθ )−1 ] ≥ 0 and det [Vθ − (Gθ )−1 ] ≥ 0. Therefore, V 11 − gθ11 ≥
0, V 22 − gθ22 ≥ 0 and
(
)
V11 − gθ1 1
V12 − gθ1 2
det
≥ 0.
V21 − (gθ1 2 )∗ V22 − gθ2 2

ρ0, a =
ρ0, b
2κa2 and 2κb2 are
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1
2πκa2

1
=
2πκb2

∫

2

− |z| 2

e
∫

2κa

|z⟩a a ⟨z | d2 z,

2

− |z| 2

e

2κ

b

|z⟩b b ⟨z | d2 z.

(21)

2κa2 = (eβω−µ − 1)−1 , 2κb2 = (eµ − 1)−1 .

(22)

From Eq. (22), we obtain
(eβω − 1)(2κa2 )2 − [(eβω − 1)⟨L⟩0 + 2]2κa2 − 1 + ⟨L⟩0 = 0. (23)
⟨L⟩0 is calculated as
⟨L⟩0 = tr [L ρβ, µ ] = 2κa2 − 2κb2 .

(24)

When eβω and ⟨L⟩0 are given, 2κa2 is the variable of Eq. (23)
and Eq. (23) has two solutions for 2κa2 . However, we can take
the larger solution as the solution of Eq. (23), because the
smaller one gives the negative 2κb2 . Then, the relation between
µ and ⟨L⟩0 is calculated as
eµ =

2t
+ 1,
√
−t⟨L⟩0 + 2 + t2 ⟨L⟩20 + 4t + 4

(25)

where t = e βω − 1. At a special case, ⟨L⟩0 = 0, we can see
µ = βω/2 from Eq. (25).
5.5 Quantum Fisher information matrices: Mixed state
5.5.1 Model 1: unitary model generated by p x and py
Let GRp thermal and GSp thermal be the RLD and the SLD Fisher
information matrices, respectively. The inverse of GRp thermal is
calculated as
(GRp thermal )−1 =

λ2
1 + 2κa2 + 2κb2
( 2
2κa + 2κb2 + 8κa2 κb2
−i (2κb2 − 2κa2 )

)
i (2κb2 − 2κa2 )
.
2κa2 + 2κb2 + 8κa2 κb2

Next, (GSp thermal )−1 is written as
1

(GSp thermal )−1 = λ2 2

(
)
+ 2κa2 + 2κb2 + 8κa2 κb2 1 0
.
0 1
1 + 2κa2 + 2κ2
b

5.5.2 Model 2 : unitary model generated by π x and πy
The SLD and RLD Fisher information matrices are denoted
by GπS thermal and GπRthermal , respectively. Their inverse matrices
are calculated as
(
λ2 1 + 4κa2
0
4
(
2
λ 1 + 4κa2
=
−i
4

(GπS thermal )−1 =
(GπRthermal )−1

)
0
,
1 + 4κa2
)
i
.
1 + 4κa2

(26)
(27)

Since this model is a Gaussian shift model [2, 17], the RLD
C-R bound is achievable.
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Abstract. Quantum fidelity is a measure to quantify the closeness between two quantum states. In the
present work, we find a closed form of the optimal measurement for quantum fidelity between multi-mode
Gaussian states. Based on our general finding, we identify three distinct types of optimal measurements for
single-mode Gaussian states: a number detection, projections onto the eigenbasis of operator x̂p̂ + p̂x̂, and
a quadrature variable detection. We also show the equivalence between optimal measurements for quantum
fidelity and quantum parameter estimation when two arbitrary states are infinitesimally close. It is applied
for simplifying the derivations of quantum Fisher information and the associated optimal measurements,
exemplified by displacement, phase, squeezing, and loss parameter estimation using Gaussian states.
Keywords: Quantum Fidelity, Quantum Fisher Information

Introduction

Quantum fidelity is a measure of closeness between two
quantum states. It has been widely used for assessing
quantum information processing protocols such as quantum teleportation, quantum cloning, and quantum error
correction. Quantum fidelity is defined as
p0 (x)p1 (x)dx

=

q
Tr

1/2

1/2

iii)

Type-(ii)

Type-(ii)

2

ρ̂1 ρ̂0 ρ̂1

,

Type-(i)

0

where pj (x) = Tr[ρ̂j Êx ] is the probability distribution
with POVM {Êx } for ρ̂j (j = 0, 1). It has been found that
the optimal measurement for quantum fidelity is given by
the projections on the eigenbasis of an operator [1]
q
−1/2
1/2
1/2 −1/2
M̂ (ρ̂0 , ρ̂1 ) = ρ̂1
ρ̂1 ρ̂0 ρ̂1 ρ̂1 .
(1)

Figure 1: Classification of optimal measurements as a
function of r0 and n̄0 for a given n̄1 .
(ii) If the signs of eigenvalues are different, the eigenbasis of M̂ is that of x̂p̂ + p̂x̂.

In the present work, we find the optimal measurement
for quantum fidelity between arbitrary Gaussian states.

2

e-(

iii)

{Êx }

p



e-(

F (ρ̂0 , ρ̂1 ) = min

2

p
Ty

Z

Type-(i)
Ty
p

1

(iii) If only one of the eigenvalues is zero, the eigenbasis
of M̂ is that of a quadrature operator.

Results

This classification enables one to find optimal setups for
given Gaussian states.
We also show the equivalence between optimal measurement for quantum fidelity and that for quantum
Fisher information such that the operator M̂ is proportional to the symmetric logarithmic derivative (SLD)
L̂θ which also gives the optimal measurement for quantum parameter estimation of θ. This relation simplifies
the derivation of quantum Fisher information and SLD
operator, which is exemplified by displacement, phase,
squeezing, and loss parameter estimation.

Let us consider two Gaussian states, characterized by
the Gibbs matrix Gi and the first moment ui . The main
result is that Eq. (1) can be simplified as [2]


1 T
T
M̂ ∝ D̂(u1 ) exp − Q̂ GM Q̂ − vM Q̂ D̂† (u1 ),
2
where GM satisfies eiΩGM eiΩG1 eiΩGM = eiΩG0 . Here,
T
D̂(u) = e−u iΩQ̂ is the displacement operator. The above
expression makes Now, the diagonalization of the operator M̂ enables one to find optimal POVMs.
Optimal measurements for quantum fidelity between
single-mode Gaussian states can be classified by (Fig. 1)
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Abstract. The quantum state exchange is a quantum communication task in which two users exchange
their respective quantum information in the asymptotic setting. In this work, we consider a one-shot
version of the quantum state exchange task, in which the users hold a single copy of the initial state,
and they exchange their parts of the initial state by means of entanglement-assisted local operations and
classical communication. We first derive lower bounds on the least amount of entanglement required for
carrying out this task and provide conditions on the initial state with the zero entanglement cost. Based
on these results, we figure out two counter-intuitive phenomena in this task, which cannot be explained
by the SWAP operation, even though the one-shot quantum state exchange and the SWAP operation
operationally provide the same result. One tells how the users deal with their symmetric information to
reduce the entanglement cost. The other shows that it is possible for the users to share extra entanglement
after this task.
Keywords: quantum communication task, quantum state exchange, optimal entanglement cost

1

One-shot quantum state exchange

where Ψ and Φ are pure maximally entangled states with
in in
out out
Schmidt rank K and L on systems EA
EB and EA
EB ,
respectively.

The one-shot quantum state exchange is a quantum
information task in which two users, Alice and Bob, hold
parts A and B of the initial state |ψi ≡ |ψiA1 B1 A2 B2 R
with systems A = A1 A2 and B = B1 B2 , respectively.
Their goal is either to exchange their parts A1 and B1 or
to exchange their whole parts A and B. Specifically, let
ψf1 , and ψf12 be the final states of the the task given by

ψf1 = 1A1 →A01 ⊗ 1B1 →B10 ⊗ 1A2 B2 R (ψ),
ψf12 = (1A→A0 ⊗ 1B→B 0 ⊗ 1R ) (ψ),

Depending on the types of one-shot quantum state exchange protocols, we define their optimal entanglement
costs as follows.
Definition 2 (Optimal entanglement cost) The
following quantities are optimal entanglement costs of
the one-shot quantum state exchange:

where ψ = |ψi hψ|, and the dimension of the system X 0
is identical to that of the system X. Note that B10 , B 0
and A01 , A0 are Alice’s and Bob’s systems, respectively.
Definition 1 (One-shot quantum state exchange)
Three joint operations

eA1 ↔B1 (ψ)

=

2 B2
eA
A1 ↔B1 (ψ)

=

eA↔B (ψ)

=

inf (log K − log L) ,

1
Eψ,K,L

inf (log K − log L) ,
1|2

Eψ,K,L

inf (log K − log L) ,

12
Eψ,K,L

where the quantity log K − log L is called the entanglement cost of the one-shot quantum state exchange protocol, and the infimums are taken over all joint protocols
1|2
1
12
Eψ,K,L
, Eψ,K,L , and Eψ,K,L
.

1
in
in
out
out
Eψ,K,L
: A1 EA
⊗ B1 E B
−→ B10 EA
⊗ A01 EB
,
1|2

in
in
out
out
Eψ,K,L : AEA
⊗ BEB
−→ B10 A2 EA
⊗ A01 B2 EB
,
12
in
in
out
out
Eψ,K,L
: AEA
⊗ BEB
−→ B 0 EA
⊗ A0 EB
,

2

Lower and upper bounds

As in the asymptotic quantum state exchange [1, 2], in
order to find out a lower bound of the one-shot quantum
state exchange of |ψiA1 B1 A2 B2 R , we here imagine that the
referee who holds R can assist Alice and Bob to exchange
A1 and B1 .

are called the one-shot quantum state exchange protocols
of |ψi, if they are performed by local operations and classical communication between Alice and Bob, and satisfy

1
ψf1 ⊗ Φ = Eψ,K,L
⊗ 1A2 B2 R (ψ ⊗ Ψ)


1|2
=
Eψ,K,L ⊗ 1R (ψ ⊗ Ψ) ,

12
ψf12 ⊗ Φ = Eψ,K,L
⊗ 1R (ψ ⊗ Ψ) ,

2 B2
Theorem 3 The optimal entanglement cost eA
A1 ↔B1 (ψ)
is lower bounded by

l1|2 (ψ) = sup [F (N (ψ)B1 A2 RA ) − F (N (ψ)ARA )] ,

∗yonghaelee@khu.ac.kr
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where F is an additive and Schur concave function such
that F (σ M ) = log M for any M and N (ρ) is a quantum
channel from R to RA .

‡ gerardo.adesso@nottingham.ac.uk
§ level@khu.ac.kr

51

From Theorem 3, we obtain the following computable
lower bound.
Corollary 4
eA1 ↔B1 (ψ) ≥

max |Sα (ρA1 ) − Sα (ρB1 )| ,

α∈[0,∞]

c
2 B2
eA
A1 ↔B1 (ψ) ≥ l1|2 (ψ) = max fψ (α),
α∈[0,∞]

eA↔B (ψ) ≥

max |Sα (ρA ) − Sα (ρB )| ,

α∈[0,∞]

Figure 1: Illustration for the cargo exchange task. The
cargoes A1 A2 and B1 B2 belong to Alice and Bob, respectively. Assume that the cargoes A2 and B2 are symmetric, but A1 and B1 are not symmetric. When Alice
and Bob exchange their whole cargoes A1 A2 and B1 B2 ,
it suffices for them to exchange A1 and B1 , since A2 is
identical to B2 . In the illustration, the truck indicates
the cost needed for exchanging A1 and B1 .

where Sα is the quantum Rényi entropy of order α, and
fψ (α) is a function of |ψi and α defined by fψ (α) =
max{Sα (ρA1 B2 ) − Sα (ρB ), Sα (ρB1 A2 ) − Sα (ρA )}.

3

Conditions for the zero entanglement
cost

We present conditions on the initial state with the zero
entanglement cost.
Let (X, Y ) be a pair of two systems, which can be
either (A1 , B1 ) or (A, B), and consider a spectral decomposition of the reduced state ρXY for |ψi, ρXY =
PN
PN
i=1 λi |ξi i hξi |XY , where λi > 0 with
i=1 λi = 1. For
each i, we define the matrix ΩiXY (ψ) by
X
ΩiXY (ψ) =
(hj|X ⊗ hk|Y ) |ξi iXY |ji hk| ,

4.1

For the initial state |ψi, let us consider a situation that
Alice and Bob exchange their whole information A and
B. Assume that their parts A2 and B2 are symmetric,
while the rest parts A1 and B1 are not symmetric, i.e.,
the initial state |ψi satisfies
(SWAPA1 ↔B1 ) (ψ) 6= ψ

j,k

and

(SWAPA2 ↔B2 ) (ψ) = ψ,

where SWAPX↔Y is the operation swapping quantum
states in systems X and Y .
From a viewpoint of the SWAP operation, if Alice and
Bob want to exchange A and B, then it suffices for them
to exchange A1 and B1 , since A2 is identical to B2 . This
situation can be more easily understood by using a cargo
exchange as a metaphor for the SWAP operation as depicted in Fig. 1. In the cargo exchange, assume that Alice
and Bob want to exchange their whole cargoes, and some
of the cargoes are symmetric. In terms of efficiency, it is
reasonable for them to exchange only A1 and B1 in order
to reduce the cargo exchange cost, because the cargoes
A2 and B2 are the same.
On the other hand, in the one-shot quantum state exchange, the proper use of the symmetric parts A2 and
B2 can more efficiently reduce the entanglement cost
compared to exchanging only A1 and B1 without using
A2 and B2 . To be specific, there exists an initial state
|ψi such that the parts A2 and B2 are symmetric and
eA↔B (ψ) = 0 while the rest parts A1 and B1 are not
symmetric. Consider the specific initial state

where {|ji} and {|ki} indicate the computational bases
on Alice’s and Bob’s systems, respectively. Then we obtain the following sufficient condition.
Theorem 5 Let (X, Y ) be either (A1 , B1 ) or (A, B). If
there exist isometries U and V such that for each i,
t
ΩiXY (ψ) = U ΩiXY (ψ)V,
then eX↔Y (ψ) = 0, where W t is the transpose of the
matrix W .
From the lower bounds on the optimal entanglement
costs eA1 ↔B1 and eA↔B in Corollary 4, observe that if
the spectrum of Alice’s state is different from that of
Bob’s state, then the optimal entanglement cost cannot
be zero. Based on this observation, we obtain the following theorem.
Theorem 6 Let (X, Y ) be either (A1 , B1 ) or (A, B). If
eX↔Y (ψ) = 0, then there exists an isometry UX→Y such
that ρY = UX→Y ρX (UX→Y )† .

4

Symmetric information

1
|φ1 iA1 B1 A2 B2 R = √ (|00000i + |01111i) ,
2

Counter-intuitive phenomena

where A2 and B2 are symmetric but A1 and B1 are not.
Since Ω1AB (φ1 ) = |00i h00| and Ω2AB (φ1 ) = |01i h11|, we
can show that Ω1AB (φ1 ) and Ω2AB (φ1 ) satisfy the condition in Theorem 5, by setting

We are now in the position to present two phenomena
which show the differences between the one-shot quantum state exchange task and the SWAP operation. We
refer the reader to Ref. [4] for more detailed explanations
of this section.

U = V = |00i h00| + |01i h11| + |10i h10| + |11i h01| .
Thus we obtain that eA↔B (φ1 ) = 0, which means that
A and B can be exchanged by means of local operations
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4.2

[4] Y. Lee, H. Yamasaki, G. Adesso, and S. Lee. One-shot
quantum state exchange. arXiv:1905.12332, 2019.

Negative entanglement cost

As in the asymptotic quantum state exchange task [1,
2], there exists an initial state to show that the entanglement cost of the one-shot quantum state exchange task
can be negative. Assume that Alice and Bob exchange
the parts A1 and B1 of the initial state
|φ2 iA1 B1 A2 B2 =

1
1 X
|ii |ji |ji |ii ,
2 i,j=0 A1 B1 A2 B2

(1)

where |φ2 i consists of two ebits |eiA1 B2 and |eiB1 A2 . To
exchange A1 and B1 , both Alice and Bob prepare an
ebit, respectively, and they locally apply the entanglement swapping [3] by performing two Bell measurements
on A2 , B2 , and the parts of the ebits, as described in
Fig. 2. Then they can exchange A1 and B1 , and can
share two ebits at the same time. This means that the
entanglement cost can be negative. In fact, we have
2 B2
eA
A1 ↔B1 (φ2 ) = −2 from Corollary 4. Compared to the
SWAP operation, the negativity of the entanglement cost
is quite interesting, since Alice and Bob cannot share entanglement after the SWAP operation.
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Abstract. The speed-up of Quantum Computers is the current drive of an entire scientific field with several large research programs, both in industry and academia world-wide.
Many of these programmes are intended to build hardware for quantum computers. A
related important goal is to understand the reason for quantum computational speedup; to understand what resources are provided by the quantum system used in quantum
computation. Some candidates for such resources include superposition and interference, entanglement, nonlocality, contextuality, and the continuity of state-space. The
standard approach to resource studies is to restrict quantum mechanics and characterize
the resources needed to restore the advantage. Our approach instead extend the classical information carriers with an additional degrees-of-freedom, to mirror the quantum
information carriers. In this contribution, we will have a look at these additional degreesof-freedom and how quantum computers make use of them to achieve quantum speedup.
We will also discuss whether the additional degrees-of-freedom can be viewed as a ”side
channel,” a term often seen in cryptography, and whether quantum parallelism rather
should be viewed as computation performed in this additional degree-of-freedom.
Keywords: Computational Resources, Quantum Algorithms, Conditions for Quantum
Computation
For all we know, quantum computers can solve
certain problems faster than classical computers. This drives several large research programs
in both academia and industry, where one of the
important goals is to understand the reason for
this speed-up; to understand what resources a
quantum system provides that enable the computational advantage. Some candidates for such
resources are interference [1], entanglement [7],
nonlocality [2], contextuality [3, 8, 5], continuity
of the state space [6], and even coherence [9, 10].
Another property that distinguish quantum
systems, from those used in classical information processing, is that they have additional
degrees-of-freedom. For instance, a qubit can be
measured in the computational basis or in the
Hadamard basis. These bases are mutually unbiased, meaning that a projective measurement
along one of the bases gives no information about
a projective measurement along the other. And
indeed, the observables representing these measurements are orthogonal.

The canonical condition for quantum computation is that the function is computed according
to the unitary operator
Uf |xi |ai = |xi |a ⊕ f (x)i ,

or a unitarily equivalent operator. We can make
tree important observation from this:
(1) The function is computed reversibly in the
computational basis,
(2) any auxiliary systems should be cleared,
(3) while all relative phases cx,y are preserved,
that is
X

cx,y |xi |yi

x,y

7→

X

cx,y |xi |y ⊕ f (x)i .

(2)

x,y

For a computation to be reversible it needs
to store enough information about its history,
so that it can be reversed [11]. Storing this information can lead to an undesirable scaling of
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memory usage, but in a special case the input
can serve as the history of the computation,
(x, 0) 7→ (x, f (x)).

[3] Simon Kochen and E. P. Specker. “The
Problem of Hidden Variables in Quantum
Mechanics”. In: Journal of Mathematics
and Mechanics 17 (1967), pp. 59–87. doi:
10.2307/24902153.

(3)

This can always be guaranteed by first computing the function and storing the history, copy out
the result of the computation to another register, and then reversing the first computation and
thereby also reverse storing the history [12].















[4] Jan-Åke Larsson. “A contextual extension
of Spekkens’ toy model”. In: AIP Conference Proceedings. Foundations of Probability and Physics - 6. Vol. 1424. AIP Publishing, 2012, pp. 211–220. doi: 10.1063/1.
3688973.

x, 0, 0 7→ h, f (x), 0

7→ h, f (x), f (x) 7→ x, 0, f (x)

(4)

[5] Mark Howard et al. “Contextuality Supplies the ‘Magic’ for Quantum Computation”. In: Nature (2014). doi: 10 . 1038 /
nature13460.

This is exactly what we see in the computational basis of quantum algorithms, but this is
not what happens in the additional degree-offreedom from which quantum computation gain
its advantage. The information processing that
takes place in the other degrees-of-freedom is imposed by the condition on the relative phases.
By formalizing this explicitly we show how the
speed-up emerges from the information carriers
having additional degrees-of-freedom together
with the requirements of quantum computation.
Our result also has implications to post quantum cryptography. Some cryptographic protocols have been deemed vulnerable to quantum
computers, as there are quantum algorithms that
can efficiently retrieve their secret [6]. But for
some of these protocols [13, 14, 15], employing
the attack requires that the secret is built into
the quantum circuit. In this case, our result
shows that these are so-called side-channel attacks, and should not be deemed vulnerable to
quantum computers (since all protocols are vulnerable to side-channel attacks).

[6] P. W. Shor. “Algorithms for Quantum
Computation: Discrete Logarithms and
Factoring”. In: Proceedings 35th Annual
Symposium on Foundations of Computer
Science. 1994, pp. 124–134. doi: 10.1109/
SFCS.1994.365700.
[7] A. Einstein, B. Podolsky, and N. Rosen.
“Can Quantum-Mechanical Description of
Physical Reality Be Considered Complete?” In: Physical Review 47 (1935),
pp. 777–780. doi: 10.1103/PhysRev.47.
777.
[8] Matthias Kleinmann et al. “Memory Cost
of Quantum Contextuality”. In: New Journal of Physics 13 (2011), p. 113011. doi:
10.1088/1367-2630/13/11/113011.
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Review Letters 113 (2014), p. 140401. doi:
10.1103/PhysRevLett.113.140401.
[10] Mark Hillery. “Coherence as a Resource
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Abstract. In recent years, interest in expressing the success of neural networks to the quantum computing
has increased significantly. Tensor network theory has become increasingly popular and widely used to
simulate strongly entangled correlated systems. Matrix product state (MPS) is the well-designed class
of tensor network states, which plays an important role in processing of quantum information. In this
paper, we have shown that matrix product state as one-dimensional array of tensors can be used to classify
classical and quantum data. We have performed binary classification of classical machine learning dataset
Iris encoded in a quantum state. Further, we have investigated the performance by considering different
parameters on the ibmqx4 quantum computer and proved that MPS circuits can be used to attain better
accuracy. Further, the learning ability of MPS quantum classifier is tested to classify evapotranspiration
(ETo ) for Patiala meteorological station located in Northern Punjab (India), using three years of historical
dataset (Agri).
Keywords: Quantum machine learning, classification, tensor network, matrix product state, IBM quantum computer

1

Introduction

ing model. Grant et al. [4] introduced the concept of hierarchical quantum classifiers and executed binary classification for classical and quantum data. Two classical
machine learning datasets Iris and MNIST are considered and deployed the classifiers on quantum computer.
It has shown impressive results and better accuracy by
considering different unitary parameters. In this paper,
following contributions are claimed: (1) We demonstrate
that matrix product state as one-dimensional array of
tensors can be used to classify quantum mechanical data
in addition to classical dataset. (2) We encode classical dataset (Iris and Agri) into quantum entangled state,
which is given as an input to MPS tensor network quantum circuit. (3) Four and six qubit inputs are taken
for Iris and Agri dataset and measurement is performed
on quantum circuit. (4) To investigate the performance,
MPS classifier on real-time quantum device (ibmqx4) is
deployed.

In the last decade, the simulation of open and closed
quantum systems has got overwhelming response. The
study of tensor network theory taking a central role in
quantum physics and beyond. It is simply a countable
group of tensors associated by contractions. Tensor network states are a new language, based on entanglement,
for quantum many-body systems [1]. Tensor network
states are classified on the basis of dimensions along
which the tensors are traversed. It is widely used to simulate strongly entangled correlated systems and to represent quantum states and circuits [2]. ‘Tensor network
methods’ is the term associated with the tools, which
are widely employed in experimental and quantum theoretical applications of machine learning. The matrix
product state (MPS) is the most prominent example of
tensor network states which is maximally unbalanced.
Matrix product states are compelling for their wide
range of practical applications: supervised learning [3],
quantum finite state machines [5], unsupervised learning
[6], simulating MPS on a quantum computer [7], quantum machine learning MPS [8] and many more. Matrix
product states are complete, where low entangled states
are represented efficiently, which is not possible with
large dimensions tensor network states. Recently, MPS
method have been introduced to compress the weights of
neural network layers and classify the images.
Huggins et al. [10] proposed tensor network based
quantum computing approaches for generative and discriminative tasks. The main purpose is to generate samples from a probability distribution and assign labels to
images. The experimentation is executed on quantum
hardware using optimization procedure for handwritten
classes of images and noise resilience is tested of the train-

2

Matrix product state

Matrix product state concedes the extent of entanglement in bond dimensions. It is a method of tensor network, where the tensors are connected in a onedimensional geometry. Figure 1 shows the MPS as onedimensional array of tensors and an instance of finite
system of 5 sites. In MPS, a pure quantum state |φi
is represented as:
|φi =

d
X

T r[M1σ1 M2σ2 ...MLσL ] |σ1 , σ2 , ...σL i

(1)

σ1 ,σ2 ,...σL

where Miσi are complex square matrices, d is dimension,
σi represents the indices i.e. {0, 1} for qubits and Tr ()
denotes trace of matrices [5].
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In quantum mechanics, the N independent systems can
be combine by performing tensor product operation on
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Figure 1: Representation of MPS with 5 sites

=

their respective state vectors [3, 10]. Consider a feature
map
φd (x) = φs1 (x1 ) ⊗ φs2 (x2 ) ⊗ ... ⊗ φsN (xN )

(2)

Figure 3: Matrix product state quantum classifier

where sj are indices run over the local dimension d such
that d ={s1 , s2 , ..., sN }. Therefore, each state vector xj
is mapped to full feature map φ(x) in a d -dimensional
space. Fig 2 shows the tensor diagram of full feature
map φ(x).

apply unitaries composed of single qubit rotations around
y-axis and CNOT gate to the input set and discard one
of the qubits (unobserved) from each unitary. Therefore,
we split the qubit into two parts for the next layer of the
circuit. This process continues till the last qubit is left to
be measured. It can be noted that at each stage of the
circuit, we keep one of the qubits resulting from one of the
unitary operations of the earlier stage and at last unitary
transformation occurs on two qubits from another subpart of the circuit. The unitary blocks in Fig 3 consists
of input dataset with ancilla qubit which is initialized to
zero. It can be easily traced out. Using ancilla qubit,
we can execute large class of non-linear operations. Fig
4 shows the seven stages of our methodology for model
development.
In order to assess the quality of actual and predicted
values of dataset, we need to calculate the cost function.
It measures the difference between actual and predicted
values of dataset. It is given as:

x = [ x1, x2, x3, . . . , xN ]

Input Vector
s1

s2

s3

s4

s5

sN
........

d =
N

1

2

3

4

5

N

Figure 2: Mapping of input vector to order N tensor
Consider a classical dataset S = {(xd , y d )}D
d=1 for binary classification, where y d ∈ {0, 1} are class labels for
N -dimensional input vectors such that xd ∈ IRN . We
have normalized the input vectors to lie in [−π, π]. Thus,
the qubit φ is represented as
φdn = cos(xdn ) |0i + sin(xdn ) |1i

 



cos(xd1 )
cos(xd2 )
cos(xdN )
φdn =
⊗
⊗
...
⊗
sin(xd1 )
sin(xd2 )
sin(xdN )

Jθ =

(5)

d=1

where xd and y d are the input and class labels respectively, M is qubit operator, θ represents the set of parameters to define the unitaries and D is total number
of data points. It calculates the average amount that the
model’s predictions differ from the actual values. The
goal is to minimizing the cost function i.e. it must be
close to zero.

(3)
(4)

We map the N -dimensional input vectors xd ∈ IRN to
a product state on N qubits by using the feature map
Eq. (2). The full quantum data is represented as tensor
d
product φd = ⊗N
n=1 φn [10, 4]. Thus, the preparation of
quantum state is efficient as it only needs single-qubit
rotations to encode each segment of classical dataset
n = {1, 2, ...N } in the amplitude of a qubit. Similar to classical dataset for binary classification, quantum data set for binary classification is denoted as a set
d
Sq = {(φd , y d )}D
d=1 , where y ∈ {0, 1} are class labels
N
N
for 2 -dimensional input vectors such that φd ∈ C2 . It
can be easily checked that quantum data as a output of
quantum circuit is in superposition state.

3

D
1 X
(Mθ (xd ) − y d )2
D

3.1

Experimental results

Table 1: Performance comparison of
ples of Iris dataset
Training
Sample Cost ACC Spec
Iris1
0.11
88.75 0.86
Iris2
0.16
83.75 0.82
Iris3
0.05
95
0.90
Testing
Sample Cost ACC Spec
Iris1
0.15
85
0.85
Iris2
0.2
80
0.71
Iris3
0.1
90
0.84

Quantum circuit classifier

We now discuss MPS quantum circuit classifier for classification of quantum data, which is made up of unitaries.
We followed iterative approach by keeping positive trace
values from N -qubit input space to output qubits. We
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MPS for each sam-

Sens
0.90
0.84
1.0

Gini
0.80
0.80
0.92

Sens
0.83
1.0
1.0

Gini
0.67
0.50
0.77

Weather
IMD
Dataset

Iris
Dataset

Dataset
Stage 1: Pairwise Partitioning
of Dataset
Sample1

Sample2

Sample3

Stage 2: Normalized the
vectors
Binary Classification on each sample dataset
X1, X2, X3, ..., Xn
Y 1, Y 2, Y 3, ...,Y n
Stage 3: Partitioning of
Dataset
Training Subset
TR 1, TR 2, ...,TR n

Testing Subset
TS 1, TS 2, ...,TS n

Stage 4: Encoding of Data

Stage 5: Matrix Product State (MPS)
Measurement

Stage 6: Validation
Process

Testing Dataset

Stage 7: Classification
Output

Classification Output

Figure 4: Model development phases for classification

Table 2: Performance comparison of
ples of Agri dataset
Training
Sample Cost ACC Spec
Agri1
0.20
79.03 0.98
Agri2
0.24
75.34 0.68
0.21
78.73 0.73
Agri3
Testing
Sample Cost ACC Spec
Agri1
0.19
80.65 0.76
Agri2
0.26
73.33 0.67
Agri3
0.22
77.04 0.77

4

MPS for each sam-

Sens
0.72
0.82
0.89

Gini
0.52
0.51
0.61

Sens
0.83
0.79
0.75

Gini
0.53
0.50
0.53

Conclusion

In this paper, we have illustrated that matrix product
state quantum classifier can be used to classify quantum
data efficiently. We have focused on MPS quantum circuit augmented with ancilla qubit that is implemented on
quantum computer with restriction on qubit rotations to
be real only. The key advantage of executing classification with MPS quantum circuit is that it can be executed
efficiently with small number of qubits. The MPS quantum classifier has shown great learning capability for Iris
and Agri datasets.
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We have tested the ability of MPS quantum classifier
to classify Iris dataset and weather Indian Meteorological
Department (IMD) dataset. In experimentation, we have
given qubit rotations in y-direction to have real values
and parameterized the unitaries using ancilla qubit. The
performance comparison of MPS for each samples of Iris
and Agri datasets is shown in Table 1 and Table 2.
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Abstract. Quantum state smoothing is a technique for assigning a valid quantum state to a partially
observed dynamical system, using measurement records both prior and posterior to an estimation time.
We show that the technique is greatly simplified for Linear Gaussian quantum systems, with wide physical
applicability. We derive a closed-form solution for the quantum smoothed state, which is more pure than
the standard filtered state, whilst still being described by a physical quantum state. We apply the theory
to an on-threshold optical parametric oscillator, exploring optimal conditions for purity recorvery. This
work has recently been published in Physical Review Letters, see Ref. [1].
Keywords: Quantum State Estimation, Smoothing, Linear Gaussian Systems
observer, Bob (who is hidden from Alice), monitors the
remaining bath, unobserved by Alice, and thereby ob←
−
tains an “unobserved” record U. If Alice knew U as well
←
−
as O (the back-arrows indicating records in the past), she
would have maximum knowledge of the quantum system,
−←
− at that time. Alice’s smoothed
i.e., the “true” state ρ←
O, U
state is then defined as
X
←
−
−←
−,
ρS =
℘S ( U)ρ←
(1)
O, U

Smoothing and filtering are techniques in classical estimation of dynamical systems to calculate probability
density functions (PDFs) of quantities of interest at some
time t, based on available data from noisy observation of
such quantities in time. In filtering, the observed data up
to time t is used in the calculation. In smoothing, the observed data both before (past) and after (future) t can be
used. For dynamical systems where real-time estimation
of the unknown parameters is not required, smoothing almost always gives more accurate estimates than filtering.
In the quantum realm, numerous formalisms have been
introduced which use past and future information [2–8].
Many of these ideas have been applied, theoretically and
experimentally, to the estimation of unknown classical
parameters affecting quantum systems [9–15], or of hidden results of quantum measurements [16–21]. The optimal improvement obtained by using future information
in these applications comes from using classical Bayesian
smoothing to obtain the PDF of the variables of interest.
Despite such applications of smoothing to quantum parameter estimation, a quantum analogue for the classical
smoothed state (i.e. the PDF) was still missing. As quantum operators for a system at time t do not commute with
operators representing the results of later measurements
on that system [22], a naı̈ve generalisation of the classical smoothing technique would not result in a proper
quantum state [5, 6, 8]. As elucidated by Tsang [5],
such a procedure would result in a “state” that gives the
(typically anomalous) weak-value [3] as its expectation
value for any observable. Thus, we refer to this type of
smoothed “state” for a quantum system as the Smoothed
Weak-Value (SWV) state. In contrast to this, Guevara
and Wiseman [23] recently proposed a theory of quantum
state smoothing which also generalises classical smoothing but which gives a proper smoothed quantum state,
i.e., both Hermitian and positive semi-definite.
The quantum state smoothing theory of Ref. [23] considers an open quantum system coupled to two baths.
An observer, Alice, monitors one bath and thereby obtains an “observed” measurement record O. Another

←
−
U

where the summation is over all possible records unob←
−
←
−←
→
served by Alice and ℘S ( U) = ℘( U| O ) conditioned on
←
→
Alice’s past-future record O . By construction, Eq. (1)
guarantees the positivity of the smoothed quantum state.
Here we present the theory of quantum state smoothing for Linear Gaussian Quantum (LGQ) systems. This
can be applied to a large number of physical systems, e.g.,
multimodal light fields [24, 25], optical and optomechanical systems [14, 21, 22, 26–36], cold atomic ensembles
[37, 38], and Bose-Einstein condensates [39]. Due to the
nice properties of LGQ systems, we are able to obtain
closed-form solutions for the smoothed LGQ state. This
makes them much easier to study even than the two-level
system originally considered in [23], as there is no need
to generate numerically the numerous unobserved records
appearing in the summation of Eq. (1). The simplicity
of our theory will enable easy application to numerous
physical systems, and also allows analytical treatment of
various measurement efficiency regimes.
Classical LG smoothing.— We will briefly review classical LG state estimation before moving on to the quantum
case. Consider a classical dynamical system described by
a vector of M parameters x = {x1 , x2 , ..., xM }> . Here >
denotes transpose. This system is regarded as an LG system if and only if it satisfies three conditions [22, 40–45].
First, its evolution can be described by a linear Langevin
equation
dx = Axdt + Edvp .
(2)
Here A (the drift matrix) and E are constant matrices
and dvp is the process noise, i.e., a vector of independent
Wiener increments satisfying
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E[dvp ] = 0 ,
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dvp (dvp )> = Idt .

(3)

Here E[...] represents an ensemble average, and I is the
M × M identity matrix. Second, knowledge about the
system is conditioned on a measurement record y that
is linear in x, ydt = Cxdt + dvm , where C is a constant matrix and the measurement noise dvm is a vector of independent Wiener increments satisfying similar conditions to Eq. (3). It is possible for the process noise and the measurement noise to be correlated,
e.g., from measurement back-action, which is described
by the cross-correlation matrix Γ> dt = Edvp (dvm )> .
The third condition is that the initial state of the system (i.e., the initial PDF of x, denoted as ℘(x)|t=0 ) is
Gaussian; then the linearity conditions (first and second) guarantee the conditioned state will remain Gaussian: ℘C (x) = g(x; hxiC , VC ), which is fully described by
its mean hxiC and variance (strictly, covariance matrix)
VC ≡ hxx> iC − hxiC hxi>
C , throughout the entire evolution.
If the above criteria are met, one can compute a filtered LG state conditioned only on the past record. The
filtered mean and variance are given by,
dhxiF = AhxiF dt + K+ [VF ]dwF ,
dVF
= AVF + VF A> + D − K+ [VF ]K+ [VF ]> ,
dt

Figure 1: Various long-time states of the on-threshold
OPO system in Eq. (15), represented by their 1-SD
Wigner function contours in phase space, centred at the
origin. The homodyne angles used by Alice and Bob (θo ,
θu ) are at the black dot in Fig. 3. The unconditional state
(solid black) shows infinite and finite variances in q and
p, respectively, as a result of the damping and squeezing. Alice’s filtered and smoothed states, are blue (filled
grey) and dashed-red ellipses, respectively. The dottedblack and the dot-dashed green ellipse shows the (pure)
true state and the SWV “state”, respectively.

(4)
value. These let us represent the quantum state of an
LGQ system by its Gaussian Wigner function [22] defined as W (x̌) = g(x̌; hx̂i, V ), using dummy variable x̌.
LGQ State Smoothing.— We now apply the quantum
state smoothing technique [23] to LGQ systems. Following the Alice-Bob protocol introduced in Eq. (1), a
true state of the LGQ system, denoted by the mean
←
−
hx̂iT and a variance VT , is obtained given both O and
←
−
U records. That is, the filtering equations (4)-(5) apply, but conditioned both on Alice’s observed record
yo dt = Co hx̂iT dt + dwo , and on Bob’s record, unobserved by Alice, yu dt = Cu hx̂iT dt + dwu , with independent Wiener noises. The equations for the true state are

(5)

where dwF ≡ ydt − ChxiF dt is a vector of innovations,
D = EE > is the diffusion matrix, and we have defined a
“kick” matrix, a function of V , via K± [V ] ≡ V C > ± Γ> .
To solve for a smoothed LG state, one needs to include
conditioning on the future record, which can be obtained
from the backwards-evolving retrofiltering equations
−dhxiR = − AhxiR dt + K− [VR ]dwR ,
(6)
dVR
−
= − AVR − VR A> + D − K− [VR ]K− [VR ]> , (7)
dt
where dwR ≡ ydt − ChxiR dt. Combining the filtered
and retrofiltered solutions Eqs. (4)–(7), one obtains a
smoothed LG state conditioned on the entire measurement record,
hxiS = VS (VF−1 hxiF + VR−1 hxiR ) ,
VS = (VF−1 + VR−1 )−1 .

dhx̂iT = Ahx̂iT dt + Ko+ [VT ]dwo + Ku+ [VT ]dwu ,
dVT
= AVT + VT A> + D
dt
− Ko+ [VT ]Ko+ [VT ]> − Ku+ [VT ]Ku+ [VT ]> ,

(8)
(9)

(10)

(11)

where Kr± [V ] = V Cr> + Γ>
r , for r ∈ {o,u}.
Since Alice has no access to Bob’s record, her smoothed
state is obtained by summing over all possible true states
of the system, with probability weights conditional on
←
→
Alice’s observed record O , as in Eq. (1). For LGQ
←
−
systems, the state depends on U only via the mean,
Eq. (10). Therefore, we can replace
the (symbolic) sum in
R
Eq. (1) by an integral: ρS = ℘S (hx̂iT )ρT (hx̂iT )dhx̂iT .
By applying the classical notion of smoothing to the PDF
℘C (hx̂iT ), we are able to derive [1] the LGQ state smoothing equations

LGQ systems.— For a quantum system analogous to
the classical LG one, the system’s observables require
unbounded spectrums, represented by N bosonic modes.
We denote such a system by a vector of M = 2N observable operators x̂ = (q̂1 , p̂1 , ..., q̂N , p̂N )> , where q̂k and p̂k
are canonically conjugate position and momentum operators for the kth mode, obeying the commutation relation
[q̂k , p̂l ] = i~δkl . The system is called an LGQ system
if its dynamical and measurement equations are isomorphic to those of a classical LG system [22, 26, 46–49].
For quantum systems there are additional constraints
on the system’s dynamics [22], such as the initial state
must satisfy the uncertainty relation, V + i~Σ/2 ≥ 0.
Here Σkl = −i[x̂k , x̂l ] and V is the covariance matrix
Vkl = hx̂k x̂l + x̂l x̂k i/2 − hx̂k ihx̂l i, for x̂k being an element of x̂ and h·i being the usual quantum expectation

hx̂iS = (VS − VT )[(VF − VT )−1 hx̂iF

+ (VR + VT )−1 hx̂iR ] ,

−1
VS = (VF − VT )−1 + (VR + VT )−1
+ VT ,

as the main result of this research.
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(12)
(13)
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Figure 2: Purities, and the RPR, Eq. (14), at the starred
point in Fig. 3, for the full range of Alice’s measurement
efficiency ηo , with the lower efficiencies plotted on a log
scale and the higher efficiencies on a linear scale, where
the dashed vertical line at ηo = 0.1 indicates the split. On
both sides, we plot: purities of the filtered (solid blue),
smoothed (dashed red) and the SWV (dotted green)
states, all on a log scale (left-hand-side axis); and the
RPR (R) (dot-dashed magenta), on a linear scale (the
right-hand-side axis). For ηo → 0, PF matches the simp
1/4
black
ple analytic expression [1] 2| cos θo |ηo (dashed
√
on left), and smoothing gives a factor of 2 improvement [1], as shown by the small l symbol. For ηo → 1,
the RPR is ∝ (1 − ηo ) (dashed black on right).

Figure 3: (Top) Contour plots of the RPR, Eq. (14),
for the OPO system for different values of observed and
unobserved homodyne phases using ηo = 0.5. The dashed
line represents θo = θu and the solid line is the maximum
RPR. The circle and the star relate to Figs. 1 and 2,
respectively.
decay in the RPR holds surprisingly well, for the OPO
system, even outside the high efficiency regime.
Example.— We now apply quantum state smoothing
to the on-threshold OPO [22, 26], an LGQ system with
N = 1 described by the master equation

The advantages LGQ state smoothing offers over filtering are readily seen in Fig. 1, where we note thatp
the purity for a Gaussian state is defined as P = (~/2) |V |−1
[22] for a variance V . The smoothed state has a smaller
variance (higher purity) than the filtered state, but has a
larger variance than a pure state (purity less than unity).
In contrast, the SWV state for the same system (i.e., using Eqs. (8)–(9)) is unphysical (its ellipse is smaller than
that of a pure state).
We now investigate some interesting limits in Alice’s
measurement efficiency ηo , the fraction of the system output which is observed by Alice. If, as in the OPO system
we will define later, the unconditioned (ηo = 0) variance
diverges, then Alice’s conditioned (filtered and retrofiltered) variances, if finite, must grow as ηo → 0. From
Eqs. (12)–(13), when VF and VR are large, compared to
VT , the smoothed LGQ state reduces to the SWV state
Eqs. (8)–(9). The SWV state has the same form as classical smoothed states, which often have the same scaling
as filtered states, but with a multiplicative constant improvement [9, 15, 50]. Consequently, in the limit ηo → 0,
we expect PSWV = PS ∝ PF as functions of ηo . This is
confirmed in Fig. 2 when considering the OPO system.
In the opposite limit, ηo → 1, we analytically show [1]
that the relative purity recovery (RPR),
R=

PS − PF
,
1 − PF

~ρ̇ = −i[(q̂ p̂ + p̂q̂)/2, ρ] + D[q̂ + ip̂]ρ .

(15)

The first term defines a Hamiltonian giving squeezing
along the p-quadrature, while the second term describes
the oscillator damping. Here, we have A = diag(0, −2)
and D = ~I. Let us assume that Alice observes the
damping p
channel via homodyne detection. Therefore,
Co = 2 ηo /~ (cos θo , sin θo ), where θo is the homodyne phase [22, 26]. For simplicity, we assume Bob
also performs a homodyne measurement,
with a differp
ent phase θu , so that Cu = 2 ηu /~ (cos θu , sin θu ) and
Γr = −~Cr /2, for r ∈ {o,u}.
We now solve for filtered and smoothed states for the
OPO in steady state. We are particularly interested in
the RPR of smoothing over filtering, and in the combinations of homodyne phases that result in the largest
RPR. The RPR is always positive (see Fig. 3), meaning
that the smoothed quantum state always has higher purity than the corresponding filtered one. If Alice’s phase
θo is fixed, one might guess that Bob’s phase giving the
best purity improvement should be the same, θu = θo .
However, that is not at all true (see Fig. 3). The optimal
θuopt is not a trivial function of θo . Rather, θuopt ≈ 0, i.e.,
Bob should measure the q-quadrature, which is presumably related to the fact that, without measurement in,
the variance in q diverges.

(14)

a measure of how much the purity is recovered from
smoothing over filtering relative to the maximum recovery possible, usually scales with the unobserved efficiency.
That is, R ∝ ηu ≡ 1 − ηo . As seen in Fig. 2, this linear
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Abstract. The quantities such as the entanglement entropy, the fidelity, and the mutual information are
recently exploited to detect the quantum phase transitions and analyze other various properties of manybody physics. The Bell correlations has been also studied in one-dimensional(1D) spin-1/2 chain. Here,
we analyze the 1D infinite spin-1 XXZ chain with the on-site anisotropy as applying the Bell correlation
function of CGLMP type for the many-body ground state. Since the ground state of the 1D infinite
spin-1 chain cannot be calculated analytically, we utilized numerical approaches, infinite Matrix Product
States(iMPS) representation and infinite density matrix renormalization group(iDMRG) method.
Keywords: CGLMP, Bell correlation, spin-1 chain, iMPS, iDMRG

1

Introduction

any quantum state, where

The concepts and theories in Quantum Information has
been recently studied in many-body systems that have
been originally described by the statistical physics and
the condensed matter theory. The quantum phase transitions in many-body systems are generally modeled by
the (spontaneous) symmetry breaking, the spin-spin correlation function, and the nonanalyticity of the derivative
of the ground energy. It is quite recent that the quantum
entanglement is exploited to detect the quantum phase
transitions[1, 2] and analyze other various properties of
many-body system[3]. Not only the quantum entanglement but also any other concepts such as the fidelity, the
mutual information, and the quantum coherence is utilized to study the correlations in many-body systems[4].
The correlation of Bell operators has been also studied in
many-body system, especially one-dimensional(1D) spin1/2 chain such as [5, 6, 7]. In this poster, we are going to study the Bell measurement of CGLMP type in
the 1D spin-1 chain with the on-site anisotropy It is
renowned that the 1D spin-1 chain demonstrates completely different physics from 1D spin-1/2 chains(e.g.,
Haldane phase). Since it is restrictive to find the exact
ground state in 1D spin-1 XXZ chain, we are using various numerical approaches like the MPS representation
and iDMRG method.

2

B̂cglmp =

d−1
 
†
1X  n
n/2 n
fc Â1 + ω n/2 B̂1n ⊗ Ân
B̂2 + h.c.,
2 +ω
4 n=1
(1)
 
n

2
where fc ≡ (d−1)
ω 4 sec nπ
and d is the dimension
2d
of the basis for each party. The measurement operators
Âj and B̂j represent two kinds of measurements for jth
party(i.e., Vj ∈ {Aj , Bj }) and j ∈ {1, 2} can be either
the first or the second party. The definition of the measurement operator V̂ in Eq.(1) is given by

V̂ ≡

d−1
X

ω α |αiV hα|,

(2)

α=0
2πi

where ω ≡ e d and the basis |αi comes from the maxiPd−1
mally entangled state |ψi = √1d α=0 |α, αi. As CGLMP
did in their paper[15], Alice chooses the Fourier transform
basis and Bob does the inverse Fourier basis such that
d−1
1 X −(α+φVj )β
ω
|βi,
|αiVj = √
d β=0

(3)

where the phase shifts become φA1 = 0, φB1 = 1/2,
φA2 = −1/4, and φB2 = 1/4 in Fig. 1 and |βi is the
spin-z basis. Thereby it is possible to construct the measurement operators for Â1 , Â2 , B̂1 , and B̂2 . From Eq.(3),
one can derive the identity such that

The CGLMP-type Bell correlation

Bell inequality examines the correlation between two
parties who have each side of the quantum state and
determines which quantum states is nonlocal throughout the violation of its classical bounds. Especially, it is
CGLMP inequality that each of two parties performs the
two kinds measurements with d possible outcomes. In order to describe the CGLMP correlation not as the form
of probability but in terms of the operators, we use the
notations from SLK paper [14]. The CGLMP correlation
is the expectation value of the Bell operator B̂cglmp for

1 n
(Â + ω n/2 B̂1n ) = Jˆn
2 1
1 n
(Â + ω n/2 B̂2n ) = ω n/4 Jˆn
2 2

(4)
(5)

Pd−1
where Jˆn ≡ β=n |βihβ − n| is the n-level lowering operator. It is remarkable that the operator Jˆ is the same
as the spin lowering operator Ŝ − . Consequently, the
CGLMP operator B̂cglmp can be simplified as

∗sonwm71@gmailcom

B̂cglmp =

d−1
X
n=1

sec

h nπ i 

Jˆn ⊗ (Jˆn )† + (Jˆn )† ⊗ Jˆn ,
6
(6)
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We will use the operator as an entanglement witness of
a d-dimensional many-body system and phase quantification.

3

The 1D
Chain

Spin-1

Antiferromagnetic

The Hamiltonian of the one-dimensional(1D) spin-1
XXZ chain with on-site anisotropy is described as
Ĥ =

N
−1
X

y
x
z
Ŝix Ŝi+1
+ Ŝiy Ŝi+1
+Jz Ŝiz Ŝi+1
+D

i=1

N
X
(Ŝiz )2 , (7)
i=1

where Ŝia denotes the spin-1 operators for a = x, y, z
at site i, Jz is the anisotropy of spin-exchange interaction along z direction, and D characterizes the on-site
anisotropy. The role of the last term is to manifest phase
transition between the topologically trivial phase(LargeD phase) and the topologically nontrivial phase(Haldane
phase). The physical properties for each phase and phase
transition will be discussed in Sec.5

4

The iMPS representation

Figure 2: The CGLMP measurement (a) at D = 0 and
(b) at Jz = 0.
i,i+r
i,i+r
as hB̂cglmp
i for the ground states. For d = 3, B̂cglmp
of
Eq.(6) can be expressed in terms of the spin-1 operator

Figure 1: The graphical notation of iMPS in the canonical form. Due to the translational symmetry, the rank-3
tensors Γ and the matrices Λ are the same for all sites.

i
2 h
i,i+r
−
+
B̂cglmp
= √ Ŝi+ ⊗ Ŝi+r
+ Ŝi− ⊗ Ŝi+r
3
i
h
− 2
+
+ 2 (Ŝi+ )2 ⊗ (Ŝi+r
) + (Ŝi− )2 ⊗ (Ŝi+r
)2 .

We introduce the infinite matrix product state(iMPS)
representation to describe the ground-energy state in the
thermodynamic limit and use the infinite density-matrix
renormalization group(iDMRG) method to obtain the
ground state as a iMPS form. Translational invariance
plays a pivotal role to represent the infinite 1D systems.
The ground state |ψi in the canonical form of iMPS is
given by
X
Tr [Γs1 ΛΓs2 Λ · · · ΓsN Λ] |s1 · · · sN i, N → ∞
|ψi =

i,i+r
Thus, hB̂cglmp
i is the linear combination of transverse
− 2
spin-spin correlation like hŜi+ Ŝj− i and h(Ŝi+ )2 (Ŝi+r
) i.
In Fig.2(a), the discontinuity occurs at Jz = −1 and
there is an inflection point at around Jz ≈ 1.2. Fig.2(b)
shows the one inflection point between the AFM phase
and the Haldane phase and a minimum point at the
Gaussian phase transition(or the Haldane-Large D phase
transition). The transverse spin-spin correlation decays
−
algebraically(i.e., hŜi+ Ŝi+r
i ∼ r−η+− ) in the gapless XY
phase, whereas the other phases like the Haldane phase
decay exponentially with respect to the distance between
two parties. It is remarkable that near the Haldane
phase-Large D phase transition the spin correlation function decays like the one in the gapless phase.

s1 ,··· ,sN

(8)
where Γsj is the χ × χ matrices for sj ∈ {1, 2, · · · , d} and
Λ is a real, diagonal, and nonnegative matrix of dimension χ × χ. As the bond dimension χ goes to infinity,
Eq.(8) gets close to the exact one.

5

Results & Discussion
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d-dimensional quantum states is presented. The scheme is performed among d authorized parties without generation of an entangled state. The scheme provides the measurement-device-independent security
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the proposed protocol is analysed for the cases, when all players are trusted and there is a malicious player,
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1

Introduction

Secret sharing is a scheme proposed for distributing
a secret among participants [1, 2]. In the scheme, one
party, called a dealer, gives a part of the secret to participants, called players. Each player cannot access full
information on the secret since a player has only a share
of the secret. The secret can be reconstructed only when
the sufficient number of players cooperates by combining
their shares. Quantum secret sharing (QSS) was proposed as a quantum counterpart of classical secret sharing [3, 4]. In QSS, Greenberger-Horne-Zeilinger (GHZ)
state [5] is exploited to share a secret, and it was proven
that QSS provides information-theoretic security based
on the principles of quantum mechanics [6–8].
To improve a key rate of QSS, a high-dimensional
quantum system can be applied [9], since a highdimensional quantum state can carry more information
per single photon and has enhanced security against
eavesdropping [10, 11]. However, generation of a highdimensional GHZ state needs demanding technologies as
it was reported in the recent paper [12]. Here, we propose a feasible QSS protocol using d-dimensional quantum states among d parties without generation of an
entangled state. In this protocol, measurement-deviceindependent (MDI) security is guaranteed since measurement devices are separated from all the authorized parties [13, 14].

2

Figure 1: A schematic diagram of 3d-MDIQSS. There are
three authorized parties, Alice, Bob1 , and Bob2 , and one
untrusted party, Charlie. Each of the authorized parties generates a single photon state according to their
choice of an encoding basis and 3-dimensional information, {0, 1, 2}. They send the quantum states to Charlie
who measures a correlation among the OAM mode of
the three photons by means of tripartite 3-dimensional
entangled state discrimination measurement (3d-ESD).
The three authorized parties can share a secret by using
their encoded information and the result of the 3d-ESD.
code it into an orbital angular momentum (OAM) value
of a single photon, respectively. Subsequently, they send
their photons to an untrusted party, Charlie. Charlie
performs the measurement onto the incoming photons of
which result is a correlation among the OAM value of
the three photons. Subsequently, Charlie announces the
result, and then Alice distributes the encrypted classical
secret by using her encoded number and the measurement result. In this protocol, both Bob1 ’s and Bob2 ’s
encoded numbers are necessary to decrypt the secret. We
show the protocol can be extended to d-party MDIQSS
using d-dimensional quantum states (d-MDIQSS) in the
presentation.
This protocol is more feasible compared with the existing QSS protocol using d-partite d-dimensional GHZ

Result and Discussion

As an example, a schematic diagram of MDIQSS using
3-dimensional quantum states (3d-MDIQSS), is shown in
Figure 1. Three authorized parties and one untrusted
party participate in this protocol. One authorized party,
called Alice, is the dealer, and the other two authorized
parties, called Bob1 and Bob2 , are the players. The authorized parties generate a 3-dimensional number and en∗sonwm71@sogang.ac.kr
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photon detector are considered as error factors. As shown
in the plot, 3d-MDIQSS has advantage over a secret key
rate against the experimental factors compared with the
conventional QSS protocol and an entanglement-based
3-dimensional QSS protocol.
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Secret key rate r
(bits/sifted pulse)

Figure 2: A schematic diagram of the 3d-ESD. Three
photons sent from the authorized parties enter into a 3port interferometer, called a tritter. After interference in
the tritter, an OAM value and a label of existing outport
of the photons are measured by means of OAM discrimination elements and single photon detectors. Charlie can
discriminate a part of tripartite 3-dimensional entangled
states from a combination of clicked detectors. DXy : a
detector corresponding the OAM state |yi on the path
X; BS1 : 50:50 beam splitter; BS2 : beam splitter of
which transmissivity is 2/3.
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Abstract. We address perfect discrimination of two separable states. When available states are restricted to separable states, we can theoretically consider a larger class of measurements than the class of
measurements allowed in quantum theory. The framework composed of the class of separable states and
the above extended class of measurements is a typical example of general probabilistic theories. In this
framework, we give a necessary and suﬃcient condition to discriminate two separable pure states perfectly.
In particular, we derive measurements explicitly to discriminate two separable pure states perfectly, and
ﬁnd that some non-orthogonal states are perfectly distinguishable. However, the above framework does
not improve the capacity, namely, the maximum number of states that are simultaneously and perfectly
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Introduction

bipartite system: we restrict available states to separable
states on the composite system and this restriction allows
us to consider theoretically measurements that are not allowed in quantum theory. The framework composed of
the class of separable states and the class of such measurements is a typical example of GPTs and is denoted
by SEP.
The diﬀerence between quantum theory and SEP can
be characterized by the relation between the positive and
dual cones appeared in quantum theory and SEP. A positive cone deﬁnes the set of all states in a GPT so that
a state is given as an element of a positive cone whose
trace is one. For example, the positive cone of quantum
theory is the set of all positive semi-deﬁnite matrices and
the positive cone of SEP is the set of all matrices with
separable form. Thus, states in SEP are restricted to
separable states, and the positive cone of SEP is smaller
than that of quantum theory. This restriction makes bit
commitment possible under SEP [14]. Furthermore, the
dual cone of a positive cone deﬁnes measurements of a
GPT so that a measurement is given as a decomposition
{Mi }i of the identity matrix I. More precisely,
all eleP
ments Mi lie in the dual cone and satisfy i Mi = I. For
example, the dual cone of quantum theory is also the set
of all positive semi-deﬁnite matrices and the dual cone of
SEP is the set of all matrices Y that satisfy Tr XY ≥ 0 for
all matrices X with separable form. Thus, the dual cone
of SEP is larger than that of quantum theory. Therefore,
measurements of SEP contain not only those of quantum theory but also those that quantum theory cannot
realize.
In this paper, we address perfect discrimination of two
pure states in SEP. A main goal of this paper is to reveal
how much better the performance of perfect discrimination in SEP is than that in quantum theory. In quantum
theory, it is well-known that orthogonality of two states
is necessity and suﬃciency to discriminate two states perfectly [24]. This fact is not changed even if we restrect the

Entanglement is a resource for miracle performance
of quantum information processing [1, 2]. Even when a
quantum state has no entanglement, entanglement in a
measuring process brings us performance that measuring
processes without quantum correlation cannot realize. In
fact, when we discriminate the n-fold tensor products of
two quantum states, the performance of measurements
with quantum correlation is beyond that of any measurement without quantum correlation, e.g., local operation
and classical communication (LOCC) and separable measurement [3–7]. The diﬀerence between the ﬁrst and second performance can be derived from the following two
classes of measurements. One is the class of measurements allowed in quantum theory and the other is the
class of measurements with only separable form. The
ﬁrst class achieves strictly better performance than the
second class in the above discrimination.
All the above studies of state discrimination considered classes of measurements allowed in quantum theory,
but there is a theoretical possibility that a larger class
of measurements brings us more miracle performance of
state discrimination than that of quantum theory. In order to consider a larger class of measurements, we need
to restrict available states. Such a framework is discussed
in general probabilistic theories (GPTs) [8–23], which are
a generalization of quantum theory and classical probability theory. GPTs are the most general framework to
characterize states, measurements, and time evolution.
Although some preceding studies compared GPTs with
quantum theory [11, 13, 15–18], few studies clariﬁed the
diﬀerence between quantum theory and other GPTs in
the viewpoint of state discrimination. Hence, to clarify
the diﬀerence, we focus on the following typical GPT on a
∗m18003b@math.nagoya-u.ac.jp
† m17043e@math.nagoya-u.ac.jp
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Since the inclusion relation SEP∗ (A; B) ⊃ T+ (AB) holds,
measurements of SEP form a larger class than those of
quantum theory.
Now, let us consider state discrimination in SEP. Let
{ρi }ni=1 be a family of n states. Then we say that {ρi }ni=1
is perfectly distinguishable in SEP (resp. quantum theory) if there exists a measurement {Mj }nj=1 of SEP (resp.
quantum theory) such that Tr Mj ρi = δij , where δij denotes the Kronecker delta. It is well-known that {ρi }ni=1
is perfectly distinguishable in quantum theory if and only
if any two distinct states of {ρi }ni=1 are orthogonal, i.e.,
Tr ρi ρj = δij for all i ̸= j. In this paper, we address the
case n = 2 mainly.
We give an example that two states are perfectly distinguishable and not orthogonal. For this purpose, we
consider the case where HA and HB are two-dimensional
(hereinafter, it is called the (2, 2)-dimensional case). In
this case, the dual cone SEP∗ (A; B) can be expressed explicitly by using the partial transpose operation Γ, which
throughout the paper we assume to be on subsystem B.
Since for 2 × 2 matrices C = (cij )i,j and D = (dij )i,j the
tensor product matrix C ⊗ D is expressed as


c11 d11 c11 d12 c12 d11 c12 d12
 c11 d21 c11 d22 c12 d21 c12 d22 

C ⊗D =
 c21 d11 c21 d12 c22 d11 c22 d12  ,
c21 d11 c21 d12 c22 d11 c22 d12

class of measurements to LOCC [25]. However, as shown
in this paper, there exists a non-orthogonal pair of two
separable pure states that can be discriminated in SEP.
Moreover, we derive a necessary and suﬃcient condition
for state discrimination in SEP. The necessary and suﬃcient condition implies that 2n-copies ρ⊗2n
and ρ⊗2n
of
1
2
pure states are perfectly distinguishable for a suﬃciently
large n if ρ1 ̸= ρ2 . In this sense, SEP is completely different from quantum theory.
Since our necessary and suﬃcient condition reveals
that some non-orthogonal states in SEP can be discriminated perfectly, one might think that the capacity in SEP
is improved in comparison with the capacity in quantum
theory. Here the capacity in a GPT is the maximum
number of states that are simultaneously and perfectly
distinguishable in the GPT, and expresses the limit of
communication quantity per single use of quantum communication. The capacity in quantum theory is equal to
the dimension of a quantum system, and an interesting
relation for the capacities in GPTs has been derived [10].
Using the relation [10, lemma 24], we ﬁnd that the capacity in SEP is equal to that in quantum theory.

2

Perfectly distinguishable pairs of two
pure states in SEP

First, let us describe our framework SEP and notational conventions. Let HA and HB be two ﬁnitedimensional complex Hilbert spaces. We denote by
T (AB) and T+ (AB) the set of all Hermitian matrices
on HA ⊗ HB and the set of all positive semi-deﬁnite matrices on HA ⊗ HB , respectively. The sets T (A), T (B),
T+ (A), and T+ (B) are deﬁned similarly. In quantum theory, available states are elements of T+ (AB) with trace
one. However, in this paper we look at the scenario where
the only available states are separable states. We restrict
available states to separable states, i.e., elements of

the partial transpose Γ(X) of a

x11 x21
 x12 x22
Γ(X) = 
 x31 x41
x32 x42

matrix X = (xij )i,j is

x13 x23
x14 x24 
.
x33 x43 
x34 x44

As stated above, we can express the dual cone
SEP∗ (A; B) explicitly. Indeed, the combination of [26]
and [27] implies the following proposition.

SEP(A; B)
(
)
X
:=
XiA ⊗ XiB XiA ∈ T+ (A), XiB ∈ T+ (B) (∀i)

Proposition 1. If (dim HA , dim HB ) = (2, 2), then
SEP∗ (A; B) = { T + Γ(T ′ ) | T, T ′ ∈ T+ (AB) } .

i

Next, we give an example of two pure states that
are perfectly distinguishable in SEP despite being nonorthogonal. What follows is also a special case of our
main result.

with trace one. In order to address state discrimination,
we must also deﬁne measurements of SEP. In quantum
theory, measurements are given as positive-operator valued measures (POVMs). That
P is, a measurement {Mi }i
satisﬁes Mi ∈ T+ (AB) and i Mi = I for any outcome
i. However, since we restrict available states to separable states, measurements of SEP form a larger class than
those of quantum theory. A measurement {Mi }i of SEP
is deﬁned by the conditions
X
Mi ∈ SEP∗ (A; B) (∀i),
Mi = I,

Example 1 (Perfect discrimination of non-orthogonal
pure states in SEP). Suppose that two pure states
ρ1 , ρ2 ∈ SEP(A; B) are given as

 

1 0
1 0
ρ1 =
⊗
,
0 0
0 0

 

(1)
1 − α1 β1
1 − α2 β2
ρ2 =
⊗
,
β1
α1
β2
α2

i
∗

where SEP (A; B) denotes the dual cone of SEP(A; B)
and is deﬁned as

where αi ∈ [0, 1], βi ≥ 0, and βi2 = αi (1 − αi ) for all
i = 1, 2. Assume α1 + α2 = 1 here. Then we show
that ρ1 and ρ2 are perfectly distinguishable in SEP. Let
us give a measurement {T1 + Γ(T1 ), T2 + Γ(T2 )} with
positive semi-deﬁnite matrices T1 and T2 . Since T1 and

SEP∗ (A; B)
= { Y ∈ T (AB) | Tr XY ≥ 0 (∀X ∈ SEP(A; B)) } .
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Table 1: Necessary and suﬃcient (NS) conditions of perfect discrimination of two pure states, and capacities.
GPTs
NS condition
Capacity

SEP
A
B
Tr ρA
ρ
+
Tr ρB
1 2
1 ρ2 ≤ 1
dim(HA ⊗ HB )

Quantum theory
A
B B
(Tr ρA
1 ρ2 )(Tr ρ1 ρ2 ) = 0
dim(HA ⊗ HB )

for i = 1, 2. Thus ρ⊗2n
and ρ⊗2n
are perfectly distin1
2
guishable in SEP if

T2 are positive semi-deﬁnite, proposition 1 implies that
Ti + Γ(Ti ) ∈ SEP∗ (A; B) for all i = 1, 2. Now, we set the
positive semi-deﬁnite matrices T1 and T2 as




1 0 0 −1
0 0 0 0


1 0 0 0 0 
 , T2 = 1 0 1 1 0 .
T1 = 
2 0 0 0 0 
2 0 1 1 0
−1 0 0 1
0 0 0 0

⊗n
⊗n ⊗n
2(Tr ρ1 ρ2 )n = Tr ρ⊗n
1 ρ2 + Tr ρ1 ρ2 ≤ 1.

This inequality always holds for a suﬃciently large n if
ρ1 ̸= ρ2 . Therefore, ρ⊗2n
and ρ⊗2n
are perfectly dis1
2
tinguishable in SEP. Of course, such a measurement to
realize the above perfect discrimination is impossible in
quantum theory.
Next, we discuss how many states are simultaneously
and perfectly distinguishable in SEP. That is, our interest
is the capacity NSEP deﬁned as the maximum number
of simultaneously and perfectly distinguishable states in
SEP:

Then {T1 + Γ(T1 ), T2 + Γ(T2 )} is a measurement of
SEP because (T1 + Γ(T1 )) + (T2 + Γ(T2 )) = I. The
measurement {T1 + Γ(T1 ), T2 + Γ(T2 )} discriminates ρ1
and ρ2 perfectly. Let us verify it. First, the equation Tr ρ1 (T2 + Γ(T2 )) = 0 follows from the deﬁnitions.
Next, note that the assumption α1 + α2 = 1 implies
√
β1 = β2 = α1 α2 . Since (i) Γ(ρ2 ) = ρ2 and (ii)
√
α1 + α2 = 1 (β1 = β2 = α1 α2 ), we have

NSEP :=
max { n ∈ N | ∃{ρi }ni=1 , ∃{Mj }nj=1 s.t. Tr ρi Mj = δij } ,

(i)

where {ρi }ni=1 and {Mj }nj=1 are a family of states in SEP
and a measurement of SEP, respectively. As stated in the
previous paragraph, the performance of state discrimination in SEP is higher than that in quantum theory. Hence
one might guess that the capacity in SEP is greater than
that in quantum theory. However, the following proposition shows that this is not the case.

Tr ρ2 (T1 + Γ(T1 )) = 2 Tr ρ2 T1
(ii)

= (1 − α1 )(1 − α2 ) + α1 α2 − 2β1 β2 = 0.
Thus the equation Tr ρ2 (T1 + Γ(T1 )) = 0 also follows.
Finally, the equation Tr ρi (Ti + Γ(Ti )) = 1 follows from
(T1 + Γ(T1 )) + (T2 + Γ(T2 )) = I and Tr ρi (Tj + Γ(Tj )) =
0 for all i ̸= j. Therefore, the measurement {T1 +
Γ(T1 ), T2 + Γ(T2 )} discriminates ρ1 and ρ2 perfectly.
Here, note that ρ1 and ρ2 are not orthogonal if α1 , α2 ̸= 1.
Thus perfect discrimination of two pure states in SEP is
possible even when the two states are not orthogonal.

Proposition 3. The capacity NSEP is dim(HA ⊗ HB ).
Since the capacity in quantum theory is equal to the dimension of a quantum system, Proposition 3 means that
SEP has the same capacity as quantum theory. Actually,
Proposition 3 follows from [10, Lemma 24 (iii)] which is
a more general statement on capacities. However, using [10, Lemma 24 (iii)] needs to be careful. For details,
see the full version [28].
Table 1 summarizes the necessary and suﬃcient conditions of perfect discrimination and the capacities in quantum theory and SEP. The performance of perfect discrimination in SEP is better than that in quantum theory but
the capacity in SEP is equal to that in quantum theory.

Example 1 gives a suﬃcient condition of perfect discrimination, but it does not give a necessary condition.
Thus we give the following theorem as a necessary and
suﬃcient condition for two pure states to be discriminated perfectly.
B
Theorem 2. Two pure states ρ1 = ρA
1 ⊗ ρ1 and ρ2 =
A
B
ρ2 ⊗ ρ2 are perfectly distinguishable in SEP if and only
if
A
B B
Tr ρA
1 ρ2 + Tr ρ1 ρ2 ≤ 1.
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Abstract. The GHZ state is an ideal resource state for quantum metrology as it can achieve the Heisenberg limit. However, upon the loss of a single qubit the GHZ state becomes useless for quantum metrology.
We provide a method to construct graph states which attains a quantum Fisher information of at least
n2−logn k , we call these states bundled graph states. We demonstrate that bundled graph states yield a
quantum advantage after being subjected to dephasing or a small number of erasures, making them more
robust than the GHZ state.
Keywords: Metrology, Graph States, Stabilizer States, Quantum Fisher Information, Robustness

1

Introduction

this study we only consider the canonical case of phase
estimation:

Quantum metrology describes the framework for estimation strategies which surpass the precision limit of
classical strategies [1, 2]. Classically, a system with n
probes used to estimate an unknown parameter θ, can
achieve a precision where the variance scales inversely
to the number of probes: ∆θ2 = 1/n. In a quantum
system, where the probes can be entangled, the highest
achievable precision scales quadratically to the number of
qubits: ∆θ2 = 1/n2 , otherwise known as the Heisenberg
limit (HL).
Entanglement is a requirement to yield a quantum advantage, however it is not sufficient [3]. Oszmaniec et
al. showed that most quantum states are not useful for
metrology, despite having a large amount of entanglement. Given a quantum resource, ρ, the highest achievable precision attainable is bounded by Q(ρ), the quantum Fisher information (QFI): ∆θ2 ≥ 1/Q(ρ).
We investigate the usefulness of graph states for quantum metrology and construct a family of graph states
which achieve a QFI of at least Q ≥ n2−logn k ∀k ≥ 2;
we call these states bundled graph states. Additionally,
we show that bundled graph states retain a quantum advantage when subjected to independent and identically
distributed (iid) dephasing and a small number of erasures.

2

ρ → ρθ = e−iθH ρeiθH
H=

(3)

Xj

(4)

j=1

Fact 1 The QFI of a pure state |ψi which the encoding
is described by equation 3 can be computed via: [1]:
2

Q(|ψi) = 4∆H 2 = 4 hψ|H 2 |ψi − 4 hψ|H|ψi

(5)

Fact 2 By choosing generators which maximize equation
5 we show that:


n−1
X
j+1 n − 1
Nn−j+1 ≥ 2n
(6)
Ñn, ≥
2
j
j=k−1

Where k = n1−/2 and Nm is the the number of m qubit
stabilizer states defined in [7].

3

Graph States

In this section we quantify the usefulness of graph
states (a subclass of stabilizer states) for quantum
metrology based off of the corresponding simple graph.
Definition 2 An n qubit graph state G = (V, E) is defined in one to one correspondence with a simple graph
with |V | = n vertices and edges E. The corresponding
generators are:
O
gi = Xi
Zj
(7)

Stabilizer States

Definition 1 An n-qubit stabilizer state is the simultaneous +1-eigenstate of n independent operators in the
Pauli-n group: g1 , . . . , gn [8]. The corresponding stabilizer group S is generated from these operators and the
stabilizer state, ρ, can be expressed as a sum of all operators in the stabilizer group:
S = hg1 , . . . , gn i
n
1 X
1 Y
(I + gi ) = n
S
ρ= n
2 i=1
2

1
2

n
X

j∈N (i)

Where N (i) is the neighbourhood of the ith vertex.
Fact 3 The QFI of a graph G with no isolated vertices
(|N (i)| ≥ 1 ∀i) is equal to the number of pairs of vertices
(i, j) with N (i) = N (j).

(1)
(2)

S∈S

Proof. For any stabilizer state ρ and pauli P :
(
±1 if ± P ∈ S
Tr(ρP ) =
0
otherwise

We begin by computing Nn, : the number of stabilizer states which have a QFI of at least Q ≥ n2− . In
∗nathan.shettell@lip6.fr
† damian.markham@lip6.fr
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(8)

Qubit
Quantity

n1

n2

n3

Figure 1: Bundle graph state constructed from a 3-qubit
cyclic graph, Q(Gbundle ) = n21 + n22 + n23 ≥ n2−logn 3 .

Figure 2: Robustness of n = 100 qubit bundled cyclic
graphs subjected to iid dephasing with dephasing probability p. The graphs are divided into k bundles of j = n/k
qubits. For small p we observe that logn Q decreases linearly, which is expected from equation 13.

Combining the above with equation 5. The only nonvanishing terms are of the form Tr(GXi Xj ) such that
N (i) = N (j). Thus, the QFI of a graph state is equal to
the number of pairs (i, j) such that N (i) = N (j):
Q(G) =

n
X

δN (i),N (j)

(9)

i,j=1



4

Bundled Graph States

In this section we provide a method to construct graph
states with a QFI of at least n2−logn k ∀k ≥ 2. We call
these states bundled graph states. We also explore how
robust these states are against iid dephasing and a small
number of erasures.

1. Begin with any connected graph G = (V, E) with
|V | = k < n.

Figure 3: Robustness of n = 100 qubit bundled cyclic
graphs subjected e erasures. The graphs are divided into
k bundles of j = n/k qubits. As k increases, the more erasures a bundled cyclic graph can withstand whilst keeping a quantum advantage (on average); which is expected
from equation 14.

2. The jth vertex, vj , is replaced with nj qubits, laPk
n
belled vj1 , . . . , vj j , such that j=1 nj = n.

4.2

4.1

Construction

To construct a bundle graph Gbundle = (V 0 , E 0 ):

3. If (vi , vj ) ∈ E then (vix , vjy ) ∈ E 0 ∀x, y.
V 0 = {v11 , . . . , v1n1 , . . . , vk1 , . . . vknk }
E 0 = {(vix , vjy ) ∀x, y | (vi , vj ) ∈ E}

Robustness Against Dephasing

We first investigate if bundled graph states are robust
against iid dephasing. A closed form expression for a
general graph subjected to iid dephasing is computed in
the main study. Assuming that the dephasing probability
p is small and the size of all neighbourhoods are large,
we make the following approximation:

(10)
(11)

n

We say vertices vj1 , . . . , vj j are bundled together since
they all share the same neighbourhood; the necessary
condition to attain a high QFI. Using equation 9:
k
X

n2
= n2−logn k
Q(Gbundle ) ≥
n2j ≥
k
j=1

Q(Gdephasing
) ≈ (1 − 2p)2 Q(Gbundle ) + 4np(1 − p)
bundle
≥ (1 − 2p)2

n2
k
4

(12)

(13)
2

= n2−logn k− ln n p+O(p
4.3

)

Robustness Against Erasures

Next we explore if bundled graph states yield a quantum advantage after a small number of erasures e. For
comparision, the GHZ state becomes useless for quantum
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6

metrology after losing a single qubit [1]. The general expression for the QFI of a graph state after e erasures is
dependent on the shape of the graph and which qubits
are lost. To quantify the robustness of a graph state after
experiencing e erasures,we compute Q̄; the average QFI
of the system over all ne permutations of losing e qubits.
We compute the closed form expression of Q̄ for a bundled cyclic graph divided into k nodes of j = n/k. The
equation holds for 1 ≤ e < 2j:

Q̄cycle =

2

n−4j
e



−

n

n−5j
e

e

5



n2 2
+
k

n−2j
e



−

n

n−3j
e

In this study we have quantified which graph states
can achieve a high QFI based off of their topology. We
provide a simple construction method to create graph
states with a QFI of at least Q ≥ n2−logn k . We call
these states bundled graph states, as they have a large
number of qubits with identical neighborhoods; the required property for a graph state to have a high QFI.
We also show that bundled cyclic graphs retain a quantum advantage after being subjected to iid dephasing or
a small number of erasures. Lastly, we devise a measurement startegy for graph states to achieve a precision of
∆θ = 1/Q. All of the aforementioned properties in combination with the fact that graph states can be efficiently
generated [6] make them an ideal candidate for quantum
metrology.


n (14)

e

Single Qubit Measurements

In practise, achieving a precision of ∆θ2 = 1/Q can
only be achieved by measuring in the basis of the symmetric logarithmic derivative [1, 10]. This measurement
may not be realistic.
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Abstract: Quantum dots are considered to be one of the most important quantum
emitters due to their ability of emitting entangled single photons, which have not yet
been practically used for large-scale quantum communication. In this work, we
integrated a semiconductor quantum dot (QD) device in the Cambridge Fiber Network
and realized the transmission of emitted polarization-encoded entangled single photons
at the telecommunication O-band. A polarization maintaining system is in operation to
compensate for changes in birefringence naturally occurring in installed fiber networks.
Stable transmission of high-fidelity (91.3%) entanglement has been maintained over
one week, which is a significant step toward the real-life application of quantum dots.
Key Words: Entanglement, Quantum Dot, Field Trial.

1.1.

the lab, whereas the partner photon is sent over an
installed loop-back fiber before being measured.

Introduction

We have implemented a polarization stabilization
scheme using a polarization reference feedback
system. Reference light generated from a laser at the
same wavelength (1320nm) as the transmitted
photons is split into two modes and the outputs of
both arms are aligned to have orthogonal directions
on Poincaré sphere before being sent over the same
fiber. The polarization state after the transmission is
detected using two power meters after a polarizing
beam splitter and a polarization controller. By
stabilizing both references using an electronic
polarization controller (EPC 5) and a fiber wave plate
(FWP), we effectively lock arbitrary polarization
rotation to a minimum on Poincaré sphere. The
classical references are time-multiplexed with the
quantum channel, controlled by optical switches
(OSW 1 and 2).

Entanglement provides means to transfer quantum
information between distant nodes of a network and
serves as the key resource for scalable quantum
networks. Its practical use requires the integration of
robust entangled photon sources, making the
semiconductor-based QD light sources a promising
candidate system. In this work [1], we have
integrated an entangled QD device with the
Cambridge Fiber Network. Such installed fiber
typically suffers the variation of fiber birefringence
over time, putting a negative impact on the
transmission of entanglement. To compensate for
these drifts, we have introduced a polarization
maintaining sub-system, enabling stable long-term
transmission of entangled photon pairs over 18km of
installed fiber from a sub-Poissonian entangled
photon pair source
1.2.

Entangled photon generation and polarization
stabilization system

To enable high-fidelity entanglement transmission
over an urban fiber network, we have built a
transmission system consisting of a photon emission
and detection sub-system and a polarization
maintenance sub-system, as is shown in Figure 1.
The quantum dot photon source is located in a
cryostat and optically excited with a laser at 1064nm.
It emits entangled photons at telecom O-band via the
so-called biexciton (XX) – exciton (X) cascade. XX
and X photons are separated using a spectral filter.
One of the entangled photons is detected directly in
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Figure 1 Experimental setup for entangled photon transmission over installed fiber: The whole setup consists of 4 parts,
entangled photon generation, correlation measurement, classical polarization reference generation and polarization reference
measurement. The entangled photons are generated from an optically excited quantum dot in (a), whose entanglement fidelity
is evaluated by correlation measurements in (b). Two classical polarization references are created using a 1320nm laser in (c),
whose polarization state is detected in (d). Optical switches 1 and 2 are used for time-multiplexing the quantum and reference
signal. EPC 5 and FWP are used for compensating the polarization drift of the field fiber that is installed across the Cambridge
city center. The result of the entanglement measurement over one-week time as well as the drift of the time-of-flight of the
photons over the field fiber are shown in (e).

1.3.

high fidelity of 91.3%. This corresponds to a drop by
3.4% compared to the measurements taken without
photon transmission over the field fiber. The main
factor contributing to the drop is the high 11.70dB
loss of the 18km loop-back fiber at 1320nm, which
reduces the signal-to-noise ratio by 27 times. The
polarisation maintenance system has a low loss of
3.49dB and operates with a high duty cycle of 98%,
enabling a high transmission efficiency of the
photons. These results indicate a great potential for
the practical use of QD entangled photon pair sources
over existing telecommunication networks.

Measurement of Entanglement

The entanglement is evaluated by measuring
correlations 𝑐𝑃𝑄 between X and XX photons for coand cross-polarized states P and Q in three detection
bases HV, DA and RL and by using the following
equation [2]:
𝐹 = (1 + 𝐶𝐻𝑉 + 𝐶𝐷𝐴 − 𝐶𝑅𝐿 )⁄4
In which CMN denotes the correlation contrast. The
detection bases are switched every 10 minutes. We
apply a post selection scheme with a 48ps window
around the zero-delay of the arriving photons to
extract the entanglement data.
1.4.

[1] Xiang, Zi-Heng, et al. "Long-term transmission of entangled
photons from a single quantum dot over deployed fiber." Scientific
reports 9.1 (2019): 4111.
[2] Ward, M. B., et al. "Coherent dynamics of a telecomwavelength entangled photon source." Nature communications 5
(2014): 3316.

Conclusion

We have recorded correlation data for 7 days and
observe a stable transmission of entanglement with a
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Abstract. We address asymptotic decoupling in the context of Markovian quantum dynamics. Asymptotic decoupling is an asymptotic property on a bipartite quantum system, and asserts that the correlation
between two quantum systems is broken after a suﬃciently long time passes. In this paper, we show that
asymptotic decoupling is equivalent to local mixing which asserts the convergence to a unique stationary
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Introduction

Decoupling asserts that a quantum channel breaks the
correlation between two quantum systems, and attracts
attention in open quantum systems [1] and quantum information [2–4]. For example, Dupuis et al. [3] proved a
decoupling theorem and clarified a relation between the
accuracy of decoupling and conditional entropies. Since
the correlation between two quantum systems should be
small for instance in evaluating information leakage [5,6],
it is an interesting topic to investigate decoupling in the
context of quantum dynamics. In this paper, we introduce asymptotic decoupling in the context of Markovian
quantum dynamics, and clarify a necessary and suﬃcient
condition of asymptotic decoupling. By our necessary
and suﬃcient condition, asymptotic decoupling is closely
related to another fundamental property in the study of
Markovian dynamics.
Markovian dynamics has been often discussed in the
context of statistical mechanics [7–9]. In such studies,
it is important how an initial state changes after a sufficiently long time passes. In particular, the convergence (called mixing) and the convergence of the longtime average (called ergodicity) interest many researchers
[10, 11]. Hence mixing has been discussed in the context of relaxation to thermal equilibrium [7–9]. However,
beyond the study of relaxation processes, these properties have found important applications in several fields of
quantum information theory. In particular, in quantum
control [12], quantum estimation [13], quantum communication [14], and the study of eﬃcient tensorial representations of critical many-body quantum systems [15]. Actually, mixing is closely related to asymptotic decoupling,
and we show that asymptotic decoupling is equivalent to
local mixing which asserts the convergence to a unique
stationary state on at least one quantum system. As far
as we know, preceding studies except for our previous
study [16] have not associated decoupling with mixing.

Figure 1: Markovian quantum dynamics with discretetime.
Therefore, a contribution of this paper is to associate decoupling with mixing closely. Moreover, addressing the
discrete and continuous cases is a feature of this paper.
The remaining of this paper is organized as follows.
Section 2 gives our main result, i.e., a necessary and sufficient condition of asymptotic decoupling. Section 3 addresses continuous-time evolution.

2

Main result

As Figure 1, consider dynamics given by n applications of a quantum channel Γ to an initial quantum state
ρ. Then we are interested in the asymptotic behavior
of the n-th state Γn (ρ) as n → ∞. In particular, when
Γ (resp. ρ) is a bipartite quantum channel (resp. state),
we are interested in vanishing the correlation between
two quantum systems asymptotically. If the correlation
vanishes asymptotically, we say that Γ is asymptotically
decoupling.
In order to define asymptotic decoupling mathematically, let us introduce some notations. Consider two
finite-dimensional quantum systems H1 and H2 of our
interest. For a number i ∈ {1, 2} and a quantum state
ρ̃ on H1 ⊗ H2 , the reduced state on Hi of ρ̃ is denoted
by πi (ρ̃) to emphasize a remaining system instead of a
deleted system. That is, by using the partial traces Tr1
and Tr2 , we have π1 (ρ̃) = Tr2 ρ̃ and π2 (ρ̃) = Tr1 ρ̃. From
now on, we use tilde to express to be bipartite. For instance, a bipartite quantum state is denoted by ρ̃, and a
bipartite quantum channel is denoted by Γ̃.
Now, the mathematical definition of asymptotic decoupling is below:

∗m17043e@math.nagoya-u.ac.jp

Definition 1 (Asymptotic decoupling [16]). A quantum
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channel Γ̃ is asymptotically decoupling if any state ρ̃ satisfies
Γ̃n (ρ̃) = π1 (Γ̃n (ρ̃)) ⊗ π2 (Γ̃n (ρ̃)) + o(1)

(n → ∞).

Since the above right-hand side is a product state, it
means to be no correlation. Next, to clarify a necessary
and suﬃcient condition of asymptotic decoupling, we introduce another asymptotic property, namely, mixing:

Figure 2:
Markovian
continuous-time.

3

Definition 2 (Mixing [10, 11, 16]). A quantum channel
Γ is mixing if there exists a state ρ0 such that any state
ρ satisfies
lim Γn (ρ) = ρ0 .

quantum

dynamics

with

Continuous-time evolution

Next, we address continuous-time evolution. In the
discrete case, Γn (ρ) has denoted the state at time n ∈ N.
Since we address continuous-time evolution in this section, we denote by Γ(t) (ρ) the state at time t > 0. Moreover, it is natural that the family {Γ(t) }t>0 of quantum
channels should satisfy

n→∞

The state ρ0 is called the stationary state.
Note that a quantum channel is given as a tracepreserving and completely positive linear map (TP-CP
map). Thus asymptotic decoupling and mixing are
asymptotic properties for TP-CP maps. Now, we give
a necessary and suﬃcient condition of asymptotic decoupling. For simplicity, first, we give it for a tensor product
quantum channel Γ1 ⊗ Γ2 :

• Γ(t) ◦ Γ(s) = Γ(t+s) for all t, s > 0,
• Γ(t) → idT (H) as t ↓ 0.

1. Γ̃ is asymptotically decoupling.

where idT (H) denotes the identity map on the set T (H)
of all Hermitian matrices on H. The above first condition is illustrated by Figure 2. It asserts that the state
at time t + s equals the state after a time s passes from
the state at time t. A family {Γ(t) }t>0 satisfying the
above two conditions is called a C0 semigroup. It can be
easily checked that any C0 semigroup {Γ(t) }t>0 is rightcontinuous everywhere. The definition of a C0 semigroup
is simple and intuitive in the finite-dimensional case, but
the infinite-dimensional case needs a few technical conditions. Although there are many studies on C0 semigroups of finite/infinite-dimensions, we use no existing
results on C0 semigroups and only use the above two conditions. In the context of Markovian quantum dynamics,
C0 semigroups are also called quantum dynamical semigroups [17].
In order to state our results in the continuous case, we
need to define the continuous versions of asymptotic decoupling and mixing. Fortunately, once replacing Γn and
n → ∞ with Γ(t) and t → ∞ respectively, the continuous versions of asymptotic decoupling and mixing are
defined. In this setting, the continuous versions of Theorems 3 and 4 are below:

2. There exist a number i1 ∈ {1, 2} and a state ρ0,i1
on Hi1 such that any state ρ̃ satisfies

Theorem 5. For any two C0 semigroups {Γ1 }t>0 and
(t)
{Γ2 }t>0 , the following conditions are equivalent.

Theorem 3. For any two quantum channels Γ1 and Γ2 ,
the following conditions are equivalent.
1. Γ1 ⊗ Γ2 is asymptotically decoupling.
2. Γ1 or Γ2 at least one is mixing.
Condition 2 can be represented as a simple phrase local mixing. Hence, simply speaking, asymptotic decoupling is equivalent to local mixing. Since spectral criterion [10, Theorem 7] and another criterion [16, Theorem 1] are known as criteria of mixing, these criteria
determine whether a tensor product quantum channel is
asymptotically decoupling or not. These are why Theorem 3 is simple and meaningful. Moreover, the above
equivalence also holds for a general quantum channel:
Theorem 4. For any quantum channel Γ̃, the following
conditions are equivalent.

Γ̃n (ρ̃) = ρ0,i1 ⊗ πi2 (Γ̃n (ρ̃)) + o(1)

(t)

(n → ∞),

(t)

where i2 is an element of {1, 2} except for i1 .

(t)

Γ̃n (ρ̃) = ρ0,1 ⊗ π2 (Γ̃n (ρ̃)) + o(1),

Case (i1 , i2 ) = (2, 1)

Γ̃n (ρ̃) = π1 (Γ̃n (ρ̃)) ⊗ ρ0,2 + o(1).

(t)

2. {Γ1 }t>0 or {Γ2 }t>0 at least one is mixing.

Condition (2) can be explicitly written as
Case (i1 , i2 ) = (1, 2)

(t)

1. {Γ1 ⊗ Γ2 }t>0 is asymptotically decoupling.

Theorem 6. For any C0 semigroup {Γ̃(t) }t>0 , the following conditions are equivalent.
1. {Γ̃(t) }t>0 is asymptotically decoupling.
2. There exist a number i1 ∈ {1, 2} and a state ρ0,i1
on Hi1 such that any state ρ̃ satisfies

Since the state ρ0,1 or ρ0,2 is something like a stationary
state, condition (2) can also be regarded as local mixing.
Hence, for a general quantum channel, the same simple
equivalence also holds: asymptotic decoupling is equivalent to local mixing.

Γ̃(t) (ρ̃) = ρ0,i1 ⊗ πi2 (Γ̃(t) (ρ̃)) + o(1)

(t → ∞),

where i2 is an element of {1, 2} except for i1 .
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where ∥ · ∥1 denotes the trace norm, and ∥ · ∥1,1 denotes
the operator norm based on the trace norm: ∥Θ∥1,1 =
sup∥X∥1 ≤1 ∥Θ(X)∥1 for a linear map Θ on T (H). Therefore, (2) and (3) yield π1 (Γ̃(t) (ρ̃)) = ρ0,1 + o(1). This
equation and condition 1 imply condition 2.

Table 1: Diﬀerence from our previous result.
Dynamical map

Time evolution

Γ⊗2
Γ ⊗ idT (H)
Γ1 ⊗ Γ2
General Γ̃

Previous result
[16]
This paper

Discrete
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Discrete
Continuous
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Similarly to the discrete case, asymptotic decoupling
is equivalent to local mixing. Theorem 6 is derived from
Theorem 4 at the end of this section. Table 1 summarizes
the diﬀerence between this paper and our previous result
[16, Theorem 1], with respect to asymptotic decoupling.
Some readers might consider that Theorems 5 and 6
are more general than Theorems 3 and 4. However, it
is not true due to the following reason. Any C0 semigroup {Γ(t) }t>0 can be represented as an exponential
function [18, Theorem I.3.7]: there exists a linear map
L such that Γ(t) = etL for all t > 0. Thus Γ(t) does not
have the eigenvalue zero. However, the discrete case allows that Γ has the eigenvalue zero. Moreover, {Γ(t) }t>0
is a C0 semigroup of CP maps if and only if {(Γ(t) )⊗2 }t>0
is a C0 semigroup of positive maps [19, Theorem 1]. This
fact is completely diﬀerent from the case with CP maps:
positivity for Γ⊗2 does not imply complete positivity for
Γ. These are why the continuous case is somewhat restricted. The above generator L is called a Lindbladian
and was characterized by Lindblad [17].
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Abstract. Several measures have been proposed to quantify the incompatibility of quantum measurements, however their properties are not well-understood. We develop a general framework that encompasses
all robustness-based measures of incompatibility. We study five commonly used measures and find that
some of them do not fulfil some basic requirements, and that what constitutes the most incompatible
measurement pair depends on the specific measure. We prove that for one of the measures, measurements
corresponding to mutually unbiased bases are among the most incompatible pairs in every dimension, but
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1

Introduction

• We introduce a unified framework for analysing
robustness-based measures with respect to an arbitrary noise model. We provide explicit connections
between the desired properties of the measures and
certain properties of the noise models.

In quantum theory, measurements possess certain
counter-intuitive features. In classical theories they
merely amount to reading out pre-existing properties of
the physical system. Quantum measurements, however,
disturb the system and their outcomes are fundamentally impossible to predict with certainty. This gives rise
to a plethora of non-classical phenomena, one of which
is known as incompatibility of measurements, manifested
for example in the inability to simultaneously measure
the position and momentum of a quantum mechanical
particle.
Conversely, we say that two measurements are compatible, or jointly measurable, if they can be simultaneously measured by performing a so-called parent measurement [1]. Compatible measurements do not provide any quantum advantage in nonlocality and steering [2, 3, 4], and therefore characterising incompatible
measurements is a fundamentally important task.
One such characterisation method is to quantify to
what extent a pair of measurements is incompatible. A
natural way is to introduce robustness-based measures of
incompatibility, which quantify how much noise the measurements can tolerate before becoming compatible. Several measures of this type have already been proposed [1],
but their properties and the relations between them are
not well-understood.
In particular, it is not understood whether some of
these measures satisfy certain natural monotonicity properties motivated by resource theories [5, 6]. Such measures are meaningful quantifiers of incompatibility, and
therefore the question “what are the most incompatible
measurement pairs?” is justified with respect to them.
In this work, we take the following steps towards filling
the gap in the general understanding of robustness-based
measures of incompatibility:

• We analyse five measures widely used in the literature and show that some of them do not satisfy
certain natural properties.
• We show that what constitutes the most incompatible measurement pair in general depends on
the specific measure. For one measure we show
that mutually unbiased bases (MUBs) are among
the most incompatible measurement pairs in every dimension. However, we also show that this is
not the case for some other measures by providing
explicit measurements that are more incompatible
than MUBs.

2

Concepts and tools

We utilise the positive operator-valued measure
(POVM) model for finite d dimensional measurements.
A
B
Given a pair of POVMs {Aa }na=1
and {Bb }nb=1
, we
say that they are compatible (or jointly measurable),
(A, B) ∈ JMnd A ,nB , if there
exists a parent POVM
P
nA ,nB
{G
}
such
that
G
= Aa for all a and
ab
ab
b
a=1,b=1
P
G
=
B
for
all
b.
Such
a
parent
POVM provides an
ab
b
a
operational way of simultaneously measuring A and B,
while if a parent POVM does not exist, we say that A and
B are incompatible (not jointly measurable). Note that
the set of jointly measurable pairs JMnd A ,nB is a convex
subset of all POVM pairs POVMnd A ,nB .
Given a POVM pair (A, B), we define a noisy version
of it by the pair η·(A, B)+(1−η)·(M, N ), where η ∈ [0, 1]
is the visibility and (M, N ) ∈ NA,B ⊆ POVMnd A ,nB is
a POVM pair from the noise set NA,B . For any noise
model defined by NA,B that is closed and contains at
least one jointly measurable pair, we can define a corre-
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sponding incompatibility robustness measure
o
n
∗
ηA,B
=
max
η η·(A, B)+(1−η)·(M, N ) ∈ JM ,

other pair can be obtained via post-processing, that is,
pairs of rank-one POVMs. We use this technique to find
the most incompatible pairs under some measures.
For finding the most incompatible measurement pairs
under a measure, it is also important to derive bounds
on its value. We make use of the semidefinite programming (SDP) formulation of incompatibility robustness
measures. From the primal and dual SDPs, we obtain
lower and upper bounds, respectively, on the measures
by finding feasible points using ansatz solutions.

η∈[0,1]
(M,N )∈NA,B

which is the highest visibility allowed within this noise
model such that the noisy version of (A, B) is still com∗
patible. For any noise model, ηA,B
= 1 if and only if
(A, B) ∈ JM, and the more incompatible the measure∗
ments are, the lower ηA,B
is. These measures can be
visualised using the sets JM and NA,B :

3
3.1

Results
Five relevant measures

In our work we analyse five widely used measures by
applying our unified framework.
Incompatibility depolarising robustness – η d
The noise set is

n
Id onB
Id onA n
, tr(Bb )
,
NdA,B =
tr(Aa )
d a=1
d b=1
the one-element set containing the trivial measurements
weighted with the traces. We show that this measure is
not non-decreasing under pre-processings, and it is not
concave, contrary to what is stated in Refs. [7] and [8],
respectively. Using its SDP formulation, we derive the
tightest lower bound on η d known so far.
Incompatibility random robustness – η r
The noise set is
n o

Id nA n Id onB
r
NA,B =
,
,
nA a=1 nB b=1

To obtain unitarily invariant measures, it is sufficient
that the corresponding noise set is covariant with respect
to unitaries. Motivated by resource theories, measurements should not become more incompatible under operations Φ that preserve joint measurability. We are then
looking for noise models that give rise to measures that
do not decrease under some natural operations. We consider two joint measurability-preserving operations acting on the outputs and the inputs of the measurements,
respectively. Post-processings apply a response function
to the measurement outcomes, while pre-processings apply a quantum channel to the input state, see the figures
below.

the one-element set containing the trivial measurements.
We show that this measure is not non-decreasing under
post-processings, which makes it difficult to derive good
universal bounds on it.
The following three measures satisfy all the natural
properties that we discuss, and using their SDP formulation, we derive new bounds on them.
Incompatibility probabilistic robustness – η p
The noise set is


nB
nA
, {qb Id }b=1
,
{pa Id }a=1
NpA,B =

We show that whenever the image of the noise set under such an operation is contained in the noise set of the
image, that is, Φ(NA,B ) ⊆ NΦ(A,B) for all (A, B), the
corresponding measure is non-decreasing under the op∗
∗
eration, ηΦ(A,B)
≥ ηA,B
for all (A, B). Taking convex
combinations also preserves joint measurability, and we
identify a simple constraint on the noise set which together with its convexity implies that the corresponding
measure is non-decreasing under convex combinations.
However, we show using explicit counterexamples that
none of the measures that we study are concave.
Identifying operations under which a measure is nondecreasing is crucial for finding the most incompatible
pairs with respect to this measure. As an example, if we
want to find the most incompatible pairs for a fixed dimension, and the measure is non-decreasing under postprocessings, it is enough to look at pairs from which any

the trivial measurements weighted with probabilities p
and q.
Incompatibility jointly measurable rob. – η jm
The noise set is
nA ,nB
Njm
,
A,B = JMd

the set of all jointly measurable pairs.
Incompatibility generalised robustness – η g
The noise set is
NgA,B = POVMnd A ,nB ,
the set of all POVMs. In this case, we derive a universal
lower bound on η g and show that measurements corresponding to a pair of MUBs saturate this bound, and
therefore they are among the most incompatible pairs in
any dimension with respect to this measure.
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3.2

Relations between the measures, example

To demonstrate this, we plot the value of four measures
on a particular path of rank-one projective measurements. For η d , a pair of MUBs on a two dimensional subspace (AqMUB , B qMUB ) outperforms qutrit MUBs and is
our candidate for the most incompatible pair. For η p , we
find another rank-one projective pair (Adev , B dev ) that
outperforms both qutrit and qubit MUBs. This shows
that the most incompatible measurement pair in general
depends on the specific measure of incompatibility.

The inclusions between the noise sets
g
(NdA,B ∪ NrA,B ) ⊆ NpA,B ⊆ Njm
A,B ⊆ NA,B

imply the ordering of the corresponding measures
p
jm
g
d
r
max{ηA,B
, ηA,B
} ≤ ηA,B
≤ ηA,B
≤ ηA,B
.

We demonstrate this order, and the applicability of our
techniques by plotting the exact value of all the measures
for a pair of rank-one projective qubit measurements with
angle 2θ between their Bloch vectors on the figure below.

3.3

In dimensions higher than 3, our conjectures for the
most incompatible pairs for η d and η p are direct sums of
the optimal pairs in dimensions 2 and 3. Below we plot
the value of the measures η d and η p in dimensions 2 to
16 for a pair of MUBs (blue circles), for our conjectured
optimal pairs (purple and yellow downward pointing triangles), and our analytical lower bounds (orange upward
pointing triangles). Note that our new constructions are
the currently known most incompatible pairs under these
measures. Regarding the other measures, we show that
η r = 1/2 can be achieved in any dimension by adding zero
outcomes to the measurements. Therefore, the question
of the most incompatible pairs for fixed dimension is trivial for this measure. For η jm our numerical search did not
lead to any improvement on the MUB value, and for η g
we have analytically proven that MUBs are among the
most incompatible pairs in every dimension.

Mutually unbiased bases

We are also able to calculate the exact value of the
∗
measures ηMUB
(d) for a pair of MUBs in any dimension d.
In dimension 2, we obtain
1
p
d
r
ηMUB
(2) = ηMUB
(2) = ηMUB
(2) = √ ,
2


√
1
1
jm
g
ηMUB
(2) = 2( 2 − 1), ηMUB
(2) =
,
1+ √
2
2
whereas in higher dimensions we get


1
1
1+ √
,
=
=
=
2
d+1


1
1
jm
g
ηMUB
(d) = ηMUB
(d) =
1+ √
.
2
d

d
ηMUB
(d)

r
ηMUB
(d)

p
(d)
ηMUB

0.7

While it is not obvious that in higher dimensions these
values do not depend on the specific choice of MUB pair,
it turns out to be the case for these measures.
3.4

0.65

0.6

The most incompatible measurements

In dimension 2, pairs of MUBs turn out to saturate
the universal bounds that we derive for η d , η p , η jm and
η g , and therefore they are among the most incompatible
pairs with respect to these measures.
In dimension 3, the picture changes dramatically, and
for some measures we find explicit rank-one projective
measurements that are more incompatible than MUBs.
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Abstract. What is a quantum resource in quantum machine learning? This question is not clearly
understood yet. In this study, we attack the question. For the purpose of the study, we consider a quantum
classifier as a tool of quantum machine learning. First of all, we show that in training quantum classifier the
coherence plays a major role in training quantum classifier. We display that parametric quantum circuit of
trained quantum classifier increases coherence of index register state but decreases accessible coherence of
index register. Further, we show that Grover algorithm of trained quantum classifier diminishes coherence
of index register state and the success probability of quantum classifier is related with the depletion of
coherence of index register state. Therefore, they imply that coherence distribution and depletion are the
important quantum resources in training quantum classifier. Because quantum classifier can be exploited
to solve supervised learning, coherence can be considered ultimately as a quantum resource in supervised
learning.
Keywords: quantum supremacy, coherence, accessible coherence, coherence distribution, coherence depletion, quantum machine learning, quantum perceptron

Introduction
It is well known that quantum computers can solve certain problems more efficient than classical counterparts[1,
2]. This phenomena are so called quantum supremacy[3].
Many researchers have investigated quantum resources
that contributes to supremacy. Entanglement was considered as one of the quantum resource[4, 5]. However,
it was shown that every quantum algorithm does not
uses entanglement. Deterministic quantum computation
with one-qubit(DQC1)[6] is the well-known example that
has quantum speed-up without entanglement. A. Datta
et al.[7] proposed that non-zero quantum discord[8] can
be related with speed-up of DQC1. Because entanglement is affected by quantum discord[9, 10], discord was
considered as a valuable resource rather than entanglement. However, quantum discord does contributes to
speed-up for every quantum algorithms, involving Grover
algorithm[11].
Recently, quantum coherence has been widely focused
by researchers as a unified quantum resource[13, 14]. Coherence was firstly proposed by T. Baumgratz et al.[12]
to define superposition[15] in a strict manner. They proposed mathematical conditions that coherence measures
should obey. They also showed that l1 −norm coherence
and relative entropy of coherence can satisfy these conditions. Until now, many researchers have proposed various coherence measures[16, 17, 18, 19, 20, 21] considering conditions from Ref.[12]. Coherence can be defined in
multipartite systems as well as single systems[22]. Especially, bipartite coherence can unify entanglement, quantum discord and nonlocality[23, 24, 25, 26, 27, 28]. Further, coherence can contribute to speed-up in DQC1,[29],
Deutsch-Josza algorithm[30], Grover algorithm and Shor
algorithm[31].

Figure 1: Coherence distribution and depletion in quantum classifier. Here, PQC is parametric quantum circuit
and Gi is Grover algorithm.
tasks[32]. And Coherence have potential to be related
with supremacy for quantum AI. In this study, we propose that coherence is an important quantum resource
for quantum machine learning. We use quantum classifier
proposed by Y. Du et al.[33] as a tool of quantum machine
learning. We note that the quantum classifier includes
Grover algorithm in order to perform perceptron[34]. In
the view of coherence distribution[35] and coherence depletion[11], we argue that coherence can contribute to
training quantum classifier(see Fig.1). In the view of coherence distribution, we display that parametric quantum circuit of trained quantum classifier increases coherence of index register states but decreases accessible co-

Among quantum algorithms, Grover algorithm can be
applied to construct various quantum machine learning
∗mslab.nk@gmail.com
† yyhkwon@hanyang.ac.kr
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herence of index register. In the view of coherence depletion, we show that Grover algorithm of quantum classifier
diminishes coherence of index register state. It implies
that coherence distribution and depletion are the important quantum resources in training quantum classifier.
Because quantum classifier can be exploited to solve supervised learning, this result tells ultimately that coherence can contribute to constructing quantum computers
solving supervised learning.

Coherence distribution: As we argued before,
Grover algorithm of trained quantum classifier diminishes
coherence of index register state. Therefore, parametric
quantum circuit of quantum classifier increase coherence
of index register state. Exploiting the structure of Eq.(1),
we obtain the following results related with coherence distribution.

Coherence distribution in bipartite system

• parametric quantum circuit in trained quantum
classifier decreases accessible coherence of index
register.

• parametric quantum circuit in trained quantum
classifier increases coherence of index register state.

The total coherence C(ρAB ) of bipartite system AB is
expressed as[35].
acc
acc
rem
C(ρAB ) = C(ρA ) + CA
+ C(ρB ) + CB
+ CAB

Conclusion

(1)

We show that coherence is an important resource for
training quantum classifier. We investigate this argument
in the view of coherence distribution and coherence depletion. In the view of coherence distribution, parametric
quantum circult of trained quantum classifier increases
coherence of index register state but decreases accessible coherence of index register. In the view of coherence
depletion, Grover algorithm of trained quantum classifier diminishes coherence of index register. These facts
imply that coherence distribution and depletion are resources for quantum classifier. Therefore, we can see that
quantum classifier can be exploited to solve supervised
learning and coherence has a potential to be a quantum
resource to attack supervised learning.

Here, C(ρX ) is a coherence of system X ∈ {A, B} state.
acc
and CX
is accessible coherence of system X. The loacc
cal coherence of system X is expressed as C(ρX ) + CX
rem
and CAB is not localized coherence which is called a remaining coherence. If coherence measure C(·) is l1 −norm
rem
coherence or relative entropy of coherence, CAB
is nonnegative[35]. Therefore,when l1 −norm coherence or relative entropy of coherence is used as coherence measure,
we can use the structure of Eq.(1).

Structure of quantum classifier
In this work, we study the quantum resouce for quantum machine learning. Because there are many methods
for quantum machine learning, we use quantum classifier,
which is discussed in the work of Y. Du et al.[33], as a tool
of quantum machine learning. And we show that coherence is used for training quantum classifier. The quantum classifier of Ref.[33] consists of feature register(F )
and index register(I). The purpose of quantum classifier
is to find a data vector ~xi which is mislabeled in dataset
{~xi , yi }N
xi ∈ RM , yi ∈ {−1, +1}), with a maximum
i=1 (~
probability.
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Abstract. In quantum state discrimination of some cases, postmeasurement information may lead a
perfect discrimination of nonorthogonal quantum states. However, in general case of nonorthogonal qubit
states, even with the help of postmeasurement information, perfect discrimination is impossible. Therefore,
it is interesting to investigate the structure for discrimination of nonorthogonal qubit states when postmeasurement information exists. Along the line, we consider an optimal discrimination of qubit state ensemble
with the help of postmeasurement information, in which the ensemble consists of two subensembles containing two qubit states. We show thar the problem of optimal discrimination with postmeasurement
information can be understood as that of a minimum error discrimination to provide the geometric optimality conditions. In addition, using our appoach we provide the way to find optimal measurement of the
problem.
Keywords: postmeasurement information, subensemble, minimum error discrimination, qubit states
In this paper, we consider MEPI of ensemble composed of four qubit states. The ensemble consists of two
subensembles containing two quantum states. We consider a modified problem of MEPI to employ the geometric approach developed in [8–11] and provide geometric
optimality conditions.
Theorem 1 shows a concrete relation between the maxmax
and optimal measureimum success probability Psucc
ments {Mab }ab for MEPI.

In quantum physics, nonorthogonal quantum states
cannot be discriminated perfectly. The indistinguishability is directly related to the security of quantum key
distribution protocols [1]. In the optimal eavesdropping strategy, quantum state discrimination [2–4] is a
significant task, which has various strategies including
minimum-error discrimination(ME) [5–11], unambiguous
discrimination(UD) [12–16], maximum-confidence discrimination(MC) [17].
ME is a discrimination scheme to minimize errors on
average, where measurements provide only conclusive results. UD and MC are strategies that allow inconclusive
results. In UD, measurements discriminate states without any error. And, in MC, measurements provide conclusive results with maximum confidence. UD requires
linear independence of quantum states, but MC does not.
MC is equal to UD when the confidences of conclusive
results are equal to unity. In addition to ME, there is a
discrimination scheme(FRIR) to minimizes the average
error probability, in which case the rate of inconclusive
results is fixed [18–25]. FRIR corresponds to ME when
the fixed rate of inconclusive results is zero.
When quantum state ensemble consists of subensembles, one may discriminate nonorthogonal states perfectly
with the help of postmeasurement information [26]. To
be precisely, nonorthogonal quantum states may be perfectly discriminated by postprocessing measurement results and postmeasurement information about the prepared subensemble. This perfect discrimination scheme
cannot be applied to every ensemble having nonorthogonal quantum states as UD. Specifically, nonorthogonal
qubit states cannot be perfectly discriminated even with
postmeasurement information [26]. Therefore, to minimize the average error probability with the help of postmeasurement information (MEPI) is as important as ME.
Note that, as FRIR has a modified FRIR problem with
ME, MEPI also has a modified problem [27].

Theorem 1 Suppose E is a qubit state ensemble,
E = {qx , Ex }x∈{0,1} = {qxa , ρxa }x,a∈{0,1} .

(1)

E means that subensemble Ex is prepared with probability
qx . There exists I ⊆ A = {00, 01, 10, 11} satisfying
1. {q0a v0a + q1b v1b }ab∈I forms a (|I| − 1)-simplex,
2.

HI4 is a set with exactly one element k,

3.

max
= q0a + q1b + kk − q0a v0a − q1b v1b k2 ∀ab ∈ I,
Psucc

where vxa is the Bloch vector of ρxa ,
HI4 = {t ∈ 4I | for all ab, a0 b0 ∈ I with ab 6= a0 b0 ,
kq0a v0a + q1b v1b − tk2 − kq0a0 v0a0 + q1b0 v1b0 − tk2
= q0a0 + q1b0 − q0a − q1b }

for

I ⊆ A,

and
4I

= {

P

ab∈I

θab (q0a v0a + q1b v0b ) |

θab > 0 ∀ab ∈ I and

P

ab∈I

θab = 1 }.

Then, every POVM {Mab }ab satisfying the following constraints is a MEPI measurement for E.

0a v0a +q1b v1b −k
Mab ∝ I + kqq0a
v0a +q1b v1b −kk2 · λ ∀ab ∈ I,
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=

0

∀ab 6∈ I.
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Figure 1: Overview of example with q0 = q1 , q0|x 6= q1|x (x = 0, 1). (Left) {vxa }x,a (black points) forms a square and
{qxa vxa }x,a (yellow points) a parallelogram. Meanwhile, {2pab wab }ab (red points) forms a square again contrary to the
poor symmetry of {wab }ab (blue points). (Right) k(grean point), determining an optimal measurement for MEPI, is
situated in a relative interior of right-triangle {2pab wab }ab∈I (I = {00, 01, 10}).
max
The maximal success probability Psucc
is as follows.

Theorem 2 shows necessary and sufficient condition for
the existence of MEPI measurement with zero operators.

max
Psucc
=

4
Theorem 2 When k is included in HA
, we have
max
Psucc
= q0a + q1b + kk − q0a v0a − q1b v1b k2 ∀ab ∈ A.

1+p
1 − p2
.
+ √
2
2 2 + 4p

(3)

Next, we consider another example satisfying q0 6= q1
and q0|x = q1|x (x = 0, 1)

Then, every POVM {Mab }ab∈A satisfying the following
constraints is a MEPI measurement for E.

0a v0a +q1b v1b −k
Mab ∝ I + kqq0a
v0a +q1b v1b −kk2 · λ ∀ab ∈ A. (2)
If {q0a v0a + q1b v1b }ab∈A forms a tetrahedron(3-simplex),
4
k is the only element in HA
and MEPI measurement
consists of four nonzero operators satisfying (2). That
is, there is no MEPI measurement with zero operators.
4
is empty or {q0a v0a +q1b v1b }ab∈A fails to
However, if HA
form a 3-simplex, there exists MEPI measurement containing zero operators.

q00 =

1+p
4 ,

ρ00

= |0ih0|

= 21 (I + ẑ · λ),

q01 =

1+p
4 ,

ρ01

= |1ih1|

= 21 (I − ẑ · λ),

q10 =

1−p
4 ,

ρ10

= |+ih+|

= 21 (I + x̂ · λ),

q11 =

1−p
4 ,

ρ11

= |−ih−|

= 21 (I − x̂ · λ).

max
The maximal success probability Psucc
is as follows.
r
1 1 1 + p2
max
.
(4)
Psucc = +
2 2
2

Theorem 3 shows necessary and sufficient condition for
ensemble E to yield MEPI measurement containing four
nonzero elements.
max
Theorem 3 When Psucc
is larger than maxab∈A (q0a +
q1b ), there exists a MEPI measurement with four nonzero
4
operators if and only if HA
is nonempty.
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Figure 2: Overview of example with q0 6= q1 , q0|x = q1|x (x = 0, 1). (Left) {vxa }x,a (black points) forms a square and
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Quantum information transmission of a multiphoton qubit using optical
hybrid entanglement
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Abstract. Multiphoton qubit is a promising optical qubit in linear optics, which has a nearly deterministic scheme for the Bell-state measurement. However, the multiphoton qubit is fragile under a lossy
environment. In this research, we propose a scheme for quantum information transmission via quantum
teleportation using the hybrid entanglement with loss-resilient qubits. We mainly consider a single-photon
polarization qubit and a coherent-state qubit with a few photons as the loss-resilient qubits. We show
our scheme improves the transmission in terms of quantum fidelity and success probability of Bell-state
measurement. Also, we propose practically possible schemes to generate the required hybrid entangled
states.
Keywords: quantum communication, hybrid entanglement, quantum teleportation

1

2

Introduction
Recently, a multi-photon polarization qubit(MPQ),
|ψm i = a |Hi

⊗N

Time-evolution under a lossy environment

We describe the lossy environment with the photonloss model by the master equation under the BornMarkov approximation with a zero-temperature:

⊗N

+ b |V i

, encoded in N -photon optical polarization state is proposed by Lee, Park, Ralph, and Jeong[4] to overcome
the limitation of Bell-state measurement in linear optics.
In linear optics, the success probability of Bell measurement is usually limited by 1/2. Notably, MPQ encoding
achieves an average success probability 1 − 2−N for Bell
measurement.
MPQ is generally in the form of the Greenberger⊗N
⊗N
Horne-Zeilinger(GHZ)-type state, a |Hi
+ b |V i .
Unfortunately, it is well known that GHZ-type state is
fragile under a lossy environment. To overcome the weakness, we examine teleportation for long-distance transmission and exploit hybrid entanglement between MPQ
and other qubit encodings which serve as loss-resilient
information carrier under the lossy environment. In this
research, we utilize a coherent-state qubit(CSQ), |ψc i,
and single-photon polarization qubit(SPQ), |ψp i, as the
information carriers:



N
∂ρ X
1 †
1 †
†
γi ai ρai − ai ai ρ − ρai ai
=
∂τ
2
2
i=1

(1)

where ai (or, a†i ) represents the annihilation(or, creation)
operator of mode i and γi is the decay constant of i mode.
The evolution of a density operator is equivalently described by a beam-splitter model with setting the
ptransmittance ti = e−γi τ /2 and the reflectance ri = 1 − t2i
[5].
Suppose we directly transmit the information of an unknown qubit |ψin i = a H N + b V N over lossy environment. Assuming that all transmissivities are equal to t,
the evolution in the direct transmission is described by
solving Eq.[1] with an initial condition ρ(0) = |ψin ihψin |:
ρ(t) = t2N |ψihψ| + (1 − t2N )ρloss

(2)

where ρloss represent a event when more than one photon
is lost. ρloss is orthogonal to |ψi and has no off-diagonal
element. In this case, we obtain quantum fidelity F (t) =
hψ|ρ(t)|ψi = t2N . This means the decoherence of MPQ is
exponentially increasing with N . Therefore, although the
failure probability of Bell-measurement in MPQ exponentially decreases with the photon number of one qubit,
the decoherence effect for given t also increases expoentially.
Now, we investigate the time evolution of hybrid entangled states between MPQ and CSQ and between MPQ
and SPQ under photon-loss environment. We denote m,
c, and p for MPQ, CSQ, and SPQ. We use the following
entangled states:

|ψc i = N (|αi + |−αi)
1
|ψp i = √ (|Hi + |V i)
2
Our strategy is basically to send a loss-resilient qubit to
the environment while reducing loss effect on a MPQ. We
show that such hybrid approach shows higher fidelity and
success probability.
While the hybrid approaches have many merits in
quantum information processing [6, 1, 3], generating the
hybrid entanglement is generally not trivial. Though, we
also suggest a generation scheme for the hybrid entanglement between MPQ and CSQ and between MPQ and
SPQ.

1
|ψmc i = √
2
1
|ψmp i = √
2
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H N |αi + V N |−αi
(3)

H N |Hi + V N |V i .

1.0

Success probability

Fidelity

0.8
0.6
0.4

m c, = 0.5
m c, = 1.2
m c, = 2
m p
classical bound

0.2
0.0
0.0

0.2

r

0.6

0.8

1.0

0.6
0.4
0.2

0.0

HN HN + V N V N

0.4

r

0.6

0.8

1.0

where ρhybrid = ρmc or ρmp . When the other Bell states
are detected, we do proper unitary operations on the output qubit.
The failure occurs when (i) the photons in MPQ are
lost so the MPQ part of the entangled state is orthogonal
to the Bell states, or (ii) the multi-photon Bell-state measurement scheme fails with probability 1/2N . Therefore,
the success probability of the Bell-state measurement depends on t1 and N . If the Bell-state measurement is succeeded, the effect of loss on the MPQ side is filtered so
that the output qubits only depend on t2 . After obtaining the output qubits, we can calculate quantum fidelity
between the output qubit ρout and the target state |ψc i
or |ψp i where, in the case of CSQ, we use a qubit basis
{|±tαi} in order to reflect decrease of the amplitude. To
summarize the results, we draw a plot demonstrating the
performance of our schemes (Fig. 1 and 2).

ρmc (t1 , t2 )

t2N
H N , t2 α H N , t2 α + V N , −t2 α V N , −t2 α
= 1
2


2
2
+ e−2|α| (1−t2 ) H N , t2 α V N , −t2 α + H.c + ρmc
loss

ρmp (t1 , t2 )
2
= t2N
t2 |ψmp ihψmp | + r22
1
⊗ |0ih0| + ρmp
loss

0.2

Figure 2: Success probabilities of teleportation against
the reflectance r = r1 with different photon number
N =1, 2, 3, and 4

Without loss of generality, we assume α > 0.
Loss occurs when we distribute the entangled states.
Since we want to preserve the MPQ as intact as we can,
we assume an asymmetric environment that the transmittance of each mode of MPQ part is t1 and that of
CSQ or SPQ part is t2 . By solving Eq.(1) with the initial
state |ψmc i and |ψmp i, we get entangled states ρmc (t1 , t2 )
and ρmp (t1 , t2 ) as following:

(4)

4



We discuss schemes for the generation of the hybrid entangled states |ψmc i and |ψmp i in Eq. (3).
First, we consider |ψmc
Note that |ψmp i =
 i.
N
N
√1
H
|Hi
+
V
|V
i
is
GHZ
state of SPQ with
2
N + 1 photons. Therefore, it is enough to generate
GHZ state in which we can at least access one single
photon among N + 1 photons to utilize for SPQ. Note
that four-photon GHZ state with a high fidelity of 98%
is reported[8].
To generate |ψmc i = √12 ( H N |αi + V N |−αi), we
can utilize a theoretical scheme for generating a hybrid
entangled state between SPQ and CSQ, proposed by H.
Kwon and H. Jeong [2]. In their scheme, they use linear optics, photo-detector, and a ancillary resource state
|SCSφ (α)i = Aφ |αi + eiφ |−αi to essentially devise a
operation Ô(φ) = |tαihV | + eiφ |−tαihH| with a suc2
2
cess probability P (t, α) = A2φ (1 − t2 )α2 e−2(1−t )α where
0 ≤ t ≤ 1 is transmittance. If we perform Ô(0) on GHZ
state with N + 1 photons and phase-gate: |±αi → |∓αi,

(5)
p
where ri = 1 − t2i is reflectance for i = 1, 2. ρmc,mp
loss
terms are orthogonal to the Bell states in MPQ basis
with N photons and have nothing to do with the results
of the teleportation.

Transmission via quantum teleportation

Now, we explore quantum teleportation using the hybrid entangled states. We employ the multi-photon Bellstate measurement scheme proposed by S.-W. Lee, et
al.[4]. Assuming that B1N ∝ H N H N + V N V N is
detected, we express the output qubit by
ρout =

0.8

0.0
0.4

Figure 1: Averaged quantum fidelity between the output
states and the corresponding target states against the
reflectance r = r2 . CSQ is chosen with α = 0.5, 1.2
and 2. We average the fidelity over all possible input
states. The classical bound 2/3 for SPQ is obtained by
teleportation without entanglement.

3

N=1
N=2
N=3
N=4

B1N (|ψin ihψin | ⊗ ρhybrid ) B1N


tr B1N B1N (|ψin ihψin | ⊗ ρmc )
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Schemes for the generation of the hybrid entangled states

then we can obtain the desired hybrid entangled state
|ψmc i where the number of photon of MSQ is N . Within
our knowledge, the recent record of amplitude of SCS is
α = 1.6 [7]. Therefore, we, in principle, can obtain a hybrid entangled state between MPQ with 3 photons and
CSQ with α < 1.6 from 4 photon GHZ state

5

[7] A. Ourjoumtsev, H. Jeong, R. Tualle-Brouri, and
P. Grangier. Generation of optical ’schrödinger cats’
from photon number states. Nature, 448:784 EP –,
Aug 2007.
[8] C. Zhang, Y.-F. Huang, C.-J. Zhang, J. Wang,
B.-H. Liu, C.-F. Li, and G.-C. Guo.
Generation and applications of an ultrahigh-fidelity fourphoton greenberger-horne-zeilinger state. Opt. Express, 24(24):27059–27069, Nov 2016.

Conclusion

Our schemes suggest to utilize quantum teleportation
using hybrid entangled states in order to get higher quantum fidelity and success probability.
From Fig. 1, p
Eq. 4, and 5, the dependence of the fidelity on t1 = 1 − r12 is O(t21 ), which is considerably
improved compared to O(t2N ) of the direct transmission. Moreover, since there is no dependence on the photon number N , we confirm that N can be chosen only
by maximizing the Bell-state measurement. Also, CSQ
shows higher fidelity than SPQ if α is small enough.
In Fig. 2, we note that the larger number of photons
N in MPQ actually make the success probability worse.
Hence, to choose N properly is important to do maximize
the Bell-state measurement. Again, N and t1 does not
affect the fidity of the output states.
We suggest the schemes for the generation of hybrid
entangled states, and our schemes require GHZ-state
with N + 1 photons to transmit quantum information
of N − photon MPQ. The state of the art technology
shows such entanglement with 3-photon MPQ is possible. Therefore, our schemes show the usefulness of hybrid
entangled state in a realistic situation.
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Abstract. Quantum algorithms usually runs and are enabled with embedding large classical information
into quantum states engaging the quantum parallelism. To circumvent this requirement, we propose a
new classical-quantum hybrid architecture where the classical input data are unchanged but relatively
small (single-qubit only, in our case) quantum system is employed for speed-ups. This idea is applied to a
Boolean oracle identification problem, that is to identify an unknown black-box operation, i.e., oracle, by
minimizing the queries. We show that in our scheme the success rates of the query can be improved and
it leads to reduction of the sample complexity in machine learning. The proposed architecture is, indeed,
realizable with the noisy intermediate-scale quantum (NISQ) devices.
Keywords: Quantum computing, Quantum machine learning, Oracle identification

1

Introduction

variance in the errors are not at some gross level. It thus
enhances our ability to explore a much larger candidatesolution space and enables us to deal with larger problems. The quantum advantage in Boolean oracle identification leads to a reduction in the sample complexity
bound in the “probably-approximately-correct (PAC)”
learning model [3].

Quantum computation would promise the computational speed-ups. However, such speed-ups appear difficult to achieve with the NISQ machine, which runs
on only a few hundred noisy qubits [1]. One of the
main reasons is that many useful algorithms demand very
high costs in embedding ‘big’ classical data into quantum
states, e.g., by implementing so-called quantum randomaccess memory (QRAM). Thus, here we touch on this
issue by considering the following question: Is it possible
to achieve a quantum computational advantage, avoiding
the aforementioned QRAM costs?
One approach is to cast a classical-quantum hybrid
strategy. Recently, studies exploring the useful interplay between “classical” and “quantum” have received
increasing attention. Consistent with this trend, we
also consider a classical-quantum hybrid architecture, in
which (i) the large input data remains classical and (ii)
achieving the quantum advantage is enabled by smallscale quantum system.
We apply our idea to a “Boolean oracle identification” problem, which aims to identify the correct oracle amongst a list of candidates. To solve this problem,
we employ a classical-quantum hybrid oracle, designed
based on (i) and (ii). Here, we assume that this hybrid oracle can also generate incorrect outputs with errors arising from noisy (internal) quantum devices. This
is often casted in realistic models, referred to as noisy
query model [2]. In this setting, we demonstrate, both
analytically and numerically, that our hybrid oracle can
exhibit higher success rates of query if the amount and

2

Problem and our approach

Boolean oracle identification is a fundamental computational problem and is defined as follows: Given a
Boolean oracle h? which maps an n-bit binary string
x = x1 x2 . . . xn (xj ∈ {0, 1} ∀j = 1, . . . , n) to a binary
value h? (x) ∈ {0, 1}, the task is to identify h? , while
minimizing the number of queries to the oracle.
In our classical-quantum hybrid scheme, we consider an oracle Ox that consists of n-bit classical “input/output (I/O)” channels and single-qubit system for
process [See Fig. 1(a)]. Then, our oracle Ox implements
O

x
the operation, such that (x, |αi) −−→
(x, |ψout (x)i). Here,
the query-output state |ψout (x)i is defined, without loss
of generality, as
p
p
|ψout (x)i = P (x) |h? (x)i + 1 − P (x) |h? (x) ⊕ 1i (1)

where P (x) is the probability of getting the correct query
output [2]. After the process of Ox , a measurement is
performed on |ψout (x)i to identify the oracle’s answer.
This oracle is assumed to be realized by a circuit illustrated in Fig. 1(b). The circuit contains 2n gates acting
on the ancilla qubit: the single-qubit gate â0 and 2n −1 of
gates âk (k = 1, 2, . . . , 2n −1) conditioned on the classical
bit values x1 , x2 , . . . , xn in x. Here the gates âk are

∗hyoung@hanyang.ac.kr
† jaewan@kias.re.kr
‡ jbang@kias.re.kr

âk ∈ {σ̂z , iσ̂y } , for all k = 0, 1, . . . , 2n − 1,
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(2)

ancilla state is classical, PC (ω) can be estimated as

(a) A classical-quantum hybrid oracle
input-data
channel CD
(classical)

x

query-output
channel CA
(quantum)

|α!

x

O

PC (ω) '

|h⋆ (x) ⊕ α"

...

...

...

|α!

...

â0

c=−

...
...
...

x1

â1

â2

...

1
' (2η)−1
ln (1 − 2η)


for O(η 2 ) → 0 .

2

PQ (ω) = hh? (x)| ˆlκ−1 âlκ−1 · · · ˆl1 âl1 ˆ0 â0 |αi .

= a0 ⊕ a1 x1 ⊕ a2 x2 ⊕ a3 x1 x2
⊕ · · · ⊕ a2n −1 x1 x2 . . . xn ,

(5)

(6)

Then, by using the following condition

â2n −3 â2n −2 â2n −1

{σ̂x , âk }+ = σ̂x âk + âk σ̂x = 0,

(7)

we can show that PQ (ω) becomes unity in the limit of
∆η → 0. Thus, so long as the gate errors are regular ηk =
η (∀k ∈ Ωx ) [2], we can always have PQ (ω) = 1. We can
see that our gates âk in Eq. (2) clearly satisfies the anticommutation relation in Eq. (7). This anti-commutation
relation enables the amplitudes associated with the errors
to be ‘canceled out’ by destructive interference.
However, it is impractical to achieve such a perfect
errorlessness, since in a realistic situation we will have
∆η > 0. Then, PQ (ω) has a form analogous to that in
Eq. (4). Here the characteristic constant c is replaced
with an ‘effective’ characteristic constant ceff ' (2η eff )−1
where again O(η 2 ) → 0. Here η eff is defined in terms
of an effective average error that âk ’s experience. η eff is
much smaller than η, because η eff comes from remaining errors only after destructive interference. Interestingly, this feature does not depends on η, but rather
on the variance ∆η . From this feature, i.e., η eff ≤ η
or equivalently ceff ≥ c, we can show a quantum advantage with our scheme. In particular, it is shown that,
on average, our hybrid oracle is useful up to the length
n = 2 log2 ceff of input-bit strings, whereas n = 2 log2 c is
the upper limit in the purely classical case. So if ceff ≥ c,
our hybrid oracle can be useful for larger bit-string inputs. It also implies expansion of the search space which
can be explored by the given noisy oracle, approximately
−2
2
−2
from O(e(2η) ln 2 ) to O(eγ (2η) ln 2 ), where the factor
ceff
γ = c ≥ 1 (for details, see our ArXiv paper [4]).
The quantum advantage described above can also be
applied to quantum machine learning. It leads to a reduction of the sample complexity bound in the context
of the computational learning theory [3]. To see this,
consider a learning algorithm with access to our hybrid
oracle. Then, we can find the bound of the learning sample complexity; namely, if the learning is completed with
the samples satisfying

where σ̂x , σ̂y , and σ̂z are the Pauli operators. This circuit realization of the oracle is inspired by the binaryclassification formula

(3)

where ak ∈ {0, 1} (k = 0, 1, . . . , 2n − 1) are known as the
Reed-Muller coefficients. Each ak has a corresponding
gate operation âk , where ak = 0 means that âk leaves
the bit-signal unchanged (identity) and ak = 1 means
that âk flips the bit-signal (logical-not). Thus, the oracle
is characterized by a fixed set of âk operators for a given
h? . Note that since the oracle is treated as a black-box,
the gates âk are predetermined.
We then consider systematic error that can occur in
the circuit, which arises from errors in the âk gates and
no errors are presented for the classical signal x. In a
fully-classical model, these errors are usually modeled in
the following way: the bit-signal is flipped (i.e., 0
1)
with a certain probability ηk ≥ 21 before or after applying
k-th gate âk . Then the corresponding quantum error can
be described by |ψk (x)i → |ψk0 (x)i = ˆk |ψk (x)i, where
|ψk (x)i is the state passing through the
ˆk
√ gate âk . Here
√
is a bit-flip operation defined by ˆk = 1 − ηk 1̂±i ηk σ̂x .

3

2j


2ω
1
1 + e− c , (4)
2

However, when the ancilla state is quantum, the corresponding success probability PQ (ω) is given by

unitary
gates

Figure 1: (a) A schematic picture of our hybrid oracle
and (b) of the realization of our hybrid oracle (see the
main text or Ref. [4]).

h? (x)

j

2j

(1 − η) η κ−2j '

where η is defined as the average error probability. The
factor c—named “characteristic constant”—is given as

(b) A circuit realization

xn
xn−1
xn−2

κ/2  
X
κ

Analysis and results

We now analyze the query-success probability PC,Q ,
defined in Eq. (1). Here, the subscripts “Q” and “C”
refer to when the ancilla state in our oracle is respectively quantum or classical. First, let us define a set
Ωx = {0, l1 , l2 , . . . , lκ−1 } whose elements are taken to be
the indices of the gates âk which are ‘activated’ (i.e.,
when the corresponding classical control bit xk = 1). The
number of these activating gates is given by κ = 2ω(x) ,
where the factor ω(x) denotes the Hamming-weight of
x. Then, PC,Q can be written in terms of ω. When the


M ≥ 2AQ ln

2 |H|
δ

 12


,

(8)

we can define a legitimate learner—a so-called (, δ)
probably-approximately-correct (PAC) learner—which
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PC

(Sim.)

AC
AC

P C (Theor.)
P Q (Sim.)
P Q (Theor.)

system. We applied the presented idea to a Boolean oracle identification problem. On the basis of the theoretical
and numerical analysis, it was shown that not only can
this new hybrid framework reduce the query complexity
of the problem, exploring much larger search space, but
it is also effective in the presence of realistic noise. Furthermore, we can establish a link to the speed-up of the
quantum machine learning.

(Sim.)
(Theor.)

AQ (Sim.)
AQ (Theor.)
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where P Q (n) is the average
query-success
probability,

Pn
given by P Q (n) = 21n ω=0 ωn PQ (ω). Noting that the
classical counterpart to AQ , say AC , is characterized by
c instead of ceff , the reduction of the sample complexity,
i.e., AQ ≤ AC , is achieved. Here, what is remarkable
is that the quantum learning advantage is achieved with
classical input data directly without need of embedding
the classical data into quantum states at all.
In addition to our theoretical analysis, we include accompanying numerical simulations, in which PC,Q (ω) are
evaluated by counting a large number (' 105 ) of queries
for each given number of ω(x) and they are averaged
over the trials (' 103 ). The results are given in Fig. 2.
Indeed, the obtained simulation results confirm our theoretical analysis, allowing us to identify ceff and γ for a
given noise level; when η = 10−3 with ∆η = 5% of η,
our hybrid oracle would be applicable up to n ' 27.23
even in the presence of χ = 10−2 of phase-flip, whereas
n ' 17.93 would be the limit of the purely classical
case. Equivalently, the hybrid oracle can cover up to
8
size ' e1.09×10 of the candidate space, which is much
5
larger than ' e1.73×10 allowed in the classical case (for
detailed method and analysis, see our ArXiv paper [4]).

4

Summary

We have studied how a quantum advantage would be
achieved by the NISQ devices. Our basic idea was to consider a classical-quantum hybrid scheme of computation.
The key feature of our proposal was to remain the (‘big’)
input data classical so that we do not need to use (‘big’)
quantum data constructed, e.g., by the QRAM. Instead,
we tried to achieve the quantum advantage by employing
a relatively small (a single qubit, in our case) quantum
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Abstract. Einstein-Podolsky-Rosen (EPR) steering can be realized as a multiparty EPR paradox, and
is an intermediate type of quantum correlation between entanglement and Bell nonlocality. A linear
optical network built up from several off-line squeezed states and beamsplitters is a common platform to
generate multipartite steerable states. Here, we propose criteria to detect the N −partite EPR steering
for two typical structures of linear optical networks to prepare continuous-variable Greenberger-HorneZeilinger-like states. We examine the influence of inefficiency during the modes transmissions, and the
robustness against thermal noise on the input states. We find that the properties of multipartite steering
are independent on the structure of optical network as long as their inferred variances are optimized. The
present multipartite steering correlation may have potential applications in certain quantum information
tasks where the issue of trust is important, such as one-sided device-independent quantum secret sharing.
Keywords: multipartite EPR steering, CV GHZ-like state, linear optical network
the properties of multipartite steering are independent
on the structure of optical networks as long as their inferred variances are optimized.

Introduction- Einstein-Podolsky-Rosen (EPR) paradox [1] established a link between entanglement and nonlocality in quantum mechanics, by showing that there are
correlated quantum states which demonstrate an inconsistency between the completeness of quantum mechanics and the concept of local realism. In the same year,
Schrödinger introduced the term steering [2] to describe
this apparent correlation where measurements made by
one observer at a location A can immediately “steer”
the state of another observer, at location B. Until 2007,
works of Wiseman [3, 4] formalized the meaning of steering in terms of violations of local hidden state models,
and revealed that EPR steering is a realization of EPR
paradox, which can be viewed as a strong form of entanglement.
Despite that, EPR steering has a special usefulness to
quantum information tasks, such as one-sided device independent cryptography [5, 6, 7, 8] and secure teleportation [9, 10, 11]. For these reasons, there has been an
escalation in the amount of both theoretical and experimental interests.
Here, we investigate properties of multipartite steering in
continuous-variable (CV) Greenberger-Horne-Zeilinger
(GHZ)like states, which can be prepared by two typical
structures of linear optical network, one is a structure
where all squeezed states are arranged on one arm [12],
and the other one is a structure where all squeezed modes
are half-to-half distributed in two arms [13] (see Fig. 2).
By introducing the amplitude x̂ and phase p̂ quadrature of the output modes, we measure their inferred variance of EPR steering [14], where one given mode can be
steered by the remaining N − 1 parties. We further show
the robustness against imperfect transmission as well as
thermal noise involved in the input states. We find that
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Figure 1: Experimental set up for the linear optical networks with one arm.
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Figure 2: Experimental set up for the linear optical networks with two arms. Note that for the two arms case,
when N is odd, replace the bottom beamsplitter with
N − 1 : N + 1 and the left arm starts with 1 : k − 2
instead of 1 : (k − 1), where k = (N + 1)/2.
Preliminary- The CV GHZ-like state of the optical field
is prepared by coupling one phase-squeezed and one
amplitude-squeezed states of light on an optical beamsplitter network, which consists of N − 1 optical beam-
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splitters. As shown in Fig. 2, the output states of two
different structures are fully symmetric by adjusting the
transmittance of beamsplitters, respectively. To characterize the output states, the amplitude and phase quadratures of each mode are defined as x̂ = â + â† and
p̂ = (â − â† )/i, where â and â† are bosonic annihilation and creation operators of a quantized optical field,
respectively. (In the following we will drop the hat notation.) To introduce the imperfect transmission, we distribute every output mode in a lossy channel. The output
mode at i is given by
ai,η =

p
√
ηi ai + 1 − ηi avac
i ,

mode are given by

∆2inf x1|N −1 = ∆2 x1 −


gj xj  ,

j=1


∆2inf p1|N −1 = ∆2 p1 −

N
−1
X


hj pj  .

(3)

j=1

Here, the subscript N −1 means the total number of steering modes. Then we can conclude that the first mode can
be steered by the group of N − 1 modes, if

(1)

EP R1|N −1 = ∆2inf x1|N −1 ∆2inf p1|N −1 ≥ 1

(4)

can be violated. The inferred variance can be optimized
by the gain factors gj and hj .
Results- First, we give the general expression of the inferred variance ∆2inf x1|N −1 for the one arm structure.
Here we set the variances of the input states from the
third to last equal with the second mode, and the transmission efficiency of the first output state is η1 , while
other modes are η2 .

represent the transmission efficiency
where ηi and avac
i
of the quantum channel and the vacuum mode induced
by loss into the quantum channel, respectively. Besides
that, extra thermal noises barrier are considered, which
acts on each input mode. The influence of thermal noises
can be read as
∆2 xi,n = (2n + 1)∆2 xi ,

N
−1
X

(2)
∆2inf xone
1|N −1

where n represent the initial thermal photon number of
the noises barrier.
Method- The criterion for multipartite steering is based
on an accuracy of the inferred variances of a linear combination of the quadrature components measured locally
on each party. To verify whether one given mode can
be steered by the remaining N − 1 parties or not, we
assume that only the subsystem being steered is constrained to be a quantum state, i.e., whose x1 and p1
satisfy the Heisenberg uncertainty relation, while all the
remaining N −1 subsystems are not assumed to arise from
a local quantum state so that there is no constraint for
the variances of their local states [15]. By collaborating
all outputs from their local measurements, the remaining N − 1 parties try to infer the values of the steered
mode’s quadratures, which can be written P
as a linear
N −1
combination of their measurement outcomes j=1 gj xj
PN −1
and
j=1 hj pj . The inferred variance of the steered

1 √
√
√
2
( η1 − η2 gN + η2 g) (2n + 1)e2 r1
N
N −1 √
√ 2
( η1 + g η2 ) (2n + 1)e−2 r1
+
N
− η1 + g 2 (N − 1)(1 − η2 ) + 1,
=

when setting the squeezing level of all input states equal.
We were able to use the same gain factors for each steering mode, as all the output modes are equivalent. The
inferred error can then be optimized by
√
4 η1 η2 sinh (2 r) (2 n + 1) (N − 1)
g=− 
−2 r (2 n+1) (N −1) (N e4 r −e4 r +1)  .
N 2 (N − 1) (η2 − 1) − 2 η2 e
N
Similarly, we can get the expression of ∆2inf pone
1|N −1 .
For the two arm structure, the expressions of inferred variance have two cases, which depend on
the total number of modes is even or odd. When
the total number of modes N is even, we have

#2
"


√
N η2 g2
N
√
√
√
√ 2i
= (2 n + 1) /N e
η2 g1
− 1 − η1 +
+ e2 r2 (N − 2) ( η2 g1 + η1 )
2
2
"
#
)
2




√
√
η2 g1 (N − 2) N η2 g2
N g1 2
N
√
+ e−2 r1
η1 −
+
−
+
− 1 g2 2 (η2 − 1) − η1 + 1 (5)
2
2
2
2
(

∆2inf xtwo,even
1|N −1

2 r1

and for the odd case, we have
n
√
√ 2
−1
∆2inf xtwo,odd
=
(2
n
+
1)
(N
+
1)
e2 r2 (N − 1) ( η2 g1 + η1 )
1|N −1
i2 o
h√
√
√
2
+ e2 r1 N −1 (N − 1)−1 η2 g1 (N − 1) /2 − η1 (N − 1) + η2 g2 (N − 1) (N + 1) /2
h √
i2
√
√
+ (2 n + 1) e−2 r1 (2 N )−1 2 η1 − η2 g1 (N − 1) + η2 g2 (N − 1)

(N − 1) (η2 − 1) g1 2 + g2 2
− η1 −
+ 1.
2
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(6)

EPR

1.5

Secret Sharing. A secured keyrate for such a scheme can
be calculated by the Devetak-Winter-formula. In [17, 18],
the authors showed that a secured keyrate is related to
collective steerability of the system. We are currently
investigating up to which number of participants collective steering is possible based on the above linear optical
network.
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Similarly, we can get the expression of ∆2inf ptwo
1|N −1 . The
expressions for g1 and g2 are too long and are therefore
not being displayed here. For simplification it is further
assumed that η1 = η2 = η and r1 = r2 = r. We find that
the properties of multipartite steering are independent on
the structure of optical networks as long as their inferred
variances are optimized (also independent from wether N
one
two
is even or odd), which means EP R1|N
−1 = EP R1|N −1 .
We further show the robustness against imperfect transmission as well as thermal noise involved in the input
states, as shown in Fig. 3. Given perfect efficiency, we
find the thresholds of thermal noise to lose EPR steering
to be:
hp
i
e−2 r
(N e4 r − e4 r + 1) (N + e4 r − 1) − N e2 r
ntr =
.
2N
(7)
Analytical solutions for thresholds of efficiencies can also
be obtained. The expressions for both systems are the
same. However, the terms are too long to show simply.
QSS application- A (l, m) quantum secret sharing (QSS)
scheme enables a dealer to split a secret into m secrets,
distributing it to m players. Then at least l < m players
are required to cooperate together to recover the secret
of the dealer. The monogamy of EPR steering [16] states
that if a party A can steer party B, then no other distinctive party C can steer B. This is a nice framework for
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Abstract. Modelling stochastic processes is a crucial element in the study and understanding of the quantitative sciences. Quantum models have shown to compress the amount of
information contained in these processes beyond classical limits. They are constructed based
on prior knowledge of their optimal classical counterparts. We introduce an inference protocol that bypasses the requirement of knowing the optimal classical models to estimate the
memory required for modelling of stochastic processes. Structural complexity is discontinuous
with statistical fluctuations. Unlike optimal classical models, the inference protocol is robust
to these statistical fluctuations.
Keywords: Quantum modelling, stochastic processes, model inference, quantum advantage,
structural complexity, quantum information, quantum memory.
sical measure, which can change discontinuously
under infinitesimal variations to a process’ underlying probability distribution. This allows us to
introduce a protocol for estimating the quantum
measure of structure in a stochastic process directly from a time-series formed from observations
of the process. Previously, this same task was
performed by first inferring the minimal classical
model and then quantising, thus inheriting errors
introduced by certain measures needed to mitigate the issues associated with a non-smoothlyvarying classical statistical complexity – our protocol avoids the need to suffer such drawbacks.
This forms a key step in the application of these
quantum-enhanced models to understand complex
stochastic processes, and further, is a crucial first
step towards inferring such models from raw data.

Complex, stochastic processes underpin quantitative science. It is therefore of paramount importance to study and understand the behaviour
of such processes for the crucial twin purposes of
modelling and prediction. These tasks are typically resource-intensive, motivating the need for
methods that ameliorate these requirements. A
promising recent development to this end [1–3, 7–
12] , using a cross-disciplinary blend of tools from
quantum and complexity science, has highlighted
that quantum simulators can operate with much
smaller memories than the minimal possible classical models [13–15] , while providing equally accurate predictions.
This information compression bears both fundamental and applied consequences. On the applied
side the benefits are immediately apparent – we
can use quantum technologies to construct simulators of complex stochastic processes that function
with (in some cases drastically [2, 4, 7, 8, 10, 11])
reduced memory requirements relative to optimal
classical counterparts. Within complexity science,
the minimal amount of information that must be
stored about the past of a process to replicate its
future is considered to be a measure of structure in
the process, called the statistical complexity [13–
15] . When one considers this minimisation to
also encompass quantum models the reduction has
a profound effect on our perception of structure,
fundamentally altering whether or not a process
should be considered complex [5, 6].
In this work [16], we show that the quantum analogue of statistical complexity is robust
to perturbations to the process, and is hence a
more stable measure of structure than the clas∗hosh0021@e.ntu.edu.sg
† mgu@quantumcomplexity.org
‡ physics@tjelliott.net
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Quantum ensembles which is error tolerant in prior probability
when minimum error discrimination is performed
on two quantum states
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Abstract. In this paper, we consider the minimum error discrimination of two quantum states, where the
optimal strategy is tolerant to errors in the prior probability. In general, optimal measurements and guessing
probability in minimum error discrimination depend on prior probabilities and different prior probabilities
for the quantum states may require the change of optimal measurement. However, an ensemble composed of
certain quantum states preserves optimal measurement even if minor errors occur in the prior probability.
In this work, we study the conditions that the prior probability error tolerant ensembles satisfy. In addition,
we investigate which kind of quantum state satisfy the condition.
Keywords: prior probability, error tolerant, minimum error discrimination

1

Introduction

In the minimum error discrimination(MD), Bob performs a measurement strategy that maximizes the correct
probability. The maximum value of the correct probability that can be reached by Bob’s measurement is called
the guessing probability[5, 16, 17]. And, in general, the
optimal measurement that provides a guessing probability is not unique. The general conditions under which optimal measurements are unique are not known. However,
optimal measurement is known in the case of two states
MD[1] or three or four qubits[16, 17]. For two quantum
states, the difference between the prior probabilities multiplied by the density operator must be a full rank. Because the operator’s kernel is a subspace that provides degrees of freedom in optimal measurements. The optimal
measurement in three or four qubits is also determined by
the geometry of the weighed vector corresponding to the
product of the prior probability and the quantum states.
The number of possible measurements is also determined
by the geometry. It should be noted that the geometry
is easily modified to a change in the prior probability, so
that the optimal measurement is sensitive to prior probabilities. Because the optimal measurement easily loses
optimality even for a small change of the prior probability, one needs to understand the correct probability as
a function of the prior probability. And one should understand the behavior of the measurement when an error
occurs in the prior probability.
We consider the MD as a two-person, zero-sum game
in which the correct probability is determined by prior
probability and measurement[18–20]. The optimal strategy of this game is always a minimax strategy[19]. The
Minimax strategy is an ordered pair consisting of Alice and Bob’s optimal strategy[21]. Here, Alice’s optimal
strategy is to choose the prior probability which minimizes the guessing probability obtained from the MD
performed by Bob, and Bob’s optimal strategy is to select
the measurement which can obtain the guessing probability regardless of Alice’s choice of the prior probability[19].
In particular, according to the necessary and sufficient
conditions[18, 19] that the minimax strategy should satisfy, the prior probabilities that minimize the guessing

Quantum state discrimination is an essential process in
quantum information processing and quantum computation. It is a process, where by measurement one decodes
classical information encoded in quantum states[1–5]. In
quantum theory, perfect distinguishability of states depends on orthogonality between quantum states and the
information encoded in non-orthogonal quantum states
can not always be perfectly decoded. Therefore, various strategies are used[2–5], depending on whether inconclusive results are allowed or not. Minimum error
discrimination[1] is a strategy which can not gurantee
the correctness of the measurement results, but maximizes the probability of satisfying the correctness on average. This strategy does not allow inconclusive results.
Unambiguous discrimination[6–10], on the other hand,
has a result that can gurantee correctness, and its optimal strategy is maximizing the probability of results that
can ensure correctness. This strategy allows inconclusive
results, in order to produce results that gurantee correctness. As another strategy, there are various strategies
such as maximum confidence[11] or discrimination with
fixed rate of inconclusive results[12–15].
Quantum state discrimination[1–5] is described as follows. The quantum state in which a sender called Alice
encodes the classical information x ∈ {1, 2, · · · , N } is
described by density operator ρx . The measurement of
the receiver called Bob, which is a decoder performing
the decoding, is given by POVM {My }N
y=1 . Bob knows
the frequency of quantum state that Alice sends, which
is called prior probability. In quantum state discrimination, Bob discriminates the quantum states of the ensemble {qx , ρx }N
x=1 using his strategy. Here, the subspace
of Hilbert space used to describe the density operator or
POVM satisfies the condition that the statistical mixture
of the ensemble is full rank. This eliminates the trivial
degree of freedom of the optimal solution.
∗mslab.k@gmail.com
† mslab.h@gmail.com
‡ yyhkwon@hotmail.com
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probability share the same optimal measurement and
guessing probability.
The distribution of the prior probability, which is the
probability distribution of the population, determines the
frequency with which the quantum states are prepared.
However, the frequency of the quantum states actually
prepared in finite number of experiments assuming i.i.d
may not agree with the prior probability. When the sample size N is large enough, its frequency is -convergent
in the distribution of prior probabilities. However, the
prior probability is only a theoretical frequency of occurrence assuming infinite experiments. Therefore, even if N
is large enough, the correct probability obtained by the
optimal measurement corresponding to the prior probability differs from the optimal value. This is because the
frequency of occurrence is close to  in the prior probability distribution, but not the prior probability.
In this paper, we investigate the quantum states in
which the optimal measurement and the guessing probability of -convergent prior probability are identical to
those of the prior probability when the occurrence frequency is  -convergent in the prior probability. Because
the trivial example of these quantum states occurs when
the states of the ensemble are orthogonal to each other,
we can see that those quantum states exist in all dimensions. So the states we are interested in are the quantum
states which are not orthogonal but satisfy this condition. A necessary condition of these quantum states is
to have the same guessing probability at different prior
probabilities of the quantum states. We show that in
a two-state MD which can be considered as two-person
zero-sum game, a pair of prior probabilities and optimal
measurement is a quantum minimax strategy if different prior probabilities can have the same optimal measurement while providing the same guessing probability.
The condition to have the same optimal measurement
and guessing probability in -convergent probability of
occurrence is expressed using quantum minimax strategy. This allows us to determine whether the ensemble is
a prior probability error tolerant ensemble when we find
one minimax strategy in 2 quantum states MDs.

2

ability share the same optimal strategy with the same
guessing probability, but do not tell the opposite. Therefore, we can not be sure that all points sharing the same
guessing probability and optimal measurement provide
the minimum value of guessing probability. However, the
lemma below shows that the inverse is hold for MD of
two quantum states.
Lemma 2 The quantum ensembles of S1 and S2 are
given as {px , ρx }2x=1 and {qx , ρx }2x=1 , respectively, where
p1 6= q1 . Suppose that in minimum error discrimination
(x)
of quantum ensemble Sx the guessing probability is pguess
and the minimum value of guessing probability is p?guess .
(1)

(2)

Then, when pguess = pguess , if there exists an measurement that can perform minimum error discrimination on
two quantum ensembles S1 and S2 simultaneously, one
(1)
can obtain pguess = p?guess .
On the other hand, the set of prior probability that
provide the minimum value of guessing probability is a
convex set. It is because the guessing probability is a
convex function in the prior probability domain and the
sublevel set is a convex set. Thus, if (q, M) is a minimax
strategy, then the conditions for existence of -convergent
prior probabilities sharing the optimal measurement and
the same guessing probability are given as:
Proposition 3 The prior probability providing minimum of guessing probability is not unique if and only if
{Mx }2x=1 satisfies following conditions:
1. [ρx , M1 ] = 0

∀x ∈ {1, 2},

2. For some x ∈ {1, 2}, every |vi ∈ Supp(Mx ) satisfies
hv| ρ1 |vi : hv| ρ2 |vi 6= 1 − q : q.
where [A, B] = AB − BA.
One of the requirements is that quantum states and
measurements can be simultaneously diagonalized. However, since commutation relations are not generally transitive, we can not be sure that the two quantum states can
be simultaneously diagonalized. In the case of a qubit,
however, the two states are simultaneously diagonalized
because the commutation relations of the two operators
imply that the Bloch vector is parallel.
Here, we studied quantum ensembles which is error tolerant in prior probability to MD of two quantum states.
An optimal strategy in a prior probability can not be
optimal in different occurrence probability and guessing
probability can be seen as a convex function in prior probability domain. We showed that the error-tolerant ensembles have -convergent occurrence distributions in prior
probability distribution while sharing the optimal strategy and vice versa. Further, we expressed the condition,
using a minimax strategy. In addition, we investigated
which kind of quantum state can satisfy the condition.

Results

First, we provide necessary and sufficient conditions
that a probability distribution that is -convergent in
a prior probability exists while sharing the same optimal measurement and guessing probability with the prior
probability. Further, we can find the following lemma
1 from quantum minimax theorem and the necessary
and sufficient conditions for minimax strategy. Here, the
quantum minimax theorem and the condition provide the
existence of the measurement.
Lemma 1 When MD is performed in given prior probability, iff an optimal measurement {Mx }2x=1 satisfies
tr(ρ M ) = tr(ρ M ), one gets minimum guessing probability.
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Abstract. In this work, we investigate the dynamics of hybrid system in noisy environment. The hybrid
system consists of two-level atom and charge qubit of superconducting circuit, When the charge qubit is
under a noisy environment such as relaxation and dephasing noise, we study the entanglement behavior
of the hybrid system. We show that when the decoherence rate is slower than the sweeping rate, the
entanglement of hybrid state is conserved. Further, we can see that if the decoherence rate is faster than
the sweeping rate, the entanglement of hybrid state is diminished. Our result implies that by controling
the noise rate one can construct CNOT gate, from the hybrid system in noisy environment.
Keywords: Hybrid, Qubit, Superconducting circuit, Entanglement, Open quantum system

1

Introduction

Dephasing; 𝛾𝜙

Relaxation; 𝛾𝑟𝑒𝑙𝑎𝑥

Superconducting qubits not only perform quantum
computing efficiently, but also have good scalability.
Therefore, superconducting qubits is very useful for implementing quantum computers in the real world[1].
However, relaxation and dephasing time of superconducting qubits are too short[2, 3]. It means that qubits consist of superconducting circuits cannot be guaranteed for
their longevity. Many researchers have done research for
devising hybrid systems composed of superconducting
circuits and two-level atoms[4, 5, 6, 7, 8, 9, 10, 11, 12, 13].
That is because two-level atom has been believed to
strengthen superconducting circuit against noise.
Recently, D. Yu et al.[14] proposed a hybrid system
composed of a two-level atom and a charge qubit, where
an alkali atom and a capacitor of charge qubit interact to
each other through electric field. D. Yu. et. al.[14] showed
that this system can perform CNOT operation. Furthermore, this system can generate entanglement. However,
Ref.[14] considered charge qubit in ideal case only.
In this research, we investigate dynamics of a noisy
hybrid system composed of a charge qubit and a twolevel atom. Especially, we investigate entanglement in
this noisy hybrid system(see Fig.1). If entanglement between two qubits is conserved, this system may perform
CNOT operation very well. We assume that both relaxation and dephasing noise simultaneously occur in the
charge qubit. We propose a numerical condition that hybrid system can preserves entanglement under two noises.
If relaxation and dephasing rate is slower than sweeping
rate, entanglement is conserved. If relaxation and dephasing rate is faster than sweeping rate, However, entanglement is diminished. Especially, if two rates are too fast,
hybrid system experiences entanglement sudden death.
This result implies that this hybrid system can perform
CNOT operation under two noises. Since the ability to
perform CNOT operation is included in DiVincenzo’s cri-

2𝑒 −

𝐶𝑔 , 𝑆, 𝑙

𝐸𝐽 , 𝐶𝑗

ℰ

Island

𝑉𝑔

𝑒 = 31𝑝
ℏ𝜔𝑎

87Rb

𝑔 = 31𝑠

Figure 1: Two-qubit system consists of a noisy charge
qubit and an atom qubit. Here, γrelax is relaxation rate
and γφ is dephasing rate. If two decoherence rates are
slower than 107 s−1 , this system is robust under this two
noises. Since γrelax = 2π × 0.03MHz, γφ = 2π × 0.05MHz
in the real world[20], this hybrid system can be performed
in realistic situation.
teria, This result is important for realistic quantum computing.
This extended abstract consists of the following sections. In Section 2, we introduce a charge qubit atom hybrid system. In Section 3, we consider a Lindblad master
equation of relaxation and dephasing noise. In Section
4, we analyze entanglement dynamics of hybrid system
under dephasing and relaxation noise. In Section 5, we
conclude this extended abstract.

2

Ideal Hybrid system

Ref.[14] proposed a two-qubit system composed of a
superconducting circuit and a two-level atom(see Fig.1).
Here, 87 Rb atom is considered as a two-level atom. The
Hamiltonian Ĥ of this hybrid system is expressed as

∗js.kang1202@gmail.com

Ĥ = Ĥc + Ĥa .
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(1)

Here, Ĥc is a charge qubit Hamiltonian and Ĥa is an atom
Hamiltonian. Since a two-level atom in inside of a gate
capacitor, two-level atom and charge qubit interact to
each other through electric field of gate capacitor. Therefore, Ĥc (Ĥa ) from Eq.(1) affect to two-level atom(charge
qubit).
Quantum state of this system is composed of product bases {|ni ⊗ |ui |n = 0, 1 u = g, e}. Here, |gi(|ei) is a
ground state(excited state) of two-level atom and n is the
number of Cooper-pairs in the island. Since two-qubit is
considered, n = 0, 1 are permitted only. An eigenstate of
Eq.(1) can be controlled by adiabatically changing gate
voltage(Vg ). Especially, when Raman process is properly
performed, this hybrid model can perform CNOT operation efficiently. Therefore, this hybrid model can satisfies
DiVincenzo’s criteria[15] in ideal case.

3

phenomenon is so called entanglement sudden death(Fig.
2b)[23]. Two decoherence rates of charge qubit is known
as γrelax = 2π × 0.03 MHz and γφ = 2π × 0.05 MHz.
This sweeping rate is almost 10,000 times slower than
107 . Therefore, the hybrid system is robust under two
noises.

5

Conclusion and Future Work

We investigated a hybrid system composed of a noisy
charge qubit and 87 Rb atom. Here, we consider relaxation and dephasing noise. We calculate concurrence to
measure entanglement between two qubits. As a result,
we display that entanglement is conserved if decoherence
and sweeping rates are very slow. This implies that the
hybrid system in robust under relaxation and dephasing
noise.
In future, we investigate how much noisy hybrid system
can perform CNOT operation. Furthermore, we consider
the case that 1/f noise occurs in superconducting circult.
Since 1/f noise is negatively critical for charge qubit[24,
25], investigation under the 1/f noise is necessary.

Noise in Charge Qubit

Since a Josephson junction in charge qubit experiences
various noise, we should consider a charge qubit under the
noise[16, 17, 18]. We assume that relaxation and dephasing noise occurs in a charge qubit[19]. On the other hand,
we assume that noise does not occur in a two-level atom.
Since atom qubit is much robuster than charge qubit,
this assumption is valid in realistic condition. Approximating macroscopic environment interacting with charge
qubit as Markovian, time evolution of entire system is described as a following Lindblad master equation[20, 21]:
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Abstract. Quantum reading is one of application protocols of entanglement. This protocol uses entanglement for reading of a digital memory such as a CD or DVD. In our previous study, we assumed
real settings and investigated the eﬀect of non-symmetric loss on this protocol using a quasi-Bell state.
However, we did not investigate the eﬀect only when using a maximum quasi-Bell state. In this work, we
compare the eﬀects using maximum and non-maximum quasi-Bell states.
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1

states denoted |α⟩ and |β⟩, respectively. In this paper,
using these states, the quasi-Bell states are

Introduction

Entanglement is an important resource used and exploited in various quantum protocols[1]. There are protocols such as quantum teleportation[2], quantum phase
estimation[3], and quantum reading[4]. In these protocols, one attempts to use the entangled state that
has maximum entanglement (the strongest correlation).
Among the entangled states, one may consider quasiBell states. Even though these states are constructed
using nonorthogonal states, it is known that a quasi-Bell
state with maximum entanglement (maximum quasi-Bell
state) exists[5, 6].
Quantum reading is the protocol that uses entanglement for reading a bit stored in digital memory. By
using entanglement, it was shown that the data rate
improves[4]. Moreover, in noiseless environments, errorfree reading is possible by using a maximum quasi-Bell
state[7]. In [8], Kato and Hirota considered a situation
where mode B was sent to memory whereas mode A was
inputted to a receiver, and both were equally attenuated.
Furthermore, we considered a situation where mode B
was only attenuated[9].
In quantum teleportation and quantum phase estimation, quasi-Bell states that have non-maximum entanglement (non-maximum quasi-Bell states) exhibit better
performance than maximum quasi-Bell states[10, 11]. It
is expected that performances of these quasi-Bell states
diﬀer for each quantum protocol[12]. In our work[9], we
investigated an eﬀect of non-symmetric loss on quantum
reading using a maximum quasi-Bell state. However, we
did not investigate the eﬀect using a non-maximum quasiBell state. In this work, we compare the eﬀects using
maximum and non-maximum quasi-Bell states.

2

|Ψ1 ⟩AB
|Ψ2 ⟩AB
|Ψ3 ⟩AB
|Ψ4 ⟩AB

= h1 (|α⟩A |β⟩B + |−α⟩A |−β⟩B ),
= h2 (|α⟩A |β⟩B − |−α⟩A |−β⟩B ),
= h3 (|α⟩A |−β⟩B + |−α⟩A |β⟩B ),
= h4 (|α⟩A |−β⟩B − |−α⟩A |β⟩B ),

(1)
(2)
(3)
(4)

where
√
2(1 + κA κB ),
√
h2 = h4 = 1/ 2(1 − κA κB ),
h1 = h3 = 1/

(5)
(6)
2

(7)

2

(8)

κA = ⟨α| − α⟩ = ⟨−α|α⟩ = exp(−2 |α| ),
κB = ⟨β| − β⟩ = ⟨−β|β⟩ = exp(−2 |β| ),

and α and β are amplitudes of the coherent states of
modes A and B, respectively. The amplitudes are assumed to be non-negative real numbers. If α = β,
then |Ψ2 ⟩ and |Ψ4 ⟩ have maximum entanglement and are
orthogonal[5].

3

Model of quantum reading with nonsymmetric loss

3.1

Quantum reading using quasi-Bell states

Quantum reading using quasi-Bell states[7] is performed as follows. We assume that “0” or “1” is recorded
on a memory cell. Here, we explain this protocol using
|Ψ2 ⟩AB in Eq. (2).
1. Mode A of |Ψ2 ⟩AB is sent to a receiver.
2. Mode B is sent to the memory cell. If “0” is registered on the cell, the light is reflected with the
same phase. Alternatively, if “1” is registered on
the cell, the phase of the light is shifted by π. At
the receiver, the modes A and B are inputs. When
“0”(“1”) is registered on the cell, |Ψ2 ⟩AB (|Ψ4 ⟩AB )
is inputted to the receiver.

Quasi-bell state by coherent states

An entangled state constructed using a nonorthogonal
set of quantum states is called a quasi-Bell state[5]. Consider two modes labeled A and B, described by coherent

3. An optimum quantum measurement is performed
at the receiver. It is possible to read bits using the
orthogonality between |Ψ2 ⟩AB and |Ψ4 ⟩AB .
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4

We consider the model with non-symmetric loss.
Specifically, only mode B of the quasi-Bell state |Ψ2 ⟩AB is
attenuated. In quantum reading, modes A and B reach
the receiver via diﬀerent paths. In particular, mode B
reaches the receiver via a longer path and is reflected on
the cell. Thus, mode B is exposed to a stricter environment than that of mode A.
3.2

4.1

λ>0

Let us consider the received quantum state using the
quasi-Bell state |Ψi ⟩AB (i = 1, 2) when the information
recorded on a memory cell is “0”. In sending to the cell,
mode B is inputted in an attenuated channel. The loss
incurred by this channel is expressed by the interaction
with a vacuum field as an environment mode. Let η(0 ≤
η ≤ 1) be its energy transmissivity. Then the interaction
between mode B and the environment mode E is
√
√
(9)
ÛBE |β⟩B |0⟩E = | ηβ⟩B | 1 − ηβ⟩E ,

We express quasi-Bell states by matrices to calcu(A⊗B)
(A⊗B)
.
To express
late eigenvalues of ρ0
− ρ1
quasi-Bell states by matrices, we use the orthonormal basis {|ω0 ⟩ , |ω1 ⟩} shown in [14].
Here, |ω0 ⟩
and |ω1 ⟩ are measurement states for the square-root
measurement(SRM)[15]. Since SRM for |α⟩ and |−α⟩
is the optimum quantum measurement that minimizes
the average error probability, using the measurement
states, |α⟩ and |−α⟩ are written as two-dimensional
√
√
vectors[16, 17]. | ηβ⟩ and |− ηβ⟩ are expressed by twodimensional vectors in the same way. Using these vectors,
(A⊗B)
(A⊗B)
we can easily obtain eigenvalues of ρ0
− ρ1
.
From these eigenvalues, the error probability Pemax using the maximum quasi-Bell state is
√
1 − κA κB − (1 − κ2A )(1 − κ′2
max
B)
Pe
=
,
(17)
2(1 − κA κB )

where ÛBE is a unitary operator corresponding to the interaction. Therefore, when we consider the entanglement
between modes A and B, the composite system of modes
A, B, and E is
(10)

where IˆA is the identity operator of mode A. The received
(A⊗B)
quantum state ρ0
is obtained performing the partial
trace over mode E for |Ψi ⟩ABE ⟨Ψi |.
(A⊗B)

ρ0

= Tr E |Ψi ⟩ABE ⟨Ψi | .

and the error probability Penon−max using the nonmaximum quasi-Bell state is
√
1 + κA κB − (1 − κ2A )(1 − κ′2
non−max
B)
Pe
=
. (18)
2(1 + κA κB )

(11)

Consider the received quantum state when the information recorded on the cell is “1”. The light of mode B
is attenuated and reflected and is phase shifted by π.
The phase shift for mode B is
U (θ) |β⟩ = |βe−iθ ⟩ ,

4.2

†

(IˆA ⊗ U (π)B ) |Ψ2 ⟩AB = h2 (|α⟩A |−β⟩B − |−α⟩A |β⟩B )
= |Ψ4 ⟩AB .
(13)
The energy loss for mode B is expressed in the
same way as if the information recorded on the cell is
“0”. Therefore, when we consider entanglement between
modes A and B, the composite system among modes A,
B, and E is
(14)

> 0.

(A⊗B)

The received quantum state ρ1
is obtained
by performing the partial trace over mode E for
|Ψi+2 ⟩ABE ⟨Ψi+2 | and described by
(A⊗B)

ρ1

= Tr E |Ψi+2 ⟩ABE ⟨Ψi+2 | .

Comparison of properties using maximum
and non-maximum quasi-Bell states

Figure. 1 shows the error probability when the amplitude of mode B is one and the transmissivity is 0.9; let
the amplitude of mode A change from 0 to 2. The blue
and red lines show the error probabilities using the nonmaximum quasi-Bell state |Ψ1 ⟩AB and using the maximum quasi-Bell state |Ψ2 ⟩AB , respectively. From this
figure, in quantum reading with non-symmetric loss, the
error probability using the maximum quasi-Bell state is
lower than that using the non-maximum quasi-Bell state.
Moreover, the more the amplitude of mode A increase,
the more diﬀerence of two error probabilities decrease.
We confirm these things analytically. First, we investigate that Penon−max is greater than Pemax . From
0 ≤ κA , κB , κ′B ≤ 1, Penon−max − Pemax is
√
κA κB (1 − κ2A )(1 − κ′2
non−max
max
B)
Pe
− Pe
=
2(1 − κ2A κ2B )

(12)

â
where U (θ) = e−iθâ
, â is the photon annihilation op√
erator, and i = −1 is the imaginary unit. When the
phase of mode B of |Ψi ⟩AB shifts by π, |Ψi ⟩AB changes
into |Ψi+2 ⟩AB . For example, when i = 2,

|Ψi+2 ⟩ABE = (IˆA ⊗ ÛBE )(|Ψi+2 ⟩AB ⊗ |0⟩E ).

Analytical expression of error probability

The error probability of an optimum quantum
measurement[13] for quantum reading is calculated us(A⊗B)
(A⊗B)
ing the positive eigenvalues λ’s of ρ0
− ρ1
. The
error probability is
)
(
∑
1
1−
λ .
(16)
Pe =
2

Received quantum state using quasi-Bell
states

|Ψi ⟩ABE = (IˆA ⊗ ÛBE )(|Ψi ⟩AB ⊗ |0⟩E ),

Property of error probability

(19)

Thus, Penon−max is greater than Pemax .
calculate
limα→∞ Penon−max
and
Next,
we
max
limα→∞ Pe . Because κA goes to 0 when α goes

(15)
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Abstract. Traveling Salesman Problem(TSP) is problem that find the optimum cycle for visiting every
city and returning to starting city. In order to find the solution for TSP, there have been many approaches.
Recently, Srinivasan et al. (2018) discussed a quantum algorithm for TSP, using Qunatum Phase Estimation(QPE). Their approach uses TSP database corresponding to every cycle and its cycle length. Even
though the optimum cycle should be found in TSP database, they could not provide the systemtic way
to construct Grover operator for it. Futhermore, they considered only a eigenvector for one cycle. In this
paper, we provide a method of finding the optimum cycle state in the superposition by running quantum
algorithm. Specially, by applying Quantum Counting Algorithm(QCA) we determine whether there is a
cycle shorter than the given length L. If a cycle shorter than L exists, by performing a Grover Search
Algorithm(GSA), we find the cycle. By considering the Symmetric 4 City TSP, we show the effectiveness
of our proposal.
Keywords: Traveling Salesman Problem,Quantum Algorithm, Quantum Counting Algorithm, Grover
Search Algorithm

1

Introduction

Quantum Phase Evaluation(QPE). The quantum state
to optimum cycle can be found by Quantum Algorithm
for finding minimum. In order to perform Quantum Algorithm for finding minimum, Grover operator should be
constructed, but they did not discuss the method to find
Grover operator. Further, even though one should consider superposed states for every cycle, they considered
only an eigenvector for one city and evaluated a cycle
length corresponding to the cycle.
In this paper, we explain the method to construct
Grover operator and propose the way to find optimum
cycle in TSP database, by considering Quantum Counting Algorithm(QCA). Even though Quantum Algorithm
for finding minimum depends on GSA which does not
know the rotation angle of Grover operator, by QCA we
can find the rotation angle of Grover operator. Because
the rotation angle is related with the number of cycle
which is shorter than the given length, finding the rotation angle is important in solving TSP decision problem.
As an example, we consider symmetric 4 City TSP.
By preparing superposed quantum states, we build TSP
database. By GSA, we can find the optimum cycle for
symmetric 4 City TSP. It should be noted that our proposal can be applied not only to the case of asymmetric
distance between cities but also to the case of many cities.

Traveling Salesman Problem(TSP) is a famous problem in computer science. TSP is to find a optimum cycle
where salesman travels from a starting city, visits every
city and returns to the starting city. TSP is known as a
NP-hard problem in combinatorial optimization, which
takes exponential time order for solving it. There are
many variations of TSP and solving TSP can be widely
applied to many fields. Therefore, solving TSP is important.
The classical approach for solving TSP is divided into
two categories. The first is an approach to find an exact solution such as branched and bound method[2-4].
The exact solution approach can find an optimal solution, but it needs enormous time for calculation. The
second approach is an approximate one such as heuristic
method[5-7]. The approximate approach requires a short
calculation time, but one cannot guarantee that the obtained solution is optimal.
On the other hand, there have been researches for
finding a solution of TSP by using quantum physics.
Martonak et al. (2004) [8] applied quantum annealing
to solving TSP. They showed that quantum annealing may be better than simulated annealing. Bang et
al. (2012) [9] proposed quantum heuristic algorithm by
Grover Search Algorithm(GSA). However, as mentioned
earlier, one cannot guarantee that the solution obtained
by the Heuristic algorithm is optimal. Therefore, it is
important to decide whether a cycle with a given length
shorter than L exists. This is called a TSP decision problem.
Recently, Srinivasan et al. (2018) [10] discussed a
method of encoding distance between cities in a phase
corresponding to the eigenvector of the unitary matrix.
In their method one can build TSP database corresponding to every cycle and its cycle length, by performing

2

Method

Let us construct the Grover operator G for a target
state corresponding to a cycle shorter than given length
L. If the rotation angle of the Grover operator G is zero,
there exists a cycle shorter than L. If the rotation angle
of the Grover operator G is not zero, there is no cycle
shorter than L. Quantum counting algorithm tells the
rotation angle θ of Grover operator G.
Here, we propose the method to solve TSP optimization. we consider a situation where the rotation angle θ
obtained by a QCA is not zero. In other words, there
exists a cycle shorter than a given L. Because we know
the rotation angle θ of Grover operator G, we can prop-
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Table 1: The table of cycle, cycle length and eigenvector.
QPE for each eigenvector can be performed to obtain the
state corresponding to cycle length.
NO.
1
2
3
4
5
6

Cycle
0→1→2→3→0
0→3→2→1→0
0→1→3→2→0
0→2→3→1→0
0→2→1→3→0
0→3→1→2→0

Cycle length
9
8π
9
8π
π
π
7
8π
7
8π

Eigenvector
|3012i
|1230i
|2031i
|3012i
|3201i
|2310i

erly repeat Grover operator G to maximize the weight of
the state corresponding to a cycle shorter than L. Therefor, Grover search algorithms can find a state that corresponds to a cycle shorter than L.
Next, we evaluate the cycle length of the newly found
cycle with the GSA. The calculated cycle length can be
regarded as the new L. To obtain a rotation angle of θ,
we perform GSA considering new length L. If θ = is zero,
the new cycle is the optimum cycle. Otherwise, with the
GSA we find a cycle shorter than new L. We can find the
optimum cycle by repeating this process.

3

Figure 1: Algorithm for finding a cycle that is shorter
than a given length of L. Through QPE, one constructs
superposition corresponding to every cycle and its cycle
length. Afterwards, the multiple controlled Z gate is applied to the cycle length state to change the sign. Then,
Inverse QPE and Diffusion operator D are applied sequentially. This series of processes can be considered as
Grover operator G applied to cycle state.
This means that the GSA, which performs the Grover
operator G one time as shown in Figure 1, can find the
opitmum cycle.
Even though we provide a simple example of symmetric
4 city TSP, we can see how effective our method is. The
method we propose can be consistently applied even to
asymetric TSP. Further, our proposal can be used for
solving TSP of many cities. In addition, the proposed
method may minimize costs for obtaining the optimum
solution of optimization problem that can be replaced by
a TSP.

Simulation : Symmetric 4 City TSP

Let us consider symmetric 4 City TSP. We denote the
city numbers as 0, 1, 2 and 3, respectively. φxy means a
distance from city x to city y. Let us consider the following Unitary matrix U :
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Abstract. Entangled states constructed from non-orthogonal quantum states have exhibited superior
performance for several application protocols. Nevertheless, the performance for each application protocol
using these states diﬀers. However, with regard to non-orthogonal states, the performance of quantum
ghost imaging has not been considered. Quantum ghost imaging is an imaging technique that exploits
entangled states. In this work, we compare the performances when using orthogonal quantum states and
when using non-orthogonal quantum states.
Keywords: non-orthogonal quantum states, quantum ghost imaging, quantum protocol

1

Introduction

al.[4], various experiments and theories concerning ghost
imaging have been published.
In this work, we consider binary imaging in the form
of a slit set up on the object or in the shadow of an illuminated object. In a simplified setup of ghost imaging
(Fig. 1), DA represents the detector having no spatial
resolution, DB represents the detector that has spatial
resolution, S represents the object that has a slit (or just
an object), and C represents a correlator. In addition, DB
can be substituted for a detector without spatial resolution having an extremely small hole for the light-receiving
part and detecting light only in that part. For an example of an object, Fig. 2 shows a filled M-letter, which is
an ideal imaging output.
We use DA to detect the light that transits the slit in
the object (or not obstructed when in shadow-viewing
mode; hereinafter, we assume an object with slit). However, we cannot obtain an image using only DA because
DA does not have spatial resolution and we are unable to
determine the position of the light. Similarly, we cannot
obtain an image using only DB because DB is illuminated directly and the light does not transit the object.
Nevertheless, if the light illuminating the two detectors
is spatially correlated, we can determine the position of
the light using DB when the light transits the slit in the
corresponding position using DA . Hence, correlating the
output from the two detectors creates the ghost image
of the slit. Because we consider only binary imaging in
this work, the correlation means that if both of the detectors are illuminated, we record a ‘1’ in that position,
otherwise, we record a ‘0’. Moreover, we consider that
there is a d × d-point lattice within the frame of Fig. 2
and a corresponding plane on DB , and we are using an
optimum quantum receiver. The specific procedure is to
repeat the following steps for all lattice points.

As an important resource in quantum protocols[1],
entanglement is a nonlocal correlation among multiple
quantum systems; quantum states with such correlations
are called entangled states. Examples of protocols using entanglement are quantum teleportation[2], quantum
dense coding[3], and quantum ghost imaging[4]. The
Bell state, which is constructed from orthogonal quantum states, is the most famous and fundamental of the
entangled states. However, there are other unique entangled states; some are constructed using non-orthogonal
quantum states, and are called quasi-Bell states. Some
quasi-Bell states are comparable to Bell states under ideal
circumstances. For examples, some states achieve maximum entanglement although they are constructed from
non-orthogonal states[5]. Furthermore, in non-ideal circumstances such as energy attenuation, some quasi-Bell
states show more superior performance than Bell states.
For these reasons, we focus in this work on quantum
ghost imaging as the use of non-orthogonal quantum
states has yet to be considered. Moreover, we reveal the
characteristics of ghost imaging using both orthogonal
and non-orthogonal quantum states subject to attenuation. In addition, we reveal the characteristics when
changing the average number of photons. Therefore, we
analyzed the fundamental characteristics using product
states to account in particular for the diﬀerences in the
orthogonal and non-orthogonal states.

2

Quantum ghost imaging

2.1

Our model of quantum ghost imaging

Ghost imaging is an imaging technique using a detector
without spatial resolution and another with spatial resolution. Originating with the experiment by Pittman et
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1. illuminating two light beams correlated spatially to
only those parts of the object with the slit and using
the detector that has spatial resolution
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as resistance against attenuation than those constructed
from the orthogonal quantum states[6].
3.1

Attenuation for quantum states

We next consider instances where all systems Ai,j and
Bi,j are attenuated. However, the model for attenuation
in a single system is fundamental. For this reason, we
describe this single-system instance first. Let ρ(in) be the
quantum state before attenuation and ρ(out) be the state
attenuated with an energy transmissivity of η. We obtain

Figure 1: Schematic setup for the ghost imaging, where
DA represents the detector having no spatial resolution,
DB represents the detector that has spatial resolution, S
represents the object, and C represents a correlator.

ρ(out) =

∞
∑

Ek (η)ρ(in) Ek (η)† ,

(2)

k=0

where Ek (η) is the Kraus operator[8] for an energy transmissivity η. The right-hand side of the Eq. (2) is called
the Kraus representation[7]. The Kraus operator has expansion
√( )
∞
√
∑
n
η n−k (1 − η)k |n − k⟩ ⟨n| . (3)
Ek (η) =
k
n=0
Figure 2: Object with M-shaped hole.

Because the quantum states used in this work are product
states of multiple systems, the quantum state that has
attenuated ρ(out) is described in an extension of Eq. (2)
by

3. detecting the light illuminated from the source directly at each lattice point
4. correlating the outputs from the two detectors and
recording the result for each lattice point of DB

ρ(out) =

∞
∑
kd,d =0

(Ek1,1 · · · Ekd,d )ρ(in) (Ek1,1 · · · Ekd,d )† . (4)

4

Quantum states used in this work

Result

We use two detectors for diﬀerent purpose and it is
necessary to obtain correct output from both detectors
for ghost imaging. Therefore, if an error occurs on either DA or DB , imaging fails. Moreover, we consider
the average error rate of ghost imaging using orthogonal
and non-orthogonal quantum states. Now, let the area
fractions of the slit part and the remainder of the whole
object be denoted ξ0 and ξ1 , respectively. In this case,
we use the optimum quantum receiver constructed with
a priori probabilities |0L ⟩ and |1L ⟩ on DA , ξ0 and ξ1 , at
the minimum error rate. Likewise, we use the optimum
quantum receiver constructed with a priori probabilities,
(d2 − 1)/d2 and 1/d2 , on DB at the minimum error rate.
When using a binary quantum state signal with a pri(opt)
ori probabilities ξ0 and ξ1 , the error rate Pe
is calculated using
∑
λ+ ,
(5)
Pe−(opt) = ξ0 −

Let the system illuminate the lattice point (i, j) with
i, j are natural numbers, as detailed in section 2, Ai,j
Bi,j (1 ≤ i, j ≤ d). Moreover, we consider for spatially
correlated quantum states the product states
|Ψi,j ⟩ = |0L ⟩A1,1 |0L ⟩B1,1 · · · |1L ⟩Ai,j |1L ⟩Bi,j
· · · |0L ⟩Ad,d |0L ⟩Bd,d ,

···

k1,1 =0

In addition, we assume there is only an attenuation for
the imperfect factor of the system. Hereinafter, let η be
the energy transmissivity for all systems.

3

∞
∑

(1)

where |0L ⟩, |1L ⟩ are basic quantum bits corresponding to
logical bits ‘0’ and ‘1’.
Taking the photon number state |0⟩ for which the number of photons is 0 as the logic state |0L ⟩ and the photon
number state |n⟩ for which the number of photons is n
as logic state |1L ⟩, we obtain the product states from the
state in Eq. (1). In this work, we utilize these states as
the orthogonal quantum states in quantum ghost imaging.
On the other hand, taking the coherent state |0⟩ for
which the amplitude is 0 for |0L ⟩ and coherent state
|α⟩ for which the amplitude is α for |1L ⟩, we obtain the
product states from the state in Eq. (1). In this work,
we apply this quantum state as non-orthogonal quantum
states in quantum ghost imaging. In addition, it is known
that these quantum states when constructed by a nonorthogonal quantum bit show better performance such

λ+
(out)
ρ0

(out)
ρ1

where
and
are received quantum states, and
(out)
(out)
λ+ is a positive eigenvalue of ξ0 ρ0
− ξ1 ρ1 . When
using orthogonal quantum states, the error from |0⟩ to
|n⟩ does not occur because we only consider attenuation. Therefore, when light illuminates the remaining
part rather than the slit part of the object, errors do not
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Figure 3: Error probability of ghost imaging by using the
orthogonal and non-orthogonal quantum states, where
NS = 5, ξA1 = 0.8.
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In addition, the ratio of the error probability with the
orthogonal quantum state to the error probability with
non-orthogonal quantum state, where NS = 5 is shown in
Fig. 4. Similarly, the ratio, where ξA1 = 0.8 is shown in
Fig. 5. Also in these plots, in the region where η is small,
the ratio is greater than 1, that is non-orthogonal quantum state oﬀers better performance. Moreover, the larger
slit area is and the smaller NS is, the wider the range
that non-orthogonal quantum state oﬀers better performance is. On the other hand, when the NS is large, the
range is narrow, but the maximum of the ratio of error
probabilities is large. We believe that the diﬀerence between results when using orthogonal and non-orthogonal
quantum states is caused depending on how the errors occur. Specifically, the error when using the non-orthogonal
quantum state occurs in all part of the object, but the
error when using the orthogonal quantum state occurs in
only slit part of the object.
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Figure 5: Ratio of error probabilities with the orthogonal
to non-orthogonal quantum states, where ξA1 = 0.8.
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Figure 4: Ratio of error probabilities with the orthogonal
to non-orthogonal quantum states, where NS = 5.
occur. For this reason, using Eq. (5), the error rate at
the optimum quantum receiver becomes
(orth)

Pe−(opt) = min {ξ1 (1 − η)n , ξ0 } .

(6)

5

Otherwise, when using non-orthogonal quantum states,
using Eq. (5), the error rate at the optimum quantum
receiver becomes
)
√
1(
(non−orth)
Pe−(opt)
=
1 − 1 − 4ξ0 ξ1 e−ηα2 .
(7)
2

We have applied non-orthogonal quantum states in
quantum ghost imaging showing its superior robustness
against attenuation. As a result, if the amount of attenuation is large, quantum ghost imaging using nonorthogonal quantum states oﬀers a better performance.
Moreover, the larger slit area or the smaller average
number of photons is, the wider the range that nonorthogonal quantum state oﬀers better performance is.
Our future work is assessing if transmissivity is diﬀerent in other systems and whether optimization for quantum ghost imaging is possible by means other than the
minimum error rate.

Using these error rate at receivers, we consider the average error probability of ghost imaging Pe . Because we
should consider the probability when error does not occur
at either DA or DB , we obtain
Pe = 1 − (1 − PA )(1 − PB ),

Conclusion

(8)

where PA and PB are the error rates at detectors DA and
DB , respectively. For these error rates, we use Eqs. (6)
and (7) when using orthogonal and non-orthogonal quantum states, respectively.
The error probabilities, Eqs. (6) and (7), as functions
of transmissivity η ranging from 0 to 1 where the average
number of photons is NS = 5 and the area fraction for
the slit part is ξA1 = 0.8 is shown in Fig. 3. In these
plots, in the region where η is small, that is, the amount
of attenuation is large, the error rate for ghost imaging
using non-orthogonal quantum state is less than the error
rate using orthogonal quantum state.
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Abstract. Masking information protocol is a protocol that encode (mask) quantum information into
bipartite entanglement while the information is completely unknown to local system. This work explicitly
studies the structure of the set of maskable states and its relation to hyperdisks. We prove that maskable
qubit states locate on single hyperdisk, though it is not true for higher dimension case. Our results may
shed light on several research fields of quantum information theory, such as the structure of entangled
states and local discrimination of bipartite states.
Keywords: masking quantum information, hyperdisk, maskable states

1

Introduction

a hyperdisk if there is a complete orthonormal basis B for
m-dimensional subspace V := span{S} which satisifies

Recently, Ref. [1] proposed a masking quantum information protocol, which encodes quantum information
into non-local correlation completely. They derived a new
no-go theorem called no-masking theorem, which claims
that although one can encode classical information into
entanglement, masking arbitrary quantum states is impossible. Still, one can go beyond classical world and
mask a set of non-orthogonal quantum states into bipartite system. Furthermore, Ref. [2] generalized the protocol and prove that is possible to mask full quantum
information into multipartite systems.
Although no-masking theorem has been proved, the
structure of set of maskable states is still unknown. Ref.
[1] proposed a masker using generalized control-NOT
gate. Based on that masker, Ref. [1] conjeced that any
set of maskable states must live on some disk.
In this work, we prove that the conjecture holds for
qubit case, while it fails for general higher dimensional
case. First, we give a clear definition of hyperdisk and introduce some related concepts. Then we study the classification of masking protocol, depending on the dimension
of input space n, the Schmidt number of target states d
and the degeneracy of marginal states. General methods
are provided to derive the structure of maskable states in
different cases. Based on those methods, we show that
the maskable states may live on two or more different
hyperdisks if n ≥ 3, and we give a full characterization
of maskable states for n = 2, d ≥ 2 and n = 3, d = 3.

2

rB (|ψi) ≡ r,
rB (|ξi) 6= r,

∀ |ψi ∈ S,
∀ |ξi ∈ H \ S.

(2)
(3)

Here B is called the hyperdisk basis and m :=
dim(V) is called the dimension of hyperdisk. In the
simplest case m = 1, S consists of only one pure
state. For the case m = 2, S can be expressed as

|ψ(θ)i = a |φ0 i + beiθ |φ1 i |θ ∈ R , where {|φ0 i,|φ1 i} is
an orthonormal basis for H2 . In Bloch representation, S
can be visualized as an intersection between the sphere
and some plane, which is orthogonal to crossing line of
two antipodal points |φ0 i and |φ1 i. In general case, any
pure state |ψi in a given m-dimensional hyperdisk S can
be expressed as:
|ψ (θ)i =

m−1
X

rj exp (iθj ) |φj i ,

(4)

j=0

where θj ∈ [0, 2π).
Definition 2 (Schmidt hyperdisk) For bipartite system HAB , hyperdisk S AB ⊂ HAB is a Schmidt hyperdisk
if B is the Schmidt basis of |Ψi ∈ S AB .
As an example, S = {|Ψ(θ)i := |00i + eiθ0 |11i +
eiθ1 |22i} is a Schmidt hyperdisk, while S 0 = {|Ψ(θ)i :=
|00i+eiθ (|11i+|22i)} is not since |11i+|22i is entangled.
However, S 0 is vaild hyperdisk and S 0 ⊆ S, which leads
to another concept called sub-hyperdisk.

Hyperdisk and related concepts

Let H be an n-dimensional Hilbert space and B :=
m−1
{|φj i}j=0 be an orthonormal basis for some mdimensional subspace of H, define a real vector for a pure
state |ψi ∈ H:

Definition 3 (sub-hyperdisk) Subset S 0 ⊆ S is a subhyperdisk of hyperdisk S if S 0 is also a hyperdisk.

(1)

The sub-hyperdisk is not only class of sub-structure
that exists in hyperdisk. Weaker condition can be added
to derive a more general structure called regular subset
of hyperdisk.

Definition 1 (hyperdisk) Let S be a set of pure states
within an n-dimensional Hilbert space H. Then S forms

Definition 4 (regular subset of hyperdisk) A subset C ⊆ S is a regular subset of hyperdisk S if VC ∩S = C,
where VC := span{C}.

T

rB (|ψi) := (|hφ0 |ψi| , ..., |hφm−1 |ψi|) .
Notice that rB (|Ψi) is normalized iff |ψi ∈ span{B}.

∗xyhu@sdu.edu.cn
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The statement VC ∩ S = C is equivalent to that for
any linear combination |ηi of states in C, the condition
|ηi ∈ S leads to |ηi ∈ C. Every sub-hyperdisk is a regular subset. We define the the dimension of C as dim(VC ).
Notice that dim(C) = dim(S) leads to C = S. To characterize the structure of regular subset C, we define the
minimal number of sub-hyperdisks that fully cover C as
the optimal cover number. For the case dim(C) = 2, we
have a lemma below:

By definition, the tuple (Vmask , ρA , ρB ) fully charactorize a masking information protocol. The set of legal
target states L is determined by (ρA , ρB ). The linear
isometry Vmask implies HR and VT . The set of all target
states can now be expressed as
T = VT ∩ L.

In order to characterize the structure of maskable states,
we mainly focus on the structure of target states since T
is isomorphic to R.

Lemma 5 The optimal cover number for 2-dimensional
regular subset is at most 2.

4
3

Masking information protocol

Structure of the set of maskable states

The set of maskable states R for qubit space have simple structures without assumption on marginal states:

A masking information protocol involves three participants: a referee R and two players A and B. Each of them
holds a space denoted as HR , HA or HB . We define HR
as the input space. For every round of the protocol, the
referee randomly chooses a pure state |ψi in the set of
maskable states R in HR , and referee puts the state |ψi
into a masking machine.

Theorem 7 For n = 2, d ≥ 2, R lives on a hyperdisk.
The proof of above theorem follows both Lemma.5 and
Lemma.9. Though things become more complicated for
qutrit space, still we give the following theorem to characterize the set of target states T when n = d = 3:

Definition 6 (masking machine) The linear isometry
Vmask : HR → HA ⊗ HB
(5)

Theorem 8 Assuming the set of target states T contains at least one 2-dimensional sub-hyperdisk of some
Schmidt hyperdisk, T has 3 possible types of structure
when n = d = 3:

is a masking machine for a set of maskable states R
in HR , if for any |ψi in R, the marginal states of
|Ψi = Vmask |ψi are constant, i.e. TrB (|Ψi hΨ|) ≡ ρA
and TrA (|Ψi hΨ|) ≡ ρB are independent of |ψi.

• Type-I: T is a 3-dimensional Schmidt hyperdisk.
• Type-II: T consists of two 2-dimensional subhyperdisk locate on different Schmidt hyperdisks.

In this way, referee can distribute |ψi ∈ R to players
without losing any quantum information. Notice that
no communication is allowed between two players, so by
local operation, they can not gain any information about
which state referee has chosen.
The bipartite pure state |Ψi is denoted by the target
state. T is the set of target states and VT = span{T }.
The marginal states ρA and ρB are mixed states if R
contains more than one state, so |Ψi must be entangled.
The dimension of span{R} is denoted by n. States
that do not live in span{R} can not be masked, so we
set HR = span{R} without loss of generality. And Vmask
restricts that HR ' VT , it follows that dim (VT ) = n.
The rank of marginal states (or the Schmidt number of target states) is denoted by d. The spectral decomposition
marginal states
as
Pd−1 form of two
Pd−1are written
A
B
B
φ
and
ρ
=
λ
φ
φ
ρA = j=0 λj φA
B
j
j
j
j .
j=0 j
These marginal states may have some degrees of degeneracy, so the eigenstates usually are not fixed. By the
purification process, it is neccessary for the target states
to be expressed as
d−1
X
p
B
λj exp (iθj ) φA
|Ψ (θ)i =
j φj ,

(7)

• Type-III: T contains a 2-dimensional sub-hyperdisk
plus a single state locates on different Schmidt hyperdisks.
Because the degeneracy of the marginal states can effect the set of target state L, not all kinds of pairs
(ρA , ρB ) can achieve 3 types of structure: the nondegenerate case can achieve type-I structure; the partially degenerate case can achieve type-II structure; the
completely degenerate case can achieve all types of structure. So in following we divide the discussion into three
parts according to the degeneracy of marginal states, in
order to develop a general theory for the structure of
maskable states.
4.1

non-degenerate case

In this case, ρA and ρB have fixed eigenstates. Hence
the set of legal target states Lnd is a Schmidt hyperdisk
S AB as shown in Eq.(6), which leads to dim (VLnd ) = d.
The set of target states for non-degenerate case is denoted
by Tnd and VT nd := span{Tnd }. Because Tnd ⊆ Lnd , the
target states live on the d-dimensional hyperdisk S AB .
From Eq.(7), we can see Tnd forms a regular subset of
S AB . Then dim (VT nd ) is bounded as

(6)

j=0

where θj ∈ [0, 2π). However it is not a sufficient condition as these states may not live in VT , so we call them
the legal states. The set of legal states is denoted by L
and VL := span{L}. Without loss of generality, we set
dim (HAB ) = d2 .

dim (VT nd ) = n ≤ d = dim (VLnd ) .

(8)

The equality holds iff Tnd = S AB , in other words, Tnd
itself forms a hyperdisk.
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However, there are situations when Tnd does not
forms a hyperdisk, an example is given below for nondegenerate masking protocol (n = 3, d = 4). Here, Tnd
consists of following states (unnormalized):
√

√
|Ψ0 (α)i = |00i + 2 |11i + eiα
3 |22i + 2 |33i ,
√
 (9)
√
2 |11i + 2 |33i .
|Ψ1 (β)i = |00i + 3 |22i + eiβ

4.3

In this case, the marginal state ρA (or ρB ) is partially
degenerate. The jth degenerate eigenvalue for marginal
state is denoted by λj . The dimension of jth eigenspace
is g(j), and the computational basis in that subspace is
g(j)−1
{|j, ki}k=0 . The total number of eigenspaces is t. Then
the legal states can be expressed as:
t−1
X
X
p g(j)−1
λj
Uj ⊗ I |j, ki |j, ki
|Ψ(U )i =

It follows that VT is a 3-dimensional subspace in HAB .
Here we√ define the masking
√ machine Vmask as |1i →
|00i + 2 |11i, |1i →
3 |22i + 2 |33i and |2i →
|Φ0 i. Even though Tnd is a regular subset that belongs to a 4-dimensional hyperdisk, we can not find
that
hyperdisk
for Rnd (unnormalized):
|ψ√
0 (α)i =
√
√
√
√
3 |0i√+ eiα 7 |1i,
|ψ
(β)i
=
7
|0i
+
3
3
|1i
−
50 |2i +
1
√
√

eiβ 2 7 |0i + 4 3 |1i + 50 |2i . So the maskable states
does not required to live on same hyperdisk, which can
be achieved even for non-degerate masking protocol.
4.2

j=0

(13)

k=0

The unitary matrix for |Ψ(U )i = U ⊗ I |ΨI i can be writLt−1
ten as U = j=0 Uj , where Uj is g(j)-dimensional unitary matrix act on jth degenerate subspace and |ΨI i =
Pt−1 p Pg(j)−1
λj k=0 |j, ki |j, ki. The dim(VT ) now is limj=0
ited by g(j):
dim (VT ) = n ≤

completely degenerate case

t−1
X

g 2 (j) = dim (VL ) ,

(14)

j=0

In this case, ρA = ρB = I/d, and the set of legal states
Lcd is the set of all maximally entangled states in HAB .
A maximally entangled state can be expressed as

Pt−1
where j=0 g(j) = d. We have already known that T
may not live on a fixed Schmidt hyperdisk, but the necessary and sufficient condition for target states live on
same Schmidt hyperdisk is still interesting:

d−1

1 X
U |jji = U ⊗ I |ΦI i ,
(10)
|Ψ(U )i = √
d j=0
P
where |ΦI i = √1d j |jji and U is a unitary matrix with
elements (U )ij = hij|Ψ(U )i. {|ji} is defined as the
computational basis for HA (or HB ). The completely
degenerate set of target states is denoted by Tcd and
VT cd = span{Tcd }. A property of completely degenerate masking protocol is that VLcd = span{Lcd } = HAB .
Hence dim (VT cd ) is bounded as:
dim (VT cd ) = n ≤ d2 = dim (VLcd )

partially degenerate case

Lemma 9 A set of target states {|Ψ(U )i}U ∈U lives on
same Schmidt hyperdisk iff there exists a unitary matrix
UT that satifisfies [U UT , U 0 UT ] = 0 for all of U, U 0 ∈ U.

5

Conclusion

We have studied the relation between hyperdisk and
masking information protocol. In this work, a clear definition of the unspeakable concept hyperdisk is introduced
with related concepts called sub-hyperdisk and regular
subsets of hyperdisk. Methods are given to deal with
the classification of masking protocol. By using the concept hyperdisk, we fully charactorize the set of maskable
states for qubit and qutrit case. Two examples are given
to show that the non-degenerate masker can mask several distinct hyperdisks even for qutrit information, and
the completely degenerate masker can mask unlimited
amount of hyperdisks. The hyperdisk structure of target
states may provide us another perspective to characterize
the structure of entangled states.

(11)

Unlike the non-degenerate case, Lcd is no longer a hyperdisk. Hence Tcd may not belong to a hyperdisk anymore. The following example shows that Tcd can consist
of infinite number
of hyperdisks. Here we set n = 3, d = 2
S
and Tcd = ξη Sξη , where states in Sξη are written as:
E
E
+
− −
iθ
|Ψξη (θ)i = φ+
φ
+
e
φ
φ
(12)
ξη ξη
ξη ξη ,
n
E
Eo
−
where
φ+
is one of orthonormal basis for
ξη , φξη
E
2-dimensional space, defined as φ+
= cos 2ξ |0i +
ξη
E
sin 2ξ eiη |1i and φ−
= sin 2ξ |0i − cos 2ξ e−iη |1i. It folξη
lows that VT cd = span{|00i , |11i , |01i + |10i}. Notice that ξ and η are continuously chosen in [0, 2π).
Here we define masking machine Vmask as |0i → |00i,
|1i → |11i and |2i → |01i + |10i, then one of hyper†
disk Vmask
Sξη in Rcd can be expressed as |ψξη (θ)i =
cos2 2ξ |0i + sin2 2ξ ei2η |1i + √12 sin ξeiη |2i + eiθ (sin2 2ξ |0i +
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cos2 2ξ e−i2η |1i − √12 sin ξe−iη |2i). It is an example that
the set of maskable states contains unlimited amount of
hyperdisks. Hence there is a sign that degeneracy of
masking protocol can enhance the masking power.
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Abstract. The subentropy is defined as a lower bound on the maximum mutual information for a fixed
quantum ensemble. By F. Mintert and K. Życzkowski, the subentropy was generalized to the quantity that
is called the α-order Rényi subentropy. However, they did not state a relation between the quantity and
the α-order mutual Rényi information. In this paper, we show a close relation between them. Furthermore,
using the relation, we derive an alternative expression for the α-order Rényi subentropy.
Keywords: α-order Rényi subentropy, α-order mutual Rényi information, quantum information theory
∑m−1
1 Introduction
i=0 pi = 1; it is denoted by
(
)
In quantum information theory, the information that
|ψ0 ⟩ · · · |ψm−1 ⟩
E
:=
.
(1)
may be extracted from a quantum ensemble is called the
p0 · · ·
pm−1
accessible information, i.e., the maximum mutual information. R. Jozsa, D. Robb, and W. K. Wootters deFor
the quantum ensemble E, the density operator ρ =
∑m−1
fined the subentropy as a lower bound on the accessible
i=0 pi |ψi ⟩⟨ψi |. We obtain information by measuring a
information [1]. The lower bound is the best that dequantum state using a quantum measurement that is depends only on the density operator. F. Mintert and K.
scribed by a positive operator-valued measure (POVM).
Życzkowski generalized the subentropy by redefining it
A POVM Π is a set of positive
∑n−1 semidefinite operators
as the excess of the Wehrl entropy [2]. The quantity is
Π := {Πj }n−1
satisfying
j=0
j=0 Πj = I, where I is the
called the α-order Rényi subentropy. They showed that
identity operator. The conditional probability P (j|i)
this quantity is an entanglement monotone. However,
that the outcome is j when a quantum state |ψi ⟩ is given
they did not state a relation between the quantity and a
as P (j|i) := Tr [|ψi ⟩⟨ψi |Πj ]. Further, the probability
corresponding generalization of the ordinary mutual inP (j) that we obtain the outcome j is P (j) := Tr [ρΠj ].
formation.
We now introduce the mutual information.
In this paper, for any integer α > 1, we show a close
Definition 1 (mutual information) The mutual inrelation between the α-order Rényi subentropy and the
formation I(Π, E) between the POVM Π and the quantum
α-order mutual Rényi information [3], which is one of
ensemble E is defined as
generalizations of the ordinary mutual information. The
α-order mutual Rényi information is defined by C. H.
I(Π, E) := H(Π) − H(Π|E),
(2)
Bennett, G. Brassard, C. Crépeau, and U. M. Maurer
in information-theoretical context [3]. Hence, our result
where
implies that the α-order Rényi subentropy is natural genn−1
eralization also in information-theoretical context. Fur∑
H(Π) := −
P (j) ln P (j),
(3)
thermore, using our relation, we derive an alternative
j=0
expression for the α-order Rényi subentropy.
m−1
∑ n−1
∑
H(Π|E)
:=
−
pi P (j|i) ln P (j|i)
(4)
2 α-order Mutual Rényi Information Iα
i=0 j=0

Here, we recall the ordinary mutual information and
the α-order mutual Rényi information in quantum information theory.
First of all, we consider a quantum ensemble, a quantum measurement, and probabilities that are obtained
from them. A quantum ensemble is a set of m pure quantum states {|ψi ⟩}m−1
i=0 in a d-dimensional Hilbert space
Hd and their a priori probabilities {pi }m−1
i=0 that satisfy

are the entropy and the conditional entropy, respectively.
The accessible information I(E) of the quantum ensemble
E is defined as the maximum mutual information over all
possible POVMs:
I(E) := max I(Π, E).
Π
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(5)

Next, we introduce the α-order mutual Rényi information [3] for any positive constant α ̸= 1.
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4

Definition 2 (α-order mutual Rényi information)
The α-order mutual Rényi information Iα (Π, E) between
the POVM Π and the quantum ensemble E is defined as
Iα (Π, E) := Rα (Π) − Rα (Π|E),
where



n−1
∑

Here, we restrict that α is any integer such that α > 1.
We now show a close relation between the α-order Rényi
subentropy and the α-order mutual Rényi information.

(6)



1
ln 
P (j)α ,
1−α
j=0


m−1
n−1
∑
∑
1
Rα (Π|E) :=
pi ln 
P (j|i)α 
1 − α i=0
j=0
Rα (Π) :=

Proposition 5 Let ρ be a density operator of the quantum ensemble E and let λk ’s be eigenvalues of ρ. Let
A = {|aj ⟩⟨aj |}d−1
j=0 be a complete orthogonal measurement. Then, the following equation holds:


d−1 ⟨
⟩
∑
1
α
ln 
PA (j) 
Qα (ρ) =
1−α
j=0


m−1
d−1 ⟨
⟩
∑
∑
1
−
(12)
pi ln 
PA (j|i)α ,
1 − α i=0
j=0

(7)

(8)

are the α-order Rényi entropy and the α-order conditional Rényi entropy, respectively.
Eqs. (6), (7), and (8) coincide with Eqs. (2), (3), and
(4) when α → 1. Note that, the α-order mutual Rényi
information can be negative [3].
For the ordinary mutual information, a generalization
using the α-order Rényi entropy is not unique. The generalizations are called the α-mutual information (see [4]).
The α-order accessible Rényi information is the maximum α-order mutual Rényi information over all possible
POVMs:
Iα (E) := max Iα (Π, E).
(9)

where PA describes the probability that obtains from the
complete orthogonal measurement A and the quantum ensemble E with the density operator ρ and ⟨·⟩ is the average
over all complete orthogonal measurements.
We can prove this proposition by using a technique
shown in [1].
Since the RHS of Eq. (12) is the expression that is obtained by averaging the arguments to the logarithms in
the α-order mutual Renyi information, this result suggests that there is the close relation between the α-order
Rényi subentropy and the α-order mutual Rényi information.

Π

3

α-order Rényi Subentropy Qα

Here, we introduce the ordinary subentropy and the αorder Rényi subentropy for any positive constant α ̸= 1.
We first introduce the definition of the subentropy [1].

5

Definition 3 (subentropy) Let ρ be a density operator on a d-dimensional Hilbert space Hd and let λk ’s be
eigenvalues of ρ. The subentropy Q(ρ) of the density operator ρ is defined as


d−1
∑
∏ λk

 λk ln λk .
Q(ρ) := −
(10)
λk − λl
k=0

Proposition 6 Let ρ be a density operator on a ddimensional Hilbert space Hd and let λk ’s be eigenvalues
of ρ. Then, the following equation holds:



The subentropy is known as the best lower bound that
depends only on the density operator on the ordinary accessible information. Second, we introduce the definition
of the α-order Rényi subentropy [2].

Qα (ρ) =

Definition 4 (α-order Rényi subentropy) Let ρ be
a density operator on a d-dimensional Hilbert space Hd
and let λk ’s be eigenvalues of ρ. The α-order Rényi
subentropy Qα (ρ) of the density operator ρ is defined as




λkα+d−1

.
d−1

∏
(λk − λl ) 

Alternative Expression of Qα

Again, we restrict that α is any integer such that α > 1.
We derive an alternative expression for the α-order Rényi
subentropy.

l̸=k

d−1
∑
1

ln 
Qα (ρ) :=
1−α 
k=0

Relation Between Qα and Iα


1

ln 
1−α 

α
∑
k0 ,...,kd−1 =0|
∑d−1
l=0 kl =α


kd−1 
λk00 · · · λd−1
.


(13)

We can prove this proposition by using Proposition 5.
One finds that Eq. (13) is calculated easily even if the
density operator is degenerate. Moreover, we may lead
to a simpler expression for fixed α. As the example, we
provide a simpler expression for the second-order Rényi
subentropy.

(11)

Example 1 Let ρ be a density operator on a ddimensional Hilbert space Hd and let λk ’s be eigenvalues
of ρ. Then, the second-order Rényi subentropy Q2 (ρ) is
)
(
2
.
(14)
Q2 (ρ) = ln
∑d−1
1 + k=0 λ2k

l=0,l̸=k

Applying L’Hopital’s rule, one demonstrates that
Eq. (11) coincides with Eq. (10) when α → 1. It is not
known whether the α-order Rényi subentropy is a lower
bound on the α-order accessible Rényi information.
From the definitions, one finds that these quantities
are hard to calculate when ρ is degenerate.
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In [5], using Eq. (14), it was shown the second-order
Rényi subentropy is a lower bound for the minimum entropy. This fact suggests that the alternative expression
is helpful expression in order to study properties of the
α-order Rényi subentropy.

6

Conclusion

For any integer α > 1, we showed the close relation between the α-order Rényi subentropy and the α-order mutual Rényi information (Proposition 5). From this relation, we think that the ordinary definition of the α-order
Rényi subentropy is natural also in quantum information
theory. Furthermore, using Proposition 5, we derived the
simpler expression for the α-order Rényi subentropy.
Our future works are that we clarify properties of the
α-order Rényi subentropy and whether the α-order Rényi
subentropy is a lower bound on the α-order accessible
Rényi information.
Acknowledgements: This work has been supported in
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with smaller amount of quantum resources.
Keywords: Quantum computation, modular inverse, elliptic curve discrete logarithm problem, elliptic
curve cryptography
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Introduction

compute modular arithmetic efficiently. Let p a prime
modulus and n be the length of p. An integer a is represented as aR mod p under the Montgomery representation of a radix R > p. The representation is often used
in classical computation for its efficiency, too. We use 2n
as the radix in this paper.
Kaliski’s algorithm takes an integer x mod p as an input, and outputs an integer x−1 2n mod p in the Montgomery representation. Kaliski’s algorithm works fine
alone, but if it is applied to Shor’s algorithm, one should
convert convert the input from Montgomery representation to normal representation beforehand to keep the
representation consistent in the whole calculation. Unfortunately the algorithm had a problem for it failed to
do this.
To resolve this problem, we use another definition of
modular inverse introduces by Savas and Koç [9]. In
this new definition, the input is x mod p and the output
is x22n mod p. Taking these things into consideration,
we propose two algorithms of modular inverse, modular
exponentiation type and step-by-step modular doubling
type.
The pseudocodes for our algorithms are shown in Algorithm 1 and Algorithm 2. The base of logarithm 2
is omitted in this paper. Though the pseudocodes are
written in a classical computation style, the quantum algorithms basically do the same computation. Our main
contribution is the part from Line. 21 in both algorithms. Different from Kaliski’s original algorithm and
Roetteler’s algorithm, given a pair of integers (r, l) such
that r = −x−1 2n−l mod p, 0 ≤ l ≤ n, this part calculates x−1 22n mod p by doubling r modulo p for l times.
Our two algorithms calculate this in different ways.
The modular exponentiation type uses the fact that 2l
can be broken down into a product of blog nc + 1 inteQblog nc i
i
gers as i=0 22 . The multiplication by 22 modulo p
is done in a similar way as modular multiplication, but
more efficiently as the multiplier is a constant of a power
of 2. The step-by-step modular doubling type is somewhat less intuitive than the previous one. The main idea
of the step-by-step modular doubling type is to repeat

Cryptography has played a fundamental roll in the development of technology. It helps keeping secrets protected from malicious attacks. Some cryptosystems use
elliptic curves as their buikdingblock. They are used
for public key instantiation in various cryptosystems like
key exchange [2] and digital signatures [3][4]. They have
many application such as transport layer security and the
Bitcoin digital currency system.
Elliptic curve cryptography (ECC) is superior to other
cryptosystems in that it requires relatively small key
sizes. For example, integer factorization cryptography
like RSA [7] needs key size of 3072bits to aquire the same
security strength as ECC with key size of 256 − 383 bits
according to [1]. This is because the Elliptic Curve Discrete Logarithm Problem (ECDLP), which is the base of
the security of ECC, is hard to solve classically. There
is a sub-exponential time classsical algorithm for integer
factorization, while the best classical algorithm currently
known for the ECDLP is exponential.
However, the invention of quantum computation has
endangered the security of ECC. Shor proposed two
quantum algorithms in [10], one of which solves integer factorization and the other solves discrete logarithm
problem in a Galois field. The latter can also be applyed
to the ECDLP. This means ECC will be easily broken if a
large enough general purpose computer is created. Roetteler et al. gave a concrete circuit of Shor’s algorithm that
solves the ECDLP, and estimated its precise quantum resources [8]. The most costly operation in their algorithm
is modular inverse. Thus we propose more efficient algorithms for modular inverse with which the circuit of
Shor’s algorithm requires less quantum resources.

2

Algorithms for modular inverse

Our algorithms for modular inverse are based on
Kaliski’s algorithm [5] as in [8]. Kaliski’s algorithm uses
Montgomery representation [6] to represent integers to
∗r
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Algorithm 1 Modular exponentiation type algorithm
to calculate Savas and Koç’s modular inverse x−1 ·
22n mod p. li represents the ith bit of the variable l.
1: u ← p, v ← x, r ← 0, s ← 1
2: l ← 0
3: for i = 0 to 2n − 1 do
4:
if v > 0 then
5:
if u is even then
6:
u ← u/2, s ← 2s
7:
else if v is even then
8:
v ← v/2, r ← 2r
9:
else if u > v then
10:
u ← (u − v)/2, r ← r + s, s ← 2s
11:
else
12:
v ← (v − u)/2, s ← r + s, r ← 2r
13:
end if
14:
else
15:
l ←l+1
16:
end if
17: end for
18: if r ≥ p then
19:
r ←r−p
20: end if
21: for i = 0 to blog nc do
22:
if li = 1 then
i
23:
r ← 22 r mod p
24:
end if
25: end for
26: r ← −r mod p
27: return r

Algorithm 2 Step-by-step modular doubling type algorithm to calculate Savas and Koç’s modular inverse
x−1 · 22n mod p. The symbols ! and ⊕ represent “not”
and “exclusive or”, respectively.
1: u ← p, v ← x, r ← 0, s ← 1
2: l ← 0, f ← f alse, c ← 0
3: for i = 0 to 2n − 1 do
4:
if v > 0 then
5:
if u is even then
6:
u ← u/2, s ← 2s
7:
else if v is even then
8:
v ← v/2, r ← 2r
9:
else if u > v then
10:
u ← (u − v)/2, r ← r + s, s ← 2s
11:
else
12:
v ← (v − u)/2, s ← r + s, r ← 2r
13:
end if
14:
else
15:
l ←l+1
16:
end if
17: end for
18: if r ≥ p then
19:
r ←r−p
20: end if
21: for i = 0 to n do
22:
f ←!(c = 0) ⊕ (l = 0) ⊕ f
23:
if f then
24:
c←c+1
25:
else
26:
r ← 2r mod p
27:
l ←l−1
28:
end if
29: end for
30: r ← −r mod p
31: return r

a certain subroutine l times, where if the register |li is
positive, the register |ri is multiplied by 2 and the register |li is decreased by 1. Though construction of such a
subroutine with reversibility may not seem obvious, it is
possible by introducing another register as a counter.

3

gates. When compared in Shor’s algorithm, ours are
asymptotically 13.3% better than [8].
In conclusion, by using our modular inverse algorithms,
Shor’s algorithm solving the ECDLP can be implemented
efficiently with less quantum resources.

Quantum Resource estimation for
modular inverse and Shor’s algorithm

We assessed the sizes of circuits by the number of
qubits and Toffoli gates. We used the number of Toffoli gates as one of the measures to compare our results
with [8]. Let n be the length of a modulus p of elliptic
curves. Table.1, 2 show the quantum resources needed
for our algorithms and the one in [8] for modular inverse
and Shor’s algorithm solving the ECDLP, respectively.
To compare our algorithms correctly with Roetteler’s,
we used estimates for a modified version of their circuit
to resolve their problem.
The number of qubits for modular inverse in our both
algorithms was 7n + blog nc + 6. This is better than
that of [8], but the difference is asymptotically insignificant. The number of Toffoli gates for our modular inverse
was 32n2 log n + O(n2 ) while Roetteler’s was 48n2 log n +
O(n2 ). This is asymptotically about 33.3% better than
that of theirs. By applying our modular inverse algorithms, Shor’s eintire algorithm can be implemented with
9n + blog nc + 7 qubits and 832n3 log n + O(n3 ) Toffoli
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Abstract. Lin and Lin [LL16] have recently shown how starting with a classical query algorithm (decision
tree) for a function, we may find upper bounds on its quantum query complexity. More precisely, they
have shown that given a decision tree for a function f : {0, 1}n ! [m] whose input can be accessed via
queries to its bits, and a guessing algorithm
p that predicts answers to the queries, there is a quantum query
algorithm for f which makes at most O( GT ) quantum queries where T is the depth of the decision tree
and G is the maximum number of mistakes of the guessing algorithm. In this paper we give a simple proof
of and generalize this result for functions f : [`]n ! [m] with non-binary input as well as output alphabets.
Our main tool for this generalization is non-binary span program which has recently been developed for
non-binary functions, as well as the dual adversary bound. As applications of our main result we present
several quantum query upper bounds, some of which are new. In particular, we show that topological
sorting of vertices of a directed graph G can be done with O(n3/2 ) quantum queries in the adjacency
matrix model. Also, we show
p that the quantum query complexity of the maximum bipartite matching is
upper bounded by O(n3/4 m + n) in the adjacency list model.
Keywords: Quantum query complexity, decision trees, span program, dual adversary bound

1

Introduction

of predicted queries instead of the real values and use a
modified version of Grover’s search to find mistakes of
the guessing algorithm.

n

Query complexity of a function f : [`] ! [m] is the
minimum number of adaptive queries to its input bits
required to compute the output of the function. In a
quantum query algorithm we allow to make queries in
superposition, which sometimes improves the query complexity, e.g., in Grover’s search algorithm [Gro96].
Lin and Lin [LL16] have recently shown that surprisingly sometimes classical query algorithms may result
in quantum query algorithms. They showed that having a classical query algorithm with query complexity T
for some function f : {0, 1}n ! [m], together with a
guessing algorithm that at each step predicts the value
of the queried bit and makes no more than G mistakes, the p
quantum query complexity of f is at most
Q(f ) = O( GT ). For instance, the trivial classical algorithm for the search problem which queries the input
bits one by one have query complexity T = n, and the
guessing algorithm which always predicts the output 0
makes at most G = 1 mistakes (because making a mistake is equivalent to finding an input bit 1 which solves
the search problem). Thus thepquantum query
complexp
ity of the search problem is O( GT ) = O( n) recovering
Grover’s result.
There are two proofs of the above result in [LL16]. One
of the proofs is based on the notion of bomb query complexity B(f ). Lin and Lin show that there exists a bomb
query algorithm that computes f using O(GT ) queries,
and that the bomb query complexity equals the square of
2
the quantum query complexity, i.e.,
p B(f ) = ⇥(Q(f ) ),
which together give Q(f ) = O( GT ). In the second
proof, they build an explicit
p quantum query algorithm
with query complexity O( T G) for f using Grover’s
search; in computing the function they use the values

Our results: In this paper we give a simple proof of
the above result based on the method of non-binary span
program that has recently been development by the authors [BT18]. Then inspired by this proof, we generalize
Lin and Lin’s result for functions f : [`]n ! [m] with nonbinary input as well as non-binary output alphabets. Our
proof of this generalization is based on the dual adversary bound which is another equivalent characterization
of the quantum query complexity [LMR+ 11].
As an application of our main result we show that given
query access to edges of a directed and acyclic graph G
in the adjacency matrix model, the vertices of G can be
sorted with O(n3/2 ) quantum queries to its edges. Moreover, we show that some existing results on the quantum
query complexity of graph theoretic problems such as directed st-connectivity, detecting bipartite graphs, finding
strongly connected components, and deciding forests can
easily be derived from our results.
Our main result is also useful when dealing with graph
problems in the adjacency list model. In this regard, we
show that given query access to the adjacency list of an
unweighted bipartite graph G, the quantum query complexity ofpfinding a maximum bipartite matching in G
is O(n3/4 m + n), where m is the number of edges of
the graph. To the authors’ knowledge this is the first
non-trivial upper bound for this problem.

2

From decision trees to span programs

In this section, after developing some notations we
state the main result of [LL16]. In the next section we
show how this result can be generalized for functions with
non-binary input alphabet.

⇤salman.beigi@gmail.com
† ltaghavi@ipm.ir
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Recall that a classical query algorithm for a function
f : Df ! [m] with Df ✓ {0, 1}n can be modeled by a binary decision tree T with internal vertices being indexed
by elements of {1, . . . , n}, edges being indexed by {0, 1},
and leaves being index by elements of [m]. The depth of
the decision tree, which we denote by T , is the classical
query complexity of this decision tree. In [LL16] it is
assumed that there is a further algorithm that predicts
the values of the queried bits. That is, at each internal
vertex of T makes a guess for the answer of the associated query. We can visualize the guessing algorithm in
the decision tree by coloring its edges. For each internal
vertex of the decision tree, there are two outgoing edges
indexed by 0 and 1, one of which is chosen by the guessing algorithm. We color the chosen one black, and the
other one red. We call such a coloring of the edges of the
decision tree a guessing-coloring (hereafter, G-coloring).
Therefore, the number of mistakes of the guessing algorithm for every x 2 Df equals the number of red edges in
the path from the root to the leaf of the tree associated
to x. We now state the result of [LL16] based on decision
trees and G-colorings.1

for each vertex v we have a candidate minimum, and the
outgoing edges of v are labeled by di↵erent numbers in [`].
Then by the above discussion, the subtrees of T hanging
below the outgoing edges whose labels are greater than
or equal to the current candidate minimum are identical.
Thus we can identify those edges and their associated
subtrees. In this case the outgoing edges of v are not
labeled by elements of [`], but by its certain subsets that
form a partition. Indeed, there is an outgoing edge whose
label is the subset of numbers greater than or equal to
the current candidate minimum, and an outgoing edge
for any smaller number.
Motivated by the above example of minimum finding,
we generalize the notion of decision tree T for a function
f : Df ! [m] with non-binary input alphabet (Df ✓
[`]n ). As before each internal vertex v of T corresponds
to a query index 1  J(v)  n. Each outgoing edge of
this vertex is labeled by a subset of [`], and we assume
that these subsets form a partition of [`]. We denote this
partition by
`[1
Qv (q) = [`],
q=0

Theorem 1 (Lin and Lin [LL16]) Assume that we
have a decision tree T for a function f : Df ! [m] with
Df ✓ {0, 1}n whose depth is T . Furthermore, assume
that for a G-coloring of the edges of T , the number of
red edges in each path from the root to the leaves of T
is at most G. Then there exists a quantum query algorithm
computing the function f with query complexity
p
O( GT ).

where here Qv (q) is the subset in the partition that contains q 2 [`]. Thus Qv (q) ✓ [`] contains q, and for
q, q 0 2 [`] either Qv (q), Qv (q 0 ) are disjoint or are equal.
Moreover, the out-degree of v equals |{Qv (q) : q 2 [`]}|,
the number of di↵erent Qv (q)’s. We also denote the
neighbor vertex of v connected to the edge with label
Qv (q) by N (v, Qv (q)).
Now given a decision tree T as above, the corresponding classical algorithm works as follows. We start
with the root r of the tree and query J(r). Then
xJ(r) 2 [`] corresponds to the outgoing edge of v with
label Qv (xJ(r) ). We take that edge and move to the next
vertex N (v, Qv (xJ(r) )). We continue until we reach a leaf
of the tree which determines the value of f (x).
The notation of G-coloring can also be generalized similarly. Recall that a G-coloring comes from a guessing
algorithm that in each step predicts the answer to the
queried index. In our generalized decision tree whose
edges are labeled by subsets of [`], we assume that the
guessing algorithm chooses one of these subsets as its
guess. Rephrasing this in terms of colors, we assume that
for each internal vertex v of T , one of its outgoing edges
is colored in black (meaning that its label is the predicted
answer) and its other outgoing edges are colored in red.
We also consider randomized classical query algorithms. In this case, for each value ⇣ of the outcomes
of some coin tosses, we have a (deterministic) generalized decision tree T⇣ as above. We also assume that each
of these decision trees T⇣ is equipped with a guessing algorithm which itself may be randomized. Nevertheless,
we may assume with no loss of generality that ⇣ includes
the randomness of the guessing algorithm as well. Therefore, for any ⇣ we have a generalized decision tree with a
G-coloring as before. We assume that the classical randomized query algorithm outputs the correct answer f (x)
with high probability. The complexity of such a random-

As mentioned before, this theorem can be proven using
non-binary span programs developed in [BT18]. This
proof can be found in the full paper.

3

Main result: generalization to the nonbinary case

In this section we assume that the input alphabet of
the function f : Df ! [m] is non-binary, i.e., Df ✓ [`]n .
In this case, a classical query algorithm corresponds to
a decision tree whose internal vertices have out-degree
` (instead of 2). Moreover, a G-coloring can be defined
similarly based on a guessing algorithm. Yet, we are
interested in a further generalization of the notion of decision tree which we explain by an example.
Consider the following trivial algorithm for finding the
minimum of a list of numbers in [`]: we keep a candidate
minimum, and as we query the numbers in the list one
by one, we update it once we reach a smaller number.
In this algorithm, the possible numbers as answers to a
query are of two types: numbers that are greater than
or equal to the current candidate minimum, and those
that are smaller. Now assuming that the answer to that
query is of the first type, what we do next is independent
of its exact value (since we simply ignore it and query the
next index). Considering the associated decision tree T ,
1 We remark that the result of [LL16] also works for randomized
algorithms.
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Proof. (i) Consider the randomized classical algorithm
that queries all indices one by one in a random order.
The algorithm keeps a candidate for minimum at each
step, and updates it once it reaches a smaller number.
Observe that this algorithm is ignorant of the exact answer to a query once it makes sure that it is not smaller
than the current candidate for minimum. Thus in the associated decision tree (for any choice of random order ⇣),
at any internal vertex v we can unify outgoing edges with
label in {q : q mv } where mv is the candidate for minimum at node v. Thus in T⇣ any internal vertex v has an
outgoing edge with label {q : q mv } and an outgoing
edge for any other q < mv . The former edge is colored
black and the latter edges are colored red. The depth of
T⇣ equals T = n for any ⇣. However, for a given x, G⇣x
depends on ⇣, so we should compute G = maxx E⇣ [G⇣x ].
Since in the beginning of the algorithm we apply a random permutation, we can assume that x1  · · ·  xn .
Then let y (m) = (x1 , . . . , xm ) and G⇣m = G⇣y(m) . If in
the random permutation ⇣ = (⇣(1), . . . , ⇣(n)) the first
0
element is n, i.e., ⇣(1) = n, then G⇣n = G⇣n 1 + 1
where ⇣ 0 = (⇣(2), . . . , ⇣(n)). Otherwise, if ⇣(1) 6= n then
00
G⇣n = G⇣n 1 where ⇣ 00 is the same order as ⇣ from which
n is removed. We conclude that

ized query algorithm is given by the expectation of the
number of queries over the random choice of ⇣.
We can now state our generalization of Theorem 1.
Theorem 2 In the following let f : Df ! [m] be a function with Df ✓ [`]n .
(i) Let T be a generalized decision tree for f equipped
with a G-coloring. Let T be the depth of T and
let G be the the maximum number of red edges in
any path from the root to leaves of T . Then the
quantum
query complexity of f is upper bounded by
p
O( T G).
(ii) Let {T⇣ : ⇣} be a set of generalized decision trees
corresponding to a randomized classical query algorithm evaluating f with bounded error. Moreover,
suppose that each T⇣ is equipped with a G-coloring.
Let Px⇣ be the path from the root to the leaf of T⇣
associated to x 2 Df . Let Tx⇣ be the length of the
path Px⇣ , and let G⇣x be the number of red edges in
this path. Define
T = max E⇣ [Tx⇣ ],
x

G = max E⇣ [G⇣x ],
x

E[G⇣n ] =

where the expectation is over the random choice
of p
⇣. Then the quantum query complexity of f is
O( T G).

Therefore, letting Gn = E[G⇣n ] we have Gn = Gn
Using G1 = 1 we obtain

The span program in the proof of Theorem 1 can easily be adapted for a proof of the above theorem, yet in
the complexity p
of the resulting span program we see an
extra
p factor of ` 1, i.e., we get the upper bound of
O( (` 1)GT ) on the quantum query complexity. To
remove this undesirable factor, getting ideas from the
span program in the proof of Theorem 1, we directly construct a feasible solution of the dual adversary SDP. To
prove the second part of this theorem we indeed need the
dual adversary bound for the state generation problem.

4

n 1 ⇥ ⇣ 00 ⇤
1 ⇥ ⇣0 ⇤
E Gn 1 + 1 +
E Gn 1 .
n
n

Gn =

n
X
1
t=1

t

1

+ n1 .

= O(log n).

As a result, G = O(log n) and by Theorem 2 the quantum query
p complexity of finding the minimum is bounded
⇤
by O( n log n).
In the following examples we use the fact that our generalization to Lin and Lin’s result works for functions
with non-binary input.

Applications

Proposition 4 (topological sort) Suppose that the
directed acyclic graph G with n vertices and m edges is
given via the adjacency list model. Then the quantum
query complexity of finding a vertex ordering of
p G such
that for all (u, v) 2 E, u appears before v is O( mn).

We can use Theorem 2, to simplify the proof of some
known quantum query complexity bounds as well as to
derive new bounds. We state some of them here.
Proposition 3 Let x = (x1 , . . . , xn ) be a list of n numbers.

To the author’s knowledge the above theorem gives the
first non-trivial quantum query complexity upper bound
for the topological sort problem.

(i) [min] The quantum query
p complexity of finding
minj xj is bounded by O( n log n).

Proposition 5 (maximum bipartite matching)
Suppose that the graph G with n vertices and m edges
is given via the adjacency list model. Then assuming
that G is unweighted and bipartite, the quantum query
complexity of
p finding a maximum bipartite matching in
G is O(n3/4 m + n).

(ii) [k-min] The problem of finding a subset S ✓
{1, . . . , n} of size |S| = k such that for all j 2
/ S we
max
x
has
quantum
query
complexity
have
x
j
i2S
i
p
O( kn log n).
Our
p bounds here are tight only up to a a factor of
log n [DH96, DHHM04]. Here we state the proof of the
first part of this theorem just to present how Theorem 2
can be used in applications.
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Introduction

ݍ
ݍଵ

In order to realize quantum computers, a quantum algorithm needs to be implemented. In general, a quantum algorithm includes a part to calculate logic functions. Major methods utilize ESOPs (Exclusive Sum of
Products) to generate a quantum circuit calculating logic
functions. A quantum circuit which is generated based
on ESOPs consists of Mixed Polarity Multiple-Control
Toﬀoli (MPMCT) gates. Due to the physical limitation,
it is necessary to transform a quantum circuit consisting of MPMCT gates to the one on a Nearest Neighbor
Architecture (NNA) [1]. In the following, we refer to a
quantum circuit on an NNA as NNA-compliant. There
have been intensive researches to transform a circuit to
be NNA-compliant eﬃciently.
To transform a circuit consisting of MPMCT gates
to be NNA-compliant, two tasks are necessary. In the
first task, MPMCT gates are decomposed into elementary gates, and then, SWAP gates are inserted. Previous works address these two tasks separately. Therefore,
they choose the control bits and the ancillary bits of gates
when they decompose MPMCT gates without consideration of inserting SWAP gates after the decomposition.
This paper proposes a totally new approach to address
these two tasks simultaneously; our method can realize
NNA-compliant eﬃciently compared with previous methods.
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Figure 1: An example such that a four-control-bits
MPMCT gate is decomposed into elementary gates.
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Figure 2: An NNA-compliant quantum circuit generated
from the circuit in Figure. 1 by inserting SWAP gates.

3

Previous work

The previous method decomposes each MPMCT gate
in a circuit into MPMCT gates with fewer control bits
and two-qubits gates as shown in Figure. 3 [2]. We repeatedly apply this method to MPMCT gates until they
are decomposed into only two-qubits or one-qubit gates.
After the decomposition, SWAP gates are inserted so
that the two qubits related to each two-qubits gate become adjacent [3]. Previous methods address these processes separately. They try to decrease the number of
gates after the decomposition, but at that time they do
not consider inserting SWAP gates. Therefore, the cost of
a circuit may increase significantly after inserting SWAP
gates.

Nearest Neighbor Architecture

Currently, quantum circuits which can be realized
physically such as IBM-Q and Rigetti Computing need
to satisfy the following two conditions.
1. A circuit consists of only one-qubit gates and twoqubits gates.
2. Operations of all gates are performed only on adjacent qubits
In order to satisfy Condition 1, MPMCT gates need to
be decomposed into elementary gates. Figure. 1 shows
an example such that a four-control-bits MPMCT gate
is decomposed into elementary gates. In addition, SWAP
gates are inserted to swap quantum states to satisfy Condition 2. For these processes, an MPMCT gate on the
left side of Figure. 1 is transformed to be NNA-compliant
as show in Figure. 2.

Figure 3: An example of the decomposition of an
MPMCT gate by the previous method.

∗doyle@ngc.is.ritsumei.ac.jp
† ger@cs.ritsumei.ac.jp

134

Figure 4: An example of a four-control-bits MPMCT gate
and a qubit placement.

Figure 6: An example of the decomposition of Figure. 4
by our proposed method.

Figure 5: An example of transforming Figure. 4 to be
NNA-compliant with 11 SWAP gates by the previous
method.

Figure 7: An example of transforming Figure. 4 to be
NNA-compliant with four SWAP gates by our proposed
method.

4

MPMCT gates repeatedly and realize a quantum circuit
on an NNA eﬃciently.

The proposed method

In our proposed method, we choose a combination of
control bits and an ancillary bit to decrease the number of
necessary inserted SWAP gates after the decomposition.
We show an example of transforming an MPMCT gate on
the left side of Figure. 4 to be NNA-compliant with the
qubit placement on the right side of Figure. 4. As shown
in Figure. 5, the number of inserted SWAP gates is 11
if we choose a combination of the control bits and the
ancillary bit without considering of the qubit placement.
On the other hand, our proposed method chooses an
ancillary bit in consideration of a qubit placement. In
Figure. 4, qubit q1 , q2 , q5 and q7 are available as an ancillary bit. As shown in Figure. 3, all gates in a circuit
after the decomposition use an ancillary bit. Therefore,
we should choose a qubit close to control bits as an ancillary bit in order to insert SWAP gates eﬃciently. qi
means a control bit of an MPMCT gate, and qj is a qubit
which is available as an ancillary bit. We choose a qubit
qj which minimizes Eq. 1 as an ancillary bit.
∑
dist|qi − qj |
(1)

5

Conclusion

In this paper, we proposed a new approach to decompose an MPMCT gate in consideration of inserting
SWAP gates at the same time. Our proposed method
chooses a combination of control bits and an ancillary bit
to decrease the number of inserted SWAP gates. Therefore, we can transform a quantum circuit consisting of
MPMCT gates to the one on an NNA more eﬃciently
compared with previous methods.
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Abstract. Counting Eulerian subgraphs, which have an Eulerian circuit, has a strong relationship with
the partition function in the Ising model, which is known as a #P-hard problem and necessary to evaluate
the probability of spin configuration in the Gibbs distribution. From the aspect of graph theory, we give an
algorithm counting Eulerian subgraphs using Binary Decision Diagram (BDD), which represents boolean
function. Using path decomposition of a graph to decide the ordering of edges enabled us to give the
BDD width bound of 2O(pw(G) log (pw(G)) , where pw(G) denotes the pathwidth of graph G. Furthermore,
implications for quantum computation are also touched upon.
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1

Introduction

subgraph in generating function is defined as a subgraph
the degree of whose all vertices is even, and it is not necessarily connected. In this paper, we adopt the former
definition, so we consider connected subgraphs the degree of whose vertices is even, since it is easy to relax the
problem using the latter definition and we expect considering this harder problem would open a new perspective
on the partition function from the graphical aspect.
Let wt(a) be a number of edges in the subgraph a, the
generating function is
X
E(G, x) =
xwt(a)
(3)

Ising model, which is applied to Quantum Annealing
[1, 2], is eagerly studied since it is coming into reality
and beginning to be used to solve real optimization problems. Yet there are many ”hard” problems concerning
Ising model, such as calculating the Ising partition function, which we tackle in this paper. The Ising partition
function, which has its origin in statistical mechanics [3],
appears when we calculate the probability of spin configuration in the Gibbs distribution. This function is defined
as follows [4];
Let G = (V, E) be a weighted graph and Jij be a weight
of the edge {i, j}. The Hamiltonian for a particular state
configuration σ = (σ1 , . . . , σ|V | ) is
X

H(σ) = −

Jij δσi ,σj

a

Via this generating function, the partition function is
given by
Y
Z(β) = 2|V |
cosh(βJij )E(G, tanh(βJij )) (4)

(1)

{i,j}∈E

{i,j}∈E

So counting Eulerian subgraphs is strongly related to calculating the value of partition function. We propose an
algorithm to count Eulerian subgraphs of a given graph
using a binary decision diagram (BDD). BDD is a data
structure which represents a boolean function. As known,
a graph has an Euler circuit if and only if the degree of all
vertices is even. We construct a BDD which determines
whether the graph is an Eulerian graph when every edge
assigned to use or not. After BDD constructed, we count
Eulerian subgraphs by applying dynamic programming
on BDD.
In addition, we apply path decomposition to the graph
and devise the edge deciding ordering, so that we give a
time complexity analysis using pathwidth of the graph.

where σi ∈ {−1, 1} and δσi ,σj = 1 and 0 otherwise. The
probability of the spin configuration σ in the Gibbs dis1
e−βH(σ) , where β = 1/kB T , the
tribution is P (σ) = Z(β)
inverse of the product of the Boltzmann constant and
temperature, and Z(β) is the partition function defined
as follows.
X
Z(β) =
e−βH(σ)
(2)
{σ}

where {σ} means the full set of all possible state configurations.
From the aspect from computational complexity, this
problem is known as #P-hard, so it is intractable even
for a small instance. Furthermore, the difficulty of this
problem in quantum device is discussed in [5].
Interestingly, also from the aspect of graph theory, van
der Waerden showed this partition function is represented
by the generating function of Eulerian subgraphs [5]. In
general, an Eulerian subgraph of G is a subgraph of G
which has an Eulerian circuit (a circuit which visits every edge exactly once). However, note that an Eulerian

2

Method

In this section, we show our method to count Eulerian
subgraphs. We construct a BDD data structure which
represents a boolean function. Assuming the edge ordering, we should judge whether a subgraph is Eulerian or
not when we decide to use each edge.
Let G = (V, E) be a graph and H = (V 0 , E 0 ) be a subgraph of G, there are two requirements that H should
hold.
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is an Eulerian subgraph as the above case(1:true and
0:false).
Furthermore, we give the following lemma about the
bound of the BDD width (the number of nodes of the
BDD).
Lemma 1 The BDD width on level k of the BDD is
bounded by 2|Tk | Bell(|Tk |), where Bell(x) is x-th Bell
number.
Proof. The number of which vertex in Tk is connected
on level k is bounded by the size of partition of Tk , and
this equals to Bell(|Tk |). If two nodes are same in both
the connected components and the parity of vertices,
we can merge this nodes, and the node size is bounded
2|Tk | Bell(|Tk |).


Fig 1. Comparison between BDT and BDD

1. ∀v ∈ V 0 degree(v) = 0 mod 2
2. H is connected
For the first condition, we consider a binary decision tree (BDT) whose node is Odd(H) = {v ∈
V |degree(v) = 1 mod 2}. The left side of the Fig
1 is binary decision tree on the condition of G =
({1, 2, 3, 4}, {{1, 2}, {2, 3}, {1, 3}, {3, 4}}). For simplicity,
we look an empty set (the last node on the level 5 of BDT
in Fig 1) as an Eulerian subgraph in this paper. Observing this BDT, you may notice that some intermediate
nodes never become Eulerian, such as the second node
on the level 3 since vertex 1 in this node never becomes
even degree. By connecting such node to false (never becomes Eulerian), and we construct BDD such as the right
side.
Formally, we should consider such Odd(H) ∩ Tk on level
k ≥ 1,Swhere level k is the k-th layer of BDT and BDD,
Sk = 1≤i≤k ei is the a set of vertices which are adjacent
to at least one edge of e1 , .., ek , and Tk ⊆ Sk is a set
of vertices such that are adjacent to at least one undecided edge and one decided edge. If there exists vertex
v ∈ Odd(H) ∩ (Sk \ Tk ), the degree of v never becomes
Eulerian and we don’t have to consider a subgraph H
such that Odd(H) ∩ (Sk \ Tk ) 6= ∅.
Furthermore, to satisfy the second condition, we want
to know which vertex in Tk is connected for each node in
BDD.
Every time when we decide whether we use ek or not,
and make a subgraph H = (V 0 , E 0 ) from a subgraph
which (k − 1)-th level node represents, if there exists v ∈
V 0 ∩ (Tk−1 \ Tk ) (a vertex whose last undecided edge was
decided on level k), we check following two conditions.

Then we want find a good ordering to minimize the
BDD width. To do that, we introduce a path decompostion of G.
Definition 2 A path decomposition of a graph G =
(V, E) is a pair ({Bp : p ∈ I}, P ), where P is a path,
I is the node set of P and the subsets Bp ⊆ V satisfies
(Bp is called a bag of p)
S
1. p∈I Bp = V
2. For each edge {u, v} ∈ E, there is at least one p ∈ I
with {u, v} ⊆ Bp
3. For each vertex v ∈ V , a subgraph induced by {i ∈
I : v ∈ Bi } is connected
pw(G) denotes the pathwidth of G, the minimum value
of (maxv∈VP |Bv |) − 1 for all its path decompositions. A
path decomposition is called optimal when it achieves
pw(G).
Theorem 3 (Theorem 2 in [6]) The pathwidth of a
graph can be computed and a corresponding path decom2
position can be found in time 2O(k ) n for graphs of pathwidth k.
From the above theorem, we can get an optimal path decompostion ({Bp : p ∈ I}, P ) of G and assume p1 , .., pt ∈
I forms a path in this order where t = |I|. Then we
define Wi as follows.

Bi \S
Bi+1
(i ∈ [1, t − 1])
Wi =
V \ j∈[1,t−1] Wj (otherwise)

1. Is degree(v) = 0 mod 2 satisfied?

{Wi }i∈[1,t] is a partition of V and for all i, and each
Wi is not an empty set since this path decomposition is
optimal. We get an ordering of vertices select all vertices in W1 at any order, and vertices in W2 , and so on.
From this vertex ordering, we get an edge ordering up to
lexicographical ordering of the end of edges. Then the
following lemma holds.

2. Is v connected to any u ∈ Tk ?
If the first condition is not satisfied, we connect this
node to false since the subgraph this node represents
never becomes Eulerian. Otherwise, and if the second
condition doesn’t hold, we can choose no more edges
since no edge is adjacent to the connected component
which includes v. Then we check whether H is a Eulerian
subgraph, and connect this node to true or false due to
this result. If these two condition are held, the necessity
is satisfied and contienue searching.
If we finished deciding all edges, we check whether H

Lemma 4 For any edge ordering got from an optimal
path decomposition of G, the following inequality holds
for all levels a of the BDD.
|Ta | ≤ pw(G) + 1
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Proof. Without loss of generality, define V = [1, |V |]
which is ordered as the above vertex ordering. Assume
we are going to decide edges adjacent to v ∈ Wj , which
include the a-th edge, ea = {v, x} on the level a of the
BDD. Clearly, v ∈ Ta holds.
For all w ∈ Ta other than v, there exist u ∈ Wi and
{u, w} ∈ E such that u ≤ v < w and i ≤ j ≤ k where
w ∈ Wk due to the definition of {W }. (At least there
is one edge decided to use, which should be adjacent to
a vertex u less than or equal to v, and the other end w
should be undecided.)
From u ∈ Wi and its definition, u is included only
less than or equal to i-th bag. Furthermore, due to
{u, w} ∈ E, there exists a bag includes both vertices,
so there exists Bl such that {u, v} ⊆ Bl , l ≤ i. w is included by both Bl and Bk , which is a superset of Wk , and
we obtain for all l ≤ m ≤ k, w ∈ Bm from the property
3 of Definition 1.
Then, any w ∈ Ta is included by the bag Bj , which
includes v. (Note that j is included by [l, k], since
l ≤ i ≤ j ≤ k.) This leads Ta ⊆ Bj , which proves
the claim.


2. If nodes of the BDD are odd-degree vertices of the
elimination front only, we get 2O(pw) algorithm to
count subgraphs the degree of whose vertices is not
necessarily even.
where the elimination front means Tk of each level k of
the BDD.

3

Concluding Remarks

We showed algorithms constructing BDD to count Eulerian subgraphs, whose motivation is calculating the partition function via the generating function of Eulerian
subgraphs. Whether a subgraph forms Eulerian circuit
or not after deciding to use each edge was regarded as a
boolean function and it enabled us simple dynamic programming solution to count Eulerian subgraphs. By applying path decomposition to the edge ordering, we gave
a bound of BDD width due to the path width.
In addition, approximation algorithms for the Ising partition function, including quantum algorithms, are energetically studied these days. So our exact algorithms would
be useful to evaluate such approximation algorithms and
make a comparison.
Graphical properties of the partition function related to
the Ising model will be considered as a future work.

As a result, we get following bound.
Theorem 5 The BDD width on each level is bounded by
2O(pw log pw) where pw denotes the path width of G.
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Abstract. Lattice surgery performs logical operations using the error correcting code without destroying 2-dimensional nearest neighbor architecture. In lattice surgery, we use two logical operations called
”merge” and ”split”. The representation of quantum computation called the ZX calculus can describe
these operations more eﬃciently than quantum circuits. In this paper, we propose a method to map a
procedure in the ZX calculus to a procedure in lattice surgery.
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1

X boundary

Introduction

2

Merge

Z boundary

To realize fault-tolerant quantum computation, many
eﬀorts have been done in the research community for
quantum computation. Among them, the surface code [1]
has been attracting much attention recently as error correcting code performing fault-tolerant quantum computation. The surface code has a high fault-tolerant threshold [2] and it can be realized by only two-qubit quantum gates on adjacent qubits. A technique called lattice surgery can perform logical operations between two
or more logical qubits encoded by the surface code [3].
In lattice surgery, we use two logical operations called
”merge” and ”split”. These operations are non-unitary
operations on the logical states, and it is diﬃcult to describe all these operations in a quantum circuit. Therefore, it has been proposed to use the diagrammatic language called ZX calculus to describe operations in lattice
surgery eﬃciently [4]. Thus, in this paper, we propose
a method to map a procedure in the ZX calculus to a
one in lattice surgery eﬃciently. Our method considers
to parallelize the ZX calculus as much as possible, and
optimize the qubit placement as well.

Split

(a)

(b)

Figure 1: (a) The planar code encodes one logical qubit.
The red faces deﬁne the two or four Z stabilizer operators. The blue faces deﬁne the two or four X stabilizer
operators. The left and the right boundaries are called
Z boundary, and the upper and the lower boundaries are
called X boundary. (b) The ”merge” and the ”split” operations between X boundaries.
The ZX calculus is a diagrammatic language for reasoning quantum computation, similarly to quantum circuits [6]. It is consist of red nodes, green nodes and
edges which connect nodes. The diﬀerence in color is
associated with a choice of basis. The ZX calculus can
represent initialization, measurement, single qubit gate,
CNOT gate using nodes and edges as well as quantum
circuits. All nodes except the initialization and measurement nodes have m (≥ 1) inputs and n (≥ 1) outputs. In particular, a red node with two inputs and an
output correspond to K = |+⟩ ⟨++| + |−⟩ ⟨−−|, and
it represents merge operations between Z boundaries.
Then, a red node with an input and two outputs correspond to K = |++⟩ ⟨+| + |−−⟩ ⟨−|, and it represents split operations between Z boundaries. Similarly, a
green node with two inputs and an output correspond to
K = |0⟩ ⟨00|+|1⟩ ⟨11|, and it represents merge operations
between X boundaries. Then, a green node with an input and two outputs correspond to K = |00⟩ ⟨0|+|11⟩ ⟨1|,
and it represents split operations between X boundaries.
Therefore, the ZX calculus can describe procedures in
lattice surgery more naturally than quantum circuits.

ZX calculus for lattice surgery

Lattice surgery performs operations on the planar
code. The planar code encodes one logical qubit by arranging physical qubits on a two-dimensional lattice with
periodic boundary conditions [5]. Figure 1 (a) shows an
example such that the planar code encodes one logical
qubit. The red faces in Figure 1 (a) deﬁne the two or
four Z stabilizer operators. The blue faces in Figure 1 (a)
deﬁne the two or four X stabilizer operators. The planar
code has two types of boundaries, the X boundaries and
the Z boundaries.
In lattice surgery, there are two types of operations,
”split” and ”merge” to perform multi-qubit operations
between encoded logical qubits. Figure 1 (b) shows these
operations between X boundaries. The ”merge” operation generates one logical qubit from two logical qubits.
The ”split” operation generates two logical qubits from
one logical qubit.

3

Mapping of ZX calculus

In our method, ﬁrst, we parallelize nodes in the ZX
calculus diagram before mapping a procedure in the ZX
calculus to a one in lattice surgery. Next, we optimize the
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ilarly, the green qubit needs to move to be adjacent to
qubit 4 in order to be merged with the qubit 4. In our
method, we move qubits with only L-shaped move. Figure 3 (b) shows an example where we cannot move two
qubits simultaneously. However, we can perform these
move operations simultaneously by placing qubit 1 and
qubit 3 appropriately. When we parallelize graphs mentioned in Section 3.1, we can consider that multiple duplications of qubit paths. Therefore, we optimize the qubit
placement to minimize duplications of paths.
In our method, we formulate the problem of optimization of the qubit placement to Integer Linear Programming (ILP). We will explain the speciﬁc formulation in
Appendix.

&(
1 2 3 4 5 6 7 8

1 2 3 4 5

(a)

(b)

Figure 2: (a) The ZX calculus diagram converted from a
quantum circuit containing only CNOT gates. (b) The
ZX calculus diagram parallelized from Figure 2 (b).
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Conclusion

In this paper, we have proposed a method to map a
procedure in the ZX calculus to a one in lattice surgery
with parallelization in ZX calculus and optimization of
the qubit placement. In our future work, we should perform some benchmark experiments and verify its eﬀectiveness. In our method, we do not consider the freedom
of position of each node and the complicated move of
qubits. Thus, in our another future work, we need to
consider these such issues to optimize circuits further.

9

(b)

Figure 3: (a) The qubit placement used in our method.
The gray qubits are ancilla qubits to perform CNOT operations. (b) An example where we cannot move qubits
simultaneously.
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Parallelization in ZX calculus

Figure 2 (a) is the ZX calculus diagram converted
from a quantum circuit containing only CNOT gates.
The time axis is from left to right. The red and green
nodes correspond to ”merge” and ”split” operations. The
black edge indicates dependencies of the operations corresponding to each node. The blue edge indicates dependencies to perform error correction. When we map edges
that connect a red node and a green node to a procedure
of lattice surgery, we need to move qubits generated by
split operations.
We can parallelize a graph converted from a quantum circuit maintaining dependency between nodes. Figure 2 (b) shows the result parallelized from Figure 2 (a).
We can reduce the computational time by parallelization
in the ZX calculus diagram.
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Optimization of the qubit placement

To increase the number of operations that can be performed in parallel, we optimize the qubit placement. In
our method, we use the qubit placement as shown in Figure 3 (a). The gray qubits are ancilla qubits to perform
CNOT operations.
Figure 3 (b) shows the qubits move. The orange
and green qubits are generated by splitting qubit 1 and
qubit 3. The orange qubit needs to move to be adjacent
to qubit 2 in order to be merged with the qubit 2. Sim-
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on a lattice with boundary. arXiv preprint quantph/9811052, 1998.
[6] Bob Coecke and Ross Duncan. Interacting quantum
observables: categorical algebra and diagrammatics.
New Journal of Physics, 13(4):043016, 2011.
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Appendix A Formulation procedure
In our method, we formulate the problem of optimization of the qubit placement to Integer Linear Programming (ILP). Let i, j, k, l are the number of locations that
qubit place. Thus, let xi(j,k,l)n(o,p,q) is a boolean variable
that indicates whether qubit i(j, k, l) is assigned to location n(o, p, q) or not. Let ymno is a boolean variable that
indicates whether qubit n needs to move to neighbor positions of qubit o in m step or not. Let zijkl is a boolean
variable that indicates whether qubit can move between
location i, j and between location k, l simultaneously or
not. Then, we formulate the optimization problem with
the above variables in the following.
minimize

s ∑
r ∑
r ∑
r ∑
r ∑
t ∑
t ∑
t ∑
t
∑
m=1 i=1 j=1 k=1 l=1 n=1 o=1 p=1 q=1

subject to

zijkl ymno ympq xin xjo xkp xlq
u
∑
xin = 1 (n = 1, . . . , t)
i=1
v
∑

xin = 1

(i = 1, . . . , r)

n=1

xin ∈ {0, 1} (i = 1, . . . r, n = 1, . . . , t)
In our method, we use ILP solver to search a optimal
solution that satisﬁes above constraint expression.
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Abstract. In long-distance wireless communications, the performance of quantum receiver dealing with
phase noise has not been widely discussed. In this paper, we discuss the performance and design criteria
of a robust quantum receiver that addresses the uncertain estimation of phase noise.
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1

Introduction

phase noise for an optimum quantum measurement was
inconsistent with the true phase noise in the received
quantum states. The analysis demonstrated that estimating an incorrect phase noise may degrade dramatically the performance of quantum receiver. In this paper, we intend to find the quantum measurements that
improve the performance of quantum receiver as much as
possible, in case that the performance closer to that of
an optimum classical receiver within the range R(∋ σ 2 )—
quantum receiver estimates σ 2 including uncertainty. In
addition, although we focus mainly on M = 2, namely
BPSK(binary phase-shift keying), in this paper, we provide briefly the basics of M > 2 for extensibility.

The coherent-state has been subjected to extensive research on quantum communications and information theory. For example, the coherent-state is known for its can
achieve the ultimate channel capacity for a lossy bosonic
channel or free-space[1, 2]. The use of coherent states
encoding information in the phase angle, which we call
M PSK(M -ary phase-shift keying) coherent-state signals,
can increase the spectral eﬃciency as a typical digital
modulation scheme.
Since the characteristic of M PSK signals, the transmitted signals influenced by phase noise may be hard to
distinguish from the nearby signals, resulting that the
performance of communication systems is aﬀected. In a
long-distance wireless quantum channel, sometimes the
optimum quantum receiver is incapable of following the
phase fluctuation θ caused by turbulence, atmospheric refraction, and unstable adjustment of the receiver. Therefore, θ has to be regarded as random variables Θ in general. As an example of such treatment, a study [3] focused on Θ caused by the phase diﬀusion, which occurs
on fiber quantum channel, and assumed that Θ follows
normal distribution N (0, σ 2 ). In this paper, we consider
that a similar phase noise caused by diﬀerent cause, in
the wireless quantum channel.
In fact, an optimum classical receiver, including homodyne measurement and heterodyne measurement, does
not depend on the estimation in terms of phase noise.
On the other hand, an optimum quantum receiver that
achieves the Helstrom bound requires estimating exactly
the variance of the phase noise, σ 2 . Unfortunately,
in long-distance communications, such as satellite-based
global quantum communications, a variety of incomplete
factors generate the sudden fluctuation of σ 2 , resulting
that σ 2 is hard to be estimated exactly. The quantum
measurements that deal with such problem have not been
clarified.
In our previous study[4, 5], we have focused on the
performance of a quantum receiver when the estimated

2

Basics of quantum communication

Suppose the quantum density operator of a transmit(in)
ted quantum state, ρi (i = 0, 1, · · · , M − 1), is a coherent state |α⟩ with M PSK,
(in)

ρi

2iπ

2iπ

= αej M ⟩⟨αej M ,

(1)
√
where j = −1 and α is the coherent amplitude. We
assume that information is transmitted from the transmitter to the receiver through the quantum channel described by a map L : S(HA ) → S(HB ), where S(H) is
the set of quantum density operators over the Hilbert
space H. We make the classical input alphabet X =
{x0 , . . . , xM −1 } correspond to the set of quantum states
(in)
(in)
{ρ0 , . . . , ρM −1 }(∈ S(HA )), and introduce a map of x to
the received quantum states (∈ S(HB )), Φ : x → Φx :=
(in)
L(ρx ), which we call classical-quantum channel[6].
The quantum density operator of a received quantum
(out)
state, ρi
, is represented as
∫
2iπ
2iπ
(out)
(2)
ρi
= P (θ)|αej( M +θ) ⟩⟨αej( M +θ) |dθ,
where P (θ) is normal distribution, Θ ∼ N (0, σ 2 ). Then
(out)
mixed
we consider an ensemble EM
consisting of ρi
taken
1
with equal a priori probabilities ξi = M . Applying
a positive operator-valued measure(POVM) {Πi } that
∑
(out)
i Πi = I (i.e. identity operator) and Πi ≥ 0 to ρi
corresponding to value i, we can calculate a conditional
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Fig. 1: The error probabilities of BPSK by the homodyne
measurement and the quantum measurements optimized
for σ22 when |α|2 = 1.

Fig. 2: The graph of S corresponding to the error probabilities of BPSK in Fig. 1 when |α|2 = 1.
the error probability Pe exploited Π(σ22 ) is obtained by
∑
(out) 2
Pe (σ12 , Π(σ22 )) = 1 −
Tr ξi ρi
(σ1 )Πi (σ22 ),
(6)

(out)
Trρi
Πj

probability p(j|i) =
of detecting the value j.
Thus, the error probability for the POVM to distinguish
mixed
the EM
is obtained by
∑
(out)
Pe = 1 −
Trξi ρi
Πi .
(3)

i

where Pe =
only for σ12 = σ22 . Fig. 1 from [5]
shows the error probabilities against σ12 with the settings
of |α|2 = 1 and M = 2. Dashed and solid black lines
correspond to the optimum classical measurement and
the quantum measurement; red, blue, pink, green, and
cyan correspond to the estimated σ22 = 0, 0.01, 0.05, 0.1,
and 0.5. σ22 = 0 implies the exploitation in terms of “an
optimum quantum measurement only for coherent-state
signals,” and leads to the possibility of quantum nonsuperiority.
To evaluate the performance of a quantum receiver estimated σ12 incorrectly, we consider a quantity S representing “how far is it from the performance of a quantum
receiver to that of the optimum classical receiver,” and
introduce S defined in [4]:
PeOpt

i

For deriving the minimum error probabilities PeOpt
(i.e., Helstrom bound) for measuring BPSK signals and
M PSK signals (M > 2), which achieved by applying optimum quantum receiver, we used a treatment given by
[7] and an algorithm given by [8], respectively, to find the
optimum detection operators Πi (e.g. [5]).
The minimum error probabilities PeOptCla (∋
Hom
Pe , PeHet ) of optimum classical receiver, which
achieved by the homodyne measurement for BPSK
signals and the heterodyne measurement for M PSK
signals(e.g., [9, 7]), are obtained by
√ ∫ 0 ∫
2
2
Hom
Pe
=
P (θ)e−2(y−|α| cos θ) dθdy,
(4)
π −∞
−1) ∫
∫ ∫ π(2M
∞
M
1
P (θ)
PeHet =
π
π
0
M
× r e−r

2

−α2 +2r|α| cos(ϕ−θ)

drdϕdθ,

S(σ12 , Π(σ22 )) :=

PeOptCla (σ12 ) − PeOpt (σ12 )

,

(7)

where PeOptCla (σ12 ) and PeOpt (σ12 ) are functions of σ12 . Because of Pe (σ12 , Π(σ22 )) ≥ PeOpt (σ12 ) and PeOptCla (σ12 ) >
PeOpt (σ12 ), we know that 0 ≤ S and S = 0 only for
σ12 = σ22 . S ≥ 1 implies that the performance of optimum classical receiver is equal to or better than that of
the quantum receiver. Fig. 2 from [5] shows S corresponding to the error probabilities in Fig. 1.

(5)

respectively[5].

3

Pe (σ12 , Π(σ22 )) − PeOpt (σ12 )

Error performance

An optimum quantum receiver is required to apply
(out)
Π := {Πi } optimized for ρ(out) := {ρi
}. In other
words, the optimum quantum receiver needs estimating ρ(out) exactly for finding the optimum Π. Because
of ρ(out) that is subject to σ 2 except M and the average number of photons |α|2 , we can rewrite ρ(out) and
(out) 2
Π to function ρ(out) (σ 2 ) := {ρi
(σ )} and Π(σ 2 ) :=
2
{Πi (σ )}, respectively, while the optimum classical receiver does not depend on the estimation of σ 2 . Estimating σ 2 for the optimum quantum receiver is not always
exactly. We assume that σ12 is the variance of the true
phase noise and σ22 is that of the estimated phase noise,
instead of σ 2 . As an undesirable example, [4] showed
that the quantum receiver applying Π(σ22 )—the POVM
optimized for ρ(out) (σ22 ) measures ρ(out) (σ12 )—has worse
performance than an optimum classical receiver. Here,

4

Robust quantum measurements

We consider the range R(∋ σ12 ) estimated roughly instead of an unknown σ12 for achieving higher performance,
and introduce minimax criteria to address the problem
that finds the appropriate quantum measurements described in chapter 1, in |α|2 = 1 and M = 2 settings.
4.1

Robustness

The performance of a quantum receiver which exploits
Π′ (∈ Π(σ22 )), closest to that of the optimum classical
receiver, is obtained by
Smax (Π′ ) := max
S(σ 2 , Π′ ).
2
σ ∈R

(8)

In order to optimize the worst case, Smax (Π′ ) → min(=:
S Minimax ) (i.e., minimax value), an appropriate Π′ is re-
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The robustness of new quantum measurement will surpass or equal that of Case A, and the latter implies
Πmin = Πmax . Note that since this case is on the basis
of a stochastic method, the higher robustness is achieved
with a large number of measuring times.
4.4

Fig. 3: The graph of robustness S Minimax that applied
the most robust quantum measurements when |α|2 = 1.

min max S(σ 2 , ΠC ).

ΠC ∈Y σ 2 ∈R

quired to find.
In this paper, we define robustness as “quantum superiority will be kept over a certain limit even if uncertainty
exists in the estimation of σ12 .” Let Rave be the average
of R, the amount in terms of the uncertainty is represented by a parameter β—it is taken from the width of
R, W = β · Rave , where β satisfies 0 ≤ β ≤ 2. Then we
fix Rave and S Minimax , and consider that the larger β, the
higher the robustness. Naturally, if Rave and β are fixed,
it can be said that the smaller S Minimax , the higher the
robustness. We determine S Minimax as the amount evaluated the robustness, and introduce minimax criteria to
find the most robust quantum measurements under three
cases.
4.2

S(Rmin , ΠC ) = S(Rmax , ΠC ), ΠC ∈ Y.

4.3

5

Conclusion

In this paper, we derived the most robust measurements that respectively correspond to three cases, based
on the minimax criteria. The numerical results are
shown in Fig. 3, which plot S Minimax against Rave in
σ1′2 = {0.01, 0.05, 0.10, 0.50, 1.00} setting. Dashed, dotted, and solid lines correspond to Case A, Case B, and
Case C; red, blue, and green correspond to β = 0.5, 1,
and 1.5. The dotted purple line is an exception which
means a limit to the robustness.
Fig. 1 suggests the possibility that the optimum
quantum receiver measuring BPSK coherent-state signals
with Helstrom bound, such as Dolinar receiver[11], is not
geared towards applying to the wireless quantum communications where the phase noise occurs. However, an
optimum quantum receiver dealing with the phase noise
has not been realized yet, as well as it is not clear whether
that can be realized. This paper suggests that even if an
optimum quantum receiver dealing with any σ12 can not
be realized, we can design a practical, robust quantum
receiver by means of realizing quantum measurements
optimized for some of σ12 on the basis of Case A and B.
Finally, we provide a supplement in terms of when to
use Case B instead of Case A. In Case B, we suppose that
the use of Πmin and Πmax can be seen as a random variable followed Bernoulli distribution with parameter c1 .
If we set confidence level at 95%, the
√ confidence interval
concerning the mean c1 is c1 ±1.96× c1 (1 − c1 )/t, where
t is the number of measuring times. As an example, if the
error of confidence interval is required within (c1 ) ± 1%,
the necessary t is tB ≈ 1.962 × c1 (1 − c1 )/0.012 = 9218, in
β = 1 and Rave = 0.28 settings, where the most robust
ΠB (Π(0.5), Π(0.1), 60%) is exploited. Case A is used in
the case that the estimated t << tB .

(9)

Case B

The robustness exploited X is limited within each of
X in Case A, because the method is that it switches
between X depending on R. In order to surpass that,
we consider a stochastic method that mixes the quantum
measurements. We prepare X as well as Case A, and then
exploit Πmin (∈ X ) optimized for Rmin := min R with
probability c1 and Πmax (∈ X ) optimized for Rmax :=
max R with probability c2 , where c1 and c2 satisfy c1 +
c2 = 1. The new quantum measurement is represented
as
ΠB (Πmin , Πmax , c1 ) := c1 Πmin + c2 Πmax .

(13)

In addition, this case implies a solution that how an optimum quantum receiver deals with the uncertain estimation of σ12 as a robust quantum receiver.

Case A

min max S(σ 2 , ΠA ).

(12)

We also reduce the condition (12) to

A theorem establishes that any POVM can be realized
on an extended Hilbert space[10], yet the method of realizing any quantum measurement corresponding POVM
cannot necessarily be found. We assume a constraint imposed on the number n of quantum measurements we can
prepare, and consider which one is the most robust, based
on minimax criteria. If a set of optimum quantum measurements X = {Π(σ22 )|σ22 ∈ σ1′2 }—these measure the
signals including phase noise σ1′2 = {ς12 , ς22 , . . . , ςn2 } with
Helstrom bound—is already realized, we can determine
the most robust ΠA that satisfies
ΠA ∈X σ 2 ∈R

Case C

We provide an ideal case that if the constraint described in Case A is lifted in spite of uncertainty exists in
the estimation of σ12 yet, then a set of optimum quantum
measurements Y = {Π(σ22 )|σ22 ∈ R}—these measure the
signals including any σ12 (∈ R) with Helstrom bound—can
be prepared. The most robust ΠC is determined by

(10)

Now, we can determine the most robust ΠB that satisfies
min

S(σ 2 , ΠB (Πmin , Πmax , c1 )).
max
2

0≤c1 ≤1 σ ∈R
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Abstract. Keyed communication in quantum noise (KCQ) is a quantum cryptographic principle that
was invented by H. P. Yuen in 2000. The security of KCQ protocols is originated from diﬀerent performance
of optimum classical and quantum receivers, which corresponds to so-called quantum gain. In this paper,
we evaluate KCQ protocols using binary codes that are the best in terms of reliable communications. We
consider quantum and classical reliability functions for the evaluation. As a result, it is clarified that the
best codes in reliable communications are not good for KCQ protocols.
Keywords: quantum cryptography, KCQ protocol, quantum gain, reliability function, zero rate, classical
channels, classical-quantum channels.

1

Introduction

best error probability. We assess the quantum gain in
the KCQ protocol using the diﬀerence between the classical and the quantum reliability functions by applying
Kurokawa’s idea[3] to quantum cryptography.

Keyed communication in quantum noise (KCQ) invented by Yuen is a quantum cryptographic principle,
based on the idea of using the diﬀerence in performance
of an optimum measurement by the presence of a key for
security[1]. A legitimate receiver with a key can use optimum quantum measurement, whereas an eavesdropper
with nothing can use only an optimum classical measurement at best. This construction is the origin of the
security in KCQ protocols.
In this way, security in KCQ protocols concerns the
superiority of an optimum quantum receiver compared
with an optimum classical receiver, namely, the so-called
“quantum gain”. However, it is diﬃcult to estimate the
capabilities of a legitimate receiver and an eavesdropper.
Hence, Yuen proposed surprisingly an evaluation method
that virtually disclosed the key to an eavesdropper after
measurement[1]. Quantum gain is by an “upper bound
evaluation” the smallest diﬀerence between the capabilities of a legitimate receiver and an eavesdropper. It determines the rate that an average number of photons satisfied the same error probability in an optimum receiver
of classical or quantum type.
There are two classes of KCQ protocols according to
types of quantum states used: single-mode and multimode. The quantum gain limit is 6[dB] for the singlemode[1]. Yuen demonstrated that the quantum gain
limit for the multi-mode is nothing while proposing his
own cryptosystem, coherent pulse position modulation
(CPPM). Kadoya et al. suggested using binary codes,
as it is a generalization of CPPM in a certain sense[2].
However, there are problems in selecting the appropriate
code or establishing an evaluation method.
We consider the best codes that give the smallest error
probability in this study. Hence, we focus on the reliability function, which is defined as the exponential of the

2
2.1

Reliability function
Overview of reliability function

The reliability function is defined as the exponential
of the decoding error probability of a very long code of
block length n and coding rate R using the best code with
the smallest decoding error probability (here, we call it
the best error probability). Let Peopt (n, R) be the best
error probability for n and R. Then it is expressed by
the so-called reliability function E(R) as
Peopt (n, R) = e−nE(R) .

(1)

E(R) is also called an error exponent. Therefore, E(R)
is formally expressed as
[
]
1
1
E(R) = ln
.
(2)
n
Peopt (n, R)
In the theory of reliability functions, E(R) is defined by
considering the limit n → ∞ (see [4, 5] for more details).
In general, it is diﬃcult to compute the actual minimum
decoding error probability with the best code. However,
because the upper and lower bounds of E(R) are known,
an exact value for E(R) may be obtained in special cases
when the upper and lower bounds coincide. When the
rate R is extremely high or low, i.e., it is close to the
channel capacity or almost zero, tight upper and lower
bounds are known in the sense that they are close to the
true values.
2.2
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sends M pure-state signals |ψi ⟩ ∈ H indexed by i(i =
1, 2, . . . , M ). Let ξi be the a priori probability of each
classical information i. Then
M
∑

ρ=

where
ν(s, ξ) = − ln

j=1

ξi |ψi ⟩ ⟨ψi |

2.2.1 Tight bounds in high rate
Tight bounds of quantum reliability function in high
rate are known as the sphere packing bound[6] and the
random coding bound[5], respectively. Let EQU (R) and
EQL (R) be the upper and lower bounds. Then,

EQL (R) =

max max [µ(s, ξ) − sR] ,

(4)

max max [µ(s, ξ) − sR] ,

(5)

0≤s≤1

ξi P (j|i)

.

(13)

i=1

As same as for the quantum reliability function, the corresponding channel matrix becomes symmetric by the
symmetry of the signals, so that the optimum probability
distribution is uniform. It is then suﬃcient to perform
only the optimization on s. For the classical reliability
function, if the optimal s is less than or equal to 1, then
ECL (R) = ECU (R), which is the value of the classical
reliability function itself.

is called the density operator of the quantum information
source {|ψi ⟩}.

0≤s

)1+s
1
1+s

(3)

i=1

EQU (R) =

(M
M′
∑
∑

ξ

ξ

2.4

Classical reliability function at zero rate

In classical theory, a tight lower bound in low rate is
known as the so-called expurgated bound and is defined
as[4]
EC−ex (R) = sup[−σR + σ log 2 − σ log(1 + a1/σ )]. (14)

where

σ≥1

µ(s, ξ) = − ln Tr ρ

1+s

,

(6)

Moreover, it was proved that EC−ex (R = 0) is the exact
classical reliability function at zero rate. Therefore, the
zero-rate classical reliability function is

and ρ is given by Eq.(3). Kato proved that the uniform
{ξi } maximizes µ(s, ξ) − sR in both bounds when signals
are symmetric[7, 8]. Therefore, for symmetric signals, we
have
[ ( { })
]
1
EQU (R) = max µ s,
− sR ,
(7)
0≤s
M
]
[ ( { })
1
− sR .
(8)
EQL (R) = max µ s,
0≤s≤1
M

EC (+0) = EC−ex (R = 0).
2.5

The best error probability and its bounds

For suﬃciently long codes of block length n and coding
rate R, the quantum version of the best error probability is written as PQopt (n, R), and the classical version as
PCopt (n, R). When R = 0,

2.2.2 Quantum reliability function at zero rate
As for tight bounds of quantum reliability function in
low rate, the exact value of the quantum reliability function is known at zero rate (R = 0)[5]. This zero-rate
quantum reliability function is expressed as
∑
EQ (+0) = − min
ξi ξk ln |⟨ψi |ψk ⟩|2 .
(9)
{ξ}

(15)

PQopt (n, R = 0)
PCopt (n, R

= 0)

=
=

e−nEQ (+0) ,
−nEC (+0)

e

.

(16)
(17)

Moreover, for any R,

i,k

e−nEQU (R) ≤

PQopt (n, R)

≤ 2e−nEQL (R) , (18)

e−nECU (R) ≤

PCopt (n, R)

≤ e−nECL (R) ,

(19)

In the case of binary quantum signals,
EQ (+0) = − ln |⟨ψ0 |ψ1 ⟩|.
2.3

and the above inequalities are tight when R is close to
the capacity. Note that the upper bound of the error
probability in the quantum version takes a factor of two
(see [5] for more detail).

(10)

Classical reliability function

Let i (i = 1, 2, . . . , M ) and j (j = 1, 2, . . . , M ′ ) be the
input and output of the classical channel. The classical
channel is represented by a conditional probability P (j|i)
of outputting j by inputting i.

3

In this study, we consider KCQ protocols using binary
codes, so that we assume the BPSK (binary phase shift
keying) coherent-state signals {|α⟩ , |−α⟩}. The signals
are characterized by their coherent amplitude α or the
average number of photons Ns = |α|2 .
The quantum gain can be expressed using the average
number of photons in the quantum and classical cases
when their probabilities of error P have the same value:

2.3.1 Tight bounds in high rate
Tight bounds of classical reliability function in high
rate are also known and called the sphere packing and
random coding bounds[4]. Let ECU (R) and ECL (R) be
the upper and lower bounds. Then,
ECU (R)
ECL (R)

=
=

max max [ν(s, ξ) − sR] ,
0≤s

ξ

max max [ν(s, ξ) − sR] ,

0≤s≤1

ξ

Properties of quantum gain

(11)
Gain = 10 log10

(12)
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NsC (When PC = P )
NsQ (When PQ = P )

[dB],

(20)

Error probability

1
0.01
10-4
10-6
10-8
10-10
10-12
0.0

Classical(Upper)

Table 2: Quantum gain
n
P
20000
105
10−20
6
10
20000
105
10−12
6
10

Quantum(Upper)
Classical(Lower)
Quantum(Lower)

0.2

0.4

0.6

0.8

1.0

[dB] when R = 0.
Gain
7.9825
7.9799
7.9796
7.9818
7.9780
7.9780

1.2

Average number of photons

4

Figure 1: Upper and lower bounds of error probabilities
for optimum quantum and classical measurements when
R = 0.4, n = 20000.

Conclusion

In this paper, we use the upper and lower bounds of
classical and quantum reliability functions for binary signals to evaluate the security of the KCQ protocol using binary codes. This corresponds that we consider the
KCQ protocol using the best codes in reliable communications. The result of our evaluation is as the following: The quantum gain using the best codes exceeds
6[dB] which is the limit of the single-mode KCQ protocol. However, the gain seems to be almost independent
of the length of codes. Therefore, we conjecture that
there is limitation of the quantum gain when using the
best codes. This property is completely diﬀerent from
the case of CPPM signals.
As a future subject, we will consider the quantum gain
when using the best code for cryptographic system.

where NsC represents the average number of photons
when the error probability PC becomes P in the classical instance and NsQ represents the average number of
photons when the error probability PQ becomes P in the
quantum instance.
Figure 1 shows upper and lower bounds of the error
probability with respect to the average number of photons when R = 0.4 and n = 20000. In this case, the
bounds are tight, so that the black and green lines coincides and the red and blue lines are almost coincides.
The gap between the green and blue lines represents the
upper bound of the quantum gain and that between the
green and red lines represents the lower bound. Table 1
shows the quantum gains [dB] for error probabilities of
10−12 or close to unity. In both cases, the upper and
lower bounds of NsC match the classical case, whereas
NsQ diﬀers for the quantum case, as mentioned above.
Hence, Table 1 lists Gain(Lower) as the lower bound and
Gain(Upper) as the upper bound of the quantum gain.
Both values were found to be about 7.5[dB] and there is
no diﬀerence larger than 0.1[dB] even if the code of block
length is doubled.
In addition, we observe the quantum gain when n is
fixed and R is changed. The lower the rate is, the larger
the quantum gain is. Table 2 shows the quantum gain
when R = 0. From Table 1, 2, it seems that the smaller
the rate is, the larger the quantum gain is. However, the
diﬀerence is slight.
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Protecting the state of a qubit against decoherence is an essential task in realistic quantum
techniques. Recent work [Physical Review A 95(3): 032313 (2017)] shows that quantum composite
control can eﬃciently escape from the dilemma of high ﬁdelity and low success probability for the
state protection task. Regretfully, this work just work for qubit that in special states where the
priori probabilities are equal. In this paper, we consider general case where the states are in an
arbitrary priori probability and present a generalized scheme. We derive its performance by both
analytical and numerical optimization over parameters therein. The generalized one has advantage
in two aspects. On the one hand, when priori probability is equal, this scheme outperforms than
previous schemes. On the other hand, when inequal priori probability is considered, we show that
the priori probability provide information for protecting and thus the performance is better than
that in equal priori probability case.
Keywords: Decoherence,Quantum control, Quantum state protection

I.

EXTEND ABSTRACT

Quantum information is fragile to decoherence, which
heavily drags the step of Quantum technologies to practical realization. Classical control techniques shows great
tolerance of noise. However, the extension from classical
control technique to quantum realm is not trivial.
Unlike classical control techniques, quantum control
meets two mountains. Firstly, Heisenberg’s inequality
limits the amount of information that measurement can
obtain – information gain. Secondly, there will be an undesired phenomenon, “back-action”, when quantum measurements are applied. These properties limit the performance of quantum control and make us to design control
schemes with delicate.
Recent work shows that weak measurement can solve
the dilemma between information gain and back-action
[1] and propose a quantum feedback control (QFBC)
scheme. There a weak measurement is applies after the
noise and its result is fed back to a correction operator accordingly. Thereafter, Wang et al. presented a quantum
feedforward (QFFC) control scheme[2], which improves
the ﬁdelity between output state and input state to arbitrarily close to unit. The idea therein is to drive the
input state to some state almost immune to the noise
before the target qubit enter the noise and then undoes
the noise by partial weak measurement. However, the
high ﬁdelity can be achieved only at the price of low
success probability. To solve this, Ya et al. nontrivially combines QFBC and QFFC, which is called quantum
composite control(QCC)[3]. The authors has shown that
QCC ﬁnds a better balance between ﬁdelity and success

∗
†
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probability by feeding the second measurement result in
QFFC process to a correction unitary.
All the presented control schemes are depend on prior
information, or called side information, such as the overlap, the prior probability and so on. Thus side information is essential for protection. However, the side information included in those schemes is not complete even in
equal prior probability case. An optimal control scheme
should taking full consideration of all given side information. In this paper, we design such kind a scheme under
QCC structure. The measures or corrections therein are
chosen from a family of weak measures or unitaries, respectively, which consists all given information including
the overlap, the phase, the prior probability and the noise
strength. By analytical and numerical optimization over
all related parameters, an optimal scheme is presented.
Analysis comes from two aspects. Firstly, when equal
priori probability is considered, we ﬁnd the presented
control schemes lacks some quantum side information.
In order to show the advantage clearly, we plot ﬁgure
1.Secondly, when inequal prior probability is included,
existing control schemes lack some classical side information. To ﬁnd the eﬀect bringing by classical side information, we ﬁx the quantum side information can be
included, and plot ﬁgure 2,3 and 4. Figure 2 shows the
ﬁdelity improvement, corresponding ﬁdelity and nontrivial parameter that describing prior probability. Figure 3
gives an example to show the parameter is nontrivial in
the sense that it diﬀerent from that in the Helstrom basis
or zero, trivially. Figure 4 plots the relation between ﬁdelity and success probability. There we show our scheme
(the triangle dots) reveals an apparent improvement in
success probability when requiring the unit ﬁdelity.
We expect our results will be helpful for suppressing
decoherence in quantum computing and quantum information processing. Besides, the measurements we used
here may provide a lot of candidates for developing weak
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measurements in balancing information gain and disturbance. At last, a more general family of measurements
and corrections in our scheme may makes state protection less sensitive to noise and initial state, which may
lead to a more realistic scheme.
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FIG. 3. Inﬁdelity f¯ as a function of the parameter alpha when
s+ =1/3, θ = π/3, ϕ = 0 and r = 0.8 for schemes without fully
characterization of classical side information, our scheme and
Helstrom scheme(left-¿right).

FIG. 1. Advantage of ﬁdelity as a function of the initial angle
θ and phase ϕ for diﬀerent noise strength (a) r=0.25, (b)
r=0.5, (c) r=0.75 and (d) r=1.
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FIG. 2. Fidelity improvement, ﬁdelity for our scheme and
parameter α as a function of the initial angle θ and prior
probability s when ﬁxing ϕ=0 (ﬁx quantum side information)
for selected noise strength (1)r=0.5 and (2) r=1.

[1] C. Q. Wang, B. M. Xu, J. Zou, Z. He, Y. Yan, J. G. Li,
and B. Shao, Phys. Rev. A 89, 032303 (2014).
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Abstract. We explore quantum-inspired interactive proof systems where the prover is limited. Namely,
we improve on a result by [5] showing a quantum-inspired interactive protocol (IP) for PreciseBQP where
the prover is only assumed to be a PreciseBQP machine, and show that the result can be strengthened to
show an IP for NPPP with a prover which is only assumed to be an NPPP machine - which was not known
before. We also show how the protocol can be used to directly verify QMA computations, thus connecting
the sum-check protocol by [2] with the result of [5]. Our results shed lights on a quantum-inspired proof
for PSPACE = IP, since PreciseQMA captures the full PSPACE power.
Keywords: interactive proofs, verification of quantum computation

1

Introduction

optimization problems. However the PCP theorem, as
well as other interactive proofs and the techniques used
to obtain them seem very relevant for another very practical application, namely computation delegation. The
goal in computation delegation, introduced in [19], is for
the verifier to commission the provers to perform a computational task. The provers must then supply a result
of the computation, but then to also prove to the verifier,
via an interactive protocol, that the result that they sent
is indeed correct. Of course, this would be pointless if the
proof protocol would require more resources than what
the verifier needs to perform the computation herself.
For delegation, the aforementioned line of results are
not useful in their original form, as they usually assume
provers that are computationally unbounded. For practical applications we would like even a relatively weak
honest prover to be able to follow the protocol. This
brings up a natural and practical question: which classes
of problems can we verify using provers that are not assumed to be all powerful?
Note that a similar question, namely of interactive arguments is studied in cryptography. However in arguments, it is ok if the provers can convince the verifier of
a false statement, if this requires the provers to be very
strong computationally. Here we want the protocol to
be secure even if the provers are very strong, but we require additionally that honest provers do not need to be
as strong.

The study of interactive proof systems began in the
1980’s, and while initially only a few non-trivial proof
systems were known [8,20], at the beginning of the 1990’s
it was discovered that interactive proof systems are actually extremely powerful.
In broad terms, in an interactive proof for a language
L, a computationally weak verifier interacts with one or
more provers which are stronger computationally. For
a given input x, the provers claim that x ∈ L, but the
verifier would not just take their word for it. Instead,
an interactive protocol is commenced, followed by the
verifier either ’accepting’ the claim, or ’rejecting’ it. The
protocol has perfect completeness if, when x is indeed
in L and the provers honestly follow the protocol, the
verifier eventually accepts. The protocol has soundnessparameter s, if when x is not in L then the verifier rejects
with probability at least 1 − s, independently of whether
the provers follow the protocol or not. If a protocol for L
exists that has perfect completeness and soundness 1/2,
we say that it is an interactive protocol for L.
The celebrated IP = PSPACE [24, 33] result showed
that any language in PSPACE has an interactive protocol
with a (randomized) polynomial-time Turing machine as
a verifier, and with a single prover that is computationally unbounded. The result MIP = NEXP [10] that soon
followed, showed that if two provers are allowed instead
of one, interactive protocols exist for any language in
non-deterministic exponential space. For the languages
in the smaller class NP, the celebrated PCP theorem [6,7]
showed that they can be verified by a multi-prover interactive protocol with a single round: When proving that
x ∈ L, the verifier sends each of two provers a ’question’
string of O(log |x|) length, and gets a constant number
of bits from each prover. It is important to note that in
all multi-prover protocols, the provers may not communicate at all while the protocol is taking place.

Quantum delegation. The motivation of delegation
of quantum computing is quite clear. Suppose we are
given a box that we can feed with inputs, and then obtain from it outputs that are claimed to be the result
of a quantum computation. How can we tell if the box
actually performs the desired computation?
The holy grail of quantum computation-delegation
would therefore be a protocol that verifies a polynomialtime quantum computation, by letting a classical
polynomial-time randomized machine interact with an
efficient quantum maching, namely one which is only assumed to be have the power of BQP.
There has been significant progress on interactive
quantum proofs and quantum computation delegation

Computation delegation. The PCP theorem had a
huge impact for showing hardness-of-approximation for
∗ayalg@cs.huji.ac.il
† yupan.liu@gmail.com
‡ gkindler@cs.huji.ac.il
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in the last decade.
For instance, it was shown
that a polynomial-time classical machine can verify a
polynomial-time quantum computation, if she is allowed to interact with a constant number of entangled
polynomial-time quantum provers [13, 29–32]. Likewise,
if we consider a single very restricted quantum device,
namely one with a constant number of qubits, then
it can verify polynomially long quantum computations
[3, 4, 9, 16, 17].
Mahadev’s celebrated result [25] (see also [11, 12, 21]
provides a protocol by which a strictly classical verifier can verify quantum computation using a single
quantum prover. However Mahadev’s protocol relies on
a computational-hardness assumption for soundness (a
standard post-quantum cryptographic assumption). A
protocol that is unconditionally sound is still unknown.

Main Results

An in-class interactive proof for PreciseQCMA.
We make a step towards a direct BQPSPACE ⊆ IP result:
we show that PreciseQCMA, a sub-class of PreciseQMA =
BQPSPACE in which the witness is restricted to being
classical , can be verified by a classical interaction with
a PreciseQCMA prover. This is stated in the following:
Theorem 2 PreciseQCMA ⊆ IP[PreciseQCMA, BPP].
Noting that PreciseQCMA is equivalent to the classical complexity class NPPP [18, 27], we get the immediate
corollary.
Corollary 3 NPPP ⊆ IP[NPPP , BPP].
This result is an improvement on [5, 24], and was not
known before.

Towards unconditional quantum delegation.
As an intermediate step in the search for informationtheoretic soundness for verifying polynomial quantum
computation with only classical interactions, a more general question arises: which classes of problems can be
verified using a single prover which is only assumed to
have the computational power of the same class?

3

Proof Techniques

In our proof we make crucial use of the following protocol from [5] (see Theorem 2 and 4).
The AG protocol: An in-class interactive proof
for PreciseBQP.
Using the terminology of Definition
1), the protocol in [5] shows that as

Definition 1 (In-class IP - informal) Let IP[P, V] be
the set of all languages L for which there exists an efficient interactive proof protocol between a V-power verifier
and a prover, such that a prover in class P can follow
the protocol for an input in L, and the protocol is sound
against any prover when the input is not in L.

PreciseBQP ⊆ IP[PreciseBQP, BPP].
Namely, they show a protocol by which a polynomial
probabilistic classical machine can verify the acceptance probability of a polynomial quantum circuit2 , to
within inverse-exponential accuracy, by interacting with
a PreciseBQP prover.

A recent attempt by Aharonov and Green [5] provides an interactive proof protocol verifying precise
polynomial-time quantum computations (PreciseBQP),
showing that PreciseBQP ⊆ IP[PreciseBQP, BPP]. Let us
remind the reader of the definition of PreciseBQP: Recall that in normal polynomial-time quantum computation (BQP), the gap between the acceptance probability of yes-cases and no-cases is inverse-polynomial1 . In
the precise case, however, this gap is inverse exponential. This change in the precision gives a much stronger
class – in fact it captures the full power of PP [1, 18, 23].
We note that it immediately follows from [5], that the
same protocol can be extended to work for languages in
PPreciseBQP = PPP = P#P . Thus it gives a quantum analogue of [24], which showed an interactive protocol for
P#P .

A naive attempt of an in-class interactive proof
for PreciseQCMA.
In order to verify a language
L ∈ PreciseQCMA, given an instance x one’s first attempt would be to have the verifier ask the prover for
a witness w for x, and then use an in-class interactive
proof for PreciseBQP, such as AG protocol, to verify the
acceptance probability of w. Since L ∈ PreciseQCMA we
indeed know that if x ∈ L there really is a classical witness that could be sent to the verifier, and that given the
witness, the process of verifying it is a computation in the
class PreciseBQP, which can be verified via that AG protocol. However there is a caveat in this approach: while
we allow the prover to be a PreciseQCMA machine, this
only means that for a language L ∈ PreciseQCMA and
an instance x of L, the prover can distinguish whether x
is a yes or a no instance. However this does not a-priori
mean that the prover can actually find the witness, even
if it knows that x ∈ L.

We eventually would like a protocol with a BQP prover,
but it is also natural to try to extend the protocol of [5] to
larger complexity classes – we do know that such a protocol exists for PSPACE = BQPSPACE, but even getting
direct quantum-inspired protocol for BQPSPACE would
be interesting. A potential way to answer this question
is by considering PreciseQMA (informally, a variant of
QMA where the gap between the acceptance probabilities of yes and no cases is inverse exponential), which
has been shown to be equal to PSPACE [14, 15].

2 i.e. a quantum circuit consisting of a polynomial number of
sequential local gates on n qubits

1 This gap can be amplified to a constant using standard gap
amplification techniques.
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Adaptive Search. For languages in NP, we know how
to adapt an NP oracle into a witness-finding algorithm:
We use consecutive accesses to the oracle, to adaptively
find one bit of the witness at a time. For example, to find
the first bit of the witness the verifier asks the prover if
the following NP claim, denoted S0 , is true ”there exists
a witness for the instance x where the first bit is 0”. If the
answer is ”no”, the verifier can ask about the statement
S0 , where the value of the bit is flipped. Once the first
bit b of the witness is found in this way, the verifier can
continue by asking about the statements Sb 0 and Sb 1,
etc. .
The previous process indeed works for any instances
of any language in NP ⊆ PreciseQCMA, but does it extend to all of PreciseQCMA? Let L be a language in
PreciseQCMA and x ∈ L be a yes input. Consider the
statement S0 for x as described above. Is this really a
PreciseQCMA statement, namely can a PreciseQCMA oracle answer it? Recall that such an oracle can verify the
acceptance probability up to an inverse-exponential additive factor. However, if x is a yes instance but there is
no witness that begins with the zero bit, we do not know
that the best witness that begins with 0 has acceptance
probability that is inverse exponentially separated from
the actual best witness: it could perhaps be that the separation is much smaller – there is no upper bound on the
acceptance probability of x given a wrong witness! So it
is not clear that a PreciseQCMA machine can decide if the
statement S0 is true, as we are not guaranteed an inverseexponential separation between the acceptance probability in the yes case and in the no case. We solve this issue
by observing that we can assume, without loss of generality, a certain structure of the PreciseQCMA verification circuit, which ensures that its acceptance probability
for any witness lies on an inverse-exponentially-separated
grid.

4

The protocol of 4 improves the previous result in [2],
which provides an interactive proof protocol for QMA by
computing the polynomial power of the local Hamiltonian, since the computational power of the prover in their
protocol is not explicitly bounded from above (although
it is clearly bounded by PSPACE).
Towards an interactive proof for PreciseQMA.
It
is natural to ask if the protocols from Theorem 2 or from
Theorem 4 can be extended to PreciseQMA. Indeed, such
quantum-inspired interactive protocols might provide a
direct proof for BQPSPACE ⊆ IP, which could provide a
interesting quantum analogue of the sum-check primitive
from the original proof of PSPACE ⊆ IP.
However, if we try to apply the protocol from Theorem 2, even allowing quantum messages, it is not clear
how a BQP verifier would be able to obtain exponential
accuracy without needing exponentially many copies of
the witness.
Likewise, applying the protocol from Theorem 4 does
not work for PreciseQMA in an obvious way, as amplifying
an exponentially-small gap using the witness-preserving
gap amplification technique used in Theorem 4 requires
exponentially many rounds.
PostQMA. We note that PostQMA = PSPACE (see [27]
for definition) seemingly does not have the problems mentioned above for PreciseQMA, as the gap between the
yes and no case accept probabilities is constant. However, due to the use of conditioned probability, we do not
know of witness-preserving amplification techniques for
PostQMA.
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Abstract. We compare a broad set of optimization algorithms for parameter setting in quantum heuristics, where the parameters define gate operations. The work will provide evidence to whether machine
learning approaches to optimization will be integral to useful quantum heuristics implemented on NISQ
devices. THIS PAPER IS ELIGIBLE FOR BEST STUDENT POSTER AWARD

1

This investigation provides a base to understand how
parameter setting of these quantum heuristics respond to
a broad range of methods. Initially, we investigate the
performance on classical simulations of quantum circuits
with comparatively little uncertainty in the evaluation
of the cost function (limited only by the standard error
on the expectation), and then on simulations with noise
models representative of hardware.
We expect that recent advances in optimizer design
from machine learning will continue to improve optimizer
performance [3–7], and that machine learning techniques
will eventually become a standard tool for optimizing
quantum circuits. To realize the potential of machine
learning based optimizers for parameter setting in quantum heuristics, a critical step is the early adaption and
adoption of these tools and the evaluation of their effectiveness.

Introduction

It is unclear what will be the first useful application
of quantum computers. Computations beyond what can
be run on even the world’s largest supercomputers will
likely be successfully performed on next generation quantum hardware. However, these computations do not solve
a problem of practical interest. Examples with theoretically proven advantages for quantum computation cannot be run on problems with practical application in the
near-term. A recently developed class of algorithms, variational quantum algorithms [1,2], show some promise for
advancing our understanding of where near-term quantum computers might be useful. With applications in
combinatorial optimization and quantum simulation they
provide a sandbox for testing quantum devices, as they do
not require error-correction and can be applied to small
(and interesting) problems.
Variational algorithms involve a quantum and a classical subroutine, where the classical step optimizes the
parameters of the quantum circuit to improve the solution found by the quantum subroutine, guided by some
cost function. Here, we focus on benchmarking different
methods for the classical optimization of parameters in
quantum circuits for variational quantum algorithms on
specific families of problems. The field of optimization
methods is rich and diverse; many methods are available
to choose from when building techniques to optimize parameters of quantum heuristics.
In this work, we explore a set of optimization methods coming from Bayesian, gradient-based, gradient-free,
machine learning, genetic and reinforcement learning approaches. We compare their performance Quantum Alternating Operator Ansatz (QAOA) on MAX-2-SAT and
Graph Bisection optimization problems, and Variational
Quantum Eigensolver (VQE) for estimating the ground
state of Fermi Hubbard models.

Figure 1: Recurrent neural network of LSTMs (blue) optimizing and learning from a quantum circuit (green) via
the loss function (pink).
A number of researchers have investigated reinforcement learning for the control of quantum gates [9–11],
and in some cases found orders of magnitude improve-
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Figure 2: Example QAOA quantum circuit, for finding optimal configuration of variables in the max-2-sat problm
with 2 clauses, where p, the number of phases, is 2. Image generated with Qiskit [8]
ment in performance over stochastic gradient descent
methods. These successes inspire us to apply machine
learning to the parameter setting problem.
2

tions due to noise on quantum hardware, optimization
procedures from noisy black-box optimization, or models
trained with reinforcement learning algorithms, may be
a better choice: The optimizer developed for a noisy simulation may not be appropriate for useful application of
early quantum devices. Finally, initialization strategies
developed to avoid the barren plateau [20] and work into
the effect of circuit depth on the gradient evaluations [21]
provide more evidence that gradient computation for optimization of these circuits is a non-trivial task.

Parameter setting of quantum heuristics

We evaluate these methods on two types of problem
classes, QAOA and VQE.
2.1

Quantum Alternating Operator Ansätz

Prior work on parameter setting in QAOA includes
comparison of analytical and finite difference methods
[12], a method for learning a model for a good schedule
[13], and comparison of standard methods over problem
classes [14].
We evaluate parameter setting approaches for QAOA
on MAX-2-SAT and Graph Partitioning problems [15],
both NP-complete combinatorial optimization problems.
We use standard [2] and extended QAOA methods [16],
respectively.
2.2

2.4

In the last few years, machine learning researchers
have developed techniques in ‘learning to learn’, a model
makes decisions about how to optimize parameters given
a problem. Early research explored Guided Policy Search
[3], which has been superceded by Recurrent Neural Networks (RNN)s of LSTM cells [4–7]. They achieve better
performance than ADAM, a common optimizer used in
machine learning. In a black-box setting, where we do
not have access to the gradient, these models will have
to be trained with reinforcement learning. Though these
techniques are not yet mainstream, optimized models of
optimization will be an important tool in the development of useful quantum heuristics.

Variational Quantum Eigensolver

The initial demonstration of VQE used Nelder-Mead, a
standard derivative-free approach, for parameter setting
after observing that gradient descent methods did not
converge. Since then, examples include the use of Simultaneous Perturbation Stochastic Approximation (SPSA)
in [17], where they argue that while simultaneous perturbation methods can be very useful in the optimization of
fermionic problems, for classical problems, such as instances of MaxCut, the ease of evaluating the cost function may favor standard gradient-descent or derivativefree routines”. Other routines used include COBLYA, LBFGS-B, Nelder-Mead and Powell in [18]. Finally, in [19]
they explore the use of Bayesian optimisation in VQE optimisation.
2.3

Designing an optimiser

3

Outlook

While optimizing quantum heuristics is recognized as
an important problem, best practises have not yet been
established for parameter setting in quantum algorithms.
The method chosen depends in part on the metric used to
evaluate its performance and the type of problem. In this
work, we evaluate both time to solution and optimality
of solution.
This comparison will serve as a reference whenever people need to choose an optimizer for parameter setting
of quantum heuristics. Further, it introduces machine
learning based methods for optimization to the field, and
provides evidence that these approaches are promising
enough to merit further research. It is likely that the
first useful application of quantum computers will be augmented by machine learning methods, whether that be
in parameter setting or gate control. Demonstrating how
these methods perform in practice is an important task.
There are other areas that naturally follow from this

Gradients

Analytical expressions for the gradient of a cost function with respect to the parameters in variational quantum algorithms allow computation of the gradient efficiently on a quantum computer, and finite differences is
an acceptable method for computing the gradient when
this is unavailable. If we are working with devices that
are outside our ability to simulate, however, as may happen within the next 5 years, and given the complica-
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work. Given systematic biases in near-term quantum
devices that are not captured by calibration, machine
learning based approached to optimization could improve
device-specific optimization by learning systematic errors
as features in the model. For this reason, it will be important to compare these methods on quantum hardware.
There are limits to precision of parameter setting on
near-term quantum processors. Some research questions
include how much precision is need to solve the quantum
optimization problem, and how this available precision
will influence the performance of the parameter setting
optimizer.
A machine learning driven approach to optimization
of these algorithms improves with exposure to training
examples. We investigate whether this learning transfers across problem classes. Additionally, there will be
differences in optimization procedure performance across
problem classes, dependent on the structure of the problem. These investigations will point to good problem specific procedures. It is also unclear how the structure of
the parameter space will affect the choice of optimizer; for
each problem tested, the parameter space will have different properties such as ruggedness and varying depths
of local minima. The properties will also determine the
choice of optimizer, though we believe machine learning approaches here will learn to exploit parameter space
structure within a problem class.
To summarize, in this work we benchmark a set of
classical optimizers for the parameter setting subroutine
in variational quantum algorithms. We expect machine
learning based approaches to be competitive and to continue to improve in the near-term, such that useful nearterm implementations of quantum heuristics on noisy devices will use these methods going forward.

Figure 3: Mean of posterior distribution from Gaussian
process after training with 20 random points of the noisy
objective function of QAOA applied to an example MAX2-SAT problem with 6 variables and 2 clauses.
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Abstract. This paper presents a novel measurement-device-independent quantum key distribution (MDIQKD) protocol based on phase encoding. Our protocol uses a di↵erential-phase-shifted (DPS) keying
scheme wherein a single photon is realized as a linear superposition of three orthogonal paths. We carry
out the asymptotic key rate analysis of the proposed protocol and demonstrate its superior performance
compared to the existing protocols. We also show that our DPS-MDI-QKD protocol is unconditionally
secure by mapping it to an entanglement-based scheme. Finally, we also perform finite-key analysis for the
proposed scheme and estimate the secure key rate.
Keywords: Measurement-device-independent
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1

quantum

Introduction

2

Quantum key distribution (QKD) allows secure communication between two parties with absolute secrecy [1,
2]. However, this theoretical security does not translate
to practical security due to the non-ideal nature of devices used in the practical implementations. This has led
to the emergence of various side-channel attacks [3, 4, 5],
most of which target the detectors used in the implementation. Measurement-device-independent (MDI) QKD
was proposed as a means to counteract these detector
side-channel attacks [6].
While the original MDI-QKD proposals involved
polarization-based encodings, more recently, phase-based
MDI-QKD protocols have been discussed in the literature [7, 8, 9, 10]. The MDI protocol presented in [8]
uses a path and phase encoding technique, starting with
a single-photon source. The scheme uses four di↵erent
phase values (0, ⇡2 , ⇡, 3⇡
2 ) to generate two pairs of orthogonal states needed to implement BB84. The other phasebased MDI schemes discussed in [9, 7, 10] propose to implement BB84 or B92 protocol (using two phase values,
namely, 0 and ⇡), using a weak coherent source (WCS)
for key generation. The use of WCS makes such an implementation vulnerable to attacks which target multiphoton pulses.
In a departure from existing work, we present a
di↵erential-phase-shifted (DPS) MDI protocol using only
two phases (0, ⇡) and employing single-photon sources for
key generation. The proposed scheme combines the best
of both di↵erential-phase-shifted (DPS) QKD and MDIQKD. It is more robust to phase fluctuations, and also
ensures protection against detector side-channel attacks.
Use of single-photon source makes the proposed protocol
immune against eavesdropping attacks that make use of
multi-photon pulses for gaining key information.

key

distribution,

di↵erential-phase-shift,

DPS-MDI-QKD protocol

Fig. 1 gives a schematic description of the proposed protocol. Our protocol is broadly based on
the di↵erential-phase-based QKD scheme using a singlephoton source, proposed in [11].
Alice and Bob use single-photon sources. They both
employ identical delay lines with three di↵erent path
lengths each, and thus realise their single photons in superpositions of three distinct time-bins corresponding to
the three distinct paths. They encode their random key
bits {0, 1} as a random phase {0, ⇡} between successive
pulses in their respective 3-pulse trains. Alice and Bob
thus generate encoded single-photon states corresponding to one of the four non-orthogonal quantum states
given below, depending on their random key bits.
| (±, ±)i =
1
p ( |1i1 |0i2 |0i3 ± |0i1 |1i2 |0i3 ± |0i1 |0i2 |1i3 ) .
3
Here, |1i and |0i indicate the presence and absence of a
photon respectively, in each of the paths labeled 1, 2, 3.
The photons have an equal probability of traversing each
of the paths in each setup. Alice and Bob send their
encoded signals to the untrusted third party, Charles.
The key information is now encoded in the relative
phase between corresponding paths in Alice and Bob’s
setup. Charles simply uses a beam-splitter and two
single-photon detectors, labeled c and d respectively in
Fig. 1). Let ti denote the time at which the photon
traversing through path i of either source set-up reaches
Charles. Then, for every signal received by Charles, he
publicly announces as to which detector clicked (Dc or
Dd ), as well as the associated time, namely, t1 , t2 , or, t3 .
The complete two-photon state after the action of the
beam splitter is written down in the appendix. We first
note that when Charles announces a detection in only one
of the three times (t1 , t2 or t3 ), Alice and Bob discard the
corresponding key bit. Detection in a single time-slot implies that either the photons coming from Alice and Bob
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Figure 1: Schematic of 3-pulse di↵erential-phase-shifted QKD.
bunched together because of Hong-Ou-Mandel interference or that one of the photons got lost in the channel.
Such a detection does not convey any information about
the relative phase between the pair of arriving photons.
Whenever Charles announces detection at two di↵erent
time instances, Alice and Bob may treat the detection as
a valid one, and extract the corresponding raw key information. Table I shows the key reconciliation scheme in
detail, where,
1 (
2 ) is the phase di↵erence between
the photons traversing through the second (third) arm of
Alice and Bob’s interferometers respectively. Notice that
even when Charles announces two valid time-instances,
there are cases where Alice and Bob may have to discard their key-bits; this follows from a detailed analysis
of the final two-photon state presented in the technical
appendix.
We see that a third of the incoming photons have to
be discarded due to Hong-Ou Mandel interference. This
leads to the first factor of 23 . Next, we observe from
the key-reconciliation table that two-thirds of Charles’
measurements contribute to the raw key, thus leading to
a sifted key rate of 49 :
Rsift =

4
2 2
⇥ = .
3 3
9

Figure 2: Secure key rate as a function of channel length
in the asymptotic case.

(1)

Alice and Bob perform classical post-processing, including classical error correction and privacy amplification, on the sifted key to extract the final secure key from
it. We may now follow the standard analysis in [12] to
obtain the asymptotic secure key rate for our DPS-MDI
protocol. The plot shown in Fig. 2 compares the secure
key rate obtained for our DPS-MDI-QKD with that obtained for the standard 3-pulse DPS and the BB84 protocols.

Figure 3: Key rate r as a function of the number of
exchanged quantum signals for di↵erent values of error
rate (Q).

We see that the DPS-MDI protocol yields a non-zero secure key rate for much longer channel lengths, in comparison with the standard 3-pulse DPS protocol. This
enhanced security can be achieved due to the fact that
the MDI protocols are immune to individual attacks such
as intercept and resend attack. Hence, Eve has lesser information about the key bits, which in turn translates
to longer distances over which secure key transmission is
possible.

3

sources of Alice and Bob are limited in practice, it becomes important to show that a QKD protocol is secure
in the finite-key regime. We use the method outlined
in [13] to calculate the finite-key rate corresponding to
our scheme, as a function of the number of signals generated at the source. This analysis first requires mapping of
the QKD protocol to an equivalent entanglement-based
protocol. As explained in the appendix, it is possible
to rewrite our DPS-MDI protocol such that after sifting
and reconciliation, Alice and Bob are left with a pair of
entangled qubits.

Finite-key analysis

Finally, we establish the security of our protocol in
a finite-key regime, against general attacks. As the re-
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Table I : Key reconciliation scheme for the proposed protocol.
Measurement outcome of Charles Action of Alice and Bob Requirement of bit flip
Det c clicks at both t1 and t2
Det c clicks at both t2 and t3

Extract key using
Discard the bits

No
-

Det c clicks at both t1 and t3

Extract key using

2

No

Det d clicks at both t1 and t2

Extract key using

1

No

Det d clicks at both t2 and t3

Discard the bits

-

Det d clicks at both t1 and t3

Extract key using

2

No

Det c clicks at t1 and det d at t2

Extract key using

1

Yes

Det c clicks at t2 and det d at t1

Extract key using

1

Yes

Det c clicks at t1 and det d at t3

Extract key using

2

Yes

Det c clicks at t3 and det d at t1

Extract key using

2

Yes

Det c clicks at t2 and det d at t3

Discard the bits

-

Det c clicks at t3 and det d at t2

Discard the bits

-

[5] Antı́a Lamas-Linares and Christian Kurtsiefer.
Breaking a quantum key distribution system
through a timing side channel. Optics express,
15(15):9388–9393, 2007.

Finally, we make use of the modified Devetak-Winter
formula based on the smooth min-entropy [13] to numerically estimate the secure key-rates obtained using our
protocol (see Fig. 3). We refer to the appendix for a detailed analysis. The key rate per signal (r) tends to the
sifted key rate of 49 in the asymptotic limit, as expected.
This is a reflection of the fact that only 49 of the raw key
bits can be used for key generation and rest is used for
parameter estimation.

4

1
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Conclusion

In summary, we have demonstrated a di↵erentialphase-encoded measurement-device independent QKD
protocol, which is robust against phase fluctuations and
o↵ers a high asymptotic key rate at long distances. We
have establish unconditional security using an equivalent, entanglement-based protocol. Finally, we provide
a finite-key analysis, thus bridging the gap between theory and practice.
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Abstract. We probe the half-block von Neumann entanglement entropy along with the ground state
properties of a 1D extended Hubbard model as its intrasite and intersite interaction parameters are varied. The half-block entanglement entropy was calculated using the density matrix renormalization group
(DMRG) for a periodic chain. We demonstrate that the half-block entanglement entropy provides a sketch
of the changes in the ground state of the system and that it can be used to locate the quantum critical
lines in the model.
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1

and niσ = c†iσ ciσ is the number operator. The angular brackets in the summation indicates that we only
look into nearest-neighbor interactions. The first term
in the Hamiltonian (1) accounts for the fermion hopping to adjacent sites. The second term describes the
Coulombic interaction between two fermions occupying
the same lattice site. The last two terms introduce a
nearest-neighbor intersite interaction between fermions
having the same (opposite) spins, with energy V (−V ).
This model has no known exact solution—except for the
case of one-dimensional chain of length L = 2.
In this work, we carried out numerical calculations of
the ground state entanglement for an extended Hubbard
model on a periodic chain of length L = 100 at halffilling. We used the half-block von Neumann entropy
(detailed in Sec. 2) as the entanglement measure since
it is readily obtainable in density matrix renormalization group (DMRG) [11] calculations. When compared
to a phase diagram constructed from order parameters–
such as local operator expectation values and two-point
correlators of fermionic density and magnetization–the
half-block entropy qualitatively captures the ground state
properties of the system.

Introduction

It is hoped that quantum information theory may lead
to novel ways to characterize many-body ground state
properties of a condensed matter system. One such
approach is to probe the entanglement behavior of the
ground state as the driving parameters of the model system are varied across quantum phase transitions (QPTs)
[1, 2]. QPTs are qualitative changes in the ground state
properties of the system at zero temperature [3], and entanglement is said to be connected to the long-range correlations that develop at the quantum critical point [4, 5].
It is proposed that for QPTs resulting from analyticities
in the energy, ordering is signalled by a discontinuity in
the ground state concurrence [6]. However, it was shown
that for some spin models, a discontinuity of the concurrence appears in the absence of QPT [7]. It is a possibility that other entanglement measures might bridge a
connection between QPTs and entanglement.
The Hubbard model simplifies the physics of strongly
correlated fermions into an itinerant model with hopping
and intrasite interactions. Experimentally, manipulable
Hubbard dimers at half-filling have been realized using
two ultracold fermionic atoms that are optically trapped
in a double well [8]. Furthermore, entanglement measurements on Hubbard dimer states have been demonstrated
in localized impurities in silicon [9]. This model may also
be generalized to include additional interactions in what
are called extended Hubbard models [10].
We consider a particular extended Hubbard Hamiltonian by introducing Ising-like interactions at half-filling
(i.e. number of fermions is the same as the number of
lattice sites L)
XX †
X
H = −t
(ciσ cjσ + c†jσ ciσ ) + U
ni↑ ni↓
hi,ji σ

+V

XX

2

One of the common numerical methods used for lowdimensional quantum systems is DMRG. However, a
physical hurdle is the exponential increase in the Hilbert
space dimension as the system size increases.
DMRG employs a truncation of the Hilbert space
by selecting the most probable states–described by the
eigenvalues of the reduced density matrix–as the system
gradually grows. Since the least probable states are discarded, the size of the matrices we work on is constrained
as the system grows. It is known that the ground states
of one-dimensional lattice models—near or away from
criticality—satisfy the condition that the entanglement of
a subsystem with respect to the whole system is bounded,
which makes a simulation of the system using DMRG
possible [12].
Using this numerical technique, we can calculate operator expectation values and also the block entanglement

i

niσ njσ − V

hi,ji σ

XX

niσ nj(−σ) ,

Density matrix renormalization group

(1)

hi,ji σ

where ciσ (c†iσ ) is the fermionic annihilation (creation)
operator for a fermion at site i with spin σ =↑ or ↓,
∗rcesperanza@up.edu.ph
† fparaan@nip.upd.edu.ph
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Figure 1: The schematic phase diagram for the Hamiltonian (1) is obtained by superimposing the ground state
variations of various order parameters–local expectation values and two-point correlators involving fermionic density
and magnetization (Left). The main features of the ground state phase diagram for large |U | and |V | are also mirrored
in the half-block entanglement entropy (Right).
entropy. Suppose we divide a linear chain of length L into
two blocks–one with length l and another with length
(L − l). For a pure ground state |GSi, we can define the
block von Neumann entanglement entropy as
SvN (l) = −Tr ρl ln ρl ,

For a charge density wave (CDW), the ground state
has spatial modulation of fermionic occupation along the
lattice (since for U < 0, double occupancy of a site is
favored), described by an integrated density-density correlator. While in the spin density wave (SDW) phase, the
ground state has alternation of magnetic moment along
the lattice, described by an integrated spin-spin correlator. Both of these ground state properties are not highlighted by the half-block entropy–as there is continuous
change in the entanglement measure on the region in the
parameter space corresponding to these states. It should
also be noted that while we qualitatively identified some
ground state properties of this particular extended Hubbard model in terms of the half-block entropy, they are
mostly in the limit of strong interactions.
Since QPTs are defined in the thermodynamic limit,
a finite-size scaling analysis could be done to extrapolate the ground state behavior at criticality (and obtain
the critical points and critical exponents), which is the
subject of a future work.

(2)

where ρl = Trl+1,...,L |GSi hGS| is the reduced density
matrix describing the block of length l. Specifically, we
calculated the half–block entanglement entropy where
l = L/2.
Numerical calculations in this work are performed using a DMRG implementation [13, 14] based on matrix
product states from the Algorithms and Libraries for
Physics Simulations (ALPS) project [15].

3

Ground state entanglement and QPTs

A crude phase diagram in the parameter space of the
extended Hubbard Hamiltonian (1) is shown on the left
of Figure 1, and it is strikingly similar to the features of
the entanglement entropy profile shown on the right pf
Figure 1. The most prominent aspect of the half-block
entropy surface is its sudden discontinuity from zero to a
non-zero value as the ground state undergoes transition
from ferromagnetic (FM) to non-ferromagnetic state. For
the case of L = 2 the ground state of Eq. (1) is exactly
solvable, in which a level crossing exists such that there is
a discontinuity in the ground state energy as the ground
state transition from FM to a non-FM state—which possibly extends for longer chains.
While the FM state configuration involves alignment
of spins along the lattice (since at V < 0, the third term
of Eq. (1) that favors spin alignment is dominant), the
Néel phase has antiferromagnetic ordering characterized
by spatial alternation of spins along the lattice (since at
V > 0, the fourth term of Eq. (1) that favors spin antialignment dominates). These are known to be product
states hence they are unentangled and have zero halfblock entropy, consistent with the DMRG results shown
on the right of Figure 1.

4

Conclusion

Upon addition of an Ising-like nearest-neighbor interaction to the 1D Hubbard model, the ground state at
half-filling exhibits ferromagnetic/antiferromagnetic ordering, and spatial modulation of either fermionic density or net magnetic moment along the lattice. These are
reflected in the half-block von Neumann entanglement
entropy at large |U | and |V |. Other entanglement measures might be able to highlight the ground state properties for small |U | and |V |. While there is no established fundamental relationship between quantum phase
transitions and entanglement, entanglement entropy—
calculated using DMRG—provides a qualitative description of the ground state for a non-integrable 1D model
with no exact solution.
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Abstract. Support Vector Machine (SVM) is a powerful method for classification or regression. Recently,
the SVM-type classifier implemented on a quantum computer was proposed, which successfully obtains high
accuracy for binary classification problems. However, the performance of that proposed method depends
on the form of functions that encode the data onto a quantum computer. In this paper, we give a new
encoding function that shows better classification result over the existing method, for a special type of
data. Also, we provide a reasonable visualization method that gives a characterization of the classifying
ability of the encoding function.
Keywords: Quantum machine learning, Support Vector Machine, Encoding functions, Pauli decomposition

1

Introduction

2

The success of SVM lies in the use of kernel trick, which
enables us to classify even highly complicated dataset
with high accuracy; more precisely the kernel is a function that involves a transformation of the input dataset
to a linearly separable dataset in a higher dimensional
space. The quantum kernel estimator proposed in [1] is a
quantum device that computes an estimate of the kernel,
with the use of quantum intrinsic properties such as a superposition. A similar work has been done by Schuld et
al. [3]. Through the approach, one has to define a set of
encoding functions, which transforms the input classical
data x to the quantum state |Φ(x)⟩; for more details, see
Appendix A.
In this paper we study the four types of dataset
shown in Fig.1. Each dataset is composed of 100 twodimensional data, which are classified to two subgroups
with blue or orange colors. All the elements range from
−1 to 1; note that the data range studied in [1] is [0, 2π].
To encode those classical dataset onto the quantum
state |Φ(x)⟩, here we take the following set of encoding
functions:

Thanks to the drastic progress in computing speed as
well as the cost-eﬀectiveness ratio, machine learning is
now widely applied in a variety of field. In particular,
Support Vector Machine (SVM) is a powerful method
used for classification or regression; the key technique
involved in SVM is the Kernel method, which is typically useful for pattern analysis [2]. To further extend
the scope of their applicability, quantum computation
is expected to be a promising tool that could enhance
the performance of machine learning by exploiting the
intrinsic characteristics of quantum mechanics. In fact,
recently, Havlı́ček et al. [1] proposed two SVM-type classifiers implemented on a real quantum computer, which
demonstrated the potential to make machine learning
further capable to deal with bigger size of data. The
proposed quantum SVM methods, however, have a difficulty in finding the encoding function, i.e., a function
that encodes the input data into the quantum device.
In this paper, we actually show that the classification
performance of a quantum kernel estimator, one of the
SVM methods proposed in [1], depends on the choice of
encoding functions. More precisely, we give a new encoding function such that, for four types of example data, it
classifies all those datasets very well while the (quadratic
type) encoding function taken in [1] does not. Also, we
provide a reasonable visualization method that gives a
characterization of the classifying ability of the encoding
function, which in fact explains why the chosen encoding
function work well.

ϕ{1} = x1 ,

ϕ{2} = x2 ,

ϕ{1,2} =

π
, (1)
3 cos x1 cos x2

where xi is the element of the input data. For comparison, we also perform the same numerical simulation using
the following encoding functions:
ϕ{1} = x1 ,

ϕ{2} = x2 ,

ϕ{1,2} = πx1 x2 .

(2)

These are a modified version of the encoding functions
used in [1], where the range of variables is changed to
[−1, 1] from the original one [0, 2π].
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Figure 1: Classification datasets, (a) Circle, (b) Exp, (c)
Moon, and (d) XOR.

Figure 2: Decision boundaries for the dataset (a) Circle,
(b) Exp, (c) Moon, and (d) XOR drawn by learning the
training set using the encoding functions (1).

Table 1: Accuracy of training and test sets for four
datasets through 5-fold cross validation.

(1)
(2)

3

Training
Test
Training
Test

XOR
0.97
0.95
0.98
0.96

Circle
0.99
0.97
0.96
0.96

Moon
0.97
0.95
0.81
0.77

Exp
0.97
0.95
0.85
0.85

Result

To carry out the classification task, each dataset is divided into 5 groups (i.e., each group has 20 data), 4 out of
which are used for the training and the remaining for the
test. Then we performed the classification for all combination of training and test sets, i.e., the 5-cross validation
[2]. In this work we use the QASM simulator provided
by IBM to execute the quantum kernel estimator. The
decision boundaries for the classification are obtained by
examining the training dataset; Fig.2 depicts the boundaries for the proposed encoding function (1), and Fig.3
for the function (2). Moreover, the classification accuracy is shown in Table.1. The decision boundaries for
each dataset with the encoding functions (1) appear to
be drawn so that two labels are appropriately classified.
As for the classification accuracy, the score is bigger than
0.95 for every dataset. On the other hand, the decision
boundaries made with the use of the encoding functions
(2) also works well, except for the dataset ’Moon’ and
’Exp’ in Fig.3. In fact, Table.1 shows that the classification accuracy for the dataset ’Moon’ and ’Exp’, for the
case of the encoding function (2), are clearly less than
that for the case (1).

4

Figure 3: Decision boundaries for the dataset (a) Circle,
(b) Exp, (c) Moon, and (d) XOR drawn by learning the
training set using the encoding functions (2).
why the functions (1) achieves a much better classification performance particularly for the dataset ’Moon’,
compared to (2)? Here we focus on a higher dimensional
space associated with the quantum state |Φ(x)⟩ to which
the input data x is mapped through the encoding function and in which SVM is actually working. That is, we
consider the space corresponding to the coeﬃcients of the
Pauli decomposition of the density matrix |Φ(x)⟩ ⟨Φ(x)|;
if a n qubits quantum computer is used, the coeﬃcients
constitute a 4n -dimensional real vector a(x) whose element ai (x) is the function of the input data x; see Appendix B for details.
Here we use a n = 2 qubits machine with specific
structured quantum circuit. Figure 4 illustrates ai (x) for
i = 1, . . . 16 as a function of the two-dimensional input
data x, for each encoding function (1) and (2). The striking point of this visualization is that there seems to exist
one or more vector(s) that is (are) similar to each dataset
for encoding functions (1). For example, ZZ, ZI and ZZ
components have similar tendency of dataset Circle. Similarly, IY and YI resemble dataset Moon, whereas XI and
IX have a partial tendency of dataset XOR. In the case

A characterization for the encoding
function

We implemented a classification task with aforementioned two sets of encoding functions to see and compare
the classification accuracies for four datasets; as a result,
we observe that the accuracy depends on the encoding
functions. Hence an important question is as follows;

168

Figure 6: Quantum circuit realizing UΦ(x) .
that the analysis of the vectors will help to understand
the relationship between the encoding functions and the
transformed higher dimensional space, and will also give
an insight into development of quantum machine learning.
This work was supported by MEXT, Q-LEAP.
Figure 4: Colormap representation of the vector elements
{ai (x)}, for the case of encoding functions (1).
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A

In the quantum kernel estimator [1], only a kernel is
estimated on a quantum computer, while the remaining
SVM parts are performed on a classical one. The kernel
K(x, z) = | ⟨Φ(x)|Φ(z)⟩ |2 for the input data x and z,
is calculated on a quantum computer in the following
way. Firstly, the unitary UΦ(x) is applied to the initial
n
†
state |0⟩ , followed by the unitary UΦ(
z ) , where n is the
dimension of the input data. Afterwards, the final state
in the Z-basis is measured repeatedly to get the number
of zero strings 0n . In this way, the procedure transforms
the input data to a quantum state |Φ(x)⟩ and |Φ(z)⟩, and
calculate the inner product of them. The unitary UΦ(x)
is composed of two layers of Hadamard gate H n and the
unitary UΦ(x) , which means

Figure 5: Colormap representation of the vector elements
{ai (x)}, for the case of encoding functions (2).
of encoding functions (2), the information of the dataset
Moon appears to be lacking in the vectors. Namely, there
is a possibility that a quantum kernel estimator with the
encoding functions (1) succeed in separating two labels,
because the encoding functions (1) can generate vectors
that contains the characteristics of all datasets, while the
encoding functions (2) cannot.

5

The quantum kernel estimator

Conclusion

We demonstrated that the quantum kernel estimator
proposed by Havlı́ček et al. [1] is able to classify several
type of nonlinearly separable datasets. In this method,
we have to customize the encoding functions that are essential for properly mapping the input data to a quantum
space, so that SVM can linearly separate the two labels.
To understand the classification accuracy in terms of the
encoding functions, we investigate the vectors obtained
by Pauli decomposition of the quantum state. Consequently, we observed that the vectors derived by this visualization procedure seem to have the feature of prepared input datasets, that might contribute to successful
separations. However, it is diﬃcult to properly set the
encoding functions that has a desirable feature map in
the quantum space and eventually enables us to get a
linearly separable higher dimensional space. We hope

UΦ(x) = UΦ(x) H n UΦ(x) H n ,
where

(
UΦ(x) = exp i

∑
S⊆[n]

ϕ{S} (x)

∏

(3)
)

Zi .

(4)

i∈S

In the case n = 2, the detail of UΦ(x) is represented as
a quantum circuit in Fig. 6. Here, the unitary UΦ(x) contains three user-defined functions ϕ{S} , what we call encoding functions, that nonlinearly transform input data.
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B

Pauli Decomposition

As explained in Appendix A, the kernel obtained by a
quantum kernel estimator is the inner product between
two quantum states ⟨Φ(x)|Φ(z)⟩ |2 . This can be understood in terms of a density operator as follows. Let
ρ(x) = |Φ(x)⟩ ⟨Φ(x)| be a density operator of the quantum state |Φ(x)⟩. Then, the kernel can be expressed as
K(x, z) = trρ(x)ρ(z).

(5)

Furthermore, a density operator ρ(x) can be expanded
by a set of a Pauli operators, that is,
4
∑
n

ρ(x) =

ai (x)σi ,

(6)

σi ∈ {I, X, Y, Z}n .

(7)

i=1

where,
Here, note that ai (x) ∈ R. Then, by substituting Eq. 6
into Eq. 5, we get
4
∑
n

K(x, z) =

ai (x)ai (z),

(8)

i=1

where the trace relation tr[σi σj ] = 2n δi,j has been used.
Since the kernel is a linear combination of product of
Pauli decomposition coeﬃcients according to the Eq.8,
the coeﬃcients a(x) can be considered as the vectors of
the transformed real space by the kernel.

170

Breakout Local Search for Finding Graph Minors
Kanto Teranishi1
1

∗

Hidefumi Hiraishi1

†

Hiroshi Imai1

2 ‡

Graduate School of Information Science and Technology, The University of Tokyo
2
NanoQuine, The University of Tokyo

Abstract. Quantum Annealing (QA), a framework of finding the ground state of Ising model with
using quantum fluctuation, has attracted much attention from researchers. Today, QA machine which has
thousands of variables is developed by D-wave Systems. But it is still diﬃcult to solve Ising model whose
size is over hundreds because of the engineering constraints of D-wave machine. For the constraints, we
need to determine the graph of Ising model is graph minor of the hardware graph implemented in QA
machine.
In this paper, we propesed to use Breakout Local Search (BLS), one of the-state-of-the-art classical
metaheuristics, for finding graph minor and experimented for measuring its computing power. We ran
BLS in the following setting; The hardware graph is a Chimera graph, implemented in D-wave machine,
and the input graphs is (a) random graphs, (b) random cubic graphs or (c) random scale-free graphs.
Our experimental results imply BLS is better than previous heuristics in embedding random graphs to a
Chimera graph. But the results also indicate our implementation could stand improvement in embedding
random cubic graphs.
Keywords: Quantum Annealing, graph minor, metaheuristics, Breakout Local Search

1

• ∀i ∈ V (I), ϕ(i) ̸= ∅.

Introduction

• ∀i, j ∈ V (I), ϕ(i) ∩ ϕ(j) = ∅ when i ̸= j.

Quantum Computing has attracted attention from
many researchers since Peter Shor showed exponentially
speedup for integer factoring algorithm by leveraging
quantum mechanics [1]. One of the well-researched quantum algorithm is Quantum Annealing (QA), introduced
by Nishimori and Kadowaki [2]. QA is approximate algorithm specialized in finding ground state of Ising model
and also regarded as a metaheuristic for combinatorial
optimization problems. Finding ground state of Ising
model minimize the below energy function subject to
σ ∈ {−1, 1}N when given h ∈ RN and J ∈ RN ×N .

E(ϕ) = |{(i, j) ∈ E(I)|∃u ∈ ϕ(i), ∃v ∈ ϕ(j), (u, v) ∈ E(H)}|
= |E(I)|
Finding graph minors is NP-hard problem and exact
algorithm for the problem require exponnential time. As
heuristical approach, there exist the heuristic introduced
by Cai, Macready and Roy (CMR) [7] and probabilisticswap-shift-annealing (PSSA), Simulated Annealing for
finding graph minors by Sugie et al. [8] These heuristics
are contrast; while searching graph minors, CMR tolerate a hardware vertex represents multiple input variables,
but keeps E(ϕ) = |E(I)|, on the other hand, PSSA keeps
a hardware vertex represents an input variable, but tolerate E(ϕ) ≤ |E(I)| These heuristics enabled us to embed
cubic graphs with a certain size, but embedding random
graphs is still diﬃcult.

E(σ) = h⊤ σ + σ ⊤ Jσ
Today, the QA machine is realized by D-wave Systems
and we are able to handle thousands of variables in the
machine. However it is still diﬃcult to solve Ising model
which has hundreds of variables. As one of the factor,
the machine restricts interactions between variables to
edges of the hardware graph, for example, Chimera graph
(Figure 1 (a)) implemented in the D-wave machine. The
embedding problem is indicated by Choi [3]. When we
would like to solve Ising model, we have to map each
variable of Ising model to variables of the D-wave machine. The mapping exists if and only if the graph of
Ising model is a minor of the hardware graph.
Let I = (V (I), E(I)) denote an input graph, which
we want to embed, and H = (V (H), E(H)) denote a
hardware graph. We figure that an input graph is a graph
minor of a hardware graph, when we find ϕ : V (I) →
2V (H) such that

(a)

• ∀i ∈ V (I), ϕ(i) ⊂ V (H), the subgraph induced by
ϕ(i) is connected in H.

(b)

Figure 1: (a) A Chimera graph, which is implemented in
the QA machine developed by D-wave Systems. (b) Generating initial solutions ϕ following grid-line of a Chimera
graph based on PSSA counterpart.
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2

Outline of our experiments

The machine environment is as shown below: CPU:
Intel(R) Core(TM) i5-7200U CPU @2.50GHz, Memory:
8.00GBytes. The parameter of BLS is in Table 1.
The hardware graph is a fixed Chimera graph (|V | =
2048) and the maximum number of iterations is 40000.
We ran BLS 10 times for each input graph, and counted
the number of success to finding graph minors. We prepared three graph types for input graphs.
(a) random graphs: We generated random graphs
with rudy [9], a graph generator which is frequently used.
We set graph density 20% for comparing results of [8].
Hence, the number of edges of generated graphs is about
|V | ∗ (|V | − 1) ∗ 0.2.

Figure 2: Move operations, swap and shift based on
PSSA counterpart.
In this paper, we proposed to use Breakout Local
Search (BLS), one of the-state-of-the-art classical metaheuristics, applied to finding graph minors. Our implementation is inspired by PSSA. BLS is proposed
by Benlic and Hao, and they experimentally showed
BLS exhibits high performance in several NP-hard problems [4][5][6]. Generating initial solutions and move operations, swap and shift (Figure 2), are based on PSSA
counterpart.
We describe below briefly our implementation of BLS
for a Chimera graph.

(b) random cubic graphs: Degree of each vertex of
cubic graphs is 3. We generated random cubic graph in
according to [10]. The number of edges of cubic graphs
is 1.5 ∗ |V |.

1. Generate initial solutions ϕ following grid-line of a
Chimera graph (Figure 1 (b)).

Experimental results are given in Table 2. In random
graph (|V | ≤ 76), BLS could find graph minor with high
probability only applying best-first search. We assessed
initial solutions are exceedingly good.
In [8], CMR running repeatedly (CMRR) and PSSA
could embed random cubic graphs (|V | ≥ 200), however
they fail in embedding random graphs (|V | ≥ 68). Our
implemented BLS could only embed random cubic graphs
(|V | ≤ 150), but embed random graphs (|V | ≤ 80). The
results imply BLS is better than PSSA and CMRR in
embedding random graphs and our implementation could
stand improvement in embedding random cubic graphs.

(c) random scale-free graphs: Degree distribution
of scale-free graphs follows a power law. We used
Barabasi-Albert model [11]. The number of edges of generated graphs is almost |V |.

3

2. Move to a local optimum from the current solutions
with using best-first search. Firstly apply best-first
search with swap move, then with shift move.
3. Adjusts the jump magnitude. If the current solutions is equal to the previous local optimum, increase the jump magnitude, else set the jump magnitude at the initial jump magnitude.
4. Decide a perturbation type with probability depending on the current search stagnation. If BLS
assesses the search is stagnate, decide applying
strong perturbation, else applying weak perturbation.

4

Results and Discussion

Future Work

Generating initial solutions of our implementation is
hold up on the assumption that the hardware graph has
no missing edge nor vertex. For applying the existing Dwave machine, we have to implement generating initial
solutions dealing with dead edges and vertices.

5. Reconstruct initial solutions with probability in
strong perturbation, else apply shift move chosen
randomly.
6. In weak perturbation, chose swap or shift move
with probability, then apply the chosen move and
search better solutions near the current solutions.
BLS has tabu list and prevent repeat same move in
short time.
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Table 1: The parameter of BLS.

Param.
L0
T
t
P0
Q
R

Description
Initial jump magnitude
Maximum number of local optimum visited before
applying strong perturb
Tabu tenure
Minimum probability for applying weak perturb
Probability for applying swap move in weak perturb
Probability for applying restart in strong perturb

Value
0.1|V (I)|
1000
2|V (I)|
0.8
0.3
0.1

Table 2: Success ratio of finding graph minors by BLS in running 10 times for each instance. In random cubic and
random graph instances, We gathered success ratio for instances whose number of vertices and edges are same. There
are (a) Random cubic graphs in upper row, (b) Random graphs in middle row, and (c) Random scale-free graphs in
lower low.

Graph type
Random cubic

Random graph

Random scale-free

|V (I)|
110
120
130
140
150
68
72
76
80
80
84
150
160
160
170
180
180
180

|E(I)|
165
180
195
210
225
456
511
570
632
632
697
155
165
169
178
186
187
190

Succ. ratio
50/50
50/50
50/50
41/50
1/50
50/50
50/50
50/50
50/50
50/50
0/20
10/10
6/10
6/10
4/10
4/10
1/10
2/10

[2] T. Kadowaki and H. Nishimori. Quantum annealing
in the transverse Ising model. Physical Review E,
58(5355), 1998.

[7] J. Cai, W. G. Macready and A. Roy. A practical
heuristic for finding graph minors. arXiv preprint
arXiv:1406.2741, 2014.

[3] V. Choi. Minor-embedding in adiabatic quantum computation: I. The parameter setting problem.
Quantum Information Processing, 7.5: 193-209, 2008.

[8] Y. Sugie, Y. Yoshida, N. Mertig, T. Takemoto,
H. Teramoto, A. Nakamura, I. Takigawa, S. Minato,
M. Yamaoka and T. Komatsuzaki. Graph Minors
from Simulated Annealing for Annealing Machines
with Sparse Connectivity. In: International Conference on Theory and Practice of Natural Computing.
(TPNC 2018), LNCS, Vol. 11324, pp. 111–123, 2018.

[4] U. Benlic and J-K. Hao. Breakout local search for
the vertex separator problem. In: Twenty-Third International Joint Conference on Artificial Intelligence,
2013.

[9] G. Rinaldi.
Rudy.
http://www-user.tuchemnitz.de/˜helmberg/rudy.tar.gz, 1998.

[5] U. Benlic and J-K. Hao. Breakout local search for
maximum clique problems. Computers and Operations Research, 40(1):192–206, 2013.

[10] A. Steger and N. C. Wormald. Generating random
regular graphs quickly. Combinatorics, Probability
and Computing, 8.4, 377-396, 1999.

[6] U. Benlic and J-K. Hao. Breakout local search for the
max-cutproblem. Engineering Applications of Artifcial Intelligence, 26(3):1162–1173, 2013.

[11] A-L. Barabasi and R. Albert. Emergence of scaling in random networks. Science, 286.5439: 509-512,
1999.

173

Quantum phase transitions and Schmidt gap closing in a Kitaev chain
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Abstract. The quantum phase diagram of a generalized Kitaev chain that exhibits long-ranged hopping
and pairing is mapped out by looking for sharp changes in the Schmidt gap of a ground state bipartition.
Finite-size scaling analysis reveals that the Schmidt gap exhibits universal scaling behavior about the
quantum critical lines. The critical exponents found shows that the model displays different properties at
the long- and short-range limits of the interaction.
Keywords: entanglement, critical exponents, quantum phase transition

1

Background and motivations

The past few decades saw an increase of interest in
quantum information theory considering its wide range of
possible applications (e.g. quantum computers). Much of
the study of quantum information theory revolves around
the concept of entanglement which leads to further investigation of strongly correlated many-body systems. The
entanglement in these systems manifests in the different quantum phases driven by changes in ground state
parameters. In this study, the quantum phases of a
fermionic chain model with long-range interactions were
identified by numerically calculating the Schmidt gap in
a finite bipartition of the system prepared in the ground
state. The Schmidt gap is the difference between the
first two largest eigenvalues of the reduced density matrix of the subsystem under study. In [1], the Schmidt gap
is shown to be an acceptable order parameter to signal
the symmetry protected topological phase in spin models even if it does not lie under the standard GinzburgLandau theory of phase transitions.
Moreover, from the quantum phases mapped, the critical points were located. The Schmidt gap in the vicinity
of these points was scaled using finite-size methods. The
universal scaling lead to the numerical calculation of the
quantum critical exponents associated to the phase transition within the model.

2

Figure 1: The Schmidt gap shows the 2 different phases of
the model with the anti-ferromagnetic phase with vanishing Schmidt gap and the paramagnetic phase with nonzero gap. α < 1 denotes the region with long-range interactions while α ≥ 1 are for short-range.
Bogoliubov transformation in k-space. The exactly diagonalized Hamiltonian in quasi-fermionic modes is,
X
H=
γα (k)(ηk† ηk − 1/2).
(2)
k

Model and methods

where γα (k) is the excitation spectrum.
The reduced density matrix (RDM) was derived analytically for a subsystem with 30 sites. All calculations were done in the thermodynamic limit of an infinite
chain. Numerical calculations yielded the eigenvalues of
the RDM for 0 ≤ α ≤ 3 and 0 ≤ θ ≤ π. The Schmidt gap,
∆λ = λ1 − λ2 , showed the different phases of the Kitaev
chain. Finite-size analysis was applied to the Schmidt
gap near the critical points of the phase transition.

The model, which is a generalization of the Kitaev
chain model, is defined by the Hamiltonian
H = sin θ

L
L
X
X
a†i aj + a†i a†j + h.c.
+
2
cos
θ
a†i ai . (1)
α
|i
−
j|
i=1
i,j=1

The pairing and coupling interactions decay with site distance by a power law decay with exponent α. The site
indices (i, j) run from 1 to the chain length L. Additionally there is a relative chemical potential controlled by
the parameter θ. The model can be diagonalized by a

3

Phase diagram and scaling

In Ref. [2], phases of this model were mapped using
the effective central charge of an underlying conformal
field theory. Here we show that the same phases can be
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† fparaan@nip.upd.edu.ph
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Table 1: Numerical values of the critical exponents for
each critical point
α
0.5
2.0
2.5
2.0
2.5

(Left)
(Left)
(Right)
(Right)

β
0.1883
0.1670
0.1699
0.1511
0.1734

ν
0.9916
1.0025
0.9999
1.1428
0.9968

problem for a presently ongoing work.

4

Summary and conclusions

The Schmidt gap was shown to behave like an order parameter so that its value delineates the quantum phases
of a Kitaev chain model with power law decaying interactions. The quantum phase transition occurs at the
closing of the Schmidt gap, indicating a degeneracy in
the first two levels of the entanglement spectrum. The
Schmidt gap also exhibits associated critical behavior resulting in universal critical exponents. Finite-size analysis showed that the scaling of this parameter is consistent
with the Ising class of phase transitions when the interactions are sufficiently short-ranged.

Figure 2: Finite-size analysis near the critical point of
α = 2.0 on the left critical line obtains curve collapse for
all lengths
located using the Schmidt gap as the parameter. Nonzero Schmidt gap shows the area for the paramagnetic
phase. This phase is characterized by the disorder of
spins caused by the presence of strong interactions. A
transition to the anti-ferromagnetic phase is indicated
by the abrupt change in the Schmidt gap to zero. The
absence of entanglement restores the system in a ordered
phase in this region. This also indicates a double degeneracy in the low level entanglement spectrum. The
transition lines between these phases also correspond to
the gapless regions (broad solid black lines, Fig. 1). The
limiting case, α → ∞, the phase diagram simplifies to
three regions and the vertical critical lines lie at θ = π/4
and θ = 3π/4. The paramagnetic phases corresponds
to the non-topological phase at θ < π/4 and θ > 3π/4.
The anti-ferromagnetic phase reduces to the topological
phase at π/4 < θ < 3π/4 where unpaired Majoranas are
localized at the boundaries [3].
The Schmidt gap for five critical points was scaled for
finite block lengths, ` = 50, 100, 250, 500, 750, 1000 using
finite-size scaling analysis. The following universal scaling ansatz [4] was used to calculate the exponents β and
ν:
O(g, L) = Lβ/ν f (|g − gc |L−ν ).
(3)
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The critical exponents (Table 1) were chosen when an
optimal curve collapse was achieved such as shown in Fig.
2. In [4], the exponents of the Schmidt gap scaling in the
spin-1/2 Ising model showed close correspondence to the
critical exponents when using the magnetization as the
order parameter, β = 1/8 and ν = 1.0. A similar observation can be made with the values extracted from α
values in the short-range region. Eq. 3 was derived under
the assumption that the correlation function decays exponentially with ν when approaching the critical point.
Since the correlation is preserved over longer distances in
the long-range region, the scaling anzats may not apply
accurately as seen in the relatively larger discrepancy in
β for α = 0.5. This raises the possibility that there is an
α dependence in the scaling of long-range interactions, a
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Abstract. (3, 2)-Quantum Random Access Coding (QRAC) is one of the examples of measuring two
qubits simultaneously. Although IBM Q system allows only single-qubits measurement at a time, an
example shows that a method of decoding (3, 2)-QRAC is implemented by IBM Q System. The method
performs simultaneous measurement of two-qubit by single-qubit measurement. However, the quantum
circuit which is used for the method contains a large number of Controlled-NOT (CNOT) gates. This
paper shows a method to minimize the number of CNOT gates used in a quantum circuit to perform
simultaneous measurement of two-qubits by single-qubit measurement. The proposed method generates
a quantum circuit consisting of only one CNOT gate. Our method generates a circuit which maps an
arbitrary orthogonal basis to the initial states. We determine parameters of one-qubit gates in the circuit
by approximation. We found that the optimal initial states is diﬀerent depending on the orthogonal basis
used in the quantum circuit generated by the proposed method. We also show that our method can
construct a circuit for (3, 2)-QRAC decoding with the minimal number of CNOT gates.
Keywords: two-qubit measurement, circuit optimization, IBM Q System

1

Introduction

posed method to (3, 2)-QRAC. In this case, the success
probability of (3, 2)-QRAC can be maintained and the
number of CNOT gates can be reduced compared to the
quantum circuit of [3].

(3, 2)-Quantum Random Access Coding (QRAC) is an
example of performing two-qubit simultaneous measurement [1]. IBM Q system is a system of quantum computing developed by IBM. The system allows only measuring
single-qubits at a time. Therefore, we need to consider a
special way to perform two-qubit measurements on IBM
Q System. Measurement is performed in the example
of implementation of (3, 2)-QRAC on Quantum Information Software Kit (QISKit) [2] by IBM as follows [3].
First, we decode a quantum state using a quantum circuit
that maps each orthogonal basis used for measurement
to |00⟩ and |01⟩. Then, we can measure the two qubits simultaneously by measuring the second qubit only. Three
circuits are constructed so that each of three bits can
be decoded. These circuits contain at least two CNOT
gates.
A Controlled-NOT (CNOT) gate is more costly than
a one-qubit gate [4]. Therefore, we need to reduce the
number of CNOT gates in a quantum circuit. KAK decomposition [5] can automatically design a quantum circuit that maps a pair of orthogonal basis states to |00⟩
and |01⟩, so it is also useful technique. However, we cannot reduce the number of CNOT gates in the circuit designed by KAK decomposition compared to [3]. This
is because KAK decomposition construct a circuit using
three CNOT gates.
By considering the above, this paper proposes a
method for minimizing a quantum circuit to perform twoqubit simultaneous measurement with single-qubit measurements. We propose to construct a quantum circuit
consisting of four ry gates which are one-qubit gates and
one CNOT gate. The circuit maps an arbitrary orthogonal basis to the initial states which can be expressed as
a tensor product of |0⟩ and |1⟩. We approximate parameters of ry gates in the circuit.
We found that the optimal initial states diﬀer depending on the orthogonal basis in the circuit of the proposed
method. We also show the result of applying the pro-

2

Simultaneous two-qubit mesurement
with single-qubit measurements

We propose a method of measuring two-qubit simultaneously with single-qubit measurements. Figure 1 (a)
shows a quantum circuit used in our work. The circuit
contains one CNOT gate and four ry gates which are
one-qubit gates and it maps the orthogonal basis to the
initial states. Initial states mean orthogonal quantum
states which are expressed as a tensor product of |0⟩ and
|1⟩. In the following, we determine the parameters of ry
gates in the circuit; we express those four parameters as
a，b，c，d ∈ R. In this way, we use approximation to determine the parameters. Namely, we minimize the error
between the coeﬃcients in the state vectors of actually
mapped and those of the initial states.
We explain the procedure to derive an expression about
a quantum circuit as shown in Fig. 1 (a). First, we prepare the orthogonal basis and the initial states. K1 and
K2 are the orthogonal basis (Eq. (1)) . S1 and S2 are the
initial states (Eq. (2)) .




K1 [0]
K2 [0]
K [1]
K [1]
K1 =  1 
K2 =  2 
(1)
K1 [2]
K2 [2]
K1 [3]
K2 [3]


S1 [0]
S [1]
S1 =  1 
S1 [2]
S1 [3]



S2 [0]
S [1]
S2 =  2 
S2 [2]
S2 [3]

(2)

We calculate a matrix to express the linear transformation corresponding to the quantum circuit as shown
in Fig. 1 (a). Equation (3) shows the calculation result.
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test cases using diﬀerent basis. The initial states in each
test case are as follows. M1, M5, M9 is |00⟩ , |11⟩, M2,
M6, M10 is |00⟩ , |10⟩, M3, M7, M11 is |11⟩ , |01⟩ and M4,
M8, M12 is |11⟩ , |10⟩. Failure probabilities of M5-M8 are
higher than those of other test cases. M5-M8 use second basis. For example, the failure probability of M1 is
2.4×10−28 , but that of M5 is 0.9. We found that the
failure probability changes by the initial states; the failure probabilities of M5 and M8 are very high especially.
For example, the failure probability of M5 is 0.9 but the
failure probability of M6 is 0.1. M6 diﬀers from M5 only
in the initial states.
We also constructed a circuit for (3, 2)-QRAC decoding keeping success probability of this method (errors of
less than 0.6). More than two CNOT gates are used in
the circuit for (3, 2)-QRAC decoding by [3]. With the
proposed method, one CNOT gate is used in the circuit
decoding the first bit and the third bit. Two CNOT gates
are used in the circuit decoding the second bit.

Figure 1: (a) A quantum circuit with one CNOT gate
(b) A quantum circuit with two CNOT gates
Arbitrary orthogonal basis K1 and K2 are inputs of
Fig. 1 (a). Equation (4) shows the calculation result.
M1 and M2 in Eq. (4) are state vectors of calculation
results corresponding to inputs K1 and K2 respectively.


M1 [0]
M [1]
U0 K1 =  1 
M1 [2]
M1 [3]

U0 K2



M2 [0]
M [1]
= 2 
M2 [2]
M2 [3]

(4)

4

We proposed a method for minimizing a quantum
circuit to perform two-qubit simultaneous measurement
with single-qubit measurement.
As a result, we found that optimal initial states differ from orthogonal basis in the circuit for mapping the
two-qubit states which can be expected original states
by measuring single-qubit. With maintaining the success probability, we can reduce CNOT gates used in the
circuit for (3, 2)-QRAC decoding of proposed method as
compared with that of [3].
We will analyze the regularity for mapping arbitrary
initial states to orthogonal basis in the circuit used one
CNOT gate, and consider application to QRAC.

We compare the state vectors of Eq. (4) to that of
the initial states. In Eq. (5), we sum up all the squared
diﬀerences of the corresponding coeﬃcients between the
initial and the state vectors expressed as Eq. (4). When
we consider only the part where the coeﬃcients in the initial sates are 0 (or 1), we do not sum up all the squared
diﬀerences in Eq. (5) but we sum up only the squared differences corresponding to the part where the coeﬃcients
of initial sates are 0 (or 1).
{S1 [0] − M1 [0]}2 + {S1 [1] − M1 [1]}2
+ {S1 [2] − M1 [2]}2 + {S1 [3] − M1 [3]}2
+ {S2 [0] − M2 [0]}2 + {S2 [1] − M2 [1]}2
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+ {S2 [2] − M2 [2]}2 + {S2 [3] − M2 [3]}2
To obtain failure probability, we calculate the square
of the amplitude coeﬃcients of the state created by the
circuit as shown in Fig. 1 (a) and sum up all of them.
Note that, we use the basis excluding we want to obtain
by measurement.
In addition, we can determine the parameters in
Fig. 1 (b) by the same method for Fig. 1 (a). We calculate
a matrix to express the linear transformation corresponding to the quantum circuit of Fig. 1 (b). Eq. (6) shows
the calculation result.
′

U0 = (ry(e) ⊗ ry(f )) · CN OT · U0
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Abstract. The class of correlation for the most generalized Bell scenario considering N -partite d-chotomic
system with k number of measurements is derived under the constraint of measurement symmetries. The
nonlocality criteria for the generalized scenario is obtained using the correlation function, which is derived
from Fourier analysis of probability spectrum. The condition under which the local hidden variable model
is violated by the multipartite quantum state is found in analytic manner. It is shown that the various
types of known Bell inequalities can be derived in our class of correlation.
Keywords: Non-locality, Bell inequality, quantum correlation

1

the specific form of correlation in the class GcN,k,d . The
joint-probabilistic representation is derived as

Introduction

Bell inequality is the correlation inequality satisfied
by any local-realistic theory. Since the seminal work of
J. S. Bell showing the violation of local hidden-variable
model by quantum mechanical expectation [1], various
type of the Bell inequalities has been derived under generalized Bell scenarios [2–10]. Although there has been
many contributions to the problem of the characterization of so-called all-the-Bell inequalities [11], many problems has still remained [12, 13]. The difficulty of characterizing nonlocality in generalized scenario arises from
the fact that the dimension of the correlation space increases geometrically when the system becomes complex.
In this work [10], we present the nonlocality criteria in
the fully generalized Bell scenario using generic correlation with the symmetries on the choice of the measurement settings [10, 14]. The local-realistic [15] and quantum [16] optimization of our class of Bell inequalities [7]
has been studied in our previous work. The symmetrization method to efficiently characterize generalized Bell
inequality has been introduced independently in the papers [7, 10, 14, 17, 18]. Although with the constraint
on the choice of measurement settings, it is found that
the various types of known Bell inequalities can be derived from our class of correlation. The application of
our class of Bell inequalities to entanglement measure
[19] and quantum cryptography [20] has been recently
introduced based on [7]. In the following sections, the
general class of correlation is defined and the nonlocality criteria is derived from it with the quantum violation
condition.

2

GcN,k,d =

n̄=1

*
f (n̄c )

N
Q

j=1

"

k−1
P
mj =0

+ c.c.

(2)

n̄

Then the bound by the local hidden-variable theory can
be obtained from the weighting function g such that
"
#
X
c
c
GN,k,d ≤ BLR = max
gᾱ,m̄
(4)
α
~

m
~

In [10], it is shown that the known Bell inequalities;
CHSH [2], Mermin [3], CGLMP [4], Zukowski-Brukner
[5], Epping-Kampermann-Bruss [8] can be derived in our
class. The weighting functions f and g for each Bell
correlations are listed in [10].

3

Quantum violation by maximally entangled state

Using the concurrent observables defined in [10], the
Bell operator corresponding to (1) reduce to the sum of
ladder operators whose dimensional weighting is given
as the fucntion f . The violation of the local-realistic
bound with the maximally entangled state can be evaluated from the bound obtained,
BLR ≤ QM = 2k N

d−1 
X
n=1

1−

n
|f (n)|
d

(5)

when assuming the high-order powers for the correlation
functions is homogeneous. For example, the CGLMP
violation can be derived from the weighting function of
CGLMP as a not-closed(open) but analytic formula (6).

#+
c n

ω cj nj mj /k Ajj j (λ, mj )

c
gᾱ,
α|m).
~
m̄ p(~

c
The real coefficient gᾱ,
m̄ is derived from the Fourier
transform relation of correlation function such that
"
#
X
c
n̄c ·(ᾱ+m̄/k)
gᾱ,m̄ = 2Re
f (n̄c )ω
.
(3)

The correlation for the fully generalized Bell scenario
for N -partite d-chotomic system with k-number of measurement settings is given below.
d−1
P

k−1
X

{αj }=1 {mj }=0

General class of Bell correlation

GcN,k,d =

d
X

(1)

where c.c. denotes the complex conjugate. The complex
weighting function of the correlation, f (n̄c ), determines

P
QCGLM
= 2k N
M
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d−1 
h nπ i
X
n
1−
sec
d
2d
n=1

(6)

4

Conclusion

[15] G. Bae and W. Son Axiomatic approach for the
functional bound of generic Bell’s inequality. Curr.
Appl. Phys., 16:378-386, 2016.

In this work, a class of correlation for fully generalized
Bell scenario is presented under correlation symmetry
which reduces the complexity embedded in the derivation of generalized Bell inequalities. Although with the
constraints on correlation, we could derive various type
of known Bell type correlations from the correlation. The
criteria for deriving LHV bound and quantum violation
for the suggested correlation is obtained as the functions
of weighting parameter which is given when the specific
correlation is determined in our class of correlation.
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Abstract.
TQC (Topological Quantum Computation) has been proposed because it has fault tolerance to quantum
decoherence. In TQC, we can perform quantum computation by using 3D cluster states. We can optimize
a topological quantum circuit by some transformation rules. In 2019, a variety of transformation rules
have been proposed. However, we can optimize circuits by utilizing these rules only manually. This paper
studies the condition that a transformation called bridge does not destroy the topology of circuits. We
then propose an optimization method of quantum circuits by focusing the number of intersections of the
torus.

1

Introduction

of defects. Fig. 1 (a) shows a topological quantum circuit represented by a set of toruses. A topological quantum circuit consists of red and blue toruses as shown in
Fig. 1 (a). Red and blue toruses are referred to as primal
and dual toruses, respectively. We can reduce the cost of
circuits by considering a set of toruses. In this paper, the
cost of circuits is the number of intersections of toruses.
The presence or absence of intersections of toruses corresponds to the presence or absence of braiding between
the corresponding defects, respectively.

The quantum decoherence is a phenomenon that the
quantum superposition is destroyed by the eﬀect of outside factors such as heat and electromagnetism, etc. TQC
has been proposed because it has the fault tolerance to
quantum decoherence [1]. In TQC, we can perform quantum computation by using topological cluster states and
a logical operation called braiding [2, 3, 4]. The topological cluster state consists of surface codes [1]. Circuits
can be represented by the tracks of braiding.
Topological rules are to transform an original circuit
into an equivalent circuit by only expansion and contraction. Another rule is a transformation called bridge [5].
Bridge is one of the transformations for preserving the
equivalence of a calculation.
We need to reduce the cost of a topological quantum
circuit because it uses many quantum bits. Fowler and
Devitt proposed a method that reduces the cost of a topological quantum circuit by using the topological rules and
bridge [5]. Their method spends bags of time to optimize a topological quantum circuit because they optimize a circuit manually. Adam and Fowler also proposed
a method to optimize a topological quantum circuit by
only using topological rules [6].
In this paper, we propose to reduce the cost of circuits
by using bridge, which is called bridge compression. We
study an automatic optimization method based on the
condition such that bridge compression does not destroy
the topology of circuits. Then we can generate an optimized circuit which has a minimal number of intersections of the toruses. We can reduce the cost of circuits by
only using topological rules. Subsequently, we can further reduce the cost of circuits by applying bridge compression to the reduced circuits.

2

Our proposed condition of bridge compression:
Fig. 1 (b) shows bridge which is a transformation
to connect toruses of the same type. We can
reduce the cost of circuits by using bridge, which
is called bridge compression. Bridge compression
integrates primal (dual) edges which intersect
with a shared dual (primal) torus, respectively.
We can transform the circuit shown in Fig. 1 (b)
to the circuit shown in Fig. 1 (c) by applying
bridge compression. In this paper, we introduce
the concept of what we call an integrated edge.
By applying bridge compression, we can integrate
dual (primal) edges into one edge, which we call
an integrated edge. The formula (1) represents an
integrated edge shown in Fig. 1 (c).
P2 [D1 , D2 ]

(1)

First and second dual torus intersects with the second primal torus. Therefore, the formula (1) indicates that these edges of dual toruses are integrated. We show two conditions of integrated edges
that destroy the topology of circuits in the following.
(i) The integrated edges are not adjacent in
Fig. 2 (a)
(ii) We can not apply bridge compression to each
edge of all toruses that a concave torus shown
in Fig. 2 (b) intersects with. (Fig. 2 (c))

Optimization of Topological Quantum
Circuits

All topological quantum circuits can be considered as
a set of toruses where each torus corresponds to a pair

We can optimize circuits by applying bridge compression
if bridge compression satisfies some condition.
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riety of transformation rules have been proposed. However, the condition of bridge compression has not been
defined precisely. Therefore, we define two conditions of
bridge compression. Consequently, we can optimize topological quantum circuits automatically with our scheme.
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Figure 1: (a)A topological quantum circuit represented
by toruses. (b)A topological quantum circuit can be obtained by applying bridge to Fig. 1 (a). (c)A topological
quantum circuit can be obtained by applying bridge compression to P2 . (d)A topological quantum circuit can be
obtained by applying bridge compression to P3 and P4
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We have compared our method with the method by
Fowler and Devitte. For our comparison, we used |Y ⟩
state distillation circuit as shown in Fig. 3 (a). Fig. 3 (b)
shows an initial topological quantum circuit to perform
the quantum circuit shown in Fig. 3 (a). The initial cost
of Fig.3(b) is 22. The cost of Fig. 3 (b) has decreased to
4 by our method. We can obtain the same cost as the
method by Fowler and Devitte. Therefore, we can confirm that the method by Fowler and Devitte is thought
to be best for |Y ⟩ state distillation circuit.
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Figure 3: (a)|Y ⟩ state distillation circuit (b)A topological
quantum circuit performing the computation of Fig. 3 (a)
(c)A topological quantum circuit obtained by the method
by Folwer and Devitte from Fig. 3 (b)
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Conclusion

In this paper, we have proposed a new scheme to optimize a topological quantum circuit automatically with
a bridge. We can treat a topological quantum circuit entirely as a set of toruses and optimize topological quantum circuits by using transformation rules. In 2019, a va-
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Unsharp, or generalized, measurements are known to
provide an advantage in certain Quantum Information
Processing tasks. Examples include quantum tomography, state discrimination, randomness certification, to
name a few. However, there is one important property of generalized measurements that is discussed less
often than the others in the literature. It is the trade-off
between information gain and the disturbance that this
type of measurements allows for. In fact, unsharp measurements can be seen as a resource in sequential scenarios, as compared to projective ones and their probabilistic
mixtures.
In this work we consider the case of binary qubit unsharp measurements. All these measurements can be
simulated by probabilistic mixture of projective measurements. However, as we show in our work, there exist sequential scenarios, in which unsharp measurements provide a strict advantage over their probabilistic realizations. The key fact, which allows for such discrimination, is that the set of quantum instruments realizing
a given Positive-Operator Valued Measure (POVM) is
much larger than the set of instruments, corresponding
to simulation of that POVM with projective measurements. Moreover, as shown later in the text, the proposed
scheme allows for semi-device-independent self-testing of
essentially all binary qubit measurements.
Semi-device-independent (SDI) framework, introduced
in [1], is an analogy of device-independent approach for
the scenarios with communication. In this framework the
single assumption is made on the dimension of the Hilbert
space, associated with the degree of freedom, used for encoding of quantum information. We would like to point
out that the assumption on the dimension is natural for
both cryptographic schemes with quantum communication and for studying generalized measurements.
Since in the SDI framework the bases of measurements
are not fixed, the only parameters that we will be interested in are the eigenvalues of the effects of POVMs.
However, we will concentrate on the case when all the
effects are trace-1. This case is the most relevant one,
as it studies the trade-off between an unbiased random
assignment and a projective measurement. The “biased
case” corresponds to the same picture, but with random
assignment being biased.
Let us now introduce our scenario for self-testing. This
scenario is a direct generalization of 22 → 1 Quantum
Random Access Code (QRAC) [2]. Consider three parties, Alice, Bob, and Charlie, communicating in a sequential way as shown on Fig. 1. Alice receives two random
bits, ~x = (x0 , x1 ), x0 , x1 ∈ {0, 1}. Bob and Charlie
each receives a random bit, y and z respectively, which
indicates which bit of Alice they are interested in. De-

FIG. 1: Scenario. ~
x – input data of Alice. y, b – input and
output of Bob, z, c – input and output of Charlie. %~x – states that
Alice sends to Bob. %yb,~x – states that Bob sends to Charlie.

pending on ~x, Alice prepares a qubit state %~x , which she
sends to Bob, who then performs some quantum operation on it, depending on his input y. Afterwards, Bob
sends the post-operation state %~yx,b to Charlie, who performs a measurement, depending on z. The instruments
of Bob and the respective POVMs are the ones that we
are self-testing in this scheme.
A figure of merit that we consider, is the following
average success probability
P̄succ =

αX
1−α X
Pr(b = xy |~x, y)+
Pr(c = xz |~x, z),
8
8
~
x,y

~
x,z

(1)
with α ∈ [0, 1]. The parameter α is announced prior to
the game and remains unchanged. It dictates the parties
whose guess will contribute more to the overall success
probability.
Now we are ready to present our main results.
Proposition 1. Average success probability P̄succ for
strategies, involving projective measurements and their
probabilistic mixtures, is bounded by the following expression
 1 1−α
,
0 ≤ α ≤ 1 − √27 ,

 2 + 2√
2
p
PVM
1
1
P̄succ
(α) =
4 + (1 − α)2 , 1 − √27 < α ≤ 13 ,
2 + 8

 1 1√
1
2
2 + 4 1+α ,
3 < α ≤ 1.
Proposition 2. The bound on the average success probability P̄succ for the general strategy is the following
POVM
P̄succ
(α) =

1 p
1 1−α
+ √ + √
(1 − α)2 + 4α2 . (2)
2
4 2
4 2

The operator norm of the effects of the optimal POVMs
of Bob is the following
||Bby || =
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1
α
+p
, b = 0, 1, y = 0, 1. (3)
2
(1 − α)2 + 4α2

2
correlations, that can be observed in our scenario.
The results of both Propositions 1, 2 are shown on
Figure 2. On this plot we have also shown the classical
bound of 34 for this game, which does not require a proof.
We should point out that all the bounds are tight, in the
sense that there exist states and measurement reaching
these average success probabilities.
On Figure 3 (black line) we plot the optimal norm
||Bby || from Eq. (3), which is, as we can see, a monotonically increasing function of α. It also takes all possible
values from 0.5 to 1. This fact suggests that we can,
in principle, self-test any unsharp “unbiased” POVM by
picking the corresponding value of α.
The next main result is the robustness of our tests.
In particular, we can ask what can be inferred about
the norm of the POVM effects, if our experimental value
of the average success probability is somewhere between
PVM
POVM
P̄succ
(α) and P̄succ
(α). Our results on the robustness
are shown on Figure 3 (colour lines).
In Ref. [1] the authors proposed a semi-deviceindependent one-way quantum key distributions scheme
which is based on QRAC protocol. It was shown that one
can prove a security against individual attacks if the average success
probability of the 22 → 1 QRAC is greater
√
5+ 3
than 8 ≈ 0.8415.
As one of the main results of this paper (Proposition 2)
we have derived the following family of monogamy relations

0.86
Classical
U
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M&P
POVM

0.84

Psucc

0.82

0.8

0.78

0.76

0.74
0
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0.6

0.8

1

FIG. 2: Bounds on average success probability. Blue dashed line
corresponds to the classical strategy, orange yellow and purple to
the “unitary”, “mixed” and “measure and prepare” projective
strategies respectively. Green line corresponds to the general
strategy with unsharp measurements.

1
0.95
0.9
0.85

Bob
Charlie
POVM
αP̄QRAC
+ (1 − α)P̄QRAC
≤ P̄succ
(α), α ∈ [0, 1].(4)

|| B yb ||

0.8

We can now naturally think about Bob as an eavesdropper, and Alice and Charlie trying to establish a secret
key, as described in Ref. [1]. From Eq. (4) we can immediately derive the bound on Bob’s success probability
as a function of Charlie’s success probability by optimizCharlie
Bob
, and taking the
= P̄QRAC
ing over α. Setting P̄QRAC
2
optimal α = 5 , we find the value of the critical success
√
probability 12 + 52 ≈ 0.7828, which is a significant improvement, in comparison to 0.8415.
From the monogamy relations (4) one could also calculate the secret key rates corresponding to a particular
success probability of Charlie. For Charlie’s success prob1
ability equal to 12 + 2√
, we can see that Bob’s success
2
1
probability has to be 2 , which results in the secret key
rate of approximately 0.5835. This is also a significant
improvement to the results of Ref. [1], where the maximal
key rate was reported to be 0.0581.
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FIG. 3: Optimal operator norm (black line) and bounds (colour
lines) on the norm for different drops in observed average success
probability, with respect to the optimal one.

As a part of the proof of this Proposition, we have proposed a modification of the Semi-Definite Programming
(SDP) techniques of Ref. [3] that approximate the set of
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Abstract

powerful tools for natural language processing, but the first
condition is that the indifferentiability problem of GANs can
be resolved, since language data is much more discrete than
data in the visual domain.
The indifferentiability problem of GANs is in the training
process: The generator produces some fake samples. Not
only is the discriminator trained to distinguish between the
generated and real data, but also the discriminator tells the
generator how to tweak so that generated instances become
more realistic. Technically, the gradients of the discriminator’s output with respect to the generated data is further backpropagated to all the generator’s parameters. In order to do
this, the loss function should be differentiable w.r.t. the instance, which requires that the data space is continuous.
We propose a novel method based on quantum computing
techniques, which shows that quantum computation naturally
has this merit to equip GANs with the ability of dealing with
discrete data.
The era of quantum computing is around the corner. In
2016, IBM provided access to its quantum computer to the
community through a cloud platform called IBM Quantum
Experience. A quantum computing competition among IT giants including Microsoft, Google, Intel is under way. Because
quantum computing has the admirable capability of processing exponentially high-dimensional data, quantum machine
learning [Biamonte et al., 2017] is expected to be one of
the most intriguing future applications of quantum computers. Many researches on machine learning problems with the
help of quantum computing have been taken in the last decade
[Wiebe et al., 2012; Rebentrost et al., 2014; Yu et al., 2016;
Dunjko et al., 2016; Monràs et al., 2017; Duan et al., 2017;
Du et al., 2018; Yu et al., 2019].
In this paper, we present a quantum GAN in which the generator is a parameterized quantum circuit and the discriminator is a classical feedforward neural network. Two families
of quantum circuits, both consist of simple one-qubit rotation
and two-qubit controlled-phase gates, are considered. This
quantum GAN can be trained by a hybrid quantum-classical
gradient descent approach, as the analytic gradient of the
quantum generator can be estimated by sampling the same
quantum generator. We also use a small-scale numerical sim-

We propose quantum generative adversarial networks (quantum-GANs) for discrete data generation, which complements classical GANs that are
not suitable for this task due to the problem of indifferentiability. Our quantum GAN is composed
of a parameterized quantum circuit as the generator
and a classical feedforward neural network as the
discriminator. Two families of quantum circuits,
both consist of simple one-qubit rotation and twoqubit controlled-phase gates, are considered. The
analytic gradient of the quantum generator can be
estimated by sampling the same quantum generator, and thus gradient-based methods can be used
in the training. The results of a small-scale numerical simulation demonstrate the effectiveness of our
scheme.

1

Introduction

Generative models aim to emulate the distribution of training
data and generate new instances accordingly, and a number
of deep generative models have been proposed that are capable to create novel human-level art. Have you ever imagined
that you could paint like da Vinci or Picasso? That’s out of
question today and generative adversarial networks (GANs [Goodfellow et al., 2014]) can help you producing images
which look like paintings by the artist you choose.
The idea of GANs is to introduce a discriminator to play
the role of the generator’s adversary, forming a two-player
game. The objective of the discriminator is to distinguish real
from generated ones, e.g., fake images, while the objective of
the generator is to produce new instances resembling training
instances, e.g., real images.
Apart from images, language data also plays an important
role in artificial intelligence. As Denis Diderot said, “If they
find a parrot who could answer to everything, I would claim
it to be an intelligent being without hesitation . . . ” You may
wonder whether GANs can help with such dialogue generators, or generate other language and text data, e.g., poetry,
stories and jokes. Indeed, GANs could potentially become
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ulation to demonstrate the effectiveness of our scheme.

Related Work

...

2

Recently, some efforts have been devoted to how to improve
the generative models with the help of quantum computing.
[Benedetti et al., 2018a] trained shallow parameterized quantum circuits to generate GHZ states, coherent thermal states
and Bars and Stripes images. [Liu and Wang, 2018] developed a gradient-based learning scheme to train deep parameterized quantum circuits for generation of Bars and Stripes
images and mixture of Gaussian distributions. These quantum generative models are also known as Born machines as
the output probabilities are determined by Born’s rule. In
addition, the idea of quantum generative adversarial learning was recently explored theoretically by [Lloyd and Weedbrook, 2018]. A quantum GAN consists of a quantum generator and a quantum discriminator was numerically implemented to generate simple quantum states [Dallaire-Demers and
Killoran, 2018]. [Benedetti et al., 2018b] derived an adversarial algorithm for the problem of approximating an unknown
quantum pure state. [Hu et al., 2019] demonstrated that a superconducting quantum circuit can be adversarially trained to
replicate the statistics of the quantum data output from a digital qubit channel simulator. Compared with these researches
on quantum GANs that focused on generating quantum data,
our work centers on the generation of classical discrete data.
We emphasize the fact that the outputs of quantum generators can be either quantum states, or classical discrete measurement outcomes. But there is no way to produce classical
continuous data for a quantum circuit.
Parameterized quantum circuits are also used in other
machine learning parameterized models [Wan et al., 2017;
Romero et al., 2017; Mitarai et al., 2018; Cincio et al., 2018;
Lamata et al., 2018]. One of the possible reasons for adopting parameterized quantum circuits is that sampling from output distributions of random quantum circuits must take exponential time in a classical computer [Boixo et al., 2018],
which suggests that quantum circuits exhibit stronger representational power than neural networks.
Besides GANs, there is another commonly used generative
model, called variational autoencoders (VAE [Kingma and
Welling, 2013]), which can also be improved with quantum
techniques. [Khoshaman et al., 2018] introduced quantum
VAEs and used quantum Monte Carlo simulations to train and
evaluate the performance of quantum VAEs.
Several ways have been proposed to make classical GANs capable to output discrete data, in particular language and
text data. For example, by combining with policy gradient,
GANs use a discriminative model to guide the training as a
reinforcement learning policy [Guo et al., 2018].
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Figure 1: The generative quantum circuit with L layers
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Figure 2: A layer of the quantum circuit for four qubits

3.1

Generative Quantum Circuit

Our quantum circuit for generation of N -bit samples involves
N qubits, the layout of which is described in Fig. 1. The input
quantum state is initialized to |0i⊗N , and then passed through
L layers of unitary operations. At the end of the circuit, all the qubits are measured in the computational basis. The
measurement outcomes are gathered to form an N -bit sample x. Each layer is composed of several one-qubit rotation
gates and two-qubit controlled-phase gates. Fig. 2 shows the
arrangement of these gates in one layer. Three rotation operations are first applied to each qubit. This process can be
written as
N
Y
i
i
i
Rzi (θl,3
)Rxi (θl,2
)Rzi (θl,1
),
i=1

where the superscript i denotes the ith qubit, and the subscript
l denotes the lth layer. Rx (θ) and Rz (θ) are rotation gates,
i.e.,


 −iθ/2

−i sin θ2
cos θ2
e
0
Rx (θ) =
,
R
(θ)
=
.
z
−i sin θ2
cos θ2
0
eiθ/2
The number of parameters/gates in this process is 3N per layer. The choice of these operators is because any one-qubit
unitary can be decomposed into this sequence of rotation operators.
We also need to entangle the qubits by performing
controlled-U gates between the qubits. This process can be
written as
N
Y
CU(ii mod N )+1 ,
i=1

where the superscript i denotes the control qubit, and the subscript (i mod N ) + 1 denotes the target qubit. Each unitary is
characterized by three parameters, so the number of parameters in this process is 3N per layer. However, [Schuld et al.,
2018] has pointed out that this process can be simplified to

Model Architecture

In this section, we present the architecture of our generative quantum circuits built with simple one-qubit rotation and
two-qubit controlled-phase gates, and the adversarial training
scheme.

N
Y
i=1
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i
i
Rx(i mod N )+1 (θl,5
)CP(ii mod N )+1 (θl,4
),

3.3

V qubits

⊗V

Discriminator

A discriminator D is introduced to distinguish between real
samples and generated samples. The discriminator we use is
a shallow feedforward neural network. The input layer has
the same dimension as the samples. Only one hidden layer
is employed. The output layer has only one output value in
[0, 1], which represents the discriminator’s prediction about
the probability of the input sample being real. An output
D(x) = 1 means the discriminator believes the input sample x is definitely real, while an output D(x) = 0 means it
Figure 3: The generative MPS quantum circuit with N = 4 nodes
believes the input sample x is definitely fake.
The loss function of the discriminator we adopt here is the
binary cross entropy function commonly used in binary clasGenerator G
sification tasks:
Generated data paired
⊗V
Discriminator
parametried
( )
with true label

→
1
by
J
=
−
E
Ex∼Pθ~ (x) log 1 − D(x) ,
D
x∼Pd (x) log D(x)
Loss+
function
V qubits
1 qubit
2
J(x,y)
(1)
1 qubit

Label y

Figure 4: The generative MPS quantum circuit with reused qubits

where Pd (x) is the real data distribution and Pθ~ (x) is the generated distribution. In every epoch of the training process, we
sample one mini-batch of samples from the training data and
the generator, respectively, to calculate the average loss
X
1
JD (x, y) = −
yi log D(xi )
2 · batch D i

where
1
 0
CP (θ) =  0
0


0
1
0
0


0 0
0 0 
1 0 
0 eiθ

+ (1 − yi ) log(1 − D(xi )),

is the controlled-phase gate. Now the entangling process only
has 2N parameters/gates per layer. The total number of parameters/gates in the quantum circuit is 5N L. The set of all
parameters can be denoted as a vector θ~ = {θ1 , . . . , θ5N L }
for convenience of expression.

3.2

(2)

where batch D denotes the number of samples in one minibatch, (xi , yi ) ∈ (x, y) denotes the ith sample and its label,
yi = 1(0) for real (fake) labels. The loss function evaluates
how close are the predictions D(xi ) and the desired labels yi .
JD (x, y) achieves minimum zero if D(xi ) = yi for every
(xi , yi ).
Let w be the set of all the parameters of the discriminator.
The gradient of JD (x, y) with respect to w can be obtained
by the backpropagation algorithm. A variety of gradientbased optimization algorithms can be used to train the discriminator. For example, the vanilla gradient descent method
updates w in the following way:

Generative MPS Quantum Circuit

Besides the aforementioned family of quantum circuits, we
also consider another family of quantum circuits, which are
called “MPS quantum circuits” [Huggins et al., 2018]. Fig.
3 illustrates the structure of the MPS quantum circuit, which
looks like a maximallyGenerated
unbalanced
tree with N nodes. Each
data paired
Generator
∂JD (x, y)
node
is a quantum ansatzwith
which
inputs and outputs V + 1
fake label
w ← w − αD ·
,
qubits. The uppermost output qubit of each node is measured
∂w
in the computational basis and the other V qubits flow Discriminator
to the
D
( learning
)
where
αD is the
rate.
parametrized
by
w
next node. The N measurement outcomes comprise the
NLoss function
bit generated sample x. Each node can contain L > 1 layers
3.4 Optimization of the generator
parameters
J(x,y)
paired as the layers depicted
Training
which have the same gates
anddata
layouts
The goal of Label
the generator
is to generate samples that can fool
withparameters/gates
true label
y
in Fig. 2. The number of
in one node is
the discriminator. The training process of the generator only
5L(V + 1), so the number of parameters/gates in an MPS
uses generated samples, which are paired with true labels, so
quantum circuit is 5N L(V + 1). The input qubits are all
Eq. (1) reduces to
initialized to |0i in our numerical experiment.
If the MPS quantum circuit is implemented using quantum
JG = −Ex∼Pθ~ (x) log D(x),
devices, each qubit that has been measured can be set to |0i
where Pθ~ (x) is the probability of getting measurement outand reused as the input of the next node. So only V + 1 qubits are actually needed in the circuit evaluation process. The
come x from the quantum circuit parameterized with θ~ =
sample dimension N is only related to the depth of the circuit.
{θ1 , θ2 , . . .}. The gradient of JG with respect to θi is
Fig. 4 gives an equivalent form of the MPS circuit in order
X
∂P~ (x)
∂JG
to illustrate the idea of qubit recycling. This quantum circuit
=−
log D(x) θ
.
(3)
has advantage in physical implementation because near-term
∂θi
∂θi
N
x∈{0,1}
quantum devices have limited number of qubits.
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Using the techniques in [Mitarai et al., 2018] we have

∂Pθ~ (x)
1
= Pθ~+ (x) − Pθ~− (x) ,
∂θi
2

Algorithm 1 Adversarial training algorithm of our quantum
GAN
Input: L: number of layers; V : number of ancilla qubits (only for MPS circuits); batch D, batch G: minibatch size; d step: times of updating w in one epoch;
g step: times of updating θ~ in one epoch;
~ the parameters of the generator
Output: θ:
1: Initialize the generator and the discriminator with random parameters
2: for number of training epochs do
3:
for d step steps do
4:
Sample a mini-batch of batch D samples from
the training dataset. Label them as “real”.
5:
Sample a mini-batch of batch D samples from
the quantum circuit. Label them as “fake”.
6:
Use these samples and labels to calculate the gradient of the loss according to Eq. (2).
7:
Update the discriminator’s parameters w according to the gradient.
8:
end for
9:
for g step steps do
10:
For each θi , sample a mini-batch of batch G
samples from the quantum circuit with parameters θ~+ .
11:
For each θi , sample a mini-batch of batch G
samples from the quantum circuit with parameters θ~− .
12:
Use these samples to calculate the gradient of the
loss according to Eq. (5).
13:
Update the generator’s parameters θ~ according to
the gradient.
14:
end for
15: end for

(4)

where θ~± = θ~ ± π2 ei , ei is the ith unit vector in the parameter
space (i.e., θi ← θi ± π2 , with other angles unchanged). The
proof is given in the appendix. By substituting Eq. (4) into
Eq. (3), we have
∂JG
1
1
= Ex∼Pθ~− (x) log D(x) − Ex∼Pθ~+ (x) log D(x).
∂θi
2
2
In order to estimate the gradient with respect to each θi , we
−
have to sample two mini-batches x+
i and xi from the circuits
+
−
with parameters θ~ and θ~ , respectively, then the gradient is
estimated by
 X

X
1
log D(x) −
log D(x) ,
(5)
2 · batch G
−
+
x∈xi

x∈xi

where batch G denotes the number of samples in one minibatch.
The generator’s parameters θ~ can be optimized by gradientbased optimization algorithms. For example, the vanilla gradient descent method updates θ~ in the following way:
∂JG
,
θ~ ← θ~ − αG ·
∂ θ~

(6)

where αG is the learning rate.

3.5

Adversarial Training

The adversarial training algorithm of our quantum GAN is
described in Algorithm 1. The training process iterates for
a fixed number of epochs, or until some stopping criterion
is reached, e.g., convergence on the loss function. At each
epoch, the parameters of the discriminator and the generator
are updated d step and g step times, respectively.

4

has one input layer with dimension m × m, one hidden layer made up of 50 neurons with the ReLU activation function
f (x) = max(0, x), and one output neuron using the Sigmoid
activation function f (x) = 1/(1+e−x ). The stochastic gradient optimizer Adam (Adaptive Moment Estimation) [Kingma
and Ba, 2014] is used to update the discriminator’s parameters. The initial learning rate for Adam is 10−3 .
The generative quantum circuit is simulated directly by
calculating the evolution of the wavefunction. An N -qubit
wavefunction is encoded in a 2N -dimensional complex vector. After performing a single-qubit operation u11 |0ih0| +
u12 |0ih1| + u21 |1ih0| + u22 |1ih1| on the ith qubit, the wavefunction is transformed to

Numerical Simulation

We verify our proposal using a synthetic dataset known as
Bars and Stripes (BAS), which is also used in [Benedetti
et al., 2018a; Liu and Wang, 2018] to test quantum generative
models. The dataset contains m × m binary images with only
bar patterns or stripe patterns. There are 2m different vertical
bar patterns and 2m different horizontal stripe patterns. The
all-black and all-white patterns are counted in both bar patterns and stripe patterns. So there are 2m+1 − 2 possible BAS
patterns for an m × m image. We assume all BAS patterns
appear with equal probability. Obviously each pixel can be
encoded in one qubit, so an m × m image can be encoded in
m2 qubits. We restrict our experiments to the case of m = 2,
because it’s difficult to simulate more qubits efficiently using
an ordinary PC. Experiments for larger m will be done in the
future if an intermediate-scale near-term quantum device is
available.
The simulation code is written in Python language. The
discriminator is classical so it’s implemented using the widely used deep learning framework PyTorch. The discriminator

0
α∗...∗0
= u11 · α∗...∗0i ∗...∗ + u12 · α∗...∗1i ∗...∗ ,
i ∗...∗
0
α∗...∗1
= u21 · α∗...∗0i ∗...∗ + u22 · α∗...∗1i ∗...∗ ,
i ∗...∗

where α and α0 are amplitudes before and after transformation. The case of two-qubit operation can be deduced
analogously. The parameters of the quantum circuit is updated according to Eq. (6) with a constant learning rate
αG = 2 × 10−2 . The gradient is estimated according to Eq.
(5).
The two numerical experiments we perform differ in the
structure of the quantum generator. The first experiment uses
the general quantum circuit described in section 3.1, while the
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(a) L = 1

(c) L = 3

(e) L = 5

(b) L = 2
(b) L = 2

(c) L = 3

(d) L = 4

(e) L = 5

(f) L = 6

(d) L = 4

(f) L = 6

Figure 5: Averages and standard deviations of the accuracy w.r.t. the
number of epochs

Figure 6: Averages and standard deviations of the KL divergence
w.r.t. the number of epochs

second experiment uses the MPS quantum circuit described
in section 3.2.

4.1

(a) L = 1

where Pd and Pθ~ are the real data distribution and the generated distribution, respectively. KLD(Pd kPθ~ ) is non-negative
and equals zero if and only if Pd = Pθ~ almost everywhere.
The distribution of the generated samples can be estimated
by their frequency of occurrences. In numerical simulation,
the exact distribution can be obtained from the wave function.
We draw the variation of the KL divergence w.r.t. the number
of epochs in Fig. 6. For L = 1, 2, the capacity of the generator is not enough for generating the target distribution. A
large standard deviation means in some runs the generator can
produce the target distribution, but in other runs it can generate only part of the valid BAS patterns. For L = 3, the trained
generator can generate the target distribution in most of the 30
runs. For L = 4, 5, 6, the KL divergence always converges to
zero, which demonstrates the representation power of deeper
quantum circuits.
We also plot the loss functions of both the generator and
the discriminator w.r.t. the number of epochs in Fig. 7. When
the adversarial game reaches equilibrium, the output of the
discriminator is 1/2 for both real and generated samples. By
substituting D(xi ) = 1/2 into Eq. (2), we have Jf inal =
− log 12 ≈ 0.693. According to Fig. 7 we can see that for
L = 1, 2, the averages of two loss functions are separated.
With the increase of L, they gradually converge to Jf inal .

Generative Quantum Circuit

In the first numerical experiment, the quantum generator is
the general quantum circuit presented in Section 3.1. We
choose hyper-parameters batch D = 64, batch G = 100,
d step = 1, g step = 1. The learnable parameters of
the quantum circuit are randomly initialized in the interval
(−π, π). Unlike the training of classification models, the
stopping criterion of training GANs is very tricky, so we simply run the training algorithm for 5000 epochs. For each
L = 1, 2, 3, 4, 5, 6, we repeat the experiment 30 times. The
averages and standard deviations of three indicators (i.e., accuracy, KL divergence and loss) are reported every 50 epochs.
We first examine the accuracy of the generator. The accuracy in some epoch is defined as the ratio of the number of valid
samples (i.e., BAS patterns) in one mini-batch to batch D.
The generator accuracy w.r.t. the number of epochs is depicted in Fig. 5. We can see that for each L from 1 to 6, the
accuracy increases very quickly and achieves nearly 100% in
1000 epochs, which means that it’s not difficult for the generator to learn to avoid producing non-BAS patterns.
But our goal is not merely producing correct BAS patterns.
The distribution of the generated patterns is expected to be the
same as that of the training dataset, i.e., uniform distribution
in our case. KL divergence is usually used to measure how
one probability distribution diverges from a second, expected
probability distribution, which is defined by
X
P~ (x)
KLD(Pd kPθ~ ) = −
Pd (x) log θ
,
Pd (x)
x

4.2

Generative MPS Quantum Circuit

In the second numerical experiment, the quantum generator
is the MPS quantum circuit presented in section 3.2. After a
lot of trials, we choose the hyper-parameters batch D = 64,
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Figure 7: Averages and standard deviations of the loss functions of
the generator (in blue) and the discriminator (in orange) w.r.t. the
number of epochs
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batch G = 100, d step = 1, g step = 1. The learnable
parameters of the quantum circuit are randomly initialized in
the interval (−π, π). We report 4 cases with L and V set to:
(a) L = 2, V = 1, (b) L = 2, V = 2, (c) L = 2, V = 3, (d)
L = 3, V = 2. Because the amount of learnable parameters
in the MPS circuit is 5N L(V + 1), the number of parameters
in these four cases is 80, 120, 160 and 180, respectively. A
model with more parameters can be regarded as having larger
capacity. For each case, we repeat the experiment 30 times
and report the averages and standard deviations every 50 epochs.
The generator accuracy w.r.t. the number of epochs is depicted in Fig. 8, which shows that the accuracy increases very
quickly and achieves nearly 100% after 1000 epochs. The
variation of the KL divergence is depicted in Fig. 9. We
can see that the generated distribution gradually approaches
the real data distribution with the increase of the capacity of
the generator. The variation of the loss functions of both the
generator and the discriminator w.r.t. the number of epochs is
plotted in Fig. 10. We can see that both loss functions converge to Jf inal when the KL divergence approaches zero.

5

Figure 9: Averages and standard deviations of the KL divergence
w.r.t. the number of epochs

(a) L = 2, V = 1

(b) L = 2, V = 2

(c) L = 2, V = 3

(d) L = 3, V = 2

Conclusion

We propose quantum GANs for classical discrete data generation, which can be regarded as a complement to classical
GANs and deserve further research.
Interesting future research directions include 1) generating
discrete data with higher dimension, 2) choosing the layout
of the generative quantum circuit, 3) modelling the generator
with non-unitary quantum dynamics, 4) employing variants

Figure 10: Averages and standard deviations of the loss functions
of the generator (in blue) and the discriminator (in orange) w.r.t. the
number of epochs
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Abstract. We analyze entanglement costs of encoding and decoding quantum information in a
multipartite quantum system distributed among spatially separated parties connected by a network, aiming at quantitatively characterizing nonlocal properties of the encoding and decoding.
We identify conditions for parties being able to encode or decode quantum information in the
distributed quantum system deterministically and exactly, when inter-party quantum communication is restricted to a tree-topology network. While encoding and decoding are inverse of each
other, our results suggest that a quantitative difference in entanglement cost between encoding
and decoding arises due to the difference between quantum state merging and splitting.
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and decoding, multipartite entanglement transformation, entanglement cost

1

Motivation and setting

processing task. Distributed quantum information
processing is considered to be a promising candidate for realizing large-scale quantum computation,
since there exists technical difficulty in increasing
the number of low-noise qubits in one quantum
device. Moreover, encoding and decoding are especially crucial for some multiparty cryptographic
tasks such as quantum secret sharing [11–13]. In
these distributed settings, a multipartite system encoding a logical state is distributed among these spatially separated parties. Thus, encoding and decoding are nonlocal transformations over all the parties,
and the nonlocal properties of transformations for
encoding and decoding lead to cost in implementations of the encoding and decoding.
This submission with the technical version [1]
aims to quantitatively characterize nonlocal properties of transformations for the encoding and decoding in the distributed settings, adopting an entanglement theoretical approach. In the entanglement
theory, operations beyond the restriction of local operations and classical communication (LOCC) can
be performed with assistance of nonlocal resource
states, such as bipartite maximally entangled states.
Under LOCC, a single use of a noiseless quantum
channel and that of a maximally entangled state
are at equivalent cost by means of quantum teleportation achieving quantum communication [14].
For a bipartite state, the minimal amount of quantum communication required for preparing the state
provides a well-established entanglement measure

Encoding and decoding quantum information in
a multipartite quantum system are fundamental
building blocks in quantum information processing.
In particular, quantum error correcting codes [2–5]
require such encoding and decoding between a logical state and an entangled physical state of a multipartite system. Quantum information is represented
by this logical state, and these encoding and decoding are the inverse transformation of each other,
mathematically represented by isometries. These
encoding and decoding have to be performed so that
coherence of these states is kept; that is, an arbitrary superposition of the logical state should be
preserved without revealing the classical description
of the logical state. In addition to quantum information processing, the concept of encoding and decoding nowadays has interdisciplinary roles in analyzing many-body quantum systems exhibiting nonlocal features, such as topological order in quantum
phase of matter [6, 7], holographic principle in quantum gravity [8, 9], and eigenstate thermalization hypothesis in statistical physics [10].
These encoding and decoding are also indispensable when we aim to perform distributed quantum
information processing, where spatially separated
parties connected by a network for quantum communication cooperate in achieving an information
∗
†

yamasaki@qi.t.u-tokyo.ac.jp
murao@phys.s.u-tokyo.ac.jp
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quantifying a nonlocal property of the state, called
the entanglement cost of the state [15–17]. The entanglement cost of a bipartite state also generalizes
to that required for spatially separated parties implementing a given nonlocal transformation, such
as nonlocal unitaries [18–37] and nonlocal measurements [38–40], although this generalization usually
accompanies challenging optimization and has been
analyzed only in special cases to date. Another direction is generalization of a bipartite state to a multipartite state [41–43] while analysis of multipartite
entanglement is also challenging [44–46]. Regarding
a multipartite generalization in terms of quantum
communication, Ref. [41] formulates a cost required
for preparing a multipartite state shared among parties using a network [47] of the noiseless quantum
channels.
Progressing beyond these previous works, we formalize entanglement costs characterizing the nonlocal properties of multipartite transformations for
encoding and decoding. In our setting, as illustrated
in Fig. 1, N parties are connected by a network of
the noiseless quantum channels. The network topology is represented by a graph G = (V, E), where
each vertex vk ∈ V = {v1 , . . . , vN } represents one
of the N parties, and each edge e = {vk , vk0 } ∈ E
represents the channel between two parties vk and
vk0 . Any connected network of N parties requires at
least N −1 channels. If an N -vertex connected graph
has exactly N − 1 edges, the graph is called a tree,
denoted by T = (V, E). Given any connected graph,
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Figure 1: Encoding and decoding quantum information in a multipartite quantum system shared among
spatially separated parties, where the quantum information is represented by unknown states illustrated by
red circles. The parties are connected by a network of noiseless quantum channels represented by a graph,
so that the parties can sequentially apply exact state splitting to spread quantum information for encoding,
and exact state merging to concentrate quantum information for decoding. Under LOCC, a single use of
each noiseless quantum channel represented by an edge e of the graph is equivalent to that of a maximally
entangled state Φ+
Me of the Schmidt rank Me illustrated by a pair of blue circles connected by a line.

there exist trees spanning all the vertices which can
be obtained by removing some of the edges of the
given graph. We consider tasks where using quantum communication over a given network, the parties spread and concentrate quantum information of
arbitrary unknown state so as to encode and decode
the quantum information in a distributed system. In
other words, for any unknown state, these tasks aim
to
a givenNnonlocal isometry U : Hv1 →
NNimplement
N
vk → Hv1 representing
vk and U † :
k=1 H
k=1 H
the encoding and decoding, respectively, where Hvk
represents a local system for each party vk ∈ V , and
without loss of generality, we always assign v1 ∈ V
as the party where logical states of these encoding
and decoding are input and output. These tasks are
performed deterministically and exactly.
The amount of quantum communication required
for spreading and concentrating quantum information over the network characterizes nonlocal properties of the isometries. In our setting, we assume
that LOCC is free, and consider a collection of bipartite entanglement as an initial resource state that
is motivated by quantum communication on networks, while more general states exhibiting multipartite entanglement could also be candidates for
resources. Since quantum communication of a state
of an Me -dimensional system is achieved by LOCC
e
:=
assisted by a maximally entangled state Φ+
Me
PMe −1 vk
vk0
√1
⊗ |li
of the Schmidt rank Me
l=0 |li
Me
shared between vk and vk0 connected by an edge
e = {vk , vk0 }, we consider the initial resource state

e

Φ+
consisting of bipartite maximally enMe
tangled states distributed according to a given network topology G = (V, E), which serves as a resource for quantum communication on the network.
The minimal total amount of quantum communication for spreading and concentrating quantum information is evaluated by the entanglement entropy
log2 Me of the maximally entangled state for each
edge e ∈ E, which we call the entanglement costs of
spreading and concentrating quantum information.
The entanglement cost of spreading quantum information characterizes the encoding represented by a
given isometry U , and that of concentrating characterizes the decoding represented by U † .
N

2

We also provide another algorithm achieving concentrating quantum information using exact state
merging, and show that the entanglement cost of
concentrating quantum information can be reduced
compared to that of spreading.

e∈E

Theorem 2 Entanglement cost of concentrating
quantum information. Given any tree T representing
network topology and any isometry U † :
NN
vk → Hv1 representing decoding, there exk=1 H
ists an algorithm for concentrating quantum information according to the decoding U † over the network T whose entanglement cost, given by an explicitly calculable formula, is always smaller or equal to
that for the corresponding encoding U over T .

Results and implications

Applications of our algorithms for spreading and
concentrating quantum information are wide-range
because these algorithms are applicable to any isometry representing encoding and decoding. Given
any tree-topology network, the algorithm for concentrating quantum information achieves zero entanglement cost in decoding quantum error correcting codes such as the 5-qubit and 7-qubit codes,
while the algorithm for spreading quantum information is optimal for any encoding. Using these
algorithms, we show an algorithm for one-shot distributed source compression [57–59] that is applicable to arbitrarily small-dimensional systems unlike
the previously known algorithms. We also provide
a general algorithm for LOCC-assisted decoding of
shared quantum information that have been studied
in the context of quantum secret sharing for special
classes of encoding [60].
Consequently, while the multipartite
entangleNN
v
k for enment transformations U : H →
k=1 H
NN
v
†
k → H for decoding are
coding and U :
k=1 H
inverse of each other, our results yield bounds that
quantitative differentiate between nonlocal properties of U and U † in terms of entanglement cost.
Further analyses of these tasks over other network
topologies than trees may lead to another characterization of nonlocal properties of the multipartite transformations in terms of changes of network
topologies, while our algorithms for trees also provide bounds of the entanglement costs over generaltopology networks by considering their spanning
trees. The concept of encoding and the decoding
represented by isometries has essential roles not only
in quantum information science, and we leave investigation of further applications within and beyond
quantum information science for future works.

We evaluate the entanglement costs of spreading
and concentrating quantum information over any
given tree-topology network for an arbitrarily given
isometry, which differs from the works presented in
Ref. [48, 49] for implementing particular isometries
in the context of quantum secret sharing. During
spreading and concentrating quantum information,
coherence has to be kept, and this point contrasts
with encoding and decoding classical information
in a distributed quantum system which have been
investigated in the context of a type of quantum secret sharing based on LOCC state distinguishability [50–55]. To analyze the entanglement costs, we
consider multiparty transformations between particular fixed states that are proven to be equivalent to
spreading and concentrating quantum information
represented by arbitrary unknown states. Then, we
achieve these multiparty transformations by reducing them to sequential applications of exact quantum state merging and splitting for two parties that
we have established in Ref. [56] (See also Fig. 1).
Regarding spreading quantum information, we
use exact state splitting to provide an algorithm that
achieves the optimal entanglement cost of spreading
quantum information for any encoding. Note that
we show this optimality using the LOCC monotonicity of the Schmidt rank.
Theorem 1 Entanglement cost of spreading quantum information. Given any tree T representing
network
topology and any isometry U : Hv1 →
NN
v
k
representing encoding, the minimal enk=1 H
tanglement cost of spreading quantum information
according to the encoding U over the network T is
given in terms of the rank of quantum states that
can be defined with respect to each edge of T .

194

References

[22] M. A. Nielsen, C. M. Dawson, J, L. Dodd, A.
Gilchrist, D. Mortimer, T. J. Osborne, M. J.
Bremner, A. W. Harrow, A. Hines, Phys. Rev.
A 2003, 67, 052301.

[1] H. Yamasaki and M. Murao, Adv. Quantum
Technol. 2019, 2, 1800066, arXiv:1807.11483.
[2] D. Gottesman, arXiv:0904.2557.

[23] C.-P. Yang, Phys. Lett. A 2008, 372, 9, 25,
1380.

[3] S. J. Devitt, W. J. Munro, K. Nemoto, Rep.
Prog. Phys. 2013, 76, 076001.

[24] S. M. Cohen, Phys. Rev. A 2010, 81, 062316.

[4] B. M. Terhal, Rev. Mod. Phys. 2015, 87, 307.

[25] L. Yu, R. B. Griffiths, S. M. Cohen, Phys. Rev.
A 2010, 81, 062315.

[5] B. J. Brown, D. Loss, J. K. Pachos, C. N.
Self, J. R. Wootton, Rev. Mod. Phys. 2016, 88,
045005.

[26] D. Stahlke, R. B. Griffiths, Phys. Rev. A 2011,
84, 032316.

[6] A. Y. Kitaev, Ann. Phys. 2003, 303, 2.

[27] A. Soeda, P. S. Turner, M. Murao, Phys. Rev.
Lett. 2011, 107, 180501.

[7] A. Y. Kitaev, Ann. Phys. 2006, 321, 2.
[8] A. Almheiri, X. Dong, D. Harlow, J. High Energy Phys. 2015, 04, 163.

[28] L. Chen, L. Yu, Phys. Rev. A 2014, 89, 062326.
[29] L. Chen, L. Yu, Ann. Phys. 2014, 351, 682.

[9] F. Pastawski, B. Yoshida, D. Harlow, J.
Preskill, J. High Energy Phys. 2015, 06, 149.

[30] D. Saha, S. Nandan, P. K. Panigrahi, J. Quantum Inf. Sci. 2014, 4, 2, 46117.

[10] F. G. S. L. Brandão, E. Crosson, M. B.
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Extended Abstract: Experimental Cryptographic Verification for Near-Term Quantum Cloud
Computing
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We explore the applicability of a cryptographic verification scheme for quantum cloud computing, where the
clients are completely classical. We provided a theoretical extension and implemented the scheme on a 5-qubit
NMR quantum processor in the laboratory and a 5-qubit and 16-qubit processors of the IBM quantum cloud. We
found that the experimental results of the NMR processor can be verified by the scheme with about 2.5% error,
after noise compensation by standard techniques. However, the fidelity of the IBM quantum cloud is currently
too low to pass the test (about 42% error). This verification scheme shall become practical when servers claim
to offer quantum-computing resources that can achieve quantum supremacy. (The long version of the present
work is available on arXiv [1])

Introduction.— Quantum computation promises a regime
with unprecedented computational power over classical devices, offering numerous interesting applications, such as factorization [2], quantum simulation [3, 4], and quantum machine learning [5, 6]. However, before quantum computers
become prevalent to the public, one might expect that only
organizations with sufficient resources could operate a fullscale quantum computer, analogous to today’s supercomputers. Furthermore, individuals who have demands for quantum
computation could access the service through the internet, i.e.,
quantum cloud computing. In fact, several small-scale quantum cloud services have already been launched [7–9], which
can be operated by remote clients through the internet. As
a result, many simulations performed from quantum cloud
servers have been reported (see Ref. [10] for a summary).

classical computation, but are easy for classical verification
once the result is known. However, the challenge is that a full
quantum algorithm typically requires thousands of qubits and
quantum error correction to be implemented, which is out of
question in the NISQ [16] (Noisy Intermediate-Scale Quantum) era.
Note that the verification problem have different variants.
For example, one may assume that the supposedly “classical”
client may actually have a limited ability to perform quantum
operations on a small number of qubits. This line of research
has already attracted much attention [17–23]. Without any
quantum power, the client might still be able to verify delegated quantum computation which is spatially separated and
entanglement can be shared [24, 25]. Currently, this approach
does not seem to fit the setting of the available quantum cloud
services, but it does reveal the outstanding challenge for establishing a rigorous verification scheme based on a classical client interacting with a single server using only classical
communication [26].

In the near future, it is not impossible that these clouds may
claim to offer 100 or more working qubits and many layers
of quantum gates, where quantum supremacy [11–14] could
be achieved. However, one may naturally ask, is there a real
quantum computer behind the cloud? Or, would it just be
a classical computer simulating quantum computation? For
ordinary clients who only have control and access of classical computer, a natural task is to verify whether these cloud
servers are truly quantum.

Until recently, Mahadev has made important progresses [27, 28], assuming that the learning-with-errors problem [29] is computationally hard even for quantum computer.
The protocol allows a classical computer to interactively verify the results of an efficient quantum computation, achieving
a fully-homomorphic encryption scheme for quantum circuits
with classical keys. Despite these great efforts, we are still facing the problems of “non-interactively” verifying near-term
quantum clouds, which would be too noisy for implementing
full quantum algorithms but may be capable of demonstrating
quantum supremacy.

Alternatively, the question can be formalized as follows: is
it possible for a purely-classical client to verify the output of
a quantum prover? This question has been extensively explored for more than ten years. In 2004, Gottesman initialized
this question, which Aaronson wrote down in his blog [15].
A straight-forward idea is to run a quantum algorithm solving certain NP problems, for example, Shor’s algorithm for
integer factorization [2]. Such problems might be hard for

Here we report an experimental demonstration of a simple
but powerful cryptographic verification protocol, originally
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UIQP = exp i ⇡8 H
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On input state: |00000i
+X2 X3 X4 + X3 X5 + X3 X4 + X1 X3 + X1 X4

Please give outcomes in the computational
basis. Thanks!
Wait for some moment

Bob - Quantum Cloud Operator

…

B

s ·x =1

a quantum computer and Alice is going to test it. In reality,
of course, there is no need for Alice to inform Bob about her
intention; she may just pretend to run a normal quantum program. The protocol can be succinctly summarized as follows
(depicted by Fig. 1).

Step 1: Alice first generates an IQP circuit UIQP associated with
a secret string s ∈ {0, 1}n , which is only kept by Alice.
Then she sends the information about the circuit to Bob.
Step 2: Bob returns the outputs to Alice in terms of the bit
strings x ∈ {0, 1}n , which should follow the distribution of the IQP circuit, i.e., Pr (x) = |hx| UIQP |0n i|2 , if
Bob is honest.

Step 3: Ideally, Alice should be able to determine if the probability distributions Pr(x) for a subset of strings orthogonal to the secret string, where x · s ≡ x1 s1 + x2 s2 + · · · +
xn sn = 0 mod 2, add up to an expected value 0.854.
Otherwise, Bob fails to pass the test.

s ·x =0

FIG. 1. Schematic representation of the protocol. Alice generates
an IQP circuit and an associating secret vector s, using the method
described in Ref. [30]. Bob runs this circuit, measures and sends
back the measurement data to Alice. From Bob’s data, Alice computes the probability bias P s⊥ , with respect to the secret vector s, and
sees whether it is close to 0.854, to decide whether Bob has a true
quantum device or not.

More specifically, the key quantity of interest is the following probability bias defined by,
X
|hx|UIQP |0n i |2 δ x·s=0 ,
(1)
P s⊥ ≡
x∈{0,1}n

proposed by Bremner and Shepherd [30] in 2008. We further extended the theoretical construction in terms of n-point
correlation. The implementation was first performed with a
5-qubit NMR quantum processor in the laboratory. Additionally, we also benchmarked the performance of the verification
scheme by actually implementing the protocol with the IBM
quantum cloud processors [7].
The verification protocol implemented is based on a simplified circuit model of quantum computation, called IQP (instantaneous quantum polynomial) model [30]; the qubits are
always initialized in the ‘0’ state. The IQP circuits contain three parts. In the first and the last part, single-qubit
Hadamard gates are applied to every qubit. The middle part
of an IQP circuit does not contain an explicit temporal structure, in the sense that diagonal (and hence commuting) gates
acting on single or multiple qubits are applied. On one hand,
the IQP model represents a relatively resource-friendly computational model to be tested with near-term quantum devices.
On the other hand, the IQP model has been proven to be hard
for classical simulation [31, 32], under certain computational
assumptions, similar to Boson sampling [33].
Verification protocol.— In the cryptographic verification
protocol [30], there are two parties labeled as Alice (the client)
and Bob (the server). Alice is assumed to be completely classical; she can only communicate with others through classical
communication (e.g., internet). Suppose Bob claims to own

where δ x·s=0 = 1 if it is true that x · s = 0, and δ x·s=0 = 0 otherwise. For a perfect quantum computation, the value of the
probability bias should be P s⊥ = 0.854. The best known classical algorithm [30] would instead produce a value of 0.75,
which is relevant when n is sufficiently large. This quantumclassical gap in the probability bias makes it possible to apply
such a resource-friendly cryptographic verification scheme for
testing quantum cloud computing in the regime where quantum supremacy would be achieved.
The IQP circuit used in the protocol is of the form exp(iθH),
where the effective Hamiltonian H is a sum of tensor products of Pauli-X (see Fig. 1 for an example). Each term in
the Hamiltonian can be represented as an n-bit binary vector, with the positions of 1 indicating the qubits that this term
non-trivially acts on; for example, X1 X3 X4 corresponds to
(1, 0, 1, 1, 0).
Here the IQP circuit has a layer of security for protecting
the knowledge of the secret string s from Bob. Explicitly,
there are two parts in the Hamiltonian (and hence the circuit),
(i) the main part and (ii) a redundant part. Those vectors representing terms in the main part are not orthogonal to the secret
vector s, i.e., x · s = 1, while vectors for the redundant part
are, i.e., x · s = 0. Both parts have to be changed if the secret
string is changed.
However, an important property of the IQP circuit is that
the probability bias P s⊥ depends only on the main part. So
Alice can append as many redundant vectors that are orthogonal to s to this Hamiltonian as she wishes, which corresponds
to adding gates to the circuit. Of course, later she would need
to scramble the Hamiltonian, in order to hide the secret s from
Bob. See the long version for a description [1].
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FIG. 3. The ratio of the experimental value to the theoretical value
of the n-point correlation function hZ s1 Z s2 · · · Z sn i in log scale, versus
Hamming weights.

Our results show that the laboratory NMR quantum processor can be employed to verify the IQP circuit after noise compensation by standard techniques, but the IBM quantum cloud
was too noisy. The probability bias obtained from the IBM’s
processors are close to 0.5, which is the result of uniform distribution. The main reason is that IBM’s system has many
constraints on the connectivity between the physical qubits;
we had to include many extra SWAP gates to complete the
circuit, causing a severe decoherence problem.

FIG. 2. (a) Probability distributions from IBM quantum processors
and the NMR processor. ibmqx4 is the 5-qubit processor and ibmqx5
is the 16-qubit one. (b) The probabilities are put into grids and the
colors indicate their values according to the color scale on the right.

Theoretical extension.— We provide a theoretical extension
of the original work [30], transforming it into a form more familiar to the physics community. Specifically, we connect the
probability bias in Eq. (1) with the Fourier coefficient of the
probability Pr(x) of the output strings. As a result, we can express the probability bias through the n-point correlation function (see the long version [1]):

Specifically, the blue histogram in Fig. 2 (a) gives the output distribution from the NMR processor, which is the raw
data. The probability bias from this raw distribution is 0.755.
After noise compensation, the probability bias obtained from
the NMR processor is 0.866 ± 0.016 (comparable to the theoretical value: 0.854).

1
(1 + hZ s1 Z s2 · · · Z sn i) .
(2)
2
Since the string s = s1 s2 · · · sn is not known to Bob, the verification protocol can be regarded as a game where Alice tests
the outcomes in terms of a particular correlation function unknown to Bob.
In addition, the representation of Eq. (2) provides a straightforward way to understand why the redundant part of the IQP
circuit does not affect the probability bias—they commute
with the n-point correlation function.
Our theoretical extension in Eq. (2) allows us to take
into account the effect of noises. More precisely, if one
models [34, 35] the decoherence by a dephasing channel (with an error rate ) applied for each qubit at each
time
bias becomes P s⊥ →
 step, then the probability

|s|
1
s1 s2
sn
(1
Z
·
·
·
Z
,
where
1
+
−
2)
hZ
i
|s| is the Hamming
2
weight of s, that is the number of 1’s in s.
Experimental results.— Experimentally, our data were
taken separately from two different sources, namely a fivequbit NMR processor in the laboratory, and the IBM cloud
services, aiming to benchmark the performances of the IQP
circuit implementation under the laboratory conditions and
that from the quantum-cloud service.
P s⊥ =

The other two histograms in Fig. 2 (a) show the distribution
from two IBM quantum devices. However, the probability
bias from the two distributions is 0.488 and 0.492, respectively, which are all close to that from a completely mixed
state, indicating that the final states of the IBM devices are
highly corrupted by noise. Fig. 2 (b) shows the comparison of
experimental data. The probabilities are put into a grid, and
the color indicates the corresponding values, according to the
color scale on the right.
As we mentioned, we can use the relation between probability bias and n-point correlation function to study the effect
of noise. If there is single-qubit dephasing noise on every
qubits at each step, the n-point correlation function will decay
by a factor (1−2)|s| [34, 35]. Thus the ratio of the experimental n-point correlation (which is from the raw distribution) to
the theoretical value is (1 − 2)|s| . Fig. (3) shows this ratio
in log scale, versus Hamming weights of all possible s. The
slope of the linear fit is log(1 − 2), from which we obtain an
effective noise rate  = 6.79% of the NMR processor.
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Abstract. To achieve universal quantum computation via general fault-tolerant schemes, stabilizer operations must be supplemented with other non-stabilizer quantum resources. Motivated by this necessity, we
develop a resource theory for magic quantum channels to characterize and quantify the quantum “magic”
or non-stabilizerness of noisy quantum circuits. For qudit quantum computing with odd dimension d, it
is known that quantum states with non-negative Wigner function can be efficiently simulated classically.
First, inspired by this observation, we introduce a resource theory based on completely positive-Wignerpreserving quantum operations as free operations, and we show that they can be efficiently simulated via
a classical algorithm. Second, we introduce two efficiently computable magic measures for quantum channels, called the mana and thauma of a quantum channel. As applications, we show that these measures
not only provide fundamental limits on the distillable magic of quantum channels, but they also lead to
lower bounds for the task of synthesizing non-Clifford gates. Third, we propose a classical algorithm for
simulating noisy quantum circuits, whose sample complexity can be quantified by the mana of a quantum
channel. We further show that this algorithm can outperform another approach for simulating noisy quantum circuits, based on channel robustness. Finally, we explore the threshold of non-stabilizerness for basic
quantum circuits under depolarizing noise.
Keywords: Non-stabilizer state, fault-tolerant quantum computing, resource theory, gate synthesis

1

Introduction

the non-stabilizerness or “magic” of quantum operations.
As we are at the stage of Noisy Intermediate-Scale Quantum (NISQ) technology, a resource theory of magic for
noisy quantum operations is desirable both to exploit the
power and to identify the limitations of NISQ devices in
fault-tolerant quantum computation.

One of the main obstacles to physical realizations of
quantum computation is decoherence that occurs during the execution of quantum algorithms. Fault-tolerant
quantum computation (FTQC) [1, 2] provides a framework to overcome this difficulty by encoding quantum
information into quantum error-correcting codes, and it
allows reliable quantum computation when the physical
error rate is below a certain threshold value.
The fault-tolerant approach to quantum computation
allows for a limited set of transversal, or manifestly faulttolerant, operations, which are usually taken to be the
stabilizer operations. However, the stabilizer operations
alone do not enable universality because they can be
simulated efficiently on a classical computer, a result
known as the Gottesman–Knill theorem [3, 4]. The addition of non-stabilizer quantum resources, such as nonstabilizer operations, can lead to universal quantum computation [5]. With this perspective, it is natural to consider the resource-theoretic approach [6] to quantify and
characterize non-stabilizer quantum resources, including
both quantum states and channels.
One solution for the above scenario is to implement
a non-stabilizer operation via state injection of so-called
“magic states,” which are costly to prepare via magicstate distillation [5] (see also [7, 8, 9, 10, 11, 12, 13]).
The usefulness of such magic states also motivates the
resource theory of magic states [14, 15, 16, 17, 18, 19],
where the free operations are the stabilizer operations
and the free states are the stabilizer states (abbreviated
as “Stab”). Moreover, since a key step of fault-tolerant
quantum computing is to implement non-stabilizer operations, a natural and fundamental problem is to quantify

2

Overview of results

In this paper, we develop a framework for the resource
theory of magic quantum channels, based on qudit systems with odd prime dimension d. Related work on this
topic has appeared recently [20], but the set of free operations that we take in our resource theory is larger,
given by the completely positive-Wigner-preserving operations as we detail below. We note here that dlevel fault-tolerant quantum computation based on qudits with prime d is of considerable interest for both theoretical and practical purposes [21, 22, 23, 24, 25]. In
particular, we establish the following:
(i) We introduce and characterize the completely
positive-Wigner-preserving (CPWP) operations.
We then introduce two efficiently computable magic
measures for quantum channels. The first is the
mana of quantum channels, whose state version was
introduced in [16]. The second is the max-thauma
of quantum channels, inspired by the magic state
measure from [19]. We prove several desirable properties of these two measures, including reduction
to states, faithfulness, additivity for tensor products of channels, subadditivity for serial composition of channels, an amortization inequality, and
monotonicity under CPWP superchannels.
(ii) We explore the ability of quantum channels to generate magic states. We first introduce the amortized

This submission is based on arXiv:1903.04483.
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where W+ denotes the set of quantum states with nonnegative Wigner function. Indeed, any such free quantum
operation can be efficiently simulated via a classical algorithm introduced in our paper and thus become reasonable free operations for the resource theory of magic. We
further show that the following statements about CPWP
operations are equivalent:

magic of a quantum channel as the largest amount
of magic that can be generated via a quantum channel. Furthermore, we introduce an informationtheoretic notion of the distillable magic of a quantum channel. In particular, we show that distillable
magic of a quantum channel can be bounded by its
max-thauma.
(iii) We apply our magic measures for quantum channels in order to evaluate the magic cost of quantum channels, and we explore further applications
in quantum gate synthesis. In particular, we show
that at least four T gates are required to perfectly
implement a controlled-controlled-NOT gate.
(iv) We propose a classical algorithm, inspired by [26],
for simulating quantum circuits, which is relevant
for the broad class of noisy quantum circuits that
are currently being run on NISQ devices. This algorithm has sample complexity that scales with respect to the mana of a quantum channel. We further show by concrete examples that the new algorithm can outperform a previous approach for simulating noisy quantum circuits [20].

3

1. The quantum channel N is CPWP;
2. The discrete Wigner function of the Choi–
Jamiolkowski matrix of N is non-negative;
3. The Wigner function of the channel WN (v|u) :=
1
v
u
dB Tr[AB N (AA )] is non-negative for all u and v
(i.e., WN (v|u) is a conditional probability distribution or classical channel).
We then introduce two magic measures for channels:
X
Mana of N : M(N ) := log max
| Tr N (Av )Au |/d,
v

Max-thauma of N : θmax (N ) :=

Resource theory of magic quantum
channels

(idR ⊗ΠA→B )(ρRA ) ∈ W+ ,

u

E:M(E)≤0

Dmax (N kE),

E
N
} and
≤ tJAB
where Dmax (N kE) := log min{t : JAB
E
N
JAB , JAB are Choi operators. Here, the mana of a channel N can be understood as the maximal mana that can
be generated via N and it is generalized from the state
version in [16]. Meanwhile, the max-thauma of a channel
N is defined in terms of the channel divergence between
N and the set of free operations.
We show that these measures have desirable properties,
including faithfulness, additivity, monotonicity, and nonincrease under amortization. In particular, we show the
subadditivity of these measures under serial composition
of channels: M(N2 ◦ N1 ) ≤ M(N1 ) + M(N2 ), θmax (N2 ◦
N1 ) ≤ θmax (N1 ) + θmax (N2 ), which can be applied to
analyze operational tasks in FTQC.

For most known fault-tolerant schemes, the restricted
set of quantum operations is the set of stabilizer operations, consisting of preparation and measurement in the
computational basis and a restricted set of unitary operations. Here we review the basic elements of the stabilizer
states and operations for systems with a dimension that is
a product of odd primes. Let Hd denote a Hilbert space of
dimension d, and let {|ji}j=0,··· ,d−1 denote the standard
computational basis. For a prime number d, we define the
unitary boost and shift operators X, Z ∈ L(Hd ) in terms
of their action on the computational basis. We define
the Heisenberg–Weyl operators as Tu = τ −a1 a2 Z a1 X a2 ,
where τ = e(d+1)πi/d , u = (a1 , a2 ) ∈ Zd × Zd . For each
point u ∈ Zd × Zd in the discrete phase space, there is
a corresponding operator Au , and the value of the discrete Wigner representation [27, 28, 29] of a state ρ at
this point is given by
1
(1)
Wρ (u) := Tr[Au ρ],
d
where d is the dimension of the Hilbert space P
and {Au }u
are the phase-space point operators: A0 = d1 u Tu and
Au = Tu A0 Tu† .
Our first main contribution is to introduce a resource
theory with the free operations being those that completely preserve the positivity of the Wigner function.
This is motivated by the fact that any quantum circuit
consisting of an initial quantum state, unitary evolutions,
and measurements, each having non-negative Wigner
functions, can be classically simulated [26].
Specifically, a Hermiticity-preserving linear map Π is
called completely positive-Wigner-preserving (CPWP) if
for any system R with odd dimension, the following holds
∀ρRA ∈ W+ ,

min

4

Distilling magic from channels

Since many physical tasks relate to quantum channels and time evolution rather than directly to quantum
states, it is of interest to consider the non-stabilizer properties of quantum channels. Now having established suitable measures to quantify the magic of quantum channels, it is natural to figure out the ability of a quantum
channel to generate magic from input quantum states.
Our second contribution is to establish fundamental
limits on the capability of the channel N to generate
magic states. A common choice for a non-Clifford gate
is the T -gate. The qutrit T gate [30] is given by T =
diag(ξ, 1, ξ −1 ), where ξ = e2πi/9 is a primitive ninth root
of unity. The T gate leads to the T magic state |T i :=
T |+i. Furthermore, by the method of state injection [31,
32], one can generate a T gate by acting with stabilizer
operations on the T state |T i.
The most general protocol for distilling some resource
by means of a quantum channel N employs n invocations
of the channel N interleaved by free channels [33, Section 7]. In our case, the resource of interest is magic, and

(2)
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here we take the free channels to be the CPWP channels. In such a protocol, the instances of the channel
N are invoked one at a time, and we can integrate all
CPWP channels between one use of N and the next into
a single CPWP channel, since the CPWP channels are
closed under composition. The goal of such a protocol is
to distill magic states from the channel.
In particular, we establish the limits for the T -gate
generating capacity of a channel N : the rate R of distilling T states via n uses of N with infidelity tolerance ε is
upper bounded by


log(1/[1 − ε])
1
θmax (N ) +
.
R≤
log(1 + 2 sin(π/18))
n
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Classical simulation of noisy circuits

An operational meaning associated with mana is that
it quantifies the rate at which a quantum circuit can be
simulated on a classical computer. Our fourth contribution is to propose a classical algorithm for simulating
quantum channels, inspired by [26], whose sample complexity scales with the mana of quantum channels. We
show that the complexity of this algorithm scales with the
mana (the logarithmic negativity) of quantum channels,
establishing mana as a useful measure for measuring the
cost of classical simulation of a noisy quantum circuit.
Consider a noisy circuit consisting of channels {Nl }L
l=1
acting on the initial state |0n i, after which a computational basis measurement
is performed. The

 goal is to
estimate the value Tr E(NL ◦ · · · ◦ N1 )(ρ) for a stabilizer measurement operator E. With our algorithm, it
suffices to take
2
2 2
M→ log
(4)
2

δ
samples to estimate the probability of a fixed measurement outcome with accuracy
 and success probability
PL
M(Nj )
j=1
. Note that for a se1 − δ, where M→ = 2
ries of CPWP operations {Nl }L
, it holds that M→ =
l=1
PL
2 j=1 M(Nj ) = 1. This indicates that CPWP operations
can be classically simulated efficiently and thus are reasonable free operations for the resource theory of magic
quantum resources.
We further show via concrete examples that our algorithm can outperform previous approaches in simulating
noisy quantum circuits. For an n-qudit system with odd
prime dimension, the sample complexity of our algorithm
is never worse than the algorithm of [20] based on channel
robustness. Furthermore, our approach can be strictly
faster than the simulation approaches based on channel
robustness and magic capcaity [20] for certain quantum
circuits.

Beyond magic distillation via quantum channels, the
magic measures of quantum channels can also help us
investigate the magic cost in quantum gate synthesis.
In the past two decades, tremendous progress has been
accomplished in the area of gate synthesis for qubits
(e.g., [34, 35, 36, 37, 38, 39, 40, 41]) and qudits (e.g.,
[42, 43, 44, 45, 46]). Elementary two-qudit gates include
the controlled-increment gate [43] and the generalized
controlled-X gate [45, 46]. More recently, the synthesis
of single-qutrit gates was studied in [47, 48].
Our third contribution is to establish lower bounds for
the task of synthesizing noiseless or noisy non-Clifford
gates. For a given channel N , let ST (N ) denote the number of qutrit T gates required to implement it. Then
ST (N ) ≥ max {M(N )/M(T ), θmax (N )/θmax (T )} .
The proof utilizes monotonicity of the channel measures.
As applications, we investigate gate synthesis of elementary gates.
In particular, for the controlledcontrolled-X qutrit gate, we find that
M(CCX)
2.1876
≥
≥ 3.2861,
M(|T ihT |)
0.6657

0.4

⊗3
M(D0.01
◦ CCX)/M(Dp ◦ T ).

Magic cost of a quantum channel

ST (CCX) ≥

0.3

of noisy T gates required to implement a low-noise CCX
gate, and the resulting lower bound is depicted in Figure 1. Considering the depolarizing noise (p = 0.01), our
lower bound gives the magic resource cost:

The main idea here is to utilize the sub-additivity of θmax
as well as the stabilizer hypothesis testing [19].

5

0.2

Figure 1: Number of noisy T gates required to implement
a low-noise CCX gate.

Consequently, the T -gate generating capacity of a channel N (the rate of generating T gates via N with vanishing error in the asymptotic limit) is bounded by
CT (N ) ≤

0.1

(3)

which means that four qutrit T gates are necessary to
implement a qutrit CCX gate.
For NISQ devices, it is natural to consider gate
synthesis under realistic quantum noise. One common noise model in quantum information processing isPthe depolarizing channel Dp (ρ) = (1 − p)ρ +
p
i j
i j †
0≤i,j≤d−1 X Z ρ(X Z ) . Suppose that a T gate
d2 −1
(i,j)6=(0,0)

is not available, but instead only a noisy version Dp ◦ T
of it is. Then it is reasonable to consider the number
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