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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

1 Model and Hamiltonian

We consider a three-mode optomechanical system,
which is composed of one cavity mode and two mechani-
cal modes, as illustrated in Fig. 1. The cavity-field mode
is coupled to the first mechanical mode via the radiation-
pressure 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
(h=1)

2 ~2,.2
H = wala+ Z (pzl + mlwlzl) — Xalaz,

2ml 2
1=1,2
. 2 t _—iwpt dwpt
0 (21 — 22)” + Qale™ ™ +acirt) (1)

where a and af are, respectively, the annihilation and
creation operators of the cavity mode with the resonance
frequency w,.. The coordinate and momentum operators
x; and p,; are introduced to describe the Ith (I = 1,2) me-
chanical resonator with mass m; and resonance frequency
@;. The optomechanical coupling between the cavity field
and the first mechanical mode is described by the A term
in Eq. (1), where A = w./L denotes the optomechanical
force of a single photon, with L being the rest length of
the optical cavity. The 7 term depicts the mechanical
interaction between the two mechanical resonators. The
parameters wy, and €2 are, respectively, the optical driv-
ing frequency and driving amplitude, which is determined
by the driving power via the relation Q = \/2Ppk/wp,
where Py, is the power of the driving laser, and & is the
decay rate of the cavity field.

*jgliao@hunnu.edu.cn
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Figure 1: (a) Schematic of the three-mode optomechan-
ical system. A single-mode cavity field with resonance
frequency w, is coupled to an end mirror with resonance
frequency @, via the radiation pressure coupling. The
end mirror is coupled to another mechanical resonator
with resonance frequency ws via the “position-position”
interaction. (b) By adiabatically eliminating the cavity
mode, the model (a) can be simplified as two mechani-
cal modes b; and by whose coupling strength is 1. Each
harmonic oscillator is also coupled to its own heat bath
with initial phonon numbers 717 and 7o by decay rates
~v1 and 72. Additionally, the mode b; is coupled to an
effective optical bath with the effective decay rate 7ops
and thermal occupation figpe.

2 Ground state cooling and cooling lim-
its

Mathematically, the final mean phonon numbers in the

two mechanical resonators can be calculated by the rela-
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Figure 2: (Color online) The final mean phonon numbers
(a) nd and (b) nf in the two mechanical resonators vs the
effective driving detuning A/w; and the decay rate k/w.
The used parameters are given by wi/2m = we/2m = 10
MHz, v/wi = Y2/wi = 107°, w./w; = 2.817 x 107,
7’]0/0.)1 = 0.04, m1 = my = 250 ng, n; = ny = 1000,
L =0.5mm, P, =50 mW, and A = 1064 nm. The black
solid curves correspond to n{ = ng =1.

tion

1
nf = 31(8af) + (opF) — 11, (2)
where
1 o0
) =5 [ Sulwidw, =12 (3a)
oy _ 1 [% 1 <,

(0p7) “or . Spy (w)dw = FWIQ 70001 Sq (w)dw.

(3b)

Here the fluctuation spectra of the position and momen-
tum of the two mechanical oscillators are defined by

oo

So(w) = / e~ T (So(t 4 T)do(t))ssdT, (4)
—0o0

for 0 = qi=1,2 and p;=1 2. The fluctuation spectrum can

also be expressed in the frequency domain as

(o=q,p). (5)

In Fig. 2, we plot the final mean phonon numbers n{

and ng as a function of the driving detuning A/w; and
the cavity-field decay rate x/wy. When k/w; < 1, the
phonon sidebands can be resolved from the cavity emis-
sion spectrum, and this regime is called as the resolved-
sideband limit. We can see that the two resonators can be

(56(w)do(wW))ss = So(w)d(w + '),

cooled efficiently (nf,nf < 1) in the resolved-sideband

limit and under the driving A/w; ~ 1, which means that
the ground-state cooling is achievable in this system. For
a given value of the ratio k/wi, the optimal driving de-
tuning is given by A = w;. This is because the energy
extraction efficiency between the cavity mode and the
first mechanical mode should be maximum at A = wy,
and the small deviation of the exact value of w; in re-
alistic 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 A =~ wy, the frequency
wi of the phonon exactly matches the driving detuning
A and hence A/w; =1 corresponds to the optimal cool-
ing. At the optimal driving A = w;, the final mean
phonon numbers become worse with the increase of the
ratio k/w;.
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Figure 3: (Color online) Final mean phonon numbers (a)
n{ and (b) ng as a function of kK /wy,. In addition, we take
A = Wn, 71/wWm = Y2/wm = 107% and no/w; = 0.02.
Other parameters are the same as those given in Fig. 2.
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Figure 4: (Color online) Final mean phonon numbers
(a) nd and (b) nd as a function of 79 /wy,. The insets are
zoom-in plots of the phonon numbers in a narrower range
of no/wm. We take A = w,y,, k/w1 = 0.2, and P, = 70
mW. Other parameters are the same as those given in
Fig. 3.

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-



inating adiabatically the cavity field in the large-decay
regime (k > @) and then calculating the final phonon
numbers under the RWA (wq 2 > C;’) Thus, the approx-
imate expressions of the final mean phonon numbers can
be obtained as
nf %71771 YoptTlopt + X1,y

LA I —4y ’

Yoz + XN2,y
X+ 72

Where Tlopt = m2/4(wm+A)2, nl,x = ’)/Q’FLQ (4X—|—F1)/[(F1—|—
72)(X+72)], and n2y = (171 +72M2+YoptTopt )/ (1 +72)
with I'y = 1 +70pt- We also introduce the effective decay
rates Yopt = 4|G|?/k and x = 412 /(71 +Yopt) correspond-
ing to the optomechanical channel and the mechanical
coupling channel, respectively. To evaluate the approxi-
mate 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
Kk = 0.1wy, ~ 0.5w, and 19 = 0 ~ 0.05w,,. Figure 3(a)
shows that difference between the approximate result and
the exact result increases when x < 0.1w,,. This is be-
cause the adiabatic elimination procedure only works un-
der the condition & > G. In Fig. 4(a), we see that the
two results do not matched well for a large 7o (for exam-
ple 19/wy, > 0.05 in our simulations). This phenomenon
can be explained based on the parameter requirement of
the system stability. In the case of Q1 ~ ws and 1 = 7a,
the parameter condition is reduced to 7yops > 4x. Corre-
sponding to Fig. 4(b), when 79 /w,, > 0.05 , the stability
condition yept > 4x is violated.

(6a)

~
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3 Cooling of a chain of coupled mechan-
ical resonators

1.0 T 7
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Figure 5: (Color online) Final mean phonon numbers in
the mechanical resonators as a function of the effective
driving detuning A when (a) N = 3 and (b) N = 4.
Other parameters are given by G/w,, = 0.2, ng/wm, =
0.1, K/wm = 0.3, Y /wm = 1075, and 7 = 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 res-
onators are much smaller than the mechanical frequency

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

N
Hy = Adla+wy » blb; — (Ga'by + G*bla)
j=1
N-1
- Z no(bjbjﬂ + bj-+1bj)» (7)
j=1

where a (a') and bj—;_y are the annihilation (creation)
operators of the cavity mode and the jth resonator. The
parameter A is the driving detuning after the lineariza-
tion of the optomechanical coupling, G is the strength of
the linearized optomechanical coupling, and w,, and 7
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 mechan-
ical 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

ilp, Hi] + = (2apat — afap — pa'a)

po= 2
N
+%’”(ﬁm +1) Y (205068 — b0 — pbib))
_ N =
IS (2bby — biblo = pbib),  (8)
j=1

where p is the density matrix of the coupled cavity-
resonator system, 7, is thermal phonon number of the
heat baths of these mechanical resonators, x and =, are
the decay rates of the cavity mode and the mechani-
cal resonators, respectively. To evaluate the cooling ef-
ficiency, 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 n{
to n{v at the optimal effective detuning A = w,,. The
physical reason for this phenomenon is that the system
is a cascade system and the vacuum bath of the optome-
chanical 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 cou-
pled 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. Succes-
sively, 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.
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Enhancement of few-photon optomechanical effects with cross-Kerr
nonlinearity
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Abstract. Few-photon optomechanical effects are not only important physical evidences for understand-
ing 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 Schrédinger cat states under the assistance of a
cross-Kerr interaction, which is an inherent interaction accompanied the optomechanical coupling in a gen-
eralized 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.

Keywords: Cross-Kerr interaction, Photon blockade, Schréodinger cat states

1 Model and Hamiltonian

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 (A = 1)

Hyom = weala+wpbth— goata(d! +b) — gexa'ablh, (1)

where @ (a') and b (b') are, respectively, the annihilation
(creation) operators of the cavity mode and the mechan-
ical mode, with the corresponding resonance frequencies
we and wys. The gg term denotes the optomechanical cou-
pling between the cavity field and the mechanical mode,
with the coupling strength gg. The g.x term describes
the cross-Kerr interaction between the cavity field and
the mechanical mode, with the coupling strength gck.

To calculate the eigensystem of flgom, we introduce
a conditional displacement operator D(£) = exp[¢(bf —
5)], where the displacement amplitude é is a nonlinear
function of the photon number operator &'a,

ATA oo
f_ @@ M mY) (m 9
3 pEp— W;OS [m)a a{ml, (2)

with the m-photon induced mechanical displacement

mgo
b
WM — MgcK

gl = (3)
where we introduce the number states |m), (m =

0,1,2,---) of the cavity mode. The Hamiltonian ﬂgom
can be diagonalized as follows,

Hyom = D'()HgomD(é)
= weata+ (wy — gexa'a)b’b -6,  (4)

where we introduce the optical nonlinearity as

*jfhuang@hunnu.edu.cn
quliao@hunnu .edu.cn
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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 ﬁgom in the
subspace associated with zero, one, and two photons.

25tqata >
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A S Sl (9
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§lml — ﬂ.

WM — MYcK

(6)

The eigensystem of the Hamiltonian H gom Call be ex-
pressed as

gom|M)a|)b = Eppn|m)a|n)b, (7)

where |n)y (n =0,1,2,--+) are number states of the me-
chanical mode. The corresponding eigenvalues are

Em,n = mw. + (OJM - mgCK)n — 5[171] (8)
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Figure 2: (Color online) (a) Plot of ¢®)(0) as a function
of gex /war under go/war = 0.5, 0.7 and the single-photon
resonance A, = 6!, (b) Plot of ¢ (0) as a function of
gk /wir and go/war at A, = S Other parameters are
k/wy = 0.1, yar /wpyr = 0.001, Q/k = 0.01, and 7y = 0.

The eigensystem of the Hamiltonian Hgom can be ob-
tained as

Hgom|m)a|(m))y = Em n|m)a|n(m))s, (9)

where we introduce the m-photon displaced number
states of the mechanical mode as

[(m))y = exp[€ (BT = b)]|n)s. (10)

For studying few-photon optomechanical effects, we
show the eigenenergy levels of H zom i1l the subspace asso-
ciated with zero, one, and two photons in Fig. 1(b). Phys-
ically, the induced optical nonlinearity depicted by 6
[cf. 611 and 61 in Fig. 1(b)] is the origin of the photon
blockade effect in this generalized optomechanical model.
In addition, the photon-number-dependent displacement
£lm in this model is not a linear function of the photon
number m. This nonlinear conditional photon displace-
ment 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

Hy = Q(ale™" + ae™™at), (11)

where €0 and wg are the driving strength and driving
frequency, respectively. For below convenience, we work
in a frame rotating at the driving frequency wy, then the
Hamiltonian of the total system becomes

H) = HQ), +9(@@" +a), (12)
with

a1 = Acatatwyblb—goala(b +b) —gexalad'd, (13)
where A, = w, — wy is the detuning of the cavity fre-
quency with respect to the driving frequency.

To include the dissipations of the cavity field and the
mechanical resonator, we study the photon blockade ef-
fect in the open-system case by using the method of quan-
tum master equation. The quantum master equation in
the rotating frame is written as

WO . (1)) + DIl + (o + )DI(1)

dt
+ i DIBTA(D), (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. k and -y, are, respectively, the
decay rates of the cavity field and the mechanical os-
cillator. The ny; = (eMnm/(k8T) _ 1)=1 is the average
thermal phonon number associated with the mechanical
dissipation, with kp being the Boltzmann constant. The
Lindblad superoperators used in Eq. (14) are defined by

1
DIOIa(r) = 5[269(1)0" — 51op(t) — pH)s'e]  (15)
with 6 = a, b, and b'.
By numerically solving Eq. (14), we can get
the steady-state density operator pgs of the sys-

tem, and then the photon-number probabilities
o0

Ppooi2 = T[> Im)aln)y  o(mlp(n|pss] can be
n=0

calculated numerically. The second-order cor-

relation function ¢(®(0) can also be obtained by
g2 (0) = Tr(atataaps) /[Tr(at apss)]?.

In Fig. 2(a) we plot the correlation function ¢(*)(0)
at the steady state as a function of g.x/wps, under
given values of go/wy and A, = 61, Here we can see
that the correlation function exhibits an oscillating pat-
tern with several resonance peaks located at specific val-
ues of gecx/wpn. Moreover, we can see that the value
of g (0) of the generalized optomechanical system is
greater (less) than those of the typical optomechanicl
system when go/wyr = 0.5 (0.7). It indicates that the
cross-Kerr interaction could either enhance or suppress
the photon blockade effect. A more comprehensive anal-
ysis of these phenomena is shown in Fig. 2(b), in which
we plot the correlation function as a function of go/was
and gex /wps under the single-photon resonant transition
10)4]0)5 — [1)4]0(1))y. We can see that the value of
g (0) is approximately equal to 1 when go/wys < 0.1,
which indicates that the photon blockade effect can not
be observed. For a given value of go/wys, the correla-
tion function ¢(®)(0) experiences some oscillations with
the increasing of the ratio gex /was.
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Figure 3: (Color online) The Wigner functions W) (n)
for the mechanical oscillator states |®)(t,)),: (a),(b)
gk /go = 0.25 and (c),(d) gex/go = 0. (e),(f) The proba-
bility distributions P(*)[X ()] for the states |®F) (t,)),
as a function of X (6p) at different value of gex/go. Other
parameters are w./wy = 1000, and go/wy = 1.2.

3 Generation of the Schrodinger Cat
states

To generate the mechanical cat states, we consider an
initial state [1(0)) = (]0)q 4 |1)4)|0)s/V/2 of the system,
where |m),(m = 0, 1) denotes the Fock state of the cavity
field and |0), is the ground state of the mechanical res-
onator. By utilizing the unitary evolution operator U (1),
the state of the system at time ¢ can be obtained as

[ (t)) U(#)|4(0))

%H%I(M +eD[1),[B(t))s],

By expanding the cavity-mode state with basis states

(16)

|+)a = (10)a £ |1)a)/Vv2, Eq. (16) becomes
W) = 5 | R el O+ 5 el 0h).

where we introduce the mechanical cat states

25 (6))s = N (|0} £ eV |B(1))s), (17)

which are quantum superposition of the ground state |0);
and the coherent state |3(t)),. The normalization con-
stants N1 (t) are given by

—1/2

Na(t) = [2 <1 + cos[ﬂ(t)]ewﬂ (18)

For the mechanical mode in the density matrix py, the
Wigner function is defined by
2 s irbth 7
W(n) = —Tr[ppD(n)e "D (), (19)
where D(n) = exp(nl;T — 77*5) is a displacement operator.
For the rotated quadrature operator
A 1

X(0) = ﬁ(ée*” +ble),

its eigenstate is denoted by |X(0))y: X(0)|X(0))y =
X(0)|X (). For the states |®)(t));, we can obtain

the probability distributions of the rotated quadrature
operator X () as

(20)

PO [x(0)] = (X0 (1), ] (21)

In Figs. 3(a) and 3(b), we plot the Wigner functions
W) () for the mechanical cat states | (t,));, with
ts = m/(wyp — gex) 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 3(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
|®(#)(t,)), can be distinguished in the phase space. In
addition, in Figs. 3(c) and 3(d) we show the Wigner func-
tions of the two states in the absence of the cross-Kerr
interaction. By comparing the Wigner functions in the
two cases: gck/go = 0.25 and 0, we can see that the dis-
tance 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 cross-
Kerr interaction is helpful to the generation of macro-
scopic mechanical cat state. This enhancement can also
be seen from the probability distributions P™)[X (6y)]
for the states |®(*)(t,));, as shown in Figs. 3(e) and 3(f).
Here, the angle of rotation 6y = arg[5(ts)] — 7/2 is cho-
sen 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.
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Abstract

We study the evolution of a two-particle system on a one-dimensional lattice, subjected to quan-
tum 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 n™ 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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One of the core problems of quantum theory lies in the cer-
tification and quantification of quantum entanglement, which
is the key resource in various quantum information processes.
An important physical property in the entanglement certifica-
tion 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 di-
mension 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 two-
qubit states, the entanglement the two-ququart MES can not
be thoroughly displayed by these two two-qubit MES. There-
fore 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 in-
cludes two elements, quantum states and a set of quantum op-
erations. A system has reducible dimension if both the quan-
tum 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 ir-
reducible dimension, which we will call irreducible entangle-
ment in short, can make better use of the entanglement than
those with reducible one of the same dimension, so it is impor-
tant to distinguish irreducible entanglement in the certification
process.

The most important part of distinguishing irreducible en-
tanglement 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 practi-
cal 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 entan-
glement only with the measurement statistics it produce. In
Ref. [1], the authors show that some device-independent (DI)
entanglement witness can not distinguish irreducible entan-
glement, since it is incapable to detect whether the quantum
operations are reducible. A solution for the two-ququart sys-
tems is proposed by having additional tests to check the quan-
tum operations, but it is not a general one, and its robustness
requires assumptions of constraining the classical communi-
cation between the local subsystems and the two distant par-
ties.

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 (OMDIEW) in Ref. [2], developed from measure-
ment device independent (MDI) quantum test and semiquan-
tum scenarios, can naturally distinguish the irreducibility of
the quantum operations, thus witnesses irreducible entangle-
ment. We prove that in a QMDIEW, the quantified entangle-
ment 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 gen-
eral classical communication scheme. We then experimen-
tally demonstrate the protocol on a two-qutrit system and ob-
serve 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 R"

Eunok Bae! *

Soojoon Lee! T

L Department of Mathematics and Research Institute for Basic Sciences, Kyung Hee University, Seoul 02447, Korea

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 R™ 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

Quantum computers can solve certain problems expo-
nentially faster than classical computers by taking advan-
tage of the quantum mechanical properties such as quan-
tum 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], hid-
den shift problem [6, 7, 13, 16], hidden polynomial prob-
lem [14, 15, 20], and hidden symmetry subgroup prob-
lem [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 Zy can be used to solve some lattice problem over
Zn [3, 5], and it was also discovered that an efficient al-
gorithm of the hidden shift problem for the symmetric
group S, would yield an efficient algorithm for the graph
isomorphic problem [14].

The hidden shift problem can be cast in the following
terms: Let fy and f; be two injective functions from a
finite group G to a finite set satisfying that there exits
an element v in G such that the equality fo(z) = fi(zu)
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 prob-
lem over Zj for any fixed prime number p, and a sim-
ilar work for the problem over the group sz has been

done by Ivanyos [16], where p* is any fixed prime power.
However, when m is not a prime power, the hidden shift
problem for the group Z7, 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,

*eobae@khu.ac.kr
Tlevel@khu.ac.kr

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
Eisentréger et. al [21]. They found an efficient quan-
tum algorithm for solving a continuous hidden subgroup
problem to compute the unit group of an arbitrary de-
gree 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.

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 def-
inition 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 fo, f1 : R® X Zg — S, let
[ R® X Zy — S be defined by f.(x) = f(x,a), with the
following promises:

1. f(z,0) = f(z 4+ u,1)

for all x € R™ and for some u € R™;

2. lIf(w,a)) — 1F (D) < - dist(z — au, y — bu)

for allx,y € R™ and a,b € Zo, where |f(-,-)) 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 com-
putable, and the positive constant « in condition 2 is
called a Lipschitz constant of the function f.

As in Ref. [20], let us first define a window function
w:R—C as

w(z) = {\/ﬁsin(mn) if z €[0,1],

0 otherwise.
Then w is a Lipschitz function with unit L?-norm sup-

ported on [0, 1]. For a sufficiently large number A and a
sufficiently small number § = A~!, let us define

w(T1,...,Ty) = Ai/zf[lw(Z)
j=



for x = (x1,...,2,) € R™. For convenience, we assume
that A = /29 for sufficiently large ¢ with u? < A for all
i.

Now, we are ready to construct our algorithm for solv-
ing the hidden shift problem with the above materials as
follows.

Theorem 2 (Quantum algorithm for solving the
hidden shift problem on R")
Input: The oracle function f : R™ x Zs — S that hides
the shift u € R™.

0. If f(0,0) = f(0,1), then output 0.

1. Create the initial state

EY Y uls

TEL™ c€Zo

with x = Jz.

2. Apply the oracle function f.

3. Perform the QF1zn «z,, which can be implemented
by the phase estimation technique as in Ref. [21], and
measure on the first two registers.

4. Consider the samples (g, 1).

5. Use the values of § non-orthogonal to @ among the
samples (7, 1) to find .

6. Compute u = .

Output: u

Remark 1 Since it is difficult to compute continuous
vartables, we need to truncate and discretize the continu-
ous domain R™ of the oracle functions by using the win-
dow function w and the small number §. As in Ref. [21],
we use the following variables in our calculations;

Real Domain: x = 0% € 02"

Fourier Domain: y=0"'g € R"/§71Z"

o In Step 2, the state becomes

VoS S

TEL™ cELo

lths) = ) |f(z,¢) -

o In Step 3, QFIynyz, means the quantum Fourier
transform performing over the group Z"™ X Zs. 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 ap-
proximate quantum Fourier transform on the in-
finite 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].

e 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].

3 Analysis of our algorithm

In this section, we analyze our quantum algorithm pre-
sented 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 ps(y, 1) of the
variable 6717 by the distribution of p(y,1), when § is
close to 0. We can derive these two distributions from
the following quantum states:

sy = /6772 > > |} o) [v(z,c)),
TEL™ c€lo
/ S (2} 1) [, ¢)) de
CcEZso

where |¢)(x,¢)) = w(x)|f(x,c)). Precisely, ps and p are
from the Fourier transform of s and v, respectively:

=< Ps(y, s (y, 1) >,

p(y, 1) =< Py, Dld(y, 1) >
with 1/;5 = Fszn1ps and 1& = Frnt. We can show that ps
goes to p as ¢ is close to 0.
So, it is enough to focus on the distribution p(y, 1)
which can be calculated precisely;
A )

(27 (u,y)) f[ cos (W

pé(yv 1)

1 1
p(y,1) = 5 ~ 508

Although the probability that a sample y is orthogonal
to w is not zero, which is different from the original hid-
den 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 w is small enough when n is sufficiently
large, we consider the case when the number of y satis-
fying the equation (u,y) = 0 attains a maximum value.
Note that we actually get the samples g instead of y to
return w first and recover u from @ in the practical im-
plementation of our algorithm.

Lemma 3 For any n,k € N, let ¢ = 4k, A = 29/
and 4 € Z%,. The number of y € Z5, which is or-
thogonal to @ has the mazimum value, 2547=3) when
= (@1,...,10,) = (VA,...,v/A). Moreover, the proba-
bility that §j € 73, is orthogonal to @ is at most 1/23F in
our algorithm.

Theorem 4 There is a quantum algorithm for solving
the continuous hidden shift problem on R™ in polynomial
time in n.

4 Discussion

It has been known that the hidden shift problem over
discrete groups can affect cryptosystems [23, 24]. In par-
ticular, Bonnetain and Naya-Plasencia [24] recently con-
structed an efficient quantum algorithm to solve the hid-
den shift problem over the abelian group Z%,, and proved



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 R", and have shown that a quan-
tum 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 applica-
tions. 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 in-
duces 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 ex-
pect that our result could have an application related to

cryptography.
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Abstract.

We experimentally simulate non-unitary quantum dynamics using a single-photon interfer-

ometric network and study the information flow between a parity-time (P7T )-symmetric non-Hermitian
system and its environment. We observe oscillations of quantum-state distinguishability and complete in-
formation retrieval in the PT-symmetry-unbroken regime. We then characterize in detail critical phenom-
ena of the information flow near the exceptional point separating the P7T-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.

Keywords: critical phenomena, PT-symmetry, non-unitary quantum dynamics

1 Introduction

Parity-time (P7)-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 P7T-
symmetry-unbroken regime, in contrast to the regime
with spontaneously broken P7T symmetry. As a re-
sult, the dynamics is drastically different in the P7T-
symmetry-unbroken and -broken regimes, and dynami-
cal criticality occurs at the boundary between the two
regimes. In previous experiments, such unconventional
dynamical properties as well as signatures of the P7T-
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 experi-
mentally explored. Understanding these critical phenom-
ena in the quantum regime provides an important per-
spective 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, informa-
tion lost to the environment can be fully retrieved when
the system is in the P7T-symmetry-unbroken regime be-
cause of the existence of a finite-dimensional entangle-
ment partner in the environment protected by P7T sym-
metry. In contrast, the information flow is irreversible
when the system spontaneously breaks P7T symmetry.
Close to the exceptional point, physical quantities such

*gnep.eux@gmail . com

as distinguishability between time-evolved states and the
recurrence time of the distinguishability exhibit power-
law behavior.

In this work, we simulate P7-symmetric non-unitary
quantum dynamics using a single-photon interferometric
network, and experimentally investigate the critical phe-
nomena in the information flow close to the exceptional
point. To extract critical phenomena from non-unitary
dynamics, a faithful characterization of the long-time dy-
namics is necessary. This poses a serious experimen-
tal challenge, because maintaining and probing coherent
dynamics in the long-time regime is difficult. We over-
come this difficulty by directly implementing non-unitary
time-evolution operators at any given time, and simulate
the non-unitary quantum dynamics by performing non-
unitary 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 ex-
amine in detail the role of symmetry and initial states
on non-unitary quantum dynamics driven by a series of
related non-Hermitian Hamiltonians.

2 Experimental setup

To simulate the dynamics of a two-level PT-symmetric
system, we encode basis states in the horizontal and ver-
tical polarizations of a single photon, with |H) = (1,0)T
and |V) = (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 sig-
nal photon. The signal photon is then projected into the
initial state |H) or |V) 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 mnon-
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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 |H) or |V') with a polarizing beam

splitter (PBS) and a half-wave plat (HWP), and then goes through various optical elements.

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

U = Ry(02, p2)L(0m,0v)R1 (01, 1), (1)

where the rotation operator R;(6;,¢,) (j = 1,2) is real-
ized using a quarter-wave plate (QWP) at ; and a HWP
at 0;, and the polarization-dependent loss operator L is
realized by a combination of two beam displacers (BDs)
and two HWPs with setting angles 0y and 6y, .

Here, the setting angles {6, ¢;,0m,60v } of wave plates
are determined numerically for each given time ¢, such
that U = e~ *Heit, In our experiment, the effective non-
Hermitian Hamiltonian is given by

Heg = 6, +ia(6, — 1), (2)
where G,(,) are the standard Pauli operators, and 1is
the identity operator. The non-Hermitian Hamiltonian
H.g possesses passive PT symmetry, which can be easily
mapped to a PT-symmetric Hamiltonian ﬁpT with bal-
anced gain and loss, with prT = Heg+ial. Here, a > 0
controls non-Hermiticity, and the Hamiltonian becomes
Hermitian for a = 0; the system is in the P7T-symmetry-
unbroken (-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

eiiﬁPTtplyg(O)eiﬁ;’Tt

p12(t) = - — ) (3)

Tr [eﬂ'Hthpm(O)ezH;Tt}
with  the initial density matrices py(2)(0) =
|[H(V))(H(V)|. Note that applying Heg or Hpy 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 {|H),[V),|Py) = (|H) + [V)/V2,|P-) =
(|H)—i|V))/v/2} through a combination of QWP, HWP,
and PBS, and then perform a maximum-likelihood esti-
mation of the density matrix. The outputs are recorded
in coincidence with trigger photons. Typical measure-
ments yield a maximum of 18,000 photon counts over 3
seconds.
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Figure 2: Information retrieval in the P7T-symmetry-
unbroken regime. (a)-(c) Oscillations of the distinguisha-
bility D(t) for a < 1, and between the two time-evolved
states starting from |H) and |V). 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 e =1 —a.

3 Measuring distinguishability

We characterize information flowing into and out of
the system via the trace distance defined by
1
Dpi(t), p2(t)] = 5Tr |pa (t) = p2(t)], (4)
with |4] = VATA. The trace distance D measures
the distinguishability of the two quantum states char-
acterized by pi1(t) and po(t). An increase in the distin-
guishability signifies information backflow from the en-
vironment, whereas a monotonic decrease means unidi-
rectional 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 uni-
tary evolution with @ = 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
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Figure 3: Unidirectional information flow to the environ-
ment in the PT-symmetry-broken regime. (a) Decay of
the distinguishability in the P7T-broken regime with dif-
ferent coefficients a > 1. (b) Relaxation time 7 of the dis-
tinguishability as a function of e =1 — a. The blue solid
curve shows the theoretical result 7 = 1/2v/a? — 1. We
readout the experimental results (dots with error bars)
by fitting the experimental data to an exponential func-
tion.

the analytic expression T' = 7/+/1 —a?. In the limit
€ — 0 with € = 1 — a, the recurrence time should diverge
as T ~ e 1/2,

In Fig. 3(a), we show the time evolution of the dis-
tinguishability when the system is in the PT-symmetry-
broken regime with a > 1. Here, the distinguishability
decays exponentially in time. Fitting the experimental
data using D(t) = D(0)e~*/7, where D(0) is a constant
and 7 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 7 agrees
excellently with the analytical result 7 1/2va? — 1,
which also diverges with a power-law scaling 7 ~ |e|~1/2
as € = 0.

Finally, at the exceptional point (¢ = 1), the distin-
guishability 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).

4 Symmetry and initial states

Since our experimental protocol is quite general and
capable of implementing a broad class of non-unitary op-
erators, we are able to investigate the role of symmetry
and initial states on the information flow and critical phe-
nomena. In particular, we experimentally simulate non-
unitary dynamics governed by i) Hr = o, + taoy and
ii) H = 0, + (¢ +ia)o.. Whereas Hy has time-reversal
symmetry 7H77T 1 = Hy with complex conjugation 7T,
H has no relevant symmetries for a # 0 and ¢ # 0.

We first study dynamics under H; with different pa-
rameters and initial states (|H)=£[V))/v/2. Since eigenen-
ergies of ﬁT 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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Figure 4: (a) Power-law behavior of the distinguishabil-
ity D(t) ~ t=2 of the PT-symmetric system with ini-
tial states {|H),|V)}. (b)(c) Power-law behavior of the
distinguishability of the time-reversal symmetric system
at the exceptional point ¢ = 1 with initial states (b)
(|H) & |V))/v/2 or (c) {|H),|V)}. The power law be-
haviors D(t) ~ t~2 in (b) and D(t) ~ t~! in (c) demon-
strate 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 asymp-
totes.

try: information is retrieved only in the symmetry-
unbroken regime (0 < a < 1), and critical scaling is still
D(t) ~ t=2. However, when we choose the initial states
{|H),|V)}, the critical scaling at the exceptional point
is now D(t) ~ t~1, as illustrated in Fig. 4(c). This new
universality arises because |H) is one of the eigenstates
of Hr. We note that the same scaling relation can be re-
alized under Hp with the initial states (|H)=+i|V))/v/2
as (|H)—i|V))/+v/2 is one of the eigenstates of Hp. For
the dynamics governed by H , however, the lack of sym-
metry therein prevents the information retrieval and the
distinguishability decays in time just as in the symmetry-
broken cases.

5 Conclusion

We have experimentally simulated P7T-symmetric
quantum dynamics using single-photon interferometric
networks. Enforcing non-unitary gate operations on pho-
tons 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 ex-
perimental demonstration of critical phenomena in PT-
symmetric non-unitary quantum dynamics. We expect
that critical phenomena associated with higher-order ex-
ceptional points can also be probed using a similar ap-
proach.
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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

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 re-
veal and characterize topological edge states and bulk
topological invariants in settings ranging from condensed
matter to synthetic systems. However, the experimen-
tally detected topological invariants are typically small
and limited to two, with the only exception being the re-
cently engineered topological photonic materials in two
dimensions, with Chern numbers greater than two hav-
ing been reported. In one dimension, while topological
phases with large winding numbers have been theoreti-
cally studied, e.g., in quantum transport or in quantum-
walk dynamics, experimental realization is still lack-
ing. Realizing systems with large topological invariants,
whether large Chern numbers in two dimensions or large
winding numbers in one dimension, is fundamentally im-
portant goal for the study of topological matter.

In this work, we report experimental detection of large
winding numbers of three and four in photonic non-
unitary quantum walks, which are scalable to feature
even higher winding numbers. By periodical partial mea-
surements on polarization of the photonic walker, we re-
alize multi-step non-unitary quantum walks in one di-
mension supporting Floquet topological phases (FTPs).
As for two-step non-unitary quantum walks, partial mea-
surement introduces loss to the quantum-walk dynam-
ics 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 non-
unitary quantum walks here are analogous to adding
longer-range hopping terms in the lossy SSH model,
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which gives rise to higher winding numbers.We detect
winding numbers of three and four through average dis-
pacements.

Our experimental detection of large winding numbers
in non-unitary FTPs offers the exciting prospect of ex-
ploring topological phases characterized by large topolog-
ical invariants in non-unitary or non-Hermitian settings,
which will create further opportunities in engineering un-
conventional topological phenomena using photonics.

2 Multi-step non-unitary quantum walks

We introduce the photonic setup for multi-step non-
unitary 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 il-
lustrated in Fig. 1, the three-step quantum walk is on a
one-dimensional lattice L (L € Z) with periodic bound-
ary condition, and the dynamics is governed by the Flo-
quet operator

r7/ / 01 0,

Us :=MU; =MR (2> SR (62) SR (02) SR (2) .

(1)
Here, the coin operator R() rotates single-photon polar-
ization by # about the y-axis, where coin states are hor-
izontally polarized (|H)) and vertically polarized (|V)).
The polarization-dependent shift operator S moves the
walker with coin state |H) (]V)) to the left (right) by
one lattice site. Non-unitary dynamics is enforced by the
loss operator

M=1,® (|4) (+|+VI=p|-} (-]}, 0<p<1,
(2)
where |+) = (|H) £ |V))/V2, and 1, = Y, |z) (z| with
x denoting the position of the walker. The loss operator
is equivalent to performing a partial measurement M, =
1, ®/p|-) (—|in the basis {|+),|—)} at each time step,
with p the probability of a successful measurement.
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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 |+) with a polarizing beamsplitter (PBS) and a half-wave plate (HWP, at 22.5°) and then

proceeds through the quantum-walk interferometric network.

Whereas R and S are implemented by using appropri-
ate wave plates and beam displacers (BDs), the partial
measurement operator M, is realized by a sandwich-type
setup involving two half-wave plates (HWPs) and a par-
tially polarizing beamsplitter (PPBS). At each measure-
ment step in the quantum-walk dynamics, photons in
the state |—) are reflected by the PPBS with probability
p. Photons are then detected by single-photon avalanche
photodiodes (APDs) and lost from the quantum-walk dy-
namics.

Topological properties in the experimental three-step
non-unitary quantum walk are introduced via the effec-
tive non-Hermitian Hamiltonian H;? ) defined through

ﬁé = exp [fiHég’ )}. For the homogeneous single-photon

quantum walk considered here, H;g)(k) = FEyn -0 in
momentum k space, with o the Pauli vector, Fj the
quasienergy spectrum, and n the direction of the spinor
eigen-vector for each momentum —7 < k < . 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 z-axis as k varies through the first Brillouin zone.
For a given FTP with chiral symmetry, two distinct
winding numbers (v, ") exist for Floquet operators fit-
ted in different time frames. Whereas the correspond-
ing winding number for Uj is v/, v” is similarly de-
fined through the winding of the spinor eigen-vector
of the non-Hermitian Hamiltonian H, ;’ég), where U} =

exp [—iHé’ég)} and

Ul := MSypR(02)SR(01)SR(02)Sdown- (3)
Here, Sup = X2, (2 + 1) (2] @ V) (V] + |a) (x| @ |H) (H])
and Sqown
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 four-
step non-unitary quantum walks from constructing the
evolution operators

_ 0 ’
U, .= MR [gﬂ SR(0)SR [f21)] SR(0)SR [12(2)} ’

(4)

=2, ([2) (| @ V) (V] + |z = 1) (z @ |H) (H]).

By analyzing the effective non-Hermitian Hamiltonians
H ;f? ) and H ;/524) respectively associated with the Floquet
operators [74’ and (74’ , it is straightforward to demon-
strate that FTPs exist for four-step quantum walks,
which are characterized by integer-valued winding num-
bers as large as four. Importantly, both the three- and
four-step quantum walks defined in Egs. (1), (3) and
(4) have chiral symmetry in the unitary limit (p = 0),
with the chiral symmetry operator given by I' = o, as
I'UT = U, where U designates the Floquet operator of
the corresponding quantum walk. Consistent with pre-
vious 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 chi-
ral symmetry. Hence, chiral symmetry in the unitary
limit is crucial for the perseverance of the FTPs in the
non-unitary case (p > 0).

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 in-
variants of the multi-step non-unitary quantum walks are
determined from losses by measuring average displace-

ment
(Azx) = Z Z 2Py (x, ),

xr t'=1

(5)

for the walker-coin system initialized in the state [1o) =
|z = 0) ® |[4+). Here, the probability of the walker being
detected at x during the t-th time step is

Pon(,1) = (1| Uy M (|2) (2] ® Le) MU b)),

B (6)
where [¢;) = (U})* [1o), and 1. is a 2 X 2 identity oper-
ator.

To experimentally probe the average displacement in
the non-unitary quantum walk with ¢ steps in total, we
perform coincidence measurements on the number of the
reflected photons Ny(z,t') (' =1,...,t) at each position
successively up to t. We then construct the probability

NR(‘Ta t/)
S [ by (@, #7) + Ne(at, )]

Pexp(z,t') = (7)
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Figure 2: (a) Phase diagram for three-step non-unitary
quantum walks characterized by the topological invari-
ants (v, ") as functions of the coin parameters (61, 62).
(v, V") are calculated from the Floquet operators 53’, and
ﬁé’ , respectively. (b) Measured average displacements of
three-step non-unitary quantum walks corresponding to
U; with different loss parameters p = 1,0.36. Coin pa-
rameters vary along the line 6; = 65 + 7/2, 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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Figure 3: (a) Phase diagram for four-step non-unitary
quantum walks in terms of the topological invariants
V', v"). (V,V") are calculated from the Floquet opera-
tors [74 and (74’ respectively. Measured average displace-
ments of four-step non-unitary quantum walks of U 1 (D)
and U (c) with different loss parameters p = 1,0.36.
Coin parameters vary along the line §; = 0 + 7/2 as
indicated by dots in Fig. 3(a). Experimental errors are
due to photon-counting statistics.

where Np(z,t) is the number of transmitted photons at
the last step t. The average displacement is then

(AT exp = Z Z T Pop(, ).

r t'=1

(8)

To detect topological invariants, we realize three-step
non-unitary quantum walks with two different loss pa-
rameters p = 1,0.36. The corresponding phase dia-
gram is shown in Fig. 2(a), where the topological invari-
ants (v',v") are functions of the coin parameters (6, 602).
Thirten sets of coin parameters (61, 62) are chosen along
the line 6; = 0 + 7/2, as indicated in Fig. 2(a). The
topological invariant v’ assumes values —3, —1, 1 to 3
along the line, while v” is fixed at 0. The walker starts
from « = 0, and the initial coin state is chosen to be |+).

Measured average displacements are shown in Fig. 2(b)
for the Floquet operator (NI§ (as v" is always zero, the

average displacements for Tj’é’ are not shown). These re-
sults agree well with the numerical simulations of three-
step quantum walks up to 4 time steps and demonstrate
plateaux close to the quantized values of v/ calculated
for quantum walks with infinite time steps. We observe
that with increasing loss parameter p, measured aver-
age 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 quan-
tum 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 cor-
responding phase diagram is shown in Fig. 3(a). As the
coin parameters vary along the dotted line 6, = 65 +7/2
in the phase diagram, the topological invariants (v, ")
change from (—4,0), (0,—4), (4,0), to (0,4). The mea-
sured average displacements for the operators U} and U}
up to 3 time steps are shown in Figs. 3(b) and 3(c), re-
spectively, which agree well with the corresponding nu-
merical simulations.

4 Discussion

We experimentally realize FTPs with large topological
invariants in photonic multi-step non-unitary quantum
walks. The topological invariants are detected by moni-
toring the average displacements of the walker.

Our experimental scheme can be extended to quan-
tum walks with more steps, where FTPs with even higher
winding numbers can be prepared and probed. This ex-
tension would significantly enrich the experimentally ac-
cessible non-unitary FTPs in one dimension, and would
stimulate further studies on dynamic properties of non-
unitary FTPs.

Another interesting direction would be the exploration
of the relation between FTPs in non-unitary quantum-
walk dynamics and those in a parity-time-symmetric con-
figuration. This is particularly relevant due to the exis-
tence 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.
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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 well-
known communication complexity problem[5]. Bell-
violations explain the quantum supremacy of
communication complexity problems[6]. Moreover,
the thought experiment of voting is presented.

This work is based on the undergraduate thesis of the
author whose advisor is Prof.Soo-Jong Rey.
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Abstract.
rise to new properties ﬁ]

Recent experiments in superconducting circuit with Josephson junction nonlinearities give
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, Schrédinger cat, DPO, phase space methods.

1 Introduction

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 intra-
cavity subharmonic generation [6]. For quantum opti-
cal systems, an exact solution for the steady-state quan-
tum density matrix [7] is known for special cases. From
this, one can calculate quantum tunneling between time
phases [8]. Transient Schroinger cats are also possible in
this case [9, 10, 11]. Tunneling in these systems demon-
strates the existence of long range time order, which has
been confirmed in optical experiments [12].

Macroscopic superposition states have been pro-
posed in quantum computation [13], quantum telepor-
tation [14], quantum metrology [15] and quantum key
distribution [16]. As well as transient macroscopic su-
perpositions and tunneling, subharmonic generators can
generate space-time ordering [17]. These effects are re-
lated to time crystals [18], which are recent, similar phe-
nomena. Physically, such devices are quantum squeezed
state generators. Below threshold, they are used to re-
duce 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 cir-
cuits [1]. Relatively large cat states were observed. In
our studies [2, 3], we find that the physics of the quan-
tum 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 tun-
neling time. Our results show that the anharmonicity

*qiongyihe@pku.edu.cn

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 un-
achievable because of the inevitable single-photon loss,
we propose a scheme to form an approximate steady-
state cat state in realizable systems.

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 ag, az at frequencies wy.
They have a non-interacting Hamiltonian in the rotating
frame of Hy = hZAkalak, where A, = wp — kwy <K
wp for a input laser frequency of 2wg. The interaction
Hamiltonian is then given by

X t2
hgaJ{ a3

H; + (ihgagalz + ihé’ga; + h.c.) (1)
Here &5 is the envelope amplitude of the driving for the
mode a3, and k, x are the parametric and anharmonic
nonlinearities [23] respectively. Anharmonic nonlineari-
ties are only included for the mode a;.

With adiabatic approximation and generalized P-
representation [24], we find the steady-state probability
distribution P (o,a™) = Nexp [-® (o, a™1)], where

® (o, at) = 20T a—cln[A.—a®] —c* In[A; — ], (2)

with dimensionless parameters ¢ = v/g—1 and A\, = €¢/g,

where 7 = 3" + A1, g = % +ixe, % = 4P +
o 2 : 2 s
72 <2

2 ,Xe:X*% and € =

__k Kk
’yél)JriAQ ’yél)+’iA2
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Figure 1: We show the potential ®(3) on the manifold.
Figure (a) shows the real part of ®(5) with the parame-

)
terized variables (x,y), and figure (b) shows the related

contour figure of Re[®(5)]. Figure (c¢) shows the im-

=,

age part of ®(8) with (z,y), and the figure (d) shows

the related contour figure of Im[®(S)]. In these figures,
c=1+0.5 and A = 3.

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

3 Quantum tunneling with weak nonlin-
earity

Geometrically, we can regard the quantum dynamics
as occurring via a distribution function defined on a two-
dimensional manifold embedded in a four-dimensional
complex space, considering that o and ot are two com-
plex independent variables. Then the potential ® can be
expressed as in Fig. 1. We note that there are two lo-
cal 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 potential-
barrier approximation is valid, as shown in Fig. 2.

4 Cat-like steady state with strong non-
linearity

In the region of strong nonlinearities, the probability
distribution can be expressed in Fig. 3. In extremely
strong nonlinearity limit, ¢ — —1, the distribution ap-
proaches the delta-function form, which resembles the
Schrodinger cat. And in the large driving limit, A — oo,
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 ¢ — —1. We also find
that pure steady-state cats are only reachable if there is

20
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Figure 2: Comparisons of the tunneling times obtained
using the P-representation (blue lines) and the number-
state expansion (red circles) changing with the anhar-
monic nonlinearity y (a) and the parametric nonlinearity
k (b). In figure (a), the other parameters are v = 1.5kHz,
74®?) = 0.8kHz, ¢ = 10kHz. In figure (b), v = 1.5kHz,

¥ = 0.1kHz, v, = 20kHz, y = 0.1kHz, & = 40kHz.
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Figure 3: Real parts of steady-state probability distribu-
tions for (a) ¢ = —0.6 — 0.2¢ and A, = —0.193 + 0.096¢,
and (b) large A\: ¢ = —0.6 —0.2¢ and A\, = —1.93 + 0.96:.

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 dis-
tribution, while the pure cat state is a different distribu-
tion which is only vaild if there is no single-photon loss.

5 Summary

We have discussed general properties of quantum tun-
neling and cat-like steady states in subharmonic genera-
tion with anharmonic nonlinearities. In the weak nonlin-

_______________ 4
08 @ (b)
—~ =3
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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 v = 0 and initial vacuum state.



Figure 5: Comparing the average photon number (a) and
the second-order correlation function (b) with A varying.
In this case, ¢ = —0.99 — 0.1¢. The lines have the same
meanings as in the Fig. 4.

earity case [2], we obtain analytic solutions for the tun-
neling time which are confirmed by number state calcula-
tions. We find that additional anharmonic terms increase
the tunneling rate. This could be useful in quantum neu-
ral networks [21, 22] for escaping a local minimum. In
the region of strong nonlinearities [3], we get an exact an-
alytic solution for the steady states. We show that in the
limit of extremely strong nonlinearities, the steady state
will reduce to a cat-like mixed state. We also conclude
that true Schrodinger cats cannot survive in the steady
state unless there is no single-mode loss.
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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.

Introduction

them, investigating properties of the skew informa-

Quantifying the information contents is a cen-
tral 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 eas-
ily 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 connec-
tion to the measures of asymmetry in the context of
resource theories. Resource theories are formal frame-
works dealing with quantification and manipulation
of intrinsic physical quantities, called resources, asso-
ciated with given physical settings [8]. In particular,
resource theory of asymmetry [9] accounts for the
capability of breaking the relevant symmetry pos-
sessed 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 oper-
ational aspect to this information-theoretic quanti-
ties. 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

*rtakagi@mit.edu
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tions usually requires highly involved mathematical
techniques [6, 13] that are not physically very in-
tuitive, 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 ana-
lyze 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 phys-
ical intuitions as well as simpler proofs of some of
the important properties. Notably, we constructively
show that any skew information cannot be superad-
ditive. 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 prop-
erty for pure bipartite states [5]. It had been widely
believed that it would hold in general until counterex-
amples 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 su-
peradditivity, since it might be an indicator of some
form of “quantumness”. However, the previously
shown counterexamples are purely numerical exam-
ples obtained by exhaustive computational search
or semianalytical forms which fail to provide much
physical insights. In this work, we find that the vio-
lation 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



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 p is

called a symmetric state if ngUgJr = p, Vg € G where
Uy is a unitary representation of the group element
g. A relevant set of free operations are covariant
operations £ satisfying the covariance condition: £ o
L{; = Z/{gO o& Vg € G where u;((_) 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 £. Then, any function
R from quantum states to real number satisfying
R(p) > R(E(p)), Vp for any covariant operation &
is called asymmetry monotone. Here we only deal
with the U(1) group whose unitary representation
is labeled by a real number ¢ as Ux (t) = exp(iH xt)
where Hyx is an observable defined on system X.

We next briefly review the skew informations. Sup-
pose the system possesses an additive conserved quan-
tity whose observable is denoted by H. To quan-
tify the information contained by quantum states
with respect to the conserved quantity, Wigner and
Yanase proposed the Wigner-Yanase skew informa-
tion I"Y (p, H) = —1 Tr([\/p, H|?). Later, a general
family of skew informations called metric-adjusted
skew informations were introduced

_ f<20> Tr [(i[H, p]) ¢5 (L, R,) (LH, p])]

(p, H)

where cf(z,y) = [yf(a:y‘l)]_l is the Morozova-
Chentsov function [19], and f is a standard operator
monotonic function. Note that the Wigner-Yanase
skew information is reconstructed by taking an ap-
propriate form of c¢f(x,y). Remarkably, all the skew

informations are valid asymmetry monotones [12].

3 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 (p12, Hi2) > I/ (p1, H1) where Hip = Hi @ I +
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I ® Hy. As asymmetry measures, this relation en-
tails a natural physical meaning; if one throws away
a subsystem, the capability of breaking the sym-
metry (e.g. accuracy of quantum clock) must de-
crease. From resource-theoretic perspective, this is
concisely obtained by that the partial trace is in-
deed a covariant operation. Also, a related property
If(p12, Hy ® I) > If(py, Hy) has been proved in
Ref. [13, 20] for Wigner-Yanase-Dyson skew infor-
mations 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 Hs = 0.

Decrease under measurements not disturb-
ing the conserved quantity In Ref. [21], the
dynamics of Wigner-Yanase skew information un-
der the measurement that does not disturb the
conserved quantity have been investigated. Specif-
ically, they considered the measurement operation
M() = >, Ej- E]T whose measurement operators
commute with the observable corresponding to the
conserved quantity; [E;, H] = 0, Vj. This implies
Tr[M (p)H] = Tr[pH], so the expectation value of the
conserved quantity is not disturbed. For such a mea-
surement, they asked whether the Wigner-Yanase
skew information would decrease under determinis-
tic measurement "Y' (M (p), H) < I"Y (p, H) and

under selective measurement »; p; I WY (g;,H) <
IWY(p,H) where p; = Tr[EjpEjT] and o; =

E; pE]T /pj. They proved that the former holds in gen-
eral 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 [E;, H] =0, Vj im-
plies that M is a covariant operation and Fj - E]T are
covariant completely-positive trace non-increasing
maps. Then, these relations follow from the mono-
tonicity and selective monotonicity of the skew infor-
mations 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 the sum of local skew infor-
mations: I (p1. ., Hi. n) > > orq I7(py, Hy,) for any
n €N, p1_n, and Hy_p, with Hy_n, = > 1) Hy @ I
where py, = Trg p1..., is the reduced state on the kth
subsytem, and I is the identity operator acting on
the subsystems other than kth subsystem.

Here, we employ an operational argument to show
the violation of superadditivity relation for any choice

of f.



Theorem 1. Any skew information IT cannot be
superadditive.

The idea is that one can construct a covariant
operation which creates larger sum of the local asym-
metry than the global asymmetry. For such a co-
variant operation, we consider the protocol proposed
by Aberg [22], which approximately implements a
desired unitary only using covariant operations and
a resource state. What is interesting about the pro-
tocol 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].

Weak superadditivity Although the superaddi-
tivity 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.

Theorem 2. For any p1.. . and Hyo. . = Zj H;®l;,
If(pl___k,ng__k) > %25:1 If(pj,Hj) holds. More-
over, % is the maximum constant for 5(k) such that

H(p1. ks Hiz.) > B(k) Zle I/ (pj, Hj) holds for
any p1..k and Hig .

The first part can be immediately obtained by
using the monotonicity under partial trace. As for
the second part, we show that if (k) is larger than
1/k, the sum of local asymmetry must grow sublin-
early with respect to the number of qubits. However,
becaue Aberg’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].

Distributed quantum clocks The above Theo-
rems provide an interesting implication for the situ-
ation where quantum clocks are distributed to mul-
tiple parties. Suppose that k parties A1, Ao, ..., Ay
share some number of copies of state p;._x while each
party only has access to their reduced state and does
not know the description of the global state pi 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 classi-
cal 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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they serve as quantifiers for how useful they are for
metrological tasks [9]. In particular, when the con-
served 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
A desires to possess a quantum clock with high
precision that requires the amount of skew infor-
mation Itfh > If(pl,Hl). In such a situation, A;
could ask the other parties to send their states via
quantum teleportation, but A; would like to make
sure that it will be indeed possible to achieve the
desired level of asymmetry by doing so because oth-
erwise the precious entanglement will be wasted. To
this end, suppose A; asks the other parties to mea-
sure the skew information of their own reduced state
(by, for instance, a method provided by Ref. [26])
and report it back by classical communication. A;
then tries to infer the total skew information she
would obtain I/ (py..x, Hi,.. ) by reported values
[f(pj,Hj), 1=2,...,k.

Theorem 1 warns A; not to make a naive decision
in which she asks the other parties to send their
states when Z§:1 1 (pj, Hj) > Itfh because it may
be the case that p;_j significantly violates the super-
additivity relation such that If(pl_.k,HL,_yk) < Itfh.
On the other hand, Theorem 2 ensures that if Ay
asks the other parties to send their states only when
% Z§:1 I (pj, Hj) > Itfh, she will certainly obtain the
enough amount of asymmetry to implement a quan-
tum clock with the desired accuracy. Moreover, it is
the best possible she can do because 1/k is the maxi-

mum constant to ensure that I (p;. x, Hi i) > Itfh
holds as shown in Theorem 2.

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 oper-
ational perspectives, motivating to extend the anal-
ysis to a broader class of the quantities beyond the
skew informations, but also shed new light on further
applications of resource-theoretic considerations.
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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

A rigorous understanding of quantum resources
is one of the ultimate goals in quantum informa-
tion 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 al-
lowing 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 the-
ories do not tell us much about how to understand
the individual properties and results in a unified
fashion. One could then wonder whether the gen-
erality 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 inves-
tigation, 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

*rtakagi@mit.edu
fhartosz. regula@gmail.com
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relying on quantum mechanics at all? This motivates
us to extend the framework of resource theories to
general probabilistic theories (GPTs) [19-22], a fam-
ily of physical theories which includes classical and
quantum probability theory as special cases, and
investigate a unified characterization of general re-
sources 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 ap-
proaches 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 under-
standing 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 gen-
eral 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 chan-
nel 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



advantage that a physical object can provide in var-
ious discrimination tasks, and show that such dis-
crimination 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 Quantification of resources and dis-
crimination tasks

Channel discrimination is one of the most funda-
mental 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 out-
put. The average probability of successfully dis-
criminating a channel sampled from the channel
ensemble {p;, A;}; with input state p and measure-
ment {M;}; where each M; is an effect (known as a
POVM element in quantum mechanics) is written
as psucc({pia AZ}? {M’L}a ,0) = Zipi <Mza Az(p)> Note
that the canonical bilinear form (E, w) is understood
as the Hilbert-Schmidt inner product Tr[Fw] in quan-
tum 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 dis-
crimination task. This in particular provides clear
operational meaning for all the bound resource states
(e.g. bound entangled [37], magic [38, 39], and gen-
uine non-Gaussian states [40]), whose applicability
in physical tasks is often uncertain.

Theorem 1. Let F be a conver and closed set of
free states. Then, p & F if and only if there exist a
channel ensemble {p;, A;} such that

maxing} Psuce ({pi> A}, { M}, p)

> 1.
maXgeF Max ) Psuce({Pi, A}, {Mi}, 0)

The next natural question is about quantification:
what is the relation between the resource contents of
the given state and the advantage in channel discrim-
ination that it can provide? To this end, we consider
the generalized robustness resource measure, which
can be defined for any convex and closed set of free

states F as Rr(p) LT e F, T€ D}

1+r

where D refers to the set of all states — that is,
Rx 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 quan-
tify the advantage that a quantum state p pro-
vides over all free states F in the discrimination
of {pi, A;}; using the measurement strategy {M;};
as the ratio of psuec({pi, Ai}, {M;}, p) to the best
success probability when using a free input state,
maxXye F Psuce({pi, Ai}, {M;}, o). The following result
shows explicitly that, in any convex resource theory,
the maximal such ratio optimized over all choices

= min {r‘

of channel ensembles and measurement strategies is
given precisely by the generalized robustness.

Theorem 2. Let F be a convexr and closed set of
free states. Then, for any state p, it holds that

succ i?Ai ) MZ )
- Psuce({Pi, Ai}, {Mi}, p)

{p:i,Ai} MaXseF psucc({pia Az}a {M’L}7 G)
{M;}

= 1+Rx(p).

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 measure-
ments under the setting of theory of entanglement,
coherence, and magic.

Next, we extend our consideration to measure-
ments. Understanding the discriminative power
of restricted sets of measurements is of central
importance not only in characterizing the opera-
tional consequences precipitated by limitations of
physically allowed measurements, but often also in
studying the very fundamental structure of the un-
derlying GPT [36, 41, 42]. We will show that a
robustness measure associated with the measure-
ment can provide a precise answer to the ques-
tion. Let Mz be some convex and closed set of
measurements, which we will define as Mg =
{{MZ}Z eM ‘ M; € EF W} where £7 is some cho-
sen 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 £x for
a given measurement M = {M;}; as Reg, (M) =

% € Ex Vi, {N;}; € ./\/l} 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 {p;,o;}; by
making a measurement {M;}; with average success

probability psucc({pi; Ui}u M) = ZZ Di <Mi7 Ui)-

Theorem 3. Let Mx be the set of measurements
whose effects are elements of Ex. Then,

psucc({pia Ui}v M)
max
{pi,oi} MAXFe M psucc({pia U’i}a ]F)

min{r

=14 Re,.(M).

The above Theorem establishes an explicit connec-
tion 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 mea-
surements in any resource theory corresponding to
measurements. We additionally establish a connec-
tion 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 dy-
namical components of the system, i.e. channels,



in many physical situations in information process-
ing. Analogously to the cases of states and mea-
surements, for given convex and closed set of free
channels Or, we propose the generalized robust-
ness measure for channel A with respect to Or as

Ro,(A) = ming {r MO c 07, O ¢ 7'} where

1+r
T is the set of all channels. ! To see the operational
meaning of this measure, let us consider the prob-
lem of discriminating an ensemble of quantum states
by an application of the channel I ® A, with aver-
age success probability psucc({pj, 0}, {M;},I®A) =
> pi Tr[I® A(o;)M;]. 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 4. Let Ox be a convex and closed set of
free channels. Then

max Psucc (A; {Mj}, I® A)
A{M;} MaX=cOx psucc(A7 {Mj}a I'® E)

= 1+R(9}.(A)

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

3 Manipulation of resources and discrim-
ination 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 gen-
eral conditions with clear operational meaning was
previously known to provide a comprehensive char-
acterization 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 measure-
ments, and strengthens the connection between re-
source 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 oper-
ations. Consider the channel discrimination over

'For the simplicity of the discussion, here we will limit our-
selves to quantum theory although it can be easily generalized
to GPTs under suitable assumptions [43].
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all valid choices of channel ensembles, but al-
low for the application of a single chosen prior
transformation from the set O to the ensem-
ble before applying the channels to be discrimi-
nated. The success probability for this task for a
choice of channel ensemble {p;, A;}; and measure-
ment {M;}; is given by Psucc({pi}, {Ai}, {M;},w) =
maxzeco y_; Pi (M;, A; 0 ZE(w)) . The following result
shows that this success probability serves as a com-
plete set of monotones for state transformations un-
der the free operations O.

Theorem 5. There exists A S O
such that ' = Aw) if and only if
it holds that  psucc({pi}, {Ni}, {M;},w) >

Dsuce({pi }, {Ai}, {M;}, ") for all channel ensembles
{pi, \i} and measurements {M;}.

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].

4 Concluding remarks

We provided a general operational characteriza-

tion of quantification and manipulation of resources
— two core concepts of resource theories — in terms

of state and channel discrimination tasks. The gen-
erality of our works is three-fold: our formulations
encompass general convex resource theories, are ap-
plicable to all types of resource objects (states, mea-
surements, and channels), and major parts of the
results are valid in all general probabilistic theories
beyond quantum mechanics.

In addition to providing fundamental insights span-
ning a broad class of physical theories, the results
are immediately applicable to a wide range of phys-
ical 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 immedi-
ately. In the case of measurements, many significant
insights can be gained from studying classes of mea-
surements 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.
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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 ¢ 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 U7(py,pa,- -+ ,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 |¢1), |¢2) 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 autoen-
coder based on the theoretical model in Ref. [2].
Our quantum autoencoder can encode two 2-qubit pure
states |p1), |¢2) 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 Mach — Zehnder interfer-
ometer 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-7Z
interferometer. At the beginning (Fig.2(a)), photon pairs
with wave length A = 808 nm are created by type-
I spontaneous parametric down-conversion (SPDC) in
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FIG. 1: (a) A graphical representation of encoding and
decoding process. The map e 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 |p;) is compressed by
parameterized unitary U’ (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
Uit (p1,pa,--+ ,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 |H) through a polarizer
beam splitter (PBS). Then a half-wave plate (HWP)
along with a PBS can control the path-bit of the photon.



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.

(@ ®
@
@ k
(a)
.'%ii‘.
LU
BBO!
trigger ®
) spcm @ coupling | 3-nm flter
I awp I HWP ‘ phase shifter

\pas / mirror Sopticalfiber

/ half PBS-coated half NBS-coated cube

O@®® 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 |H) 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 Vi, Vs, Vg, V.
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 beam-
splitter cube which is half PBS-coated and half
coated by mnon-polarizer beam splitter (NBS) in the
junction of two Sagnac interferometers. The second
Sagnac interferometer contains four unitary polarization
operators Vi, Vs, Vg, Vy. 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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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 polar-
ization 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, vViSW 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 represent negative. Our fidelity
is computed by try/\/XewpXy/Xexp- Here Xesp is the
experimental process matrix and x is the theoretical
process matrix. The average fidelity of our gates is 0.953.

FIG. 3: Characterization of experimentally realized gates.
A two-qubit gate can be described by its process matrix
X- Specifically, each input state p is mapped to an output
Zmnf(mnEmpEIL, where the summation is over all possible
two-qubit Pauli operators E). 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 |p1), [p2) into two qubit states



|©1), [@h). For example, we encode two 2-qubit states
|[RH),|LV) into states |¢})|R),|¢5)|R). Here |R)/|L)
stands for path qubit and |H)/|V) stands for polarization
qubit. Thus, we can trash the path qubit and obtain
the compressed states |©}),|ph) 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 {|RH),|LV)} 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 {3|RD) + §|LV>, |LV)} 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 NBS-
coated 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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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) en-
code {|RH),|LV)} into path qubit. (b) encode {|RH),|LV)}
into polarization qubit. (c) encode {1|RD) + §|LV>, |[LV)}
into path qubit. (d) encode {1|RD) + 3|LV),|LV)} 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 {|¢:)}, {|¢;)}
into states {[y;)|R)}, {|¢})|L)}. 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 results of two
different groups of nonorthogonal states. The
bound for (a)-(b) is plotted in blue dashed
line. (a) encode {cos,2|RH) + sin6,2|RV), 01,2 = =
4° } & {COSQ3/4|RH> +Sin03/4|RV>, 93/4 = 600 + 40}
into  different  polarization = qubits. (b)  encode
{COSQl/glRH> + SiI'101/2|R‘/>7 91/2 = + 20} &
{COS 03/4|RH> + sin 03/4|RV>,03/4 = 30° + 20}
into  different  polarization  qubits. (¢)  encode
{cos6:|RH) + sin6i|LH),0: € [-50°,50°]} &
{cos 02| RV) +sin 62| LV'), 02 € [—50°,50°]} into different path
qubits, (d) encode {cos0:|RH)+sin6:|RV),0: € [—20°,20°]}
& {cosO2|LH) + sinb2|LV),0; € [-20°,20°]} into different
polarization qubits. Here infidelity is the cost funtion in our
algorithm and iterations indicate the train process.

FIG. b5 discriminating

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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Abstract: Communication in a network generally takes place through a sequence of intermediate nodes con-
nected by communication channels. In the standard theory of communication, it is assumed that the communi-
cation 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

Introduction. The extension of the theory of communi-
cation to scenarios where quantum channels act a superpo-
sition of orders was recently addressed in a series of works
[1-3]. These works demonstrated advantages over the stan-
dard communication model where the communication chan-
nels 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 stan-
dard model of quantum Shannon theory they would complete-
ly block any kind of information. Similar advantages arise in
the transmission of quantum information [2], sometimes lead-
ing 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 su-
perposition of causal orders for quantum communication net-
works, demonstrating the possibility of heralded [2] and de-
terministic quantum communication [3] through channels that
individually have zero quantum capacity. The experimental
realisation of communication protocols using quantum chan-
nels in a superposition of orders is important not only as a sim-
ulation 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 con-
sider the case of n = 2 communication channels, £ and F, the
former connecting two intermediate nodes at spacetime points
P and P’, and the latter connecting two intermediate nodes at
spacetime points  and Q’.

In the standard setting, the causal relations among space-
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time points are well-defined, and so is the order of the inter-
mediate nodes between the sender and receiver. For example,
one can have the order P < P’ <X @ = (', indicating that
signals can be transmitted from P to P’, and then to @ and
to @'. Assuming for simplicity that no noise takes place in
the transmission from P’ to @, this configuration leads to the
overall channel F£. In another spacetime configuration, one
could have the order Q < Q' <X P =< P’, corresponding to
the channel £F (again, assuming that no noise takes place in
the transmission from @’ to P). In either configurations, the
sender and receiver are assumed to know the structure of s-
pacetime, 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/ X Q X Q andQ Q' X P X P’
to two orthogonal states |0) := |[P < P’ < Q = Q') and
1) := |Q = Q' <X P < P'), 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 w.

The insertion of two quantum channels £ and F into a
quantum spacetime in the state w can be described by the
quantum SWITCH (QS) transformation [5, 6] S, : (£, F) —
Su(E, F), defined as

Su(&,F) (p) =Y _ Wis (p@w) W, (1)
i
with
Wij == EiF; ® [0){(0] + F;E; @ [1)(1], 2)

where {E;} and {F}} are the Kraus operators of £ and F,
respectively. Note that quantum switch is independent of the
choice of {E;} and {F}.



We interpret the channel S, (€, F) as describing the action
of the channels £ and F combined together in a superposition
of orders depending on the state of the order qubit w. In this
scenario, it is assumed that the sender cannot encode informa-
tion in the order qubit, but the receiver can access it and use
to enhance the decoding. It is worth stressing that the trans-
formation S, : (£, F) — S, (€, F) does not provide a way
to bypass the channels £ and F, in the sense that there is no
way for the sender and the receiver to transmit information
independently of the channels £ and F [2].

The interference between the two alternative orders pro-
vides 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 these examples involve pairs of Pauli channels, of the
form & = Z?:o pioipo; and Fg = Z?:o q;oipo;, where
(00,01,02,03) are the Pauli matrices (I, X,Y,Z). Sup-
pose that the two channels &5 and Fz are combined in a
superposition of orders, with the control qubit is in the s-
tate w = |+)(+|, corresponding to the uniform superposition
|+) := (]0) £ [1))/+/2. From Equations (1)and (2), the re-
sulting channel S, (€, F7) acts as

S(&p Fa)(p) = 74C1(p) @ [+H)(+| +7-C(p) @ |—><—l3,)

where 71 and r_ are the probabilities defined by r_
r12 + 723 + 113, T4 1= Piq; + g, and vy = 1 — r_ are
probabilities, and C and C_ are the Pauli channels defined by

Cy = (X0 mii/2)p + 3y T0i 9ipoi
T+

“4)

and

c - [112 03p03 + 123 01p01 + 31 02p072]

r_

®)

Hence, a receiver who measures the order qubit in the ba-
sis {|+),|—)} can separate the two channels C; and C_, and
adapt the decoding operations to them.

>

Filter HWP Qwp PBS

BS RM FC

FIG. 1. Experimental setup.
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Quantum communication with entanglement-
breaking channels.— Consider a bit flip channel
Bs(p) = (1 — s)p + soy1poy and phase flip channel

Pi(p) = (1 —1t) p+tosgpos, corresponding to Pauli channels
&y and Fg with p = (1 — 5,5,0,0) and ¢ = (1 —¢,0,0,¢),
respectively [2]. For s = ¢ 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 o3, 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 communica-
tion is an important difference between the communication
model with independent quantum channels in a superposition
of orders and the related communication model with indepen-
dent quantum channels traversed in a superposition of paths
[7-9]. In the second model, noise can be reduced, but nev-
er 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 o2 predicted by the theory. We
reconstructed the channel matrix ;; from the tomographic da-
ta and used it to find the input state that maximises the one-
shot coherent information in Eq. (??). The optimisation can
be reduced to three real parameters («, 6, ) by parameter-
ising the qubit state p as p = ap|P) (@] + (1 — ao)|dL) (DL
where |¢) = cos(6)|0)+sin(f)e?¥|1) and |¢, ) = sin(#)|0) —
cos(f)e'|1) are basis states. Since the entropy exchange
is independent of the choice of purification, the parameter-
s (ag,0,1) completely determine the coherent information.
Fig. 2 shows the experimental results for the evaluation of the
coherent information Z,. of the channel C_ and also the whole
channel S(Bs,P;). For channel C_, the result is a coherent
information of about 0.812 £ 0.003, obtained with parameters
ap = 0.500, § = 0.0723m, and ¢» = 0.7907. 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 «y and 6 is
shown in Fig. 2 (b) for fixed ¢y = 0.7907. More generally, the
coherent information @; of the channel S(Bs, P;) is further
show in Fig. 2 (c) as a function of ¢, with s = ¢. One can
find out that, as long as ¢ > 0.62, Z. of S(B¢, P;) (red line)
surpasses the coherent information when the two channels are
combined in a fixed order (black line). Our experimental re-
sults (cyan rhombuses) verified the existence of the advantage
of indefinite causal order and the possibility of heralded, high-
fidelity communication.

An even more radical example of quantum communication
in a superposition of order corresponds to two entanglement-
breaking channels F(p) = 1/2(o1po1 + o2p02) [3]. In nor-
mal 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
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FIG. 2. Quantum communication with entanglement-breaking channels. (a) Real part of the reconstructed matrix of S(Bs, P;), for s = ¢t =
1/2. The fidelity is 0.9747 + 0.0012. (b) Coherent information Z. for S(Bs, P;:) with s = ¢t = % as a function of 6 and oo, for fixed
1 = 0.7907. (c) Coherent information @ for the channel S(B:, P;) with ¢ € [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 @1 for channel S(F, F) as a function of § and v, for fixed ¢y = 0.1557. Error bars are smaller than the marker

size.
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High-dimensional entanglement exhibites massive potential in increasing channel capacity and re-
sistance 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 gen-
eralized Bell inequality, obtaining a violation of ~ 3 standard deviations with Is = 2.12 4+ 0.04.

Encoding in a multi-dimensional state space is bene-

ficial for increasing channel capacity and improving the P

tolerance to noise or eavesdropping in secure quantum g)\.«&. =

communications [1-3]. High-dimensional entanglement, e

exhibits more complex structures of entanglement [4-6], N+ ‘

and stronger nonclassical correlation. <0 N % .
OAM allows for encoding large amount of informa- e ) "%,,;‘_‘“"0 . 00' ig

. . . . .1 . N oo, 5 [

tion per photon and its dimension scalability is much o - !

more desirable compared to other DOFs. The blos-
som of OAM manipulating technology in recent years
make an essential step toward manipulating quantum
system beyond qubit[7-9]. However, undistibuted high-
dimensional OAM entanglement becomes a challenging ompensation module (blue painted area) is used for compen-

task which Wﬂl_ ad'vance the quant'um app.lication l?eyond sating the intermodal dispersion induced by 1-kilometer-long
lab proof-of-principle demonstrations, as is recognized to OAM fiber. SLM: spatial light modulator, DM: dichroic mir-

be a valuable project [10, 11]. rors, DP: dove prism. The phase locking system is detailed
There are two method to distribute OAM entangle-  in top right inset.

ment. One is free-space propagation, spin-orbit hybrid
2-d entanglement distribution across Vienna has been ex-
ploited [12]. However, OAM is highly sensitive to atom-
ospheric 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 prec-

In our experiment, several developments has been
made to overcome these problems. The schematic ex-
perimental setup is depicted in Fig. 1. First, we de-
velop a high quality three-dimensional OAM entangle-
ment source with a satifying fidelity of 0.888+0.007, con-
sidering of the need for balancing the trade-off between
high fidelity and narrow bandwidth, which are both im-
portant 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 mem-
* hyf@ustc.edu.cn ory, a narrow bandwidth is required. We carefully op-
T cfli@ustc.edu.cn timize 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 experimen-
tally identify the intermodal dispersion simply using co-
incidence instrument, and we further design an actively-
stabilizing precompensation module to eliminate this in-
termodal dispersion. This module is based on introduc-
ing a reverse dispersion to pre-compensate it before enter-
ing 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 ad-
vantage 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 entangle-
ment is approved by testing CGLMP inequality with the

violation about 3 standard deviations (I3 = 2.12 + 0.04)

The most tough challenges for distributing high-
dimensional OAM entanglement has been settled down,
and distributing distance is extended more than three
orders over previous work [13, 14|, if practical OAM-
entanglement-based applications would like to advance
beyond laboratory. It is the first time to distribute high-
dimensional OAM entanglement and our method is ex-
tendable to both higher-dimension and longer-distance
in principle. The preserved spiral wavefront make the
distributed entangled state capable of further manipu-
lation.We believe that our result will motivate further
experimental research into novel protocol of longdistance
high-dimensional quantum communications.
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A Quantum Algorithm for Minimum Steiner Tree Problem
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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 algo-

rithm for the minimum Steiner tree problem. The complexity of our algorithm is O*(1.812%). 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

Search
1 Introduction

Given an undirected graph G = (V, E), a weight w :
E — RT, and a subset of vertices K C 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 to-
tal edge weight } .. () 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 [I]. Note
that for fixed k, this problem can be solved in polynomial
time, which means that the minimum Steiner problem is
fized parameter tractable [2), [3].Although there are dif-
ficulties in solving the minimum Steiner tree problem,
this problem is applied to solve problems such as power
supply network, communication network and facility lo-
cation 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 prob-
lem is to compute all possible trees. However, the num-
ber of all trees in the graph G = (V, E) is O(2/%]) 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*(3%) [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*(2.684%)

*This research was done when the first author studied in Osaka
Prefecture University.
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and Mélle et al. [7] to O((2 + 6)*n/@ ") for any con-
stant & > 0. For a graph with a restricted weight range,
Bjérklund et al. have proposed an O*(2%) algorithm us-
ing subset convolution and M&bius inversion [§]. An im-
portant thing is that the dynamic programming part of
these algorithms [7), [0, 8] use the D-W algorithm.

In order to speed up classical algorithms, use of quan-
tum algorithms is an effective technique. In particular,
Grover’s quantum search (Grover search) [9] and its gen-
eralization, quantum amplitude amplification [I0}[IT], 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 classi-
cal algorithms. For NP-hard problems, speeding up using
Grover search [0] 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*(v/n!)
which is the square root of the classical complexity O*(n!)
of an exhaustive search. However, the best classical algo-
rithm for TSP takes only O*(2") [14], [15] which is clearly
faster than O*(v/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 classi-
cal algorithms with Grover search is one of the ways to
make an algorithm faster than the best classical algo-
rithm. For example, Ambainis et al. [I6] have combined
Grover search with algorithms for TSP, Minimum Set
Cover Problem and so on that use dynamic program-
ming. A naive way is replacing the dynamic program-
ming part of the algorithm of Ambainis et al. by D-W
algorithm. However, we cannot use the method of Am-
bainis et al. in the same way because the characteris-


https://arxiv.org/abs/1904.03581

Table 1: Comparison of the algorithms.

Algorithm Complexity classical or quantum
Dreyfus and Wagner [5] 0*(3F) classical
Fuchs [6] 0*(2.684F) classical
Molle [7] O((2 4 6)*nf ) | classical
Bjérklund [§] ( best known in the restricted weight case) | O*(2¥) classical
This paper 0*(1.812%) quantum

tic of minimum Steiner tree problem differs from that
of TSP. Hence, we adapt this method to a method pro-
posed 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*(1.812%). This improvement of complexity
brings more than 10 times speed up compared to O*(2)
even in the case of k = 100. Table[I]shows the complexity
of classical algorithms for minimum Steiner tree problem
and our proposed algorithm.
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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 Schmidt-
rank, 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.

Keywords: Channel Steering, Channel Coherence, Measurement-Device-Independent

Extended Abstract

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] con-
sisting 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 sys-
tem. 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 in-
formation 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 ver-
ification protocol is device-dependent and we call it as
channel coherence, and if we do not trust, the verifica-
tion 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 measurement-
device-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 theo-
rems. 1. The dual state of the extended channel is I0/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. Con-
sequently, based on two theorems, we convert the given
extended channel into tripartite state and verify their en-
tanglement or steerability in the MDI way as suggested
in Refs. [4, 5]. This protocol completes the MDI veri-
fication of the channel coherence and channel steering.
Moreover, we analyze the effect of imperfect preparation
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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 un-
steerable type, the threshold of the noise for successful
MDTI verification of channel coherence and steering are
bounded from below by Rg/(1+ Rg) and Rs/(1+ Rs),
where Rp is the robustness of entanglement [6] and Rg 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 uncontrol-
lable affairs in practical situation.
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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 com-
mitment 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.

Keywords: AQIS, template

1 Introduction

In a commitment protocol, a sender (say Alice) com-
mits 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 crypto-
graphical applications[l] 2], is said to be unconditionally
secure when the scheme does not depend on the compu-
tational power of both participants, while it isperfectly
secure when the scheme works with zero probability of
failure. However, an unconditionally and perfectly se-
cure commitment protocol is impossible. If a commit-
ment protocol is unconditionally and perfectly binding,
which means that any attempt of Alice to change the al-
ready committed secret value can be detected by Bob,
then there should be a unique secret value for each com-
mitment provided by Alice to Bob. If so, the protocol,
however, cannot be unconditionally and perfectly con-
cealing, i.e., Bob could have some information about the
committed value before Alice discloses it, because Bob
with unlimited computational power can reveal the se-
cret value by searching through every possible secret val-
ues 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 clas-
sical breakthrough was developed by Rivest [6] as intro-
ducing a partially credible mediator, “trusted initializer,”
who is only involved in the beginning (setup) of the pro-
tocol and does not receive any information during the
remaining protocols. In Ref. [6], it was shown that the
trusted initializer enables the construction of uncondi-
tionally secure commitment schemes for classical bits.

It transpired that the situation is similar for qubit com-
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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 en-
code 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 no-
broadcasting theorem [§] 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 no-
masking theorem by showing that one additionally needs
at least log, d bits and 2log, d bits of randomness re-
spectively 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 simi-
lar 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.
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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. po gate denotes the preparation of the secret state pc to which Alice commits,
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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.

Keywords: Uncertainty relation, quantum estimation theory, two-parameter unitary model, quantum Cramér-Rao

bound

1 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. (A,x)(Ayy) >
[{[x, y])I/2 = 0, because two position operators x and y com-
mute, i.e., [x, y] = 0. In the relation above, Ax denotes the
(quantum) standard deviation about x with respect to a state p,
which is defined by (Apx)2 =trp(x — x)?] = (xz)p - (x)/%
with (A), = tr [p A], the expectation value about an observable
A. Ay is defined similarly. Usually, when the uncertainty re-
lation is discussed, the Heisenberg-Robertson uncertainty re-
lation 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 applica-
ble 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 intro-
duce a parametric model describing the position measurement
of the electron. We use the unitary transformation gener-
ated by the canonical momenta p, and p, with the parame-
ter 6 = (6", 6°). We define the family of states p/ generated
by this transformation from the reference state py, which is
known:

Model 1:  p} = e 10 Pxemi0Py o iyl x| (1)
By estimating the parameter 6' (6%), we can infer the expecta-
tion value of x ().

Besides this ‘natural’ unitary transformation, we use an al-
ternative unitary transformation. That is

Model 2: pg — e_w]n"e_igzﬂ"poeigzﬂ“'eiel”",

(@)

*£1941011@edu.cc.uec.ac.jp
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where 72 = 7 + eA. The vector potential for the uniform field
B is denoted by A. The charge of an electron is —e (e > 0).
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 rela-
tion 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 in-
equalities 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.

2 Preliminaries

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]

H=wda+ %), (3)

L=xp,—yp:= a'a—b'b. (@)

w = eB/m is the cyclotron frequency. We assume the mag-
netic field B is along the z axis i.e., B = (0, 0, B). Egs. (3), (4),
and the generators expressed by a,a’ and b, b' are given in
Appendix 5.1.

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

Po =10)a a{01®10)5 50| = 10, 0) <0, O] . (&)

The wave function of this state is known as thg: I;owest Landau

Level (LLL), ygo(x,y) = {x, y|0, 0) o e 20, where A2
2eB)".



Unitary transformations We introduce two kinds of uni-
. il 02 inl 02

tary transformations, e Px¢%P» and e ¥ "¢~ We con-

sider that we have them act on the LLL, ¥oo(x,y). We can

show

_ipl _in2
le ™ Pxe 7 Pryr o (x, I = Woo(x — 6",y — PP,

e e 0 )P = Woo(x — 0",y — 9P, (6)

where
)22
e

Woo(x -0,y =) ece™ 2 @)
Therefore, both Model 1 and Model 2 make a shift in position
of the position density probability.

3 Uncertainty relation for pure state model

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.
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In Model 1, the generators of the unitary transformation p,
and p, commute. We can show that the SLD’s commute on the
support of the states and that the SLD C-R bound is achiev-
able [15].

The SLD Fisher information matrix and the MSE matrix are
denoted by G’S’ and Vj, respectively. Then, from the SLD C-R
inequality V, > (G’S’ )~!, we obtain the following inequalities.

/12 /12
Vii = bR Voo > 5
where V, = [V;;]. The generalized RLD is equal to the SLD.

Figure 1 shows the SLD C-R bound (dotted lines). A2/2 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.

Model 1: unitary model generated by p, and p,

3.2 Model 2: unitary model generated by 7, and ,

Let G§ denote the SLD Fisher information matrix of Model
2 with respect to the reference state py [Eq. (5)]. From
Vo = (G§ )~!, we obtain the following inequalities.

A2 A2
Vitz —, Va2 —.
=y 2227
Notably, the relation (G5)™' = 2(G%)™" holds.

Let G’ﬁ denote the generalized RLD Fisher information.
From the generalized RLD C-R inequality Vy > (G’];)“ [14],
we obtain the following inequality,

2 /12 /14

A
Vi1 - I)(sz - I) > 16 ()
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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 (V;, V>,) given by SLD C-
R inequality is the blue region. The allowed region of Model
2 is above the black solid line, the region given by the in-
equality (8) which is derived from the generalized RLD C-R
inequality. The allowed region of Model 2 by the SLD C-R in-
equality consists of all of the light, dark gray and blue regions

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 co-
herent 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.

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 elec-
tron position. For the purpose, as the mixed state, we choose
a thermal state. However, in the current system we are con-
sidering, 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 tempera-
ture only. To resolve this degeneracy problem, we impose a
condition that the expectation value of the angular momentum
(Lyg = tr[pg L] is constant. Given an arbitrary value of (L),
the reference state pg , is denoted by

— Z/;LC_BH+”L, (9)
where Zg , = tr [e##*#L] is the partition function and y is the
chemical potential. By using the coherent states which are
defined by

PB,u

alze = zl)a» blo)y =z12) - (10)
Pp, . 1s expressed as
PB.u = P0,a ® P0,b> (11)
where
Po.a = 2l fe % 2)aal2ld ™z, po» = Fxﬁfe b

|20 (2| d°z.



2«2 and 2K§ are

262 = (@17, 2 = (e - 1)L (12)

The relation among u, k,, Ky, and (L)o are given in Ap-
pendix 5.4.

The reference state pg , is expressed as a tensor product of
two independent Gaussian states with different temperatures.
We obtain the uncertainty relation from the SLD and RLD C-
R inequalities [2, 3].

The inverse of the quantum Fisher information matrices
calculated from the reference state pg, are given in Ap-
pendix 5.5.

4.1 Model 1: unitary model generated by p, and p,

Let G2 ™™ and G5"*™ denote the SLD and RLD Fisher
information matrices, respectively. The shape of the uncer-
tainty relation from the quantum C-R bounds changes depend-
ing on the value of [(L)g|.

Case (i). When |(L)y] < 1/2, the SLD C-R bound de-
fines a tighter lower bound, because the matrix inequality
(G‘gﬂwrma])_1 - (G{{”hmm‘l)_1 > 0 holds, if and only when
KL)ol < 1/2.

Case (ii). In the other case, |[{L)q| > 1/2, however, there
is no matrix ordering between the RLD and SLD Fisher in-
formation matrices. This means that both inequalities con-
tribute to the uncertainty relation. Figure 2 shows an exam-
ple of the quantum C-R bound given by the current anal-
ysis for Case (ii) ({L)o| > 1/2). The allowed region of
Model 1 for the MSE matrix components (Vi, V,,) 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
=1, Kg = 1/2, KL)o| = 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 uncer-

tainty 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) achiev-
able if and only if (L)y = 0. In our model, this is equivalent
to (L)o = 0. When (L)y # 0, neither the RLD C-R bound nor
SLD C-R bound is even asymptotically achievable. There-
fore, the uncertainty relation is not tight, except for the special
choice of the parameter, (L)) = 0.

4.2 Model 2: unitary model generated by 7, and

The SLD and RLD Fisher information matrices of Model
2 are denoted by GZ"™! and Gf"™™, 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

2 5 2 )
Vi = Z(l + 4Ka)’ Vo > Z(l +4Ka)’ (13)
22 A2 PN
(Vi — Z(1 + 4] [V — Z(l + )] = T (14)

The SLD C-R inequality gives the following

A2 A2
Viz 7+ 42y, Vo 2 70 +403).

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.
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Figure 2: Uncertainty relation of Model 1 and Model 2 given
by the quantum C-R inequalites. The temperature parameters
used are Kg =1, Kf) =1/2,(L)y = 1, ie., (LYo > 1/2. The
allowed region of Model 1 for the MSE matrix components
(V11, Va2) 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 (Vi, V»7) is the
gray region. The RLD C-R bound (black solid line) is achiev-
able.

5 Conclusion

We have investigated the uncertainty relation of one elec-
tron in a uniform magnetic field by the parameter estimation
of § = (6', #%) 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, and p, (Model
1) and the other is a set of mechanical momenta, n, and r,
(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 func-
tion 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), 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.
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Appendix

5.1 Hamiltonian

Hamiltonian H for an electron motion in a uniform mag-
netic field in the units, = 1and c = 1 is
1 = \2
H=—(p+eA). (15)
2m
where —e and m are the charge of an electron, (e > 0) and the
mass of the electron, respectively. Ais a vector potential. The
canonical observables describing this systems are p,, x, p,,
and y. We will investigate uncertainty relation of an electron
motion in a uniform magnetic field B= (0,0,B), B> 0. We
use the symmetric gauge. Then, the vector potential is writ-
ten as A = B(-y/2,x/2,0). We can show that the change in
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 oper-
ator, 7 = p + eA, our Hamiltonian becomes

L5 5
H= %(nx +7ry).

It is known that the operators ry, 7, and p,, p, are equally
described by the two sets of the creation and annihilation op-
erators, a,a’ and b, b' such that [a,a’] = [b,bT] = 1 with all
other commutation relations vanishing [11].

i 1 .
Ty = l(aT _Cl), ﬂy = /_l(a' +a)9

A

i 1
pe= g7l@ —a) + ' =B p, = @ +@) - ' + b))
X = /El[(aT +a)+ B +b)], y= %[(aT —a)- " - b)),

where 1 = /2(eB)~! has the dimension of length. As shown
in Eq. (7), A corresponds to the spread of the probability den-
sity of the electron in the LLL.

Hamiltonian H and z component of the angular momentum
L are

1
H=wd'a+ ),
w(a'a 2)
L=xp,—ypx= a'a-b'b.
w is the cyclotron frequency and w = eB/m.

5.2 Uncertainty relation by quantum Fisher information
The quantum C-R inequality is
Vo= (Go) ™, (16)

where Gy is a quantum Fisher information. Let (Go)~' be

o™ = 15,1 4
We can show that g2' = (g,?)".
From Gy > 0, we have g/, g7% > 0 and g, 'g;? — Ig,*I >

0. The RLD C-R inequality (16) holds if and only if tr [V, —
(Go)™'1 > 0 and det [Vy — (Gp)~'] > 0. Therefore, V; —g,' >
0,Vyy — ge22 > 0and

Vii-g' Via-g,? > 0.

det . >
Vo= (g, )" Vi —gg?
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The inequality above gives the following inequality.
Vit — g YV —gi ) 2 [Vin — g4 * *.

The right hand side of the inequality above is written as fol-
lows.

Viz —8912 = Vi, - Regglz - ilmgelz ?
=|Vi,—Reg,** +|Img,
>|Img,> .

Then, we obtain the following inequalities,

Vii—gy' 20, Vyp—g5° >0. (18)

(Vi1 — gy )(Var — g7%) > |Im g, * [*. (19)

When Im gg1 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. and p,

The SLD Fisher information matrix is calculated by the way
given in [13]. The SLD Fisher information matrix is denoted
by G. Then, its inverse is

_ A2 (10
T2 (0 1) :

5.3.2 Model 2: unitary model generated by . and

Let G§ denote the SLD Fisher information matrix of Model
2. Then, the inverse of SLD Fisher information matrix (G )L

is
21 0
4\0 1)°
Let Gﬁ denote the generalized RLD Fisher information ma-

trix. The inverse of the generalized RLD Fisher information
matrix [14] is calculated as

- A1 i
-1 _
crt=% 5 1)

5.4 Chemical potential y, expectation value of angular
momentum (L),, and temperature parameters «, and
Kp

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

GH™!

GH™ =

P = Ty e et (20)
0p,u 1s expressed as
0B, = P0,a ® P0, b (21)
where
Poa=—5 e |2 alzld"z,
a
1 - )
Po.b = ﬁfﬁ " |2 p(zld z.
b

2«7 and 2« are



2 = (P -7 2 = (e -7 (22)
From Eq. (22), we obtain

(€ = 12k = [ = 1X(Lyo + 212, — 1 + (L) = 0. (23)
(L) is calculated as
(Lyo = tr[Lpg ] = 2% — 24 (24)

When €% and (L) are given, 2«2 is the variable of Eq. (23)
and Eq. (23) has two solutions for 2«2. However, we can take
the larger solution as the solution of Eq. (23), because the
smaller one gives the negative 2/(%. Then, the relation between
wu and (L) is calculated as

et = 2t +1, 25)

—KLyo + 2+ [P} + 4t +4

where t = ef¥ — 1. Ata special case, (L)) = 0, we can see
u = Bw/2 from Eq. (29).

5.5 Quantum Fisher information matrices: Mixed state
5.5.1 Model 1: unitary model generated by p, and p,
Let G2"™ and G%"™ be the RLD and the SLD Fisher

. ) . . . thermal -
information matrices, respectively. The inverse of G is
calculated as

(Gplhermal)_l — /12
R 1+ 262 + 2«2
23 + ZK% + 8KZK§ i(2Kt2) - 22)
—i (2K§ -22) 23+ 2K§ + 8K§K§ '

he 1.1 - .
Next, (Gg thermaly -1 s written as

(Ggr thermal)fl =1

2%+2K32+2K§+8K§K§ (1 ())
0 1)

1 +22+ 2K§

5.5.2 Model 2 : unitary model generated by 7, and r,

The SLD and RLD Fisher information matrices are denoted
by GEemal and G ™™, respectively. Their inverse matrices
are calculated as

, A2 (1 + 42 0
mthermaly—1 __ a
(Gs )y = 4 ( 0 1+4/<§)’ (26)
A2 (1 + 462 i
nthermaly—1 _ a
(Cr )= 4 ( —i 1+4K§)' 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 Zp + p&, 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:

1 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 quan-
tum teleportation, quantum cloning, and quantum error
correction. Quantum fidelity is defined as

(] ) - (o

F(po, p1) = min

{E1
where p;(z) = Tr[,éjE‘x] is the probability distribution
with POVM {E, } for ;(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]

M (po, p1) = i 1/2 P1/2ﬁo A1/2A 12 )

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

2 Results

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

N ~ 1 4 ~ NI
M o< D(uy) exp | -5 QTGuQ — vy@| D (wn),

where G satisfies e¥2CGMeif2G1I020GM = i2Go Here,
D(u) = e=*"1%Q is the displacement operator. The above
expression makes Now, the diagonalization of the opera-
tor M enables one to find optimal POVMs.

Optimal measurements for quantum fidelity between

single-mode Gaussian states can be classified by (Fig. 1)

(1) If the signs of eigenvalues of G\ are the same, the
eigenbasis of M is that of the number operator n =
(#2 4+ p? — 1)/2 (up to Gaussian unitary).

*jeongh@snu.ac.kr

2
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Type-(ii)
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Tro

Figure 1: Classification of optimal measurements as a
function of rg and 7y for a given ;.

(ii) If the signs of eigenvalues are different, the eigen-
basis of M is that of Zp + pz.

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

This classification enables one to find optimal setups for
given Gaussian states.

We also show the equivalence between optimal mea-
surement for quantum fidelity and that for quantum
Fisher information such that the operator M is pro-
portional to the symmetric logarithmic derivative (SLD)
Lg which also gives the optimal measurement for quan-
tum parameter estimation of #. This relation simplifies
the derivation of quantum Fisher information and SLD
operator, which is exemplified by displacement, phase,
squeezing, and loss parameter estimation.
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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

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 |¢) = [¥) 4 p A,B,r
with systems A = A;A; and B = BjBs, respectively.
Their goal is either to exchange their parts A; and Bj or
to exchange their whole parts A and B. Specifically, let
Vg, and g, be the final states of the the task given by

Vg = (1a,5a;, ®1p, 5 @ 1a,B,r) (),
Vi, = (Lasa ®1pp ®1R) (¢),

where 1 = |¢) (¢|, and the dimension of the system X’
is identical to that of the system X. Note that Bj, B’
and A}, A" are Alice’s and Bob’s systems, respectively.

Definition 1 (One-shot quantum state exchange)
Three joint operations

Ei’K’L : A EY @ BiEY —s BIE™ @ Ay EQ™,
€% 1 T ABR @ BER — Bl AEQ™ @ A} B ER™,
Eikr t AEY @ BEY — B'EQ™ @ A'ER™,

are called the one-shot quantum state exchange protocols

of |¥), if they are performed by local operations and clas-
sical communication between Alice and Bob, and satisfy

V@0 = (gq/lj,K,L Y ]lAngR) (Y @W)
= (&fkroln) waw),
Vi, ®® = (£ @1r) @V,
*yonghaelee@khu.ac.kr
fyamasaki@qi.t.u-tokyo.ac. jp
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where W and ® are pure maximally entangled states with
Schmidt rank K and L on systems EREY and EQ"E™,
respectively.

Depending on the types of one-shot quantum state ex-
change 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:

eAl(—)Bl (w) = llnf (IOgK — 10g L) s
W, K,L

eifffBl (W) = 51i|121f (log K —log L),
W, K,L

escn (V) = gli2nf (log K —log L),
& K, L

where the quantity log K — log L is called the entangle-
ment cost of the one-shot quantum state exchange proto-
col, and the infimums are taken over all joint protocols

1 112 12
Eyrn Ep s nd E ke 1

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 |¢) 4 . 4, 3,z We here imagine that the
referee who holds R can assist Alice and Bob to exchange
A1 and Bl.

Theorem 3 The optimal entanglement cost e‘gfizBl

1s lower bounded by

ll|2(¢) = i“ujg [F(N(’L/})le‘bRA) - F(N(w)ARA)] )

B

(¥)

where F is an additive and Schur concave function such
that F(o™) =log M for any M and N (p) is a quantum
channel from R to Rp.



From Theorem 3, we obtain the following computable
lower bound.

Corollary 4

€A, B, (1/)) > aler[l(?}o(o] |Soz(pA1) - Sa(pBl)‘ )
el (¥) > Ifp(y) = e fu(a),
esnn (V) > e |Sa(pa) = Salps)l,

where Sy, is the quantum Rényi entropy of order «, and
fu(a) is a function of [¢) and o defined by fy(a) =
maX{SOt(pAle) - Sa(pB)7 SOt(pBlAz) - Sa(pA)}

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 (Aj, B1) or (A, B), and consider a spectral de-
composition of the reduced state pxy for |[¢), pxy =
SN N €D (Eil gy, where A; > 0 with SN A = 1. For
each i, we define the matrix Q% (¢) by

Ky (@) =D ({ilx ® (kly) 1€ xy 19) (K,

Jik

where {|j)} and {|k)} indicate the computational bases
on Alice’s and Bob’s systems, respectively. Then we ob-
tain 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,

(Qy (1) = Uy (9)V,

then exy (V) = 0, where W' is the transpose of the
matric W.

From the lower bounds on the optimal entanglement
costs e4, B, and e4 p 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 follow-
ing theorem.

Theorem 6 Let (X,Y) be either (A1,B1) or (A,B). If
exoy () = 0, then there exists an isometry Ux_,y such
that py = Ux—ypx(Ux—y)'.

4 Counter-intuitive phenomena

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

52

/ ﬁ % 7 /]
Symmetric 4, Symmetric B,
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| (=B g
Alice’ cargo '@‘@ Bob’s cargo

Figure 1: Illustration for the cargo exchange task. The
cargoes A1 Ay and BiBs belong to Alice and Bob, re-
spectively. Assume that the cargoes Ay and By are sym-
metric, but A; and B; are not symmetric. When Alice
and Bob exchange their whole cargoes A1 A; and By Bs,
it suffices for them to exchange A; and Bj, since Aj is
identical to Bs. In the illustration, the truck indicates
the cost needed for exchanging A; and Bj.

4.1

For the initial state |1), let us consider a situation that
Alice and Bob exchange their whole information A and
B. Assume that their parts A, and B, are symmetric,
while the rest parts A; and B; are not symmetric, i.e.,
the initial state [1)) satisfies

(SWAP 4, ) (¥) #¢ and  (SWAPa,B,) (¥) =1,

where SWAP x .,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 Bj, since A, is identical to By. This
situation can be more easily understood by using a cargo
exchange as a metaphor for the SWAP operation as de-
picted 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 A; and B, in order
to reduce the cargo exchange cost, because the cargoes
As and Bs are the same.

On the other hand, in the one-shot quantum state ex-
change, the proper use of the symmetric parts As and
B, can more efficiently reduce the entanglement cost
compared to exchanging only A; and B; without using
Ay and Bs. To be specific, there exists an initial state
[t)) such that the parts As and By are symmetric and
e (¥) = 0 while the rest parts Ay and B; are not
symmetric. Consider the specific initial state

Symmetric information

1
91) 4,y AsBaR = NG (/00000) + [01111)),

where Ay and Bs are symmetric but A; and B are not.
Since Q4 5(¢1) = [00) (00] and Q2 5(¢1) = |01) (11|, we
can show that QL 5(¢1) and Q2 5(¢1) satisfy the condi-
tion in Theorem 5, by setting

U =V =00) (00| + [01) (11| + |[10) (10| + |11) (01] .

Thus we obtain that e 5 (¢1) = 0, which means that
A and B can be exchanged by means of local operations
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Figure 2: Illustration of a one-shot quantum state ex-
change protocol of |¢2) in Eq. (1). (a) In order to ex-
change A; and By, Alice and Bob locally prepare an ebit,
respectively, and they apply Bell measurements to the
shaded areas. (b) By performing local operations cor-
responding to the measurement outcomes, the parts A;
and B can be exchanged. At the same time, Alice and
Bob can share two ebits.

and classical communication without consuming any non-
local resource. As mentioned above, this is somewhat
counter-intuitive, since this phenomenon cannot occur
when using the SWAP operation.

4.2 Negative entanglement cost

As in the asymptotic quantum state exchange task [1,
2], there exists an initial state to show that the entangle-
ment cost of the one-shot quantum state exchange task
can be negative. Assume that Alice and Bob exchange
the parts Ay and Bj of the initial state

1
1 . ) . .
|92) 4,81 458. = 5 S iy a, 1) g, 1), s, @)
i,j=0

where [¢g) consists of two ebits |e) 5 5 and |e)g 4,. To
exchange A; and Bj, both Alice and Bob prepare an
ebit, respectively, and they locally apply the entangle-
ment swapping [3] by performing two Bell measurements
on Ay, By, and the parts of the ebits, as described in
Fig. 2. Then they can exchange A; and Bj, and can
share two ebits at the same time. This means that the
entanglement cost can be negative. In fact, we have
egfi"‘Bl (¢2) = —2 from Corollary 4. Compared to the
SWAP operation, the negativity of the entanglement cost
is quite interesting, since Alice and Bob cannot share en-
tanglement after the SWAP operation.

5 Acknowledgments

We would like to thank Ryuji Takagi and Bartosz Reg-
ula for fruitful discussion. This research was supported

53

by Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Min-
istry of Science and ICT (NRF-2019R1A2C1006337) and
the MSIT (Ministry of Science and ICT), Korea, un-
der the ITRC (Information Technology Research Center)
support program (IITP-2019-2018-0-01402) supervised
by the IITP (Institute for Information & communications
Technology Promotion). H. Y. acknowledges Grant-in-
Aid for JSPS Research Fellow, JSPS KAKENHI Grant
No. 18J10192, Cross-ministerial Strategic Innovation
Promotion Program (SIP) (Council for Science, Technol-
ogy and Innovation (CSTI)), and CREST (Japan Science
and Technology Agency) JPMJCRI1671. G. A. acknowl-
edges support from the ERC Starting Grant GQCOP
(Grant Agreement No. 637352).

References

[1] J. Oppenheim and A. Winter. Uncommon informa-
tion (the cost of exchanging a quantum state). quant-
ph/0511082, 2008.

[2] Y. Lee, R. Takagi, H. Yamasaki, G. Adesso, and S.
Lee. State Exchange with Quantum Side Information.
Phys. Rev. Lett., 122(1):010502, 2019.

M. Zukowski, A. Zeilinger, M. A. Horne, and A.
K. Ekert. “Event-Ready-Detectors” Bell Experi-
ment via Entanglement Swapping. Phys. Rev. Lelt.,
71(26):4287, 1993.

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



Reversibility and its Connection to the Quantum
Computational Speed-up
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Abstract. The speed-up of Quantum Computers is the current drive of an entire scien-
tific 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 speed-
up; to understand what resources are provided by the quantum system used in quantum
computation. Some candidates for such resources include superposition and interfer-
ence, 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 clas-
sical 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 degrees-
of-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 comput-
ers. 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 com-
putational 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 informa-
tion 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 un-
biased, 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 mea-
surements are orthogonal.
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The canonical condition for quantum compu-
tation is that the function is computed according
to the unitary operator

Uy lz)la) = |z} la ® f(z)), (1)

or a unitarily equivalent operator. We can make
tree important observation from this:

The function is computed reversibly in the
computational basis,

any auxiliary systems should be cleared,

while all relative phases ¢, , are preserved,
that is

Z Cay 1) [y)
T,y

2
Y ey ) 0 f@)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 in-
formation can lead to an undesirable scaling of



memory usage, but in a special case the input [3] Simon Kochen and E. P. Specker. “The

can serve as the history of the computation, Problem of Hidden Variables in Quantum
Mechanics”. In: Journal of Mathematics
(z,0) = (z, f(z)). (3) and Mechanics 17 (1967), pp. 59-87. DOI:

) 10.2307/24902153.
This can always be guaranteed by first comput-

ing the function and storing the history, copy out
the result of the computation to another regis-
ter, and then reversing the first computation and
thereby also reverse storing the history [12].

[4] Jan-Ake Larsson. “A contextual extension
of Spekkens’ toy model”. In: AIP Confer-
ence Proceedings. Foundations of Probabil-
ity and Physics - 6. Vol. 1424. ATP Publish-
ing, 2012, pp. 211-220. po1: 10.1063/1.

(.0,0) = (h, f(x).0) 3688973.

(4) [5] Mark Howard et al. “Contextuality S
h 0 ' Y oup-
~ ( ,f(x),f(x)) ~ (x’ ,f(x)) plies the ‘Magic’ for Quantum Computa-

This is exactly what we see in the computa- tion”. In: Nature (2014). DOI: 10.1038/

tional basis of quantum algorithms, but this is nature13460.

not what happens in the additional degree-of- 6] P. W. Shor. “Algorithms for Quantum
freedom from which quantum computation gain Computation: Discrete Logarithms and
its advantage. The information processing that Factoring”. In: Proceedings 35th Annual
takes place in the other degrees-of-freedom is im- Symposium on Foundations of Computer
posed by the condition on the relative phases. Science. 1994, pp. 124-134. por: 10.1109/
By formalizing this explicitly we show how the SFCS.1994.365700.

speed-up emerges from the information carriers 7] A. Einstein, B. Podolsky, and N. Rosen.

having additional degrees-of-freedom together

. . _ “Can Quantum-Mechanical Description of
with the requirements of quantum computation.

Physical Reality Be Considered Com-

Our result also has implications to p(?st quan- plete?” In: Physical Review 47 (1935),
tum cryptography. Some cryptographic proto- pp. T77-780. DOIL: 10.1103/PhysRev .47 .
cols have been deemed vulnerable to quantum 777,
computers, as there are quantum algorithms that
can efficiently retrieve their secret [6]. But for 8] Matthias Kleinmann et al. “Memory Cost
some of these protocols [13, 14, 15], employing of Quantum Contextuality”. In: New Jour-
the attack requires that the secret is built into nal of Physics 13 (2011), p. 113011. pOL:
the quantum circuit. In this case, our result 10.1088/1367-2630/13/11/113011.
shows that these are so-called side-channel at- 9] T. Baumgratz, M. Cramer, and M. B. Ple-
tacks, and should not be deemed vulnerable to nio. “Quantifying Coherence”. In: Physical
quantum computers (since all protocols are vul- Review Letters 113 (2014), p. 140401. por:
nerable to side-channel attacks). 10.1103/PhysRevLett.113.140401.

[10] Mark Hillery. “Coherence as a Resource
in Decision Problems: The Deutsch-Jozsa
Algorithm and a Variation”. In: Physical
Review A 93 (2016), p. 012111. por: 10.
1103/PhysRevA.93.012111.
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Matrix Product State Based Quantum Classifier
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Abstract. Inrecent 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
(ET,) 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 quan-

Sushma Jain? &

tum computer

1 Introduction

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 net-
work 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 sim-
ulate strongly entangled correlated systems and to rep-
resent quantum states and circuits [2]. ‘Tensor network
methods’ is the term associated with the tools, which
are widely employed in experimental and quantum the-
oretical 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], quan-
tum 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 dis-
criminative tasks. The main purpose is to generate sam-
ples 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-
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ing model. Grant et al. [4] introduced the concept of hi-
erarchical quantum classifiers and executed binary clas-
sification for classical and quantum data. Two classical
machine learning datasets Iris and MNIST are consid-
ered 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 classi-
cal dataset (Iris and Agri) into quantum entangled state,
which is given as an input to MPS tensor network quan-
tum 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.

2 DMatrix product state

Matrix product state concedes the extent of entan-
glement in bond dimensions. It is a method of ten-
sor network, where the tensors are connected in a one-
dimensional geometry. Figure 1 shows the MPS as one-
dimensional array of tensors and an instance of finite
system of 5 sites. In MPS, a pure quantum state |¢)
is represented as:

d

>

01,02,...0L

|p) TriMy* My?...M]*]|o1,09,...01)

(1)

where M* are complex square matrices, d is dimension,
o; represents the indices i.e. {0, 1} for qubits and Tr()
denotes trace of matrices [5].

2.1 Encoding of classical data

In quantum mechanics, the N independent systems can
be combine by performing tensor product operation on



e

Figure 1: Representation of MPS with 5 sites

their respective state vectors [3, 10]. Consider a feature
map

¢'(z) = ¢ (21) © ¢*2(22) ® ... ® 9™V (xn)  (2)

where s; are indices run over the local dimension d such
that d={s1, s2,...,sn}. Therefore, each state vector x;
is mapped to full feature map ¢(z) in a d-dimensional

space. Fig 2 shows the tensor diagram of full feature
map ¢(x).
X = [ X1,X2,X3,...,XN]|
Input Vector

S1 s2 3 S4 $5 SN

¢d _ Q e Q G O ........ Q
N

b b 3 o e dn

Figure 2: Mapping of input vector to order N tensor

Consider a classical dataset S = {(z?,y?)}L_, for bi-
nary classification, where y? € {0,1} are class labels for
N-dimensional input vectors such that z¢ € RY. We
have normalized the input vectors to lie in [—m, w]. Thus,
the qubit ¢ is represented as

¢, = cos(xy) |0)

a _ [cos(z}) cos(x4)
On = {sm(m‘f)} © [ d
We map the N-dimensional input vectors z? € RY to
a product state on N qubits by using the feature map
Eq. (2). The full quantum data is represented as tensor
product ¢¢ = ®@N_ ¢4 [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. Simi-
lar to classical dataset for binary classification, quan-
tum data set for binary classification is denoted as a set
S, = {(¢p%,y") L, where y¢ € {0,1} are class labels
for 2N-dimensional input vectors such that ¢¢ € c. 1t
can be easily checked that quantum data as a output of
quantum circuit is in superposition state.

3 Quantum circuit classifier

We now discuss MPS quantum circuit classifier for clas-
sification 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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Figure 3: Matrix product state quantum classifier

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 sub-
part 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:

1

Jo = (5)

Sl

D
> (My(z?) — y?)?
d=1

where 2% and y? are the input and class labels respec-
tively, M is qubit operator, 6 represents the set of pa-
rameters 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.

3.1 Experimental results

Table 1: Performance comparison of MPS for each sam-
ples of Iris dataset

Training
Sample | Cost ACC Spec Sens  Gini
Irisy 0.11 88.75 0.86 0.90 0.80
Irisy 0.16 83.75 0.82 0.84 0.80
Iriss 0.05 95 090 1.0 0.92
Testing
Sample | Cost ACC Spec Sens  Gini
Irisy 0.15 85 0.85 0.83 0.67
Irisy 0.2 80 071 1.0 0.50
Iriss 0.1 90 084 1.0 0.77
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Figure 4: Model development phases for classification

Table 2: Performance comparison of MPS for each sam-
ples of Agri dataset

Training
Sample | Cost ACC Spec Sens Gini
Agriy 0.20  79.03 0.98 0.72  0.52
Agriy 024 7534 0.68 0.82 0.51
Agris 021 78.73 073 0.89 0.61
Testing
Sample | Cost ACC Spec Sens Gini
Agriy 0.19 80.65 0.76 0.83  0.53
Agriy 0.26 7333 0.67 0.79  0.50
Agris 022 77.04 077 0.75 0.53

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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4 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 cir-
cuit augmented with ancilla qubit that is implemented on
quantum computer with restriction on qubit rotations to
be real only. The key advantage of executing classifica-
tion with MPS quantum circuit is that it can be executed
efficiently with small number of qubits. The MPS quan-
tum classifier has shown great learning capability for Iris
and Agri datasets.
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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

Smoothing and filtering are techniques in classical es-
timation of dynamical systems to calculate probability
density functions (PDFs) of quantities of interest at some
time ¢, based on available data from noisy observation of
such quantities in time. In filtering, the observed data up
to time ¢ is used in the calculation. In smoothing, the ob-
served data both before (past) and after (future) ¢ can be
used. For dynamical systems where real-time estimation
of the unknown parameters is not required, smoothing al-
most always gives more accurate estimates than filtering.
In the quantum realm, numerous formalisms have been
introduced which use past and future information [2Hg].
Many of these ideas have been applied, theoretically and
experimentally, to the estimation of unknown classical
parameters affecting quantum systems [9HI5], or of hid-
den results of quantum measurements [I6H21]. The op-
timal 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 pa-
rameter estimation, a quantum analogue for the classical
smoothed state (i.e. the PDF) was still missing. As quan-
tum operators for a system at time ¢ do not commute with
operators representing the results of later measurements
on that system [22], a naive generalisation of the clas-
sical smoothing technique would not result in a proper
quantum state [5 [6l [§]. 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 smooth-
ing but which gives a proper smoothed quantum state,
i.e., both Hermitian and positive semi-definite.

The quantum state smoothing theory of Ref. [23] con-
siders an open quantum system coupled to two baths.
An observer, Alice, monitors one bath and thereby ob-
tains an “observed” measurement record O. Another

*kiarn.laverick@griffithuni.edu.au
far. chantasri@gmail.com
iprof .h.wiseman@gmail.com
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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 % as well
as O (the back-arrows indicating records in the past), she
would have maximum knowledge of the quantum system,
Le., the “true” state pg ¢ at that time. Alice’s smoothed
state is then defined as

ps = ps(ﬁ)Paﬁ : (1)
(9]

where the summation is over all pos(s_il;le records unob-
p(U| O) conditioned on

Alice’s past-future record O. By construction, Eq.
guarantees the positivity of the smoothed quantum state.

Here we present the theory of quantum state smooth-
ing 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 optomechan-
ical systems [14} 21} 22 26H36], 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. . 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 classi-
cal LG state estimation before moving on to the quantum
case. Consider a classical dynamical system described by
a vector of M parameters X = {x1, 22, ...,2p7} . Here T
denotes transpose. This system is regarded as an LG sys-
tem if and only if it satisfies three conditions [22] [40-45)].
First, its evolution can be described by a linear Langevin

equation
dx = Axdt + Edv,, . (2)

Here A (the drift matrix) and E are constant matrices
and dvy, is the process noise, i.e., a vector of independent
Wiener increments satisfying

Eldv,] =0,  dvp(dv,)' =Idt.

served by Alice and ps(ﬁL

3)



Here E[...] represents an ensemble average, and I is the
M x M identity matrix. Second, knowledge about the
system is conditioned on a measurement record y that
is linear in x, ydt = Cxdt + dvy,, where C is a con-
stant matrix and the measurement noise dv,, is a vec-
tor of independent Wiener increments satisfying simi-
lar conditions to Eq. . It is possible for the pro-
cess noise and the measurement noise to be correlated,
e.g., from measurement back-action, which is described
by the cross-correlation matrix I''dt = Edvp(dvy,) "
The third condition is that the initial state of the sys-
tem (i.e., the initial PDF of x, denoted as gp(x)|t=0) is
Gaussian; then the linearity conditions (first and sec-
ond) guarantee the conditioned state will remain Gaus-
sian: pc(x) = g(x; (X)c, Vo), which is fully described by
its mean (x)c and variance (strictly, covariance matrix)
Vo = (xx )¢ — (x)c(x){, throughout the entire evolu-
tion.

If the above criteria are met, one can compute a fil-
tered LG state conditioned only on the past record. The
filtered mean and variance are given by,

d<X>F = A<X>th + IC+[VF}dWF s
dVr

dt

(4)

= AV + Ve AT + D — KT [VE]KT[VE]T,  (5)
where dwp = ydt — C(x)pdt is a vector of innovations,
D = EET is the diffusion matrix, and we have defined a
“kick” matrix, a function of V, via KE[V] = VCT £TT.
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

—d<X>R = — A<X>Rdt + K~ [VR]dWR, (6)
f% =— AV — VAT +D - K [WRIK W], (7)

where dwr = ydt — C(x)rdt. Combining the filtered
and retrofiltered solutions Egs. 7, one obtains a
smoothed LG state conditioned on the entire measure-
ment record,

(x)s = Vs(Vi "(x)p + Vi ' (x)r),
Vo= (V' +VghHt.

(8)
(9)

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 observ-
able operators X = ({1, p1, ..., 4N, PN) |, where i and Py,
are canonically conjugate position and momentum opera-
tors for the kth mode, obeying the commutation relation
[Gk,D1] = hdg;. The system is called an LGQ system
if its dynamical and measurement equations are isomor-
phic to those of a classical LG system [22] 206], [46H49].
For quantum systems there are additional constraints
on the system’s dynamics [22], such as the initial state
must satisfy the uncertainty relation, V + ii¥/2 > 0.
Here Xy = —i[Zg, 4] and V is the covariance matrix
Vi = (&g + 313k) /2 — (Zg) (&), for Tx being an ele-
ment of X and (-) being the usual quantum expectation
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Figure 1: Various long-time states of the on-threshold
OPO system in Eq. , represented by their 1-SD
Wigner function contours in phase space, centred at the
origin. The homodyne angles used by Alice and Bob (6,
60,) are at the black dot in Fig.|3| The unconditional state
(solid black) shows infinite and finite variances in ¢ and
p, respectively, as a result of the damping and squeez-
ing. Alice’s filtered and smoothed states, are blue (filled
grey) and dashed-red ellipses, respectively. The dotted-
black and the dot-dashed green ellipse shows the (pure)
true state and the SWV “state”, respectively.

value. These let us represent the quantum state of an
LGQ system by its Gaussian Wigner function [22] de-
fined as W (x) = g(%; (x), V), using dummy variable %.
LGQ State Smoothing.— We now apply the quantum
state smoothing technique [23] to LGQ systems. Fol-
lowing the Alice-Bob protocol introduced in Eq. , a
true state of the LGQ system, denoted by the(_mean
%E)T and a variance Vr, is obtained given both O and
records. That is, the filtering equations - ap-
ply, but conditioned both on Alice’s observed record
Yodt = Co(X)1dt + dw,, and on Bob’s record, unob-
served by Alice, y,dt = C,(x)7dt + dw,,, with indepen-
dent Wiener noises. The equations for the true state are

d(x)r = AX)rdt + KT [Vr]dw, + KF [Vr]dw,,
dVr

dt

(10)
= AVe+ Ve AT + D

— K Vel Ve T = K Vel vl T, (1)
where KF[V] =VCI +T/, 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 <6>, as in Eq. . For LGQ

systems, the state depends on only via the mean,

Eq. (10)). Therefore, we can replace the (symbolic) sum in
Eq. (1)) by an integral: ps = [ ps({%)1)pr((X)1)d(X)T"

By applying the classical notion of smoothing to the PDF
pc((X)1), we are able to derive [I] the LGQ state smooth-
ing equations

(%x)s = (Vs — Vo) [(Ve — V) (X)p
+ (Ve + Vo) H%)R] (12)
Vo= [(Ve = Vo) '+ (Ve + V)] R (13)

as the main result of this research.
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Figure 2: Purities, and the RPR, Eq. , at the starred
point in Fig. [3] for the full range of Alice’s measurement
efficiency 7),, with the lower efficiencies plotted on a log
scale and the higher efficiencies on a linear scale, where
the dashed vertical line at 1, = 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 1, — 0, Pr matches the sim-

ple analytic expression [I] /2| cos 90|n(1)/ * (dashed black
on left), and smoothing gives a factor of /2 improve-

ment [I], as shown by the small { symbol. For 7, — 1,
the RPR is o< (1 —7,) (dashed black on right).

The advantages LGQ state smoothing offers over filter-
ing are readily seen in Fig.[l} where we note that the pu-
rity for a Gaussian state is defined as P = (h/2)/|V]|~!
[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., us-
ing 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 7,, the fraction of the system out-
put which is observed by Alice. If, as in the OPO system
we will define later, the unconditioned (n, = 0) variance
diverges, then Alice’s conditioned (filtered and retrofil-
tered) variances, if finite, must grow as 7, — 0. From
Eqgs. 7, when Vg and Vi are large, compared to
Vi, the smoothed LGQ state reduces to the SWV state
Eqgs. 7@. The SWV state has the same form as clas-
sical smoothed states, which often have the same scaling
as filtered states, but with a multiplicative constant im-
provement [9] [T5] [50]. Consequently, in the limit 7, — 0,
we expect Pswyv = Ps o« Pp as functions of 7,. This is
confirmed in Fig. [2] when considering the OPO system.

In the opposite limit, 7, — 1, we analytically show [I]
that the relative purity recovery (RPR),

Ps — Pp

R:
1Py’

(14)
a measure of how much the purity is recovered from
smoothing over filtering relative to the maximum recov-

ery possible, usually scales with the unobserved efficiency.
That is, R x 9y = 1 — 1o. As seen in Fig. [2| this linear
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0.15
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Figure 3: (Top) Contour plots of the RPR, Eq. ,
for the OPO system for different values of observed and
unobserved homodyne phases using 7, = 0.5. The dashed
line represents 6, = 0, and the solid line is the maximum
RPR. The circle and the star relate to Figs. [I] and [2]
respectively.

decay in the RPR holds surprisingly well, for the OPO
system, even outside the high efficiency regime.

Ezxample— We now apply quantum state smoothing
to the on-threshold OPO [22] 26], an LGQ system with
N =1 described by the master equation

hp = —i[(gp + pq)/2, p] + DI + iplp. (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 = hl. Let us assume that Alice observes the
damping channel via homodyne detection. Therefore,
Co = 24/1o/h(cosby,sinb,), where 6, is the homo-
dyne phase [22, 26]. For simplicity, we assume Bob
also performs a homodyne measurement, with a differ-
ent phase 6, so that Cy = 2y/ny/h(cosb,,sinb,) and
Iy = —hC,/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 com-
binations of homodyne phases that result in the largest
RPR. The RPR is always positive (see Fig. , meaning
that the smoothed quantum state always has higher pu-
rity than the corresponding filtered one. If Alice’s phase
0, is fixed, one might guess that Bob’s phase giving the
best purity improvement should be the same, 6, = 6,.
However, that is not at all true (see Fig.[3). The optimal
6oP* is not a trivial function of 6,. Rather, OSP* ~ 0, i.e.,
Bob should measure the ¢-quadrature, which is presum-
ably related to the fact that, without measurement in,
the variance in ¢ diverges.
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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 many-
body 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

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 tran-
sitions in many-body systems are generally modeled by
the (spontaneous) symmetry breaking, the spin-spin cor-
relation 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 entangle-
ment but also any other concepts such as the fidelity, the
mutual information, and the quantum coherence is uti-
lized 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) spin-
1/2 chain such as [5, 6, 7]. In this poster, we are go-
ing 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 com-
pletely 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 var-
ious numerical approaches like the MPS representation
and iDMRG method.

2 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 through-
out 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 or-
der 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 Bcglmp for

*sonwm71@gmailcom

any quantum state, where

d—1
Begimp = %Z Jo (4 4o 2By) © (42 +wmB8) +hee,
(1)
where f. = = 1)0.) - sec [22” and d is the dimension
of the basis for each party. The measurement operators
/Alj and éj represent two kinds of measurements for jth
party(ie., V; € {4;,B;}) and j € {1,2} can be either
the first or the second party. The definition of the mea-
surement operator V in Eq.(1) is given by

d—1
V= Zw“|a>v<a|, (2)
a=0

2mi

where w = e"@ and the basis |a> comes from the maxi-
mally entangled state |¢) = f Z \04, a). As CGLMP

did in their paper[15], Alice chooses the Fourier transform
basis and Bob does the inverse Fourier basis such that

o)y, = wa*“*‘” 816y, (3)

where the phase shifts become ¢4, = 0, ¢p, = 1/2,
$a, = —1/4, and ¢p, = 1/4 in Fig. 1 and |B) is the
spin-z basis. Thereby it is possible to construct the mea-
surement operators for Ay, Ay, By, and Bs. From Eq.(3),
one can derive the identity such that

1 An n/2 pHn mn

5(141 tw /231) =J (4)

1, . . .

(A5 +w"2By) = W (5)
where J" = Zg;z |8) (B8 —n| is the n-level lowering oper-
ator. It is remarkable that the operator J is the same

as the spin lowering operator S-. Consequently, the
CGLMP operator Begimp can be simplified as

BCglmp = Zl sec [%} (J" (J”) (jn)T ® jn) 7
n=1
(6)
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We will use the operator as an entanglement witness of
a d-dimensional many-body system and phase quantifi-
cation.

3 The
Chain

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

1D Spin-1 Antiferromagnetic

N-—1 N
H= 8888, +8Y8Y,, +7.5787,,+D Y (57)%, (7)
=1

i=1

where S'f denotes the spin-1 operators for a = x,y, 2
at site 7, J, is the anisotropy of spin-exchange interac-
tion 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(Large-
D 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 1: The graphical notation of iMPS in the canoni-
cal form. Due to the translational symmetry, the rank-3
tensors I" and the matrices A are the same for all sites.

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 |¢)) in the canonical form of iMPS is
given by

W)= > Tr[[AL2A---T*¥AJ[s;---sn), N = oo
S1,cr

(8)

where I'%/ is the x x x matrices for s; € {1,2,--- ,d} and

A is a real, diagonal, and nonnegative matrix of dimen-

sion x X x. As the bond dimension y goes to infinity,
Eq.(8) gets close to the exact one.

SN

5 Results & Discussion

By using the iDMRG algorithm [16, 17], we are go-
ing to simulate the Hamiltonian Eq.(7) in the thermody-
namic limit to ignore the boundary conditions and the
finite size effect. Here, CGLMP measurement is defined
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Figure 2: The CGLMP measurement (a) at D = 0 and
(b) at J, =0.

as <l§’z;l+n:p> for the ground states. For d = 3, Bigltr:pof

Eq.(6) can be expressed in terms of the spin-1 operator

giatr _ 2
cglmp 7\/5
+2[(8)2 @ (53, + (57 @ ($4.,?].

[Sj ®5,, +5 ® S;lr]

Thus, (Bzg’;;p) is the linear combination of transverse

spin-spin correlation like <5'1+5’J_> and ((5;)2(S5.,)%).

In Fig.2(a), the discontinuity occurs at J, = —1 and
there is an inflection point at around J, ~ 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., <S’Z+5';_r> ~ =) 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 func-
tion decays like the one in the gapless phase.
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Abstract. A quantum secret sharing (QSS) protocol which has an improved secret key rate by exploiting
d-dimensional quantum states is presented. The scheme is performed among d authorized parties with-
out generation of an entangled state. The scheme provides the measurement-device-independent security
against a potential eavesdropper since a result of the measurement only reveals a correlation among d-
dimensional quantum states sent from the d parties, not the exact quantum states. We show that our
protocol can be implemented with current state-of-the-art technologies, and it can be more practical and
efficient than an entanglement-based QSS protocol using d-dimensional quantum states. The security of
the proposed protocol is analysed for the cases, when all players are trusted and there is a malicious player,
as well.

Keywords: Quantum cryptography, Quantum secret sharing, High-dimensional quantum system,

Measurement-device-independent security

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 par-
ticipants, 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 pro-
posed as a quantum counterpart of classical secret shar-
ing [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 high-
dimensional quantum state can carry more information
per single photon and has enhanced security against
eavesdropping [10, 11]. However, generation of a high-
dimensional GHZ state needs demanding technologies as
it was reported in the recent paper [12]. Here, we pro-
pose a feasible QSS protocol using d-dimensional quan-
tum states among d parties without generation of an
entangled state. In this protocol, measurement-device-
independent (MDI) security is guaranteed since measure-
ment devices are separated from all the authorized par-
ties [13, 14].

2 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 Bob; and Bobs, are the players. The au-
thorized parties generate a 3-dimensional number and en-
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Untrusted 3™ party

Charlie
Alice 3d-ESD Bob1
{10),11), 2} {10),11), 2)}
(10}, 11).[2)} {10}, 1. 2)}
{10, 11).[2)}
Bob2 15 11y, 12))

Figure 1: A schematic diagram of 3d-MDIQSS. There are
three authorized parties, Alice, Boby, and Bobs, and one
untrusted party, Charlie. Each of the authorized par-
ties generates a single photon state according to their
choice of an encoding basis and 3-dimensional informa-
tion, {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 measure-
ment result. In this protocol, both Bob;’s and Bobsy’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 ex-
isting QSS protocol using d-partite d-dimensional GHZ



OAM

L DAy
discrimination »
OAM :D
discrimination B'x
B
OAM
discrimination BDcr,

Alice

Bobl Mirror

Single photon detector
Bob2

Figure 2: A schematic diagram of the 3d-ESD. Three
photons sent from the authorized parties enter into a 3-
port 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 discrimi-
nation elements and single photon detectors. Charlie can
discriminate a part of tripartite 3-dimensional entangled
states from a combination of clicked detectors. Dy, : a
detector corresponding the OAM state |y) on the path
X; BS1 : 50:50 beam splitter; BS2 : beam splitter of
which transmissivity is 2/3.

15
)
Qo »
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Figure 3: The secret key rates per sifted pulse with exper-
imental factors. The secret key rates of the 2d-MDIQSS
protocol (black dashed line), an entanglement-based 3d-
QSS protocol (blue dotted line), and the 3d-MDIQSS
protocol (red solid line) are plotted. Experimental fac-
tors, transmission loss n and a dark count rate of a single
photon detector, are considered in the plots. The dark
count rate is assumed as 10~° per pulse.

states [9] since generation of an entangled state is not
necessary. We show that the measurement setup, called
an entangled state discrimination (ESD) setup, can be
implemented with linear optical elements and OAM dis-
crimination setups. An example of the setup is shown in
Figure 2 for the 3-dimensional case.

The security of the d-MDIQSS is analyzed as well. One
of the analyses, secret key rates per sifted pulse against
experimental factors is drawn in Figure 3. In the plot,
transmission loss of a photon and a dark count of a single
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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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Abstract.

We address perfect discrimination of two separable states. When available states are re-

stricted 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

distinguishable.
Keywords:

1 Introduction

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 measure-
ment without quantum correlation, e.g., local operation
and classical communication (LOCC) and separable mea-
surement [3-7]. The difference between the first and sec-
ond performance can be derived from the following two
classes of measurements. One is the class of measure-
ments 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 consid-
ered 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 or-
der 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 proba-
bility 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
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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 al-
lowed in quantum theory. The framework composed of
the class of separable states and the class of such mea-
surements 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 pos-
itive 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
{M;}; of the identity matrix I. More precisely, all ele-
ments M; lie in the dual cone and satisfy ) 5, M; = 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 quan-
tum 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 discrimina-
tion 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 per-
fectly [24]. This fact is not changed even if we restrect the



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 suffi-
cient condition implies that 2n-copies p©?" and p$*" of
pure states are perfectly distinguishable for a sufficiently
large n if p; # po. In this sense, SEP is completely dif-
ferent from quantum theory.

Since our necessary and sufficient condition reveals
that some non-orthogonal states in SEP can be discrimi-
nated 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 com-
munication. 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 ca-
pacity 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 no-
tational conventions. Let H4 and Hp be two finite-
dimensional complex Hilbert spaces. We denote by
T(AB) and T;(AB) the set of all Hermitian matrices
on H ® Hp and the set of all positive semi-definite ma-
trices on H4 ® Hp, respectively. The sets T(A), T(B),
T+ (A), and T, (B) are defined similarly. In quantum the-
ory, available states are elements of 7} (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

SEP(A; B)
= { ZXZ-A ® XP

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 val-
ued measures (POVMs). That is, a measurement {M,};
satisfies M; € TL(AB) and ), M; = I for any outcome
i. However, since we restrict available states to separa-
ble states, measurements of SEP form a larger class than
those of quantum theory. A measurement {M;}; of SEP
is defined by the conditions

X e Ti(A), X € To(B) (Vi) }

M; € SEP*(A; B) (Vi), Y M;=1,
where SEP*(A; B) denotes the dual cone of SEP(A; B)
and is defined as

SEP*(A; B)
—{Y eT(AB) | Tr XY >0 (VX € SEP(4; B)) }.
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Since the inclusion relation SEP*(A; B) D T;(AB) holds,
measurements of SEP form a larger class than those of
quantum theory.

Now, let us consider state discrimination in SEP. Let
{pi}?; be a family of n states. Then we say that {p;}}_;
is perfectly distinguishable in SEP (resp. quantum the-
ory) if there exists a measurement {M;}"_, of SEP (resp.
quantum theory) such that Tr M;p; = d;;, where J;; de-
notes the Kronecker delta. It is well-known that {p;}?,
is perfectly distinguishable in quantum theory if and only
if any two distinct states of {p;}?_; are orthogonal, i.e.,
Tr p;pj = d;5 for all ¢ # j. In this paper, we address the
case n = 2 mainly.

We give an example that two states are perfectly dis-
tinguishable and not orthogonal. For this purpose, we
consider the case where H 4 and Hp are two-dimensional
(hereinafter, it is called the (2,2)-dimensional case). In
this case, the dual cone SEP*(A; B) can be expressed ex-
plicitly by using the partial transpose operation I', which
throughout the paper we assume to be on subsystem B.
Since for 2 x 2 matrices C' = (¢;;);,; and D = (d;;);,; the
tensor product matrix C ® D is expressed as

ciidin  ciidiz | ciedin ciadio

. ciidor  crida ' cradar  cradag
CeD=|-Jt2 1, 22 222, :

co1di1 co1dia | coadin  Coadia

co1d1n  ca1di2 ! coadin  Coadio

the partial transpose I'(X) of a matrix X = (x;5);; is

Ti1 T21 | T13  T23
Ti2 T2z ' Tia Toy
NX)=|-==-=% +oE -2
T31 T41 1 T33 T43
T3z T4z | Tzg Ty
As stated above, we can express the dual cone

SEP*(A; B) explicitly. Indeed, the combination of [26]
and [27] implies the following proposition.

Proposition 1. If (dimH4,dimHp) = (2,2), then
SEP*(A;B)={T+TI(T") | T,T7' € T, (AB) }.

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

Example 1 (Perfect discrimination of non-orthogonal
pure states in SEP). Suppose that two pure states
p1, p2 € SEP(A; B) are given as

10 10
n=lo ool 1]
l—ar B I —as
= ®
P2 { B 041} [ B2
where a; € [0,1], 8; > 0, and 5 = «a;(1 — ;) for all
1 = 1,2. Assume a1 + ag = 1 here. Then we show
that p; and po are perfectly distinguishable in SEP. Let

us give a measurement {77 + I'(T1),T» + I'(T2)} with
positive semi-definite matrices 77 and T5. Since T; and

(1)

Qa2

ﬂz}



Table 1: Necessary and sufficient (NS) conditions of perfect discrimination of two pure states, and capacities.

GPTs SEP Quantum theory
NS condition || Trpilps + Tr pPpl <1 [ (Tr pfpd)(Tr pPpP) =0
Capacity dim(Hs @ Hp) dim(Hs @ Hp)

Ty are positive semi-definite, proposition 1 implies that

T; +T'(T;) € SEP*(4; B) for all i = 1,2. Now, we set the
positive semi-definite matrices 77 and T5 as
1 0 0 -1 0 0 0O
110 0 0 O 110 1 1 0
hi=510 00 o 7300110
-1 0 0 1 0 0 0O

Then {Ty + I'(T1),T> + I'(T»)} is a measurement of
SEP because (Tt + I'(Th)) + (I> + T'(T2)) = I. The
measurement {17 + I'(T1), T2 + I'(T)} discriminates p;
and po perfectly. Let us verify it. First, the equa-
tion Tr pq (T» + I'(12)) = 0 follows from the definitions.
Next, note that the assumption a; + as = 1 implies
,81 = 62 = \/m Since (1) F(pg) = pP2 and (ll)
a;+az =1 (p = B2 = J/aiaz), we have

Tr po(T1 + T'(T1)) @ 2Tr po Ty
=(1-a1)(1—as)

Thus the equation Trps(Ty + I'(T1)) = 0 also follows.
Finally, the equation Tr p;(T; + I'(T;)) = 1 follows from
(Ty + (1)) + (T2 + I(T2)) = I and Tr p;(T; + I'(T})) =
0 for all ¢ # j. Therefore, the measurement {7} +
I(Ty), Ty + I'(T)} discriminates p; and pg perfectly.
Here, note that p; and py are not orthogonal if ay, as # 1.
Thus perfect discrimination of two pure states in SEP is
possible even when the two states are not orthogonal.

(i)
+ajas — 2516, = 0.

Example 1 gives a sufficient condition of perfect dis-
crimination, 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 discrimi-
nated perfectly.

Theorem 2. Two pure states py = pi* @ pP and py =
04 @ pB are perfectly distinguishable in SEP if and only
if

Trpi'ps + Trpr'py < 1.

Here, let us compare the necessary and sufficient con-
dition in SEP with that in quantum theory. In quantum
theory, the condition (Tr p1'ps)(Tr pZpP) = 0 is neces-
sary and sufficient to discriminate the two state in theo-
rem 2 perfectly. Thus we can find that measurements of
SEP improve the performance of state discrimination.

Measurements of SEP improve the performance of
multiple-copy state discrimination more dramatically. To
see this fact, let us consider perfect discrimination of
2n—coples pimn and p§®2" of pure states. Then ,0®2”
"® pZ " is a separable pure state on a bipartite system
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for i = 1,2. Thus p$*" and p$?
guishable in SEP if

™ are perfectly distin-

2(Tr p1p2)™ = Tr p{" pS™ + Tr pP" p$™ < 1.

This inequality always holds for a sufficiently large n if
p1 # p2. Therefore, p$?" and p$?" are perfectly dis-
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 Nsgp defined as the maximum number
of simultaneously and perfectly distinguishable states in
SEP:

Nggp =

max{n € N | 3{p;}iy, HM;} g st. TrpiM; =35},

where {p; };"; and {M;}7_, are a family of states in SEP
and a measurement of SEP, respectively. As stated in the
previous paragraph, the performance of state discrimina-
tion 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 proposi-
tion shows that this is not the case.

Proposition 3. The capacity Nsgp is dim(Ha @ Hp).

Since the capacity in quantum theory is equal to the di-
mension 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, us-
ing [10, Lemma 24 (iii)] needs to be careful. For details,
see the full version [28].

Table 1 summarizes the necessary and sufficient condi-
tions of perfect discrimination and the capacities in quan-
tum theory and SEP. The performance of perfect discrim-
ination in SEP is better than that in quantum theory but
the capacity in SEP is equal to that in quantum theory.
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Graph States as a Resource for Quantum Metrology
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Abstract.

The GHZ state is an ideal resource state for quantum metrology as it can achieve the Heisen-

berg 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

n2710gn 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:

1 Introduction

Quantum metrology describes the framework for es-
timation strategies which surpass the precision limit of
classical strategies [1, 2]. Classically, a system with n
probes used to estimate an unknown parameter @, can
achieve a precision where the variance scales inversely
to the number of probes: A#* = 1/n. In a quantum
system, where the probes can be entangled, the highest
achievable precision scales quadratically to the number of
qubits: AB? = 1/n?, otherwise known as the Heisenberg
limit (HL).

Entanglement is a requirement to yield a quantum ad-
vantage, 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 entangle-
ment. Given a quantum resource, p, the highest achiev-
able precision attainable is bounded by Q(p), the quan-
tum Fisher information (QFI): A#? > 1/9(p).

We investigate the usefulness of graph states for quan-
tum metrology and construct a family of graph states
which achieve a QFI of at least Q > n2logn b g > 9.
we call these states bundled graph states. Additionally,
we show that bundled graph states retain a quantum ad-
vantage when subjected to independent and identically
distributed (iid) dephasing and a small number of era-
sures.

2 Stabilizer States

Definition 1 An n-qubit stabilizer state is the simulta-
neous +1-eigenstate of n independent operators in the
Pauli-n group: gi1,...,9n [8]. The corresponding stabi-
lizer group S is generated from these operators and the
stabilizer state, p, can be expressed as a sum of all oper-
ators in the stabilizer group:

S=1{(g91,---,9n) (1)
p= an [[a+g)= an > s (2)
i=1 Ses

We begin by computing N, .: the number of stabi-
lizer states which have a QFI of at least @ > n?~¢. In

*nathan.shettell@lip6.fr
Tdamian.markham@lip6.fr
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this study we only consider the canonical case of phase
estimation:

p—po=e iHHpewH (3)
1 n

H=g > X (4)
j=1

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

—4(y[HW)®  (5)

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

Q) = 4AH? = 4 (Y|H*|4))

-5 (M gz

j=k—

(6)

Where k = n'=¢/% and N,, 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 de-
fined in one to one correspondence with a simple graph

with |V| = n wvertices and edges E. The corresponding
generators are:
JEN(9)

Where N (i) is the neighbourhood of the ith vertex.

Fact 3 The QFI of a graph G with no isolated vertices
(IN(i)] > 1 Vi) is equal to the number of pairs of vertices
(i,5) with N(i) = N(j).

Proof. For any stabilizer state p and pauli P:

+1 it £PeS

0 otherwise

Tr(pP) = {



@’@

Tt

Qubit
Quantity ‘

Figure 1: Bundle graph state constructed from a 3-qubit
cyclic graph, Q(Grundie) = 12 + n3 + nd > n2—lom?,

Combining the above with equation 5. The only non-
vanishing terms are of the form Tr(GX;X;) such that
N(i) = N(j). Thus, the QFT of a graph state is equal to
the number of pairs (i, j) such that N (i) = N(j):

G)= > SnuwNG)

i,j=1

(9)

O

4 Bundled Graph States

In this section we provide a method to construct graph
states with a QFI of at least n?~1°8= % Yk > 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.

4.1 Construction

To construct a bundle graph Gpunaie = (V/, E'):
1. Begin with any connected graph G = (V, E) with
V|=k<n.

2. The jth vertex, v;, is replaced with n; qubits, la-

belledvjl-,..., ; ,suchthatz _ynj =n.

3. If (v, v5) € E then (vf,vY) € E' Vz,y.

/_ 1 ni 1 Nk
—{111,.. SO s Uy,

= { (i, vf) Yo,y | (vi,v5) € E}

We say vertices v}, ...,v:7 are bundled together since
they all share the same neighbourhood; the necessary

condition to attain a high QFI. Using equation 9:

k
Tl —lo
G"bunclle Z L > ? - n2 logn ¥ (12)
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2.0
— k= Classical Limit
1.8 — k=10 —— Heisenberg Limit
— k=20

B

0.05

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

log,_. 9
2.0
1.6
1 ]
L ° H} ° o
1.2 ° °
L ]
0.8 °
e k=5 Classical Limit
041 o k=10 —— Heisenberg Limit
e k=20
e
0-05 1 2 3 4

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 era-
sures a bundled cyclic graph can withstand whilst keep-
ing a quantum advantage (on average); which is expected
from equation 14.

4.2 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:

Q(Ggizz?:mg) (1 - 2p) Q(Gbundle) + 4np(1 - p)

2
n
> (1- 219)2?

PO (%)

(13)

_ n2—logn k—

4.3 Robustness Against Erasures

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



metrology after losing a single qubit [1]. The general ex-
pression for the QFIT 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 Q; the average QFI
of the system over all (:) permutations of losing e qubits.

We compute the closed form expression of Q for a bun-
dled cyclic graph divided into k nodes of j = n/k. The
equation holds for 1 < e < 2j:

B ) n—4j\ _ (n—>5j 2 9 n—23\ _ (n—3j
o L2 I 2 2 )

(¢) k. (2)

5 Single Qubit Measurements

In practise, achieving a precision of A#? = 1/Q can
only be achieved by measuring in the basis of the sym-
metric logarithmic derivative [1, 10]. This measurement
may not be realistic.

Fact 4 If the following two conditions are satisfied, we
can achieve a precision of A% = 1/Q using graph states:

1. The phase we are trying to estimate is small.

2. There exists a stabilizer, Sy, for the graph which
consists entirely of Y and Z operators.

The desired precision can be attained by measuring in
the S)s basis.

Proof.
(Sm) = <G‘ei% i Xi SMe—ig X )
— <G‘€i0 Z?:O X; |G>
=D o G X)"Ie) (15)
m=0 i—0
92
=1-520+0(%)
Using the error propagation formula:
AS?
AG2 = M
|0 (Sr) |?
_r9+0@)
0292 + O(6°) 6)
L e
~ o2
_ 1
-9
g

For a bundled cyclic graph the above conditions can
only be satisfied if the number of bundles is a multiple of
4. There are many other graph states where the second
condition cannot be satisfied. We show that by using a
graph state with one additional qubit we can still achieve
a precision of Af? =1/Q.
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6 Conclusion and Remarks

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@ > n27198.%  We call
these states bundled graph states, as they have a large
number of qubits with identical neighborhoods; the re-
quired property for a graph state to have a high QFI.
We also show that bundled cyclic graphs retain a quan-
tum advantage after being subjected to iid dephasing or
a small number of erasures. Lastly, we devise a measure-
ment startegy for graph states to achieve a precision of
Af =1/Q. All of the aforementioned properties in com-
bination with the fact that graph states can be efficiently
generated [6] make them an ideal candidate for quantum
metrology.
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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. Introduction

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

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
guantum channel, controlled by optical switches
(OSW 1 and 2).
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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. Measurement of Entanglement

The entanglement is evaluated by measuring
correlations cp, between X and XX photons for co-
and cross-polarized states P and Q in three detection
bases HV, DA and RL and by using the following
equation [2]:

F=(1+Cyy+Cpa—Cr)/4
In which Cun 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. Conclusion

We have recorded correlation data for 7 days and
observe a stable transmission of entanglement with a
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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.

[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 telecom-
wavelength entangled photon source." Nature communications 5
(2014): 3316.
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Abstract. We address asymptotic decoupling in the context of Markovian quantum dynamics. Asymp-
totic 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 stationar

state on at least one quantum system. In our previous study [18th AQIS, 8-12 September 2018, Nagoyai
we defined and discussed asymptotic decoupling, but considered it only for special Markovian quantum
dynamics with discrete-time. To compensate for this weak point, we address general Markovian quantum

dynamics with discrete/continuous-time. The full version of this paper is available at ArXiv:T801 (0398R
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1 Introduction

Decoupling asserts that a quantum channel breaks the
correlation between two quantum systems, and attracts
attention in open quantum systems [{l] and quantum in-
formation [2-4]. For example, Dupuis et al. [8] 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 intro-
duce 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 [#-d]. In such studies,
it is important how an initial state changes after a suf-
ficiently long time passes. In particular, the conver-
gence (called mizing) and the convergence of the long-
time average (called ergodicity) interest many researchers
[0, 1]. Hence mixing has been discussed in the con-
text of relaxation to thermal equilibrium [7-9]. However,
beyond the study of relaxation processes, these proper-
ties have found important applications in several fields of
quantum information theory. In particular, in quantum
control [7], quantum estimation [I[3], quantum commu-
nication [[4], and the study of efficient tensorial represen-
tations of critical many-body quantum systems [I5]. Ac-
tually, 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 [06] have not associated decoupling with mixing.
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Figure 1: Markovian quantum dynamics with discrete-
time.

Therefore, a contribution of this paper is to associate de-
coupling 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 B gives our main result, i.e., a necessary and suf-
ficient condition of asymptotic decoupling. Section B ad-
dresses continuous-time evolution.

2 Main result

As Figure O, consider dynamics given by n applica-
tions of a quantum channel I' to an initial quantum state
p. Then we are interested in the asymptotic behavior
of the n-th state I'(p) as n — oco. In particular, when
T (resp. p) 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 I' is asymptotically
decoupling.

In order to define asymptotic decoupling mathemat-
ically, let us introduce some notations. Consider two
finite-dimensional quantum systems #H; and Hs of our
interest. For a number ¢ € {1,2} and a quantum state
p on Hi ® Hs, the reduced state on H; of p is denoted
by 7;(p) to emphasize a remaining system instead of a
deleted system. That is, by using the partial traces Try
and Try, we have 71(p) = Trg p and 72(p) = Try p. From
now on, we use tilde to express to be bipartite. For in-
stance, a bipartite quantum state is denoted by p, and a
bipartite quantum channel is denoted by I.

Now, the mathematical definition of asymptotic decou-
pling is below:

Definition 1 (Asymptotic decoupling [16]). A quantum


https://arxiv.org/abs/1801.03988

channel T is asymptotically decoupling if any state p sat-
isfies

["(p) = m(I"(p)) ® ma(I"(p)) + o(1)  (n — o).

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 in-
troduce another asymptotic property, namely, mixing:

Definition 2 (Mixing [I0,00,06]). A quantum channel
I' is mixing if there exists a state py such that any state
p satisfies

lim I'"(p) = po.

n—roo

The state pg is called the stationary state.

Note that a quantum channel is given as a trace-
preserving 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 decou-
pling. For simplicity, first, we give it for a tensor product
quantum channel I'y ® I's:

Theorem 3. For any two quantum channels I'y and Ty,
the following conditions are equivalent.

1. Ty ® T'y is asymptotically decoupling.
2. T'y or T’y at least one is mixing.

Condition B can be represented as a simple phrase lo-
cal mizing. Hence, simply speaking, asymptotic decou-
pling is equivalent to local mixing. Since spectral cri-
terion [I0, Theorem 7] and another criterion [, The-
orem 1] are known as criteria of mixing, these criteria
determine whether a tensor product quantum channel is
asymptotically decoupling or not. These are why The-
orem B is simple and meaningful. Moreover, the above
equivalence also holds for a general quantum channel:

Theorem 4. For any quantum channel T, the following
conditions are equivalent.

1. T is asymptotically decoupling.

2. There exist a number i1 € {1,2} and a state po;,
on H;, such that any state p satisfies

L7(p) = po.iy @ 1 (T"(P)) + 0(1)  (n = o0),
where ig is an element of {1,2} except for i;.
Condition () can be explicitly written as
Case (i1,i2) = (1,2)  I"(7) = po. @ ma(I™ (7)) +o(1),
Case (i1,i2) = (2.1)  ["(p) = m(I"(p)) @ po,2 +o(1).

Since the state pg,1 or po.2 is something like a stationary
state, condition (B) can also be regarded as local mixing.
Hence, for a general quantum channel, the same simple
equivalence also holds: asymptotic decoupling is equiva-
lent to local mixing.
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Figure 2: Markovian quantum dynamics with
continuous-time.

3 Continuous-time evolution

Next, we address continuous-time evolution. In the
discrete case, I'"(p) has denoted the state at time n € N.
Since we address continuous-time evolution in this sec-
tion, we denote by '™ (p) the state at time ¢ > 0. More-
over, it is natural that the family {I'®},-¢ of quantum
channels should satisfy

o T o) =T0+s) for all t,s > 0,
° F(t) — idT(’H) as tl, 0.

where idy(5) denotes the identity map on the set T (H)
of all Hermitian matrices on ‘H. The above first condi-
tion is illustrated by Figure B. It asserts that the state
at time t 4+ s equals the state after a time s passes from
the state at time t. A family {T®},5( satisfying the
above two conditions is called a Cy semigroup. It can be
casily checked that any Cj semigroup {I'®},- is right-
continuous everywhere. The definition of a Cy semigroup
is simple and intuitive in the finite-dimensional case, but
the infinite-dimensional case needs a few technical con-
ditions. Although there are many studies on Cj semi-
groups of finite/infinite-dimensions, we use no existing
results on Cy semigroups and only use the above two con-
ditions. In the context of Markovian quantum dynamics,
Cy semigroups are also called quantum dynamical semi-
groups [Id].

In order to state our results in the continuous case, we
need to define the continuous versions of asymptotic de-
coupling and mixing. Fortunately, once replacing I'" and
n — oo with I'® and ¢ — oo respectively, the contin-
uous versions of asymptotic decoupling and mixing are
defined. In this setting, the continuous versions of Theo-
rems B and @ are below:

Theorem 5. For any two Cy semigroups {th)}bo and
{F(Qt)}t>0, the following conditions are equivalent.

1. {th) ® Fg)}bo is asymptotically decoupling.
2. {I’gt)}t>0 or {Fg)}t>0 at least one is mizing.

Theorem 6. For any Cy semigroup {T®M}4~o, the fol-
lowing conditions are equivalent.

1. {f(t)}t>o is asymptotically decoupling.

2. There exist a number i1 € {1,2} and a state po
on H;, such that any state p satisfies

L0 (5) = poiy ® mip (L () +0(1)  (t = 00),

where 5 s an element of {1,2} except for iy.



Table 1: Difference from our previous result.

H Dynamical map | Time evolution

Previous result 2 .
- . Discrete
[lfj] I'® ldT(H)
. ' ®Ty Discrete
This paper ~ .
General I' Continuous

Similarly to the discrete case, asymptotic decoupling
is equivalent to local mixing. Theorem B is derived from
Theorem @ at the end of this section. Table [ summarizes
the difference between this paper and our previous result
[16, Theorem 1], with respect to asymptotic decoupling,.

Some readers might consider that Theorems B and B
are more general than Theorems B and B. However, it
is not true due to the following reason. Any Cj semi-
group {I‘(t)}t>0 can be represented as an exponential
function [I8, Theorem 1.3.7]: there exists a linear map
L such that T'®) = ¢'£ for all t > 0. Thus I'® does not
have the eigenvalue zero. However, the discrete case al-
lows that T' has the eigenvalue zero. Moreover, {T(V},
is a Cy semigroup of CP maps if and only if {(I'¥)®2},,
is a Cp semigroup of positive maps |19, Theorem 1]. This
fact is completely different from the case with CP maps:
positivity for I'®2 does not imply complete positivity for
I". These are why the continuous case is somewhat re-
stricted. The above generator L is called a Lindbladian
and was characterized by Lindblad [I'd].

Proof of Theorem B assuming Theorem @. B=0. This
implication follows from the definition.

O=0. Assume condition . Since (f(l))” =T for
all n € N, the quantum channel I'™ is asymptotically
decoupling. Thus Theorem B implies that T(}) satisfies
condition B in Theorem B. Without loss of generality, we

may assume (i1,42) = (1,2). Thus any state p satisfies

L™ (5) = po.1 @ ma(T™ (7)) + o(1),
m(T™(5)) = poi +o(1). (1)
Now, let I'p; be the quantum channel defined as
To1(p) = po,1 for any state p on Hy. Also, let n
n(t) := [t] and 6 = 0(t) := t — n(t) for all ¢ > 0. Then
any state p satisfies

m(L0(p)) = m o TM(L(5) = p) + m 0 T (5)
= o IT™M(TO) () — p) + po,1+o(1), (2)

where the last equality follows from (). Moreover, since
(m) implies that 7 o ™) converges to I'p1 as n — oo, we
obtain

Iy o DO (DO (5) — )|

= |Jm o T (T (5) = p) = Lo (C(5) — p)la
= [|(m1 o T™ — T 1) (TP (5) — p)IIx
< |l o T =Tl - [T(5) = plla

<2|lm o T —Tg4[l1 2250
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where || - |1 denotes the trace norm, and || - ||1,1 denotes
the operator norm based on the trace norm: ||©|;; =
sup| x|, <1 [|©(X)]|1 for a linear map © on T (#). There-
fore, () and (8) yield m (T®(5)) = po1 + o(1). This
equation and condition O imply condition B. O

Acknowledgments

The authors are grateful to Ziyu Liu for discussing the
continuous case together. YY was supported by Japan
Society for the Promotion of Science (JSPS) Grant-in-
Aid for JSPS Fellows No. 19J20161. MH was supported
in part by a JSPS Grant-in-Aids for Scientific Research
(A) No. 17H01280 and for Scientific Research (B) No.
16KT0017, and Kayamori Foundation of Information Sci-
ence Advancement.

References

[1] L. Viola, E. Kuill, and S. Lloyd, “Dynamical decou-
pling of open quantum systems,” Phys. Rev. Lett.
82 2417 (1999).

[2] F. Dupuis, “The decoupling approach to quan-
tum information theory,” PhD Thesis, Uni-
versité de Montréal, defended December 2009;

arXiv:1004.1641.

F. Dupuis, M. Berta, J. Wullschleger, and R. Ren-
ner, “One-shot decoupling,” Commun. Math. Phys.
328 251-284 (2014).

C. Majenz, M. Berta, F. Dupuis, R. Renner, and
M. Christandl, “Catalytic decoupling of quantum
information,” Phys. Rev. Lett. 118 080503 (2017).

M. A. Nielsen and I. L. Chuang, Quantum compu-
tation and quantum information, 10th Anniversary
Edition, Cambridge University Press, Cambridge,
(2010).

M. Hayashi, Quantum Information Theory Math-
ematical Foundation, Second FKEdition, Springer,
Berlin, (2017).

R. F. Streater, Statistical Dynamics: A Stochastic
Approach to Nonequilibrium Thermodynamics, Sec-
ond Edition, Imperial College Press, London (2009).

H. P. Breuer and F. Petruccione, The Theory of
Open Quantum Systems, Oxford University Press,
New York (2002).

F. Benatti and R. Floreanini (Eds.), Irreversible
Quantum Dynamics, Lecture Notes in Physics
vol. 622, Springer, Berlin (2003).

D. Burgarth and V. Giovannetti, “The generalized
Lyapunov theorem and its application to quantum
channels,” New J. Phys. 9 150 (2007).

D. Burgarth, G. Chiribella, V. Giovannetti,
P. Perinotti, and K. Yuasa, “Ergodic and mixing
quantum channels in finite dimensions,” New J.
Phys. 15 073045 (2013).



[12]

T. Wellens, A. Buchleitner, B. Kiimmerer, and
H. Maassen, “Quantum state preparation via
asymptotic completeness,” Phys. Rev. Lett. 85 3361
(2000).

M. Guta, “Fisher information and asymptotic nor-
mality in system identification for quantum Markov
chains,” Phys. Rev. A 83 062324 (2011).

V. Giovannetti and D. Burgarth, “Improved trans-
fer of quantum information using a local memory,”
Phys. Rev. Lett. 96 030501 (2006).

M. Fannes, B. Nachtergaele, and R. Werner,
“Finitely correlated states on quantum spin chains,”
Commun. Math. Phys. 144 443-490 (1992).

Y. Yoshida and M. Hayashi, “Asymptotically decou-
pling and mixing properties in quantum system,”

83

[19]

18th Asian Quantum Information Science Confer-
ence (AQIS), 8-12 September 2018, Nagoya, Japan.

G. Lindblad, “On the generators of quantum dynam-
ical semigroups,” Commun. Math. Phys. 48, 119—
130 (1976).

K.-J. Engel and R. Nagel, One-Parameter Semi-
groups for Linear Fvolution FEquations, Graduate
Texts in Mathematics 194, Springer, New York
(2000).

F. Benatti, D. Chrusciniski, and S. Filippov, “Tensor
power of dynamical maps and positive versus com-
pletely positive divisibility,” Phys. Rev. A 95 012112
(2017).



Incompatibility robustness of quantum measurements: a unified

framework

Sébastien Designolle! *

Maté Farkas? f

Jedrzej Kaniewski?

L Group of Applied Physics, University of Geneva, 1211 Geneva, Switzerland
2 Institute of Theoretical Physics and Astrophysics, National Quantum Information Centre, Faculty of Mathematics,
Physics and Informatics, University of Gdansk, 80-952 Gdansk, Poland
3 Center for Theoretical Physics, Polish Academy of Sciences, Al. Lotnikéw 32/46, 02-668 Warsaw, Poland

Abstract.

Several measures have been proposed to quantify the incompatibility of quantum measure-

ments, 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
also that this is not the case for some of the remaining measures.

Keywords: joint measurability, incompatibility robustness, mutually unbiased bases

1 Introduction

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 fundamen-
tally 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 com-
patible, or jointly measurable, if they can be simultane-
ously measured by performing a so-called parent mea-
surement [1]. Compatible measurements do not pro-
vide any quantum advantage in nonlocality and steer-
ing [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 mea-
surements can tolerate before becoming compatible. Sev-
eral 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 prop-
erties motivated by resource theories [5, 6]. Such mea-
sures 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:
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e We introduce a unified framework for analysing
robustness-based measures with respect to an arbi-
trary noise model. We provide explicit connections
between the desired properties of the measures and
certain properties of the noise models.

e We analyse five measures widely used in the liter-
ature and show that some of them do not satisfy
certain natural properties.

e We show that what constitutes the most incom-
patible 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 ev-
ery 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.
Given a pair of POVMs {A,},2, and {B}, 7, we
say that they are compatible (or jointly measurable),
(A,B) € JM,*"?, if there exists a parent POVM
{Gap}o2i2, such that >, Gay = A, for all a and
Za Gap = By for all b. Such a parent POVM provides an
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 JM[*"” is a convex
subset of all POVM pairs POVM*"*.

Given a POVM pair (A, B), we define a noisy version
of it by the pair n-(A, B)+(1—n)-(M, N), where n € [0, 1]
is the visibility and (M,N) € Ny g C POVM*™"” is
a POVM pair from the noise set N4 p. For any noise
model defined by N4 p that is closed and contains at
least one jointly measurable pair, we can define a corre-



sponding incompatibility robustness measure

max {n|n-(A, B)+(1-n)-(M, N) € IM },

(M,N)EN 4 B

* —
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, n% z = 1 if and only if
(A, B) € JM, and the more incompatible the measure-
ments are, the lower 1} p is. These measures can be
visualised using the sets JM and N4 p:

To obtain unitarily invariant measures, it is sufficient
that the corresponding noise set is covariant with respect
to unitaries. Motivated by resource theories, measure-
ments should not become more incompatible under oper-
ations ® 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 con-
sider two joint measurability-preserving operations act-
ing on the outputs and the inputs of the measurements,
respectively. Post-processings apply a response function
to the measurement outcomes, while pre-processings ap-
ply a quantum channel to the input state, see the figures

below.
p A ’ a /3 ’ a

P A’A(ﬂ)A’a

We show that whenever the image of the noise set un-
der such an operation is contained in the noise set of the
image, that is, ®(N4,p) C Nga,p) for all (A, B), the
corresponding measure is non-decreasing under the op-
eration, WE(A,B) > ny p for all (4, B). Taking convex
combinations also preserves joint measurability, and we
identify a simple constraint on the noise set which to-
gether 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 non-
decreasing 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 di-
mension, and the measure is non-decreasing under post-
processings, it is enough to look at pairs from which any
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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 program-
ming (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.

3 Results

3.1 Five relevant measures

In our work we analyse five widely used measures by
applying our unified framework.

Incompatibility depolarising robustness — 74
The noise set is

o= {({ota 2 Lo )

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 79 known so far.
Incompatibility random robustness — n*
The noise set is

= (G )}

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 formu-
lation, we derive new bounds on them.

Incompatibility probabilistic robustness — 7P

The noise set is
N5 = { (12wt )}

the trivial measurements weighted with probabilities p
and q.

Incompatibility jointly measurable rob. — pi™
The noise set is

jm nANB
NA,B =JM, ,

the set of all jointly measurable pairs.
Incompatibility generalised robustness — 7®
The noise set is

N& ; = POVM* "%,

the set of all POVMs. In this case, we derive a universal
lower bound on 7% and show that measurements corre-
sponding 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.



3.2 Relations between the measures, example

The inclusions between the noise sets
d i
(N% pUNY p) CNY p TN, CNG 5
imply the ordering of the corresponding measures
d : :
max{ny g, Map} <Map <Map < Nap

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 260 between their Bloch vectors on the figure below.

1 ‘
j
0.95 | ——-m
ny =mnp=np
0.9+
= 0.85 ~—_
0.8+
0.75 -
07 L L 3\
0 16 5 6 I
0 MU

3.3 Mutually unbiased bases

We are also able to calculate the exact value of the
measures 7yyp(d) for a pair of MUBSs in any dimension d.
In dimension 2, we obtain

L
\/5’

()

1(1+1>
2 Vd+1)’

3o )

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.

771(\1/[UB(2) = 771{/[UB(2) = UII\)AUB(Q) =

n%\;IHUB(Q) = 2(\[2— 1), mus(2) =

whereas in higher dimensions we get

7I1C\1/[UB(d) = nlr\AUB(d) = U&UB(d) =

77Ji\§1[1UB(d) = nl%/IUB(d)

3.4 The most incompatible measurements

In dimension 2, pairs of MUBs turn out to saturate
the universal bounds that we derive for ¢, 7P, 7™ and
7%, 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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To demonstrate this, we plot the value of four measures
on a particular path of rank-one projective measure-
ments. For nd, a pair of MUBs on a two dimensional sub-
space (AIMUB BaMUB) gutperforms qutrit MUBs and is
our candidate for the most incompatible pair. For P, we
find another rank-one projective pair (A4, B4ev) that
outperforms both qutrit and qubit MUBs. This shows
that the most incompatible measurement pair in general
depends on the specific measure of incompatibility.

0.9

0.85

0.8

0.75 - ,

0.7F ,

(14r1(‘,v7 Bdcv) (14qMUB7 BqMUB) (14MUB7 BMUB)

In dimensions higher than 3, our conjectures for the
most incompatible pairs for ¢ and 7P are direct sums of
the optimal pairs in dimensions 2 and 3. Below we plot
the value of the measures 79 and 7P in dimensions 2 to
16 for a pair of MUBs (blue circles), for our conjectured
optimal pairs (purple and yellow downward pointing tri-
angles), 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
n* = 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 triv-
ial for this measure. For /™ our numerical search did not
lead to any improvement on the MUB value, and for n®
we have analytically proven that MUBs are among the
most incompatible pairs in every dimension.

0.7‘, s = Mus|
775‘)onj
v v n((:ionj
0.65F A Ty = T
v
0.6 - v 1
A M v
“ A N v v
055 B 4 A A : v v v 1
0.5 L L L L
2 4 6 8 10 12 14 16
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Coherence distribution and depletion in training quantum classifie
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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 de-
pletion, quantum machine learning, quantum perceptron

r

Introduction

It is well known that quantum computers can solve cer-
tain 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 con-
sidered 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 entangle-
ment is affected by quantum discord[9, 10], discord was
considered as a valuable resource rather than entangle-
ment. 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]. Co-
herence was firstly proposed by T. Baumgratz et al.[12]
to define superposition[15] in a strict manner. They pro-
posed mathematical conditions that coherence measures
should obey. They also showed that [; —norm coherence
and relative entropy of coherence can satisfy these con-
ditions. Until now, many researchers have proposed var-
ious coherence measures[16, 17, 18, 19, 20, 21] consider-
ing conditions from Ref.[12]. Coherence can be defined in
multipartite systems as well as single systems[22]. Espe-
cially, bipartite coherence can unify entanglement, quan-
tum discord and nonlocality[23, 24, 25, 26, 27, 28]. Fur-
ther, coherence can contribute to speed-up in DQC1,[29],
Deutsch-Josza algorithm[30], Grover algorithm and Shor
algorithm[31].

Among quantum algorithms, Grover algorithm can be
applied to construct various quantum machine learning
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Figure 1: Coherence distribution and depletion in quan-
tum classifier. Here, PQC is parametric quantum circuit
and G; is Grover algorithm.

tasks[32]. And Coherence have potential to be related
with supremacy for quantum Al. In this study, we pro-
pose 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 de-
pletion[11], we argue that coherence can contribute to
training quantum classifier(see Fig.1). In the view of co-
herence distribution, we display that parametric quan-
tum circuit of trained quantum classifier increases coher-
ence of index register states but decreases accessible co-



herence of index register. In the view of coherence deple-
tion, we show that Grover algorithm of quantum classifier
diminishes coherence of index register state. It implies
that coherence distribution and depletion are the impor-
tant quantum resources in training quantum classifier.
Because quantum classifier can be exploited to solve su-
pervised learning, this result tells ultimately that coher-
ence can contribute to constructing quantum computers
solving supervised learning.

Coherence distribution in bipartite system

The total coherence C(pap) of bipartite system AB is
expressed as[35].

Clpap) = Clpa) + CX° + Clpp) + O + C4%" (1)
Here, C(px) is a coherence of system X € {A, B} state.
and C§° is accessible coherence of system X. The lo-
cal coherence of system X is expressed as C(px) + C%°
and C%" is not localized coherence which is called a re-
maining coherence. If coherence measure C|(+) is Iy —norm
coherence or relative entropy of coherence, C’,%%" is non-
negative[35]. Therefore,when /; —norm coherence or rela-
tive 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 quan-
tum 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 coher-
ence is used for training quantum classifier. The quan-
tum classifier of Ref.[33] consists of feature register(F’)
and index register(I). The purpose of quantum classifier
is to find a data vector Z; which is mislabeled in dataset
{Z, y ¥, (% € RM |y, € {—1,+1}), with a maximum
probability.

Coherence in quantum classifier

In this study, we show that coherence provides a major
role in training quantum classifier. Specially, the role of
coherence in quantum classifier is investigated in terms
of coherence distribution and coherence depletion.

Coherence depletion: According to previous work by
H.-L. Shi et al.[11], coherence depletion can contribute to
speed-up in Grover algorithm. Therefore, we show that
coherence depletion contributes to training quantum clas-
sifier. In order to show this, we compare success probabil-
ity with coherence depletion in index register state. Here,
we use [;—norm coherence[12] as a coherence measure.
Coherence depletion can be related with success prob-
ability of quantum classifier. It implies that coherence
depletion is a quantum resource of speed-up in quantum
classifier.
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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 dis-
tribution.

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

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

Conclusion

We show that coherence is an important resource for
training quantum classifier. We investigate this argument
in the view of coherence distribution and coherence de-
pletion. In the view of coherence distribution, parametric
quantum circult of trained quantum classifier increases
coherence of index register state but decreases accessi-
ble coherence of index register. In the view of coherence
depletion, Grover algorithm of trained quantum classi-
fier diminishes coherence of index register. These facts
imply that coherence distribution and depletion are re-
sources 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.
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Optimal Discrimination of Four Qubit States
when Postmeasurement information on subsystem is available
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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 postmea-
surement 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 con-
taining 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 opti-
mality 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 quantum physics, nonorthogonal quantum states
cannot be discriminated perfectly. The indistinguisha-
bility is directly related to the security of quantum key
distribution protocols [1]. In the optimal eavesdrop-
ping 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 dis-
crimination(MC) [17].

ME is a discrimination scheme to minimize errors on
average, where measurements provide only conclusive re-
sults. UD and MC are strategies that allow inconclusive
results. In UD, measurements discriminate states with-
out any error. And, in MC, measurements provide con-
clusive 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 subensem-
bles, one may discriminate nonorthogonal states perfectly
with the help of postmeasurement information [26]. To
be precisely, nonorthogonal quantum states may be per-
fectly discriminated by postprocessing measurement re-
sults and postmeasurement information about the pre-
pared subensemble. This perfect discrimination scheme
cannot be applied to every ensemble having nonorthog-
onal quantum states as UD. Specifically, nonorthogonal
qubit states cannot be perfectly discriminated even with
postmeasurement information [26]. Therefore, to mini-
mize the average error probability with the help of post-
measurement information (MEPI) is as important as ME.
Note that, as FRIR has a modified FRIR problem with
ME, MEPT also has a modified problem [27].
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In this paper, we consider MEPI of ensemble com-
posed of four qubit states. The ensemble consists of two
subensembles containing two quantum states. We con-
sider a modified problem of MEPI to employ the geomet-
ric approach developed in [8-11] and provide geometric
optimality conditions.

Theorem 1 shows a concrete relation between the max-
imum success probability PhaX and optimal measure-
ments {Myp }ap for MEPL

Theorem 1 Suppose £ is a qubit state ensemble,
(1)

E means that subensemble &, is prepared with probability
Gz- There exists T C A = {00,01, 10,11} satisfying

&= {Qwvgw}ze{o,l} = {Qxavpxa}w,ae{0,1}~

1. {qoavoa + G161 tavez forms a (|| — 1)-simplex,
2. HIA 18 a set with exactly one element k,

3' Pmax

succ

= Qoa + q1b + ||k — qoaV0a — qrov10]|2 Vab € Z,
where v, is the Bloch vector of pga,

HIA ={t € Az | for all ab,a’d’ € T with ab # a'l/,
l90av0a + q16v16 — tll2 — ||90ar Voo + 1o V10 — |2

= Qoo + @1y — Goa —q1p } for I C A,

and

Az = {Zabeleab(QOaU0a+q1bUOb) |

Oup >0VabeZ and 700 =1}

Then, every POVM {Mup }ab satisfying the following con-
straints is a MEPI measurement for £.

90aVoat+q1pV1b—k
[[g0avoa+qibv1s—kll2

My o I+ ( )-A VabeT,

Mgy = 0 Vab & T.



2po1Wo1 2pooWoo

[P nl
2p11waa[” 1 ”| 2P10W10
2

Figure 1: Overview of example with qo = q1, qoj» # q1jz(7 = 0,1). (Left) {vz4}s,q(black points) forms a square and
{¢zaVza}tz,q(yellow points) a parallelogram. Meanwhile, {2p.swas }as(red points) forms a square again contrary to the
poor symmetry of {wgp}ap(blue points). (Right) k(grean point), determining an optimal measurement for MEPI, is
situated in a relative interior of right-triangle {2papwap }apez (Z = {00,01,10}).

Theorem 2 shows necessary and sufficient condition for The maximal success probability PhaX is as follows.

succ
the existence of MEPI measurement with zero operators.
2
.. . VAN Pmax _ 1 + D 1- p
Theorem 2 When k is included in H; , we have succ B N TS

Next, we consider another example satisfying qo # q1

(3)
PRes = qoa + q1o + ||k — qoaV0a — qupv1p|]2 Vab € A.

Then, every POVM {Mup}apeca satisfying the following and qojz = qujz(z = 0,1)
constraints is a MEPI measurement for £.

. . qoo =2, poo =10)0] =3(I+2-N),
90aV0a+q1V16—
My o I+ (”qooavo(zz‘f‘qub'vllbb—k”z) A Vabe A, (2) . X )

‘ qor = 2, pon =11 =35(I—-2-X),
If {q0avoa + q16V1b fabe 4 forms a tetrahedron(3-simplez),
k is the only element in Hﬁ and MEPI measurement q10 = %) plo = |+ = %(]_1_;& A),
consists of four nonzero operators satisfying (2). That
18, there zs noAMEPI measurement with zero opem?ors. 1 = %) pin = |-}—| = %([ —&-A).
However, if H'y is empty or {qoaVoa+q1V15 Fave A fails to
form a 3-simplex, there exists MEPI measurement con- The maximal success probability PmaX is as follows.
taining zero operators.

. o max _ 1,1 [14+p?
Theorem 3 shows necessary and sufficient condition for Plice = 3 + B 5 4)

ensemble & to yield MEPI measurement containing four
nonzero elements.
Theorem 3 When P2% is larger than maxape4(Qoa + References
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hybrid entanglement

Seongjeon Choi'

Seokhyung Lee!

Hyunseok Jeong! *

U Department of Physics and Astronomy, Seoul National University, Seoul 151-742, Korea

Abstract.

Multiphoton qubit is a promising optical qubit in linear optics, which has a nearly deter-

ministic 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 Introduction

Recently, a multi-photon polarization qubit(MPQ),
[Ym) = aH)N + (V)Y

, encoded in N-photon optical polarization state is pro-
posed 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 measure-
ment is usually limited by 1/2. Notably, MPQ encoding
achieves an average success probability 1 — 2~ for Bell
measurement.

MPQ is generally in the form of the Greenberger-
Horne-Zeilinger(GHZ)-type state, a|H)®™ + b|V)®V,
Unfortunately, it is well known that GHZ-type state is
fragile under a lossy environment. To overcome the weak-
ness, we examine teleportation for long-distance trans-
mission 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), |.),
and single-photon polarization qubit(SPQ), |¢p), as the
information carriers:

[¢e) = N(la) + |-a))

1
) = ﬁ(lfﬂ +V)

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 entan-
glement between MPQ and CSQ and between MPQ and
SPQ.

*jeongh@snu.ac.kr
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2 Time-evolution under a lossy environ-
ment

We describe the lossy environment with the photon-
loss model by the master equation under the Born-
Markov approximation with a zero-temperature:

@:ify a.panlaTa-p—lpaTa-
or i:ll T g g P

where a;(or, aj) represents the annihilation(or, creation)

operator of mode i and ~y; is the decay constant of 4 mode.
The evolution of a density operator is equivalently de-
scribed by a beam-splitter model with setting the trans-
mittance ¢; = e~77/2 and the reflectance r; = /1 —
[5].

Suppose we directly transmit the information of an un-
known qubit |1n) = a |[HY)+b|V™) over lossy environ-
ment. Assuming that all transmissivities are equal to t,
the evolution in the direct transmission is described by
solving Eq.[1] with an initial condition p(0) = |¢)in Xtin|:

p(t) = N [W)D] + (1= 12Y) pross (2)

where p,ss Tepresent a event when more than one photon
is lost. pioss is orthogonal to [¢) and has no off-diagonal
element. In this case, we obtain quantum fidelity F'(t)
(¥|p(t)]1p) = t2N. This means the decoherence of MPQ is
exponentially increasing with V. Therefore, although the
failure probability of Bell-measurement in MPQ expo-
nentially decreases with the photon number of one qubit,
the decoherence effect for given t also increases expoen-
tially.

Now, we investigate the time evolution of hybrid entan-
gled states between MPQ and CSQ and between MPQ
and SPQ under photon-loss environment. We denote m,
¢, and p for MPQ, CSQ, and SPQ. We use the following
entangled states:

(1)

_i N @] N —Q
o) = 5 (YY)
o) = —= (|[HVYH) + [VVY V).

S

2
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Figure 1: Averaged quantum fidelity between the output
states and the corresponding target states against the
reflectance r = ry. CSQ is chosen with « 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.

Without loss of generality, we assume « > 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 trans-
mittance of each mode of MPQ part is t; and that of
CSQ or SPQ part is t2. By solving Eq.(1) with the initial
state [1mc) and |mp), we get entangled states pmc(t1,t2)
and pmp(t1,t2) as following:

Pme (tl ) t2)
i

2

|HN,t204><HN,t204‘ + |VN, —t2a><VN, —t2a|

+ e 20O (| BN 150V, —toa| + Hoe) | + pi,
(4)

pmp(tl ) t2)

= 1 [85 [Yump bmp| + 73 (|HYKHY |+ [VIKVY])
D [0XO0] + Ploss
(5)
where r; = /1 —t? is reflectance for i = 1,2. poo™P
terms are orthogonal to the Bell states in MPQ basis
with IV photons and have nothing to do with the results

of the teleportation.

3 Transmission via quantum teleporta-
tion
Now, we explore quantum teleportation using the hy-
brid entangled states. We employ the multi-photon Bell-
state measurement scheme proposed by S.-W. Lee, et
al.[4]. Assuming that |BYY) oc [HNHY) + |[VNVY) is
detected, we express the output qubit by

p — <B{V’ (‘¢zn><wm| ® phybrid) |B{V>
T S [[BYWBY | ($in)in] © pmc)]
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Figure 2: Success probabilities of teleportation against
the reflectance » = r; with different photon number
N =1,2 3, and 4

where phybrid = Pmc OF Pmp. When the other Bell states
are detected, we do proper unitary operations on the out-
put 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 mea-
surement scheme fails with probability 1/2%. Therefore,
the success probability of the Bell-state measurement de-
pends on t; and N. If the Bell-state measurement is suc-
ceeded, the effect of loss on the MPQ side is filtered so
that the output qubits only depend on 5. After obtain-
ing the output qubits, we can calculate quantum fidelity
between the output qubit pout and the target state |i).)
or |¢p) where, in the case of CSQ, we use a qubit basis
{|£tc)} 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).

4 Schemes for the generation of the hy-
brid entangled states

We discuss schemes for the generation of the hy-
brid entangled states |tmc) and |¢np) in Eq.  (3).

First, we consider [tmc). Note that |mp) =
T ([HY) [H) + [VN)|V)) is GHZ state of SPQ with

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 |tmc) = %(’HN> la) + [V |—a)), 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 lin-
ear optics, photo-detector, and a ancillary resource state
ISCSy(a)) = Ay(|a) + €'?|—a)) to essentially devise a
operation O(¢) = [ta)XV]| + € |—ta)(H| with a suc-
cess probability P(t,a) = Ai(l - t2)a26*2(1*t2)0‘2 where
0 <t <1 is transmittance. If we perform O(O) on GHZ
state with N + 1 photons and phase-gate: |+a) — |Fa),



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

5 Conclusion

Our schemes suggest to utilize quantum teleportation
using hybrid entangled states in order to get higher quan-
tum fidelity and success probability.

From Fig. 1, Eq. 4, and 5, the dependence of the fi-
delity on ¢; = /1 —7r? is O(t}), which is considerably
improved compared to O(t?N) of the direct transmis-
sion. Moreover, since there is no dependence on the pho-
ton number N, we confirm that N can be chosen only
by maximizing the Bell-state measurement. Also, CSQ
shows higher fidelity than SPQ if « 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 ¢; 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 possi-
ble. 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

Quantum computation would promise the computa-
tional speed-ups. However, such speed-ups appear dif-
ficult 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 random-
access 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 inter-
play between “classical” and “quantum” have received
increasing attention. Consistent with this trend, we
also consider a classical-quantum hybrid architecture, in
which (¢) the large input data remains classical and (i)
achieving the quantum advantage is enabled by small-
scale quantum system.

We apply our idea to a “Boolean oracle identifica-
tion” problem, which aims to identify the correct ora-
cle amongst a list of candidates. To solve this problem,
we employ a classical-quantum hybrid oracle, designed
based on (i) and (i7). Here, we assume that this hy-
brid oracle can also generate incorrect outputs with er-
rors 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
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variance in the errors are not at some gross level. It thus
enhances our ability to explore a much larger candidate-
solution space and enables us to deal with larger prob-
lems. The quantum advantage in Boolean oracle identi-
fication leads to a reduction in the sample complexity
bound in the “probably-approximately-correct (PAC)”
learning model [3].

2 Problem and our approach

Boolean oracle identification is a fundamental com-
putational problem and is defined as follows: Given a
Boolean oracle h* which maps an n-bit binary string
X = x1&2...2, (x; € {0,1} Vj = 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 con-
sider an oracle Oy that consists of n-bit classical “in-
put/output (I/O)” channels and single-qubit system for
process [See Fig. 1(a)]. Then, our oracle Ox implements

the operation, such that (x, |a)) Ox, (%, [out(x))). Here,
the query-output state |Yout(x)) is defined, without loss
of generality, as

[Yout(x)) = VPX)[W* (%)) + V1= P(x) " (x) & 1) (1)

where P(x) is the probability of getting the correct query
output [2]. After the process of Oy, a measurement is
performed on |t (X)) to identify the oracle’s answer.

This oracle is assumed to be realized by a circuit illus-
trated in Fig. 1(b). The circuit contains 2" gates acting
on the ancilla qubit: the single-qubit gate ag and 2" —1 of
gates ap (k=1,2,...,2"—1) conditioned on the classical
bit values z1, s, ..., T, in X. Here the gates aj are

Gy € {62,i6,}, forall k =0,1,...,2" — 1,

(2)



(a) A classical-quantum hybrid oracle

input-data
channel Cp X % X
(classical)
query-output a) — O | (x a
channel C4 ) W (x) & a)
(quantum)
(b) A circuit realization )
Tn—1
Tn—2 -
: o unitary
T . gates
ap Gy Gg - (Ggn_3 Ggn_g dgn_y

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]).

where 6, 6, and 6, are the Pauli operators. This cir-
cuit realization of the oracle is inspired by the binary-
classification formula

h*(x) = ag® a1z ® ass ® azr12

(3)

where a;, € {0,1} (k=0,1,...,2" — 1) are known as the
Reed-Muller coefficients. Each ay has a corresponding
gate operation ax, where ar = 0 means that aj; leaves
the bit-signal unchanged (identity) and ar = 1 means
that ay flips the bit-signal (logical-not). Thus, the oracle
is characterized by a fixed set of aj operators for a given
h*. Note that since the oracle is treated as a black-boz,
the gates aj are predetermined.

We then consider systematic error that can occur in
the circuit, which arises from errors in the a; 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 n; > % before or after applying
k-th gate a;. Then the corresponding quantum error can
be described by |[¢x(x)) — ¥, (%)) = € |¥r(x)), where
|1k (x)) is the state passing through the gate ay. Here €
is a bit-flip operation defined by €, = Miii\ﬂﬁ&z.

D---Dagm_121T3 ... Ty,

3 Analysis and results

We now analyze the query-success probability Pc g,
defined in Eq. (1). Here, the subscripts “@Q” and “C”
refer to when the ancilla state in our oracle is respec-
tively quantum or classical. First, let us define a set
Q% ={0,11,12,...,l,—1} whose elements are taken to be
the indices of the gates dj which are ‘activated’ (i.e.,
when the corresponding classical control bit 2, = 1). The
number of these activating gates is given by x = 2«9,
where the factor w(x) denotes the Hamming-weight of
x. Then, Pc g can be written in terms of w. When the
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ancilla state is classical, Po(w) can be estimated as
K/2

> (s)a-m

where 77 is defined as the average error probability. The
factor c—mnamed “characteristic constant”—is given as
1
In (1 —27)

w

1
It s (14 %), @)

~

Po(w)

c= ~ (2m)~" (for O(@*) = 0) . (5)
However, when the ancilla state is quantum, the corre-
sponding success probability Pg(w) is given by

(6)

~ ~ A A A A 2
PQ(UJ) = |<h*(X)| €l_1 Ay " €1, A1, €000 |O‘>} .

Then, by using the following condition

(7)

we can show that Pg(w) becomes unity in the limit of
A, — 0. Thus, so long as the gate errors are regular n, =
7 (Vk € Qx) [2], we can always have Pg(w) = 1. We can
see that our gates ay, in Eq. (2) clearly satisfies the anti-
commutation 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
A, > 0. Then, Py(w) has a form analogous to that in
Eq. (4). Here the characteristic constant ¢ is replaced
with an ‘effective’ characteristic constant ceg =~ (27,q) "
where again O(7?) — 0. Here T.q is defined in terms
of an effective average error that aj’s experience. 7.q is
much smaller than 7, because 7,4 comes from remain-
ing errors only after destructive interference. Interest-
ingly, this feature does not depends on 7, but rather
on the variance A,. From this feature, ie., g < 7
or equivalently c.g > ¢, we can show a quantum advan-
tage with our scheme. In particular, it is shown that,
on average, our hybrid oracle is useful up to the length
n = 2log, cer of input-bit strings, whereas n = 2log, ¢ is
the upper limit in the purely classical case. So if ceg > ¢,
our hybrid oracle can be useful for larger bit-string in-
puts. It also implies expansion of the search space which
can be explored by the given nois%f oracle, approximately
from O(eD "2y {5 O(e?* @M "02) where the factor
v = < > 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 re-
duction 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 sam-
ple complexity; namely, if the learning is completed with
the samples satisfying

{5—x»&k}+ = 61&16 + &k6z = 07

219

M > 240 <5> -, (8)

we can define a legitimate learner—a so-called (e, )
probably-approximately-correct (PAC) learner—which
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Figure 2: Numerical plot of Pc o (left) and Ac g
(right) against n. Here we use 77 = 1072 with A, =
0.057. The theoretical values are also presented for com-
parison.

identifys h* in the hypothesis space §). Here, ¢ and §
are defined as the inaccuracy and learning-failure proba-
bility, respectively. However, it is nontrivial to evaluate
Ag, particularly when the oracle is erroneous [5]. In our
study, Ag can be found as

(9)

where Pg(n) is the average query-success probability,
given by Pg(n) = 3= > (") Pg(w). Noting that the
classical counterpart to Ag, say Ac, is characterized by
c instead of ceg, the reduction of the sample complexity,
ie, Ag < 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 ac-
companying numerical simulations, in which Pc g(w) are
evaluated by counting a large number (~ 10°) of queries
for each given number of w(x) and they are averaged
over the trials (~ 10%). The results are given in Fig. 2.
Indeed, the obtained simulation results confirm our the-
oretical analysis, allowing us to identify c.g and ~ for a
given noise level; when 77 = 1072 with A, = 5% of 7,
our hybrid oracle would be applicable up to n ~ 27.23
even in the presence of ¥ = 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
size ~ el'99%10° of the candidate space, which is much
larger than ~ e'™*10° allowed in the classical case (for
detailed method and analysis, see our ArXiv paper [4]).

Ag = (2Pg(n) —1) 7,

4 Summary

We have studied how a quantum advantage would be
achieved by the NISQ devices. Our basic idea was to con-
sider 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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system. We applied the presented idea to a Boolean ora-
cle 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. Fur-
thermore, we can establish a link to the speed-up of the
quantum machine learning.
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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-Horne-
Zeilinger-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

Introduction- Einstein-Podolsky-Rosen (EPR) para-
dox [1] established a link between entanglement and non-
locality in quantum mechanics, by showing that there are
correlated quantum states which demonstrate an incon-
sistency between the completeness of quantum mechan-
ics and the concept of local realism. In the same year,
Schrodinger 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 steer-
ing 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 entan-
glement.

Despite that, EPR steering has a special usefulness to
quantum information tasks, such as one-sided device in-
dependent cryptography [5, 6, 7, 8] and secure telepor-
tation [9, 10, 11]. For these reasons, there has been an
escalation in the amount of both theoretical and experi-
mental 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 # and phase p quadra-
ture of the output modes, we measure their inferred vari-
ance 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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the properties of multipartite steering are independent
on the structure of optical networks as long as their in-
ferred variances are optimized.

X"

Xgin

Figure 1: Experimental set up for the linear optical net-
works with one arm.
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Figure 2: Experimental set up for the linear optical net-
works 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 : & — 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 beam-
splitter network, which consists of N — 1 optical beam-



splitters. As shown in Fig. 2, the output states of two
different structures are fully symmetric by adjusting the
transmittance of beamsplitters, respectively. To charac-
terize the output states, the amplitude and phase quadra-
tures of each mode are defined as # = a + af and
p = (a — a')/i, where @ and a' are bosonic annihila-
tion and creation operators of a quantized optical field,
respectively. (In the following we will drop the hat nota-
tion.) To introduce the imperfect transmission, we dis-
tribute every output mode in a lossy channel. The output
mode at 7 is given by

iy = /Miai + /1 = mai™, (1)

vac

where n; and a}®® represent the transmission efficiency
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

AQxi,n = (2n+ I)AQxi, (2)

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 com-
bination 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 con-
strained to be a quantum state, i.e., whose xy and p;
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 remain-
ing N — 1 parties try to infer the values of the steered
mode’s quadratures, which can be written as a hnear
combination of their measurement outcomes Z -1 gjac]

and ijl hjp;. The inferred variance of the steered

A ;Wz?re:en:@nJrl)/N{ [\ﬁgl <N—1) Vi +

mode are given by

N-1
A?nfxl\N—l = A? 1 — giZj |
j=1
N—1
ALpiN—1 =A% | p1 — hip; | - (3)
j=1

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

EPRyn-1 = AL n—1 AL n—1 > 1 (4)

can be violated. The inferred variance can be optimized
by the gain factors g; and h;.

Results- First, we give the general expression of the in-
ferred variance AZ nf1[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 trans-

mission efficiency of the first output state is 71, while
other modes are 79.

1
~ (VL = Vg +/i2g)” (2 + 1)

N -1
+ (Vi gvi)’ (20 + e
= mAg(N =11 —n)+1,

one _
A1nf‘rl\N 1

when setting the squeezing level of all input states equal.
We were able to use the same gain factors for each steer-
ing mode, as all the output modes are equivalent. The
inferred error can then be optimized by

4 /mmzsinh (27) 2n+1) (N —1)

P L S
N[2(N =1) ( — 1) - 2 B CEU (e e ]

Similarly, we can get the expression of Amfp(l"“f, 1

For the two arm structure, the expressions of in-
ferred 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

\ng

+e?™ (N =2) (Viz g1+ Vi)

- 2
e—2r1 [ /77*1 V 12 91 2(1' )
and for the odd case, we have

A two odd

2alive =@n+ 1) (N + )7 e (v -

+e2m N7t (N

N /n2 92
+ 2

(CHE RN

D) (Viizgn + Vi)
— )7 Vimgr (V= 1)%/2 = yir (N = 1) + /i g2 (N -

1) (N+1)/2r}

F@nt1)en@N) " 2y - Vg (N~ 1) +yies (N -1)]

(N—1) (2= 1) (91 +92°)

- — B

Y (6)
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Figure 3: (a)EPR steering parameter versus the trans-
mission efficiency. In this case, the squeezing level is set
to 7 = 0.8 and no thermal noise. (b) EPR steering pa-
rameter versus the thermal noise. Now the transmission
efficiency is assumed to be ideal.

Similarly, we can get the expression of A?nfpi‘r’]‘\),fl.

: The
expressions for g; and gs are too long and are therefore
not being displayed here. For simplification it is further
assumed that n; = 72 = n and r; = r9 = 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
is even or odd), which means EPRY§_, = EPRQV‘VJ‘\’,_l.
We further show the robustness against imperfect trans-
mission 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:

e2r [\/(Ne‘” —etr+1) (N +etr—1)— Ne”}

fhtr = 2N

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.
Q@SS application- A (I,m) quantum secret sharing (QSS)
scheme enables a dealer to split a secret into m secrets,
distributing it to m players. Then at least | < 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 dis-
tinctive party C can steer B. This is a nice framework for

(7)
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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 collec-
tive steering is possible based on the above linear optical
network.
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Abstract.

Modelling stochastic processes is a crucial element in the study and understand-

ing 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 pro-
tocol 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.

Complex, stochastic processes underpin quanti-
tative science. It is therefore of paramount im-
portance to study and understand the behaviour
of such processes for the crucial twin purposes of
modelling and prediction. These tasks are typ-
ically 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 clas-
sical models [13-15] , while providing equally ac-
curate predictions.

This information compression bears both funda-
mental and applied consequences. On the applied
side the benefits are immediately apparent — we
can use quantum technologies to construct simula-
tors of complex stochastic processes that function
with (in some cases drastically [2 (4 [7, [8] [10] [1T])
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 [I6], we show that the quan-
tum analogue of statistical complexity is robust
to perturbations to the process, and is hence a
more stable measure of structure than the clas-
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sical measure, which can change discontinuously
under infinitesimal variations to a process’ under-
lying probability distribution. This allows us to
introduce a protocol for estimating the quantum
measure of structure in a stochastic process di-
rectly 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 miti-
gate the issues associated with a non-smoothly-
varying classical statistical complexity — our pro-
tocol 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.
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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

Quantum state discrimination is an essential process in
quantum information processing and quantum computa-
tion. It is a process, where by measurement one decodes
classical information encoded in quantum states[1-5]. In
quantum theory, perfect distinguishability of states de-
pends on orthogonality between quantum states and the
information encoded in non-orthogonal quantum states
can not always be perfectly decoded. Therefore, vari-
ous strategies are used[2-5], depending on whether in-
conclusive results are allowed or not. Minimum error
discrimination[1] is a strategy which can not gurantee
the correctness of the measurement results, but maxi-
mizes the probability of satisfying the correctness on av-
erage. This strategy does not allow inconclusive results.
Unambiguous discrimination[6-10], on the other hand,
has a result that can gurantee correctness, and its opti-
mal strategy is maximizing the probability of results that
can ensure correctness. This strategy allows inconclusive
results, in order to produce results that gurantee cor-
rectness. 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 fol-
lows. The quantum state in which a sender called Alice
encodes the classical information x € {1,2,--- N} is
described by density operator p,. The measurement of
the receiver called Bob, which is a decoder performing
the decoding, is given by POVM {M,}),. Bob knows
the frequency of quantum state that Alice sends, which
is called prior probability. In quantum state discrimina-
tion, Bob discriminates the quantum states of the en-
semble {q,, p, }_, 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.
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In the minimum error discrimination(MD), Bob per-
forms a measurement strategy that maximizes the correct
probability. The maximum value of the correct probabil-
ity 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 probabil-
ity is not unique. The general conditions under which op-
timal 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 mul-
tiplied by the density operator must be a full rank. Be-
cause the operator’s kernel is a subspace that provides de-
grees 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 prob-
abilities. Because the optimal measurement easily loses
optimality even for a small change of the prior probabil-
ity, one needs to understand the correct probability as
a function of the prior probability. And one should un-
derstand 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 strat-
egy of this game is always a minimax strategy[19]. The
Minimax strategy is an ordered pair consisting of Al-
ice and Bob’s optimal strategy[21]. Here, Alice’s optimal
strategy is to choose the prior probability which min-
imizes 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 probabil-
ity 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 sat-
isfy, the prior probabilities that minimize the guessing



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 sam-
ple size N is large enough, its frequency is e-convergent
in the distribution of prior probabilities. However, the
prior probability is only a theoretical frequency of occur-
rence assuming infinite experiments. Therefore, even if N
is large enough, the correct probability obtained by the
optimal measurement corresponding to the prior proba-
bility differs from the optimal value. This is because the
frequency of occurrence is close to € in the prior proba-
bility distribution, but not the prior probability.

In this paper, we investigate the quantum states in
which the optimal measurement and the guessing prob-
ability ofe -convergent prior probability are identical to
those of the prior probability when the occurrence fre-
quency 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 dimen-
sions. So the states we are interested in are the quantum
states which are not orthogonal but satisfy this condi-
tion. 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 differ-
ent prior probabilities can have the same optimal mea-
surement while providing the same guessing probability.
The condition to have the same optimal measurement
and guessing probability in e-convergent probability of
occurrence is expressed using quantum minimax strat-
egy. 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 Results

First, we provide necessary and sufficient conditions
that a probability distribution that is e-convergent in
a prior probability exists while sharing the same opti-
mal 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 prob-
ability, iff an optimal measurement {M,}2_, satisfies
tr(p, M,) = tr(p.M,), one gets minimum guessing prob-
ability.

Let us note that lemma 1 tells us that the prior proba-
bilities that provide the minimum value of guessing prob-
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ability share the same optimal strategy with the same
guessing probability, but do not tell the opposite. There-
fore, 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 Ss are
given as {ps, pz}2_q and {qu, pz }2_;, respectively, where
p1 # q1. Suppose that in minimum error discrimination
of quantum ensemble S, the guessing probability is pgfl?gss

and the minimum value of guessing probability is pyess-

Then, when pgl)ess = pgl)ess, if there exists an measure-

ment that can perform minimum error discrimination on
two quantum ensembles S1 and Sy simultaneously, one

(1)
can 0btain Pgess = Dyyess-

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 e-convergent
prior probabilities sharing the optimal measurement and
the same guessing probability are given as:

Proposition 3 The prior probability providing mini-
mum of guessing probability is not unique if and only if
{M,}2_, satisfies following conditions:

1. [pe, My] =0 Vze{1,2},

2. For some x € {1,2}, every |v) € Supp(M,) satisfies
(vlpr]v): (W] p2|v) #1—q:q.

where [A, Bl = AB — BA.

One of the requirements is that quantum states and
measurements can be simultaneously diagonalized. How-
ever, since commutation relations are not generally tran-
sitive, 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 tol-
erant 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 prob-
ability domain. We showed that the error-tolerant ensem-
bles have e-convergent occurrence distributions in prior
probability distribution while sharing the optimal strat-
egy 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.
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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

Superconducting qubits not only perform quantum
computing efficiently, but also have good scalability.
Therefore, superconducting qubits is very useful for im-
plementing quantum computers in the real world[1].
However, relaxation and dephasing time of superconduct-
ing qubits are too short[2, 3]. It means that qubits con-
sist 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. Further-
more, 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 two-
level atom. Especially, we investigate entanglement in
this noisy hybrid system(see Fig.1). If entanglement be-
tween two qubits is conserved, this system may perform
CNOT operation very well. We assume that both relax-
ation and dephasing noise simultaneously occur in the
charge qubit. We propose a numerical condition that hy-
brid system can preserves entanglement under two noises.
If relaxation and dephasing rate is slower than sweeping
rate, entanglement is conserved. If relaxation and dephas-
ing rate is faster than sweeping rate, However, entangle-
ment 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-
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Figure 1: Two-qubit system consists of a noisy charge
qubit and an atom qubit. Here, 7,e1q, is relaxation rate
and v, is dephasing rate. If two decoherence rates are
slower than 107s~!, this system is robust under this two
noises. Since Ypejqr = 27 x 0.03MHz, 74 = 27 x 0.05MHz
in the real world[20], this hybrid system can be performed
in realistic situation.

teria, This result is important for realistic quantum com-
puting.

This extended abstract consists of the following sec-
tions. In Section 2, we introduce a charge qubit atom hy-
brid 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, 3"Rb atom is considered as a two-level atom. The
Hamiltonian H of this hybrid system is expressed as

H=H.+H,. (1)



Here, H,isa charge qubit Hamiltonian and H, 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. There-
fore, H,(H,) from Eq.(1) affect to two-level atom(charge
qubit).

Quantum state of this system is composed of prod-
uct bases {|n) ® |u) |n =0,1 u=g,e}. Here, |g)(|e)) 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(Vy). Especially, when Raman process is properly
performed, this hybrid model can perform CNOT opera-
tion efficiently. Therefore, this hybrid model can satisfies
DiVincenzo’s criteria[15] in ideal case.

3 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 dephas-
ing 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. Approxi-
mating macroscopic environment interacting with charge
qubit as Markovian, time evolution of entire system is de-
scribed as a following Lindblad master equation[20, 21]:

ap i [a . . . . .
a = _ﬁ {H»P} +’Yrela:rzD |:U(,C):| p+ ’Y¢D |:O_£c):| pP. (2)
Here, p is a density operator of composite state between
charge qubit and two-level atom, 7,42 is relaxation rate,
v4 is dephasing rate. In Eq.(2), D is Lindblad superop-
erator:
oo ekt - Ytk Lt
D{K}p:KpK —SKTKp—SpRTE.(3)
In general, noise in charge qubit may decreases en-
tanglement. Since entanglement is a resource of various
quantum computers, we should investigate whether the
hybrid system preserves entanglement under the noise.

4 Entanglement Survival

We analyze entanglement of hybrid system composed
of noisy charge qubit and two-level atom. We consider
concurrence[22] as an entanglement measure. In order to
controll the quantum stste of hybrid system, we sweep
offset charge number Ngyo(x Vyo) of charge qubit from
0 to 1, where sweeping rate is considered as 1 ns~!(Fig.
2)[22]. This sweeping rate is suitable for performing two-
qubit gate operation[14].

Here, we investigate concurrence under the relaxation
and dephasing noise. If two decoherence rates are slower
than 107 s~1, concurrence is conserved(Fig.2a). If deco-
herence rate is faster than 107, However, concurrence is
diminished. Especially, if decoherence rate is too fast,
concurrence becomes zero in certain region of time. This
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phenomenon is so called entanglement sudden death(Fig.
2b)[23]. Two decoherence rates of charge qubit is known
as Vrelaz = 27 X 0.03 MHz and v4 = 27 x 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 87Rb atom. Here, we consider relax-
ation 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.
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Abstract.

Quantum reading is one of application protocols of entanglement. This protocol uses en-

tanglement 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.

Keywords: entanglement, quantum reading, quasi-Bell state

1 Introduction

Entanglement is an important resource used and ex-
ploited in various quantum protocols[l]. There are pro-
tocols such as quantum teleportation[2], quantum phase
estimation[3], and quantum reading[4]. In these pro-
tocols, one attempts to use the entangled state that
has maximum entanglement (the strongest correlation).
Among the entangled states, one may consider quasi-
Bell 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 entangle-
ment for reading a bit stored in digital memory. By
using entanglement, it was shown that the data rate
improves[4]. Moreover, in noiseless environments, error-
free 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 estima-
tion, quasi-Bell states that have non-maximum entan-
glement (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 quasi-
Bell state. In this work, we compare the effects using
maximum and non-maximum quasi-Bell states.

2 Quasi-bell state by coherent states

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

*im181001@cis.aichi-pu.ac. jp
Tid191002ecis. aichi-pu.ac.jp
fusuda@ist. aichi-pu.ac.jp
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states denoted |a) and |B), respectively. In this paper,
using these states, the quasi-Bell states are

[U1)ap = hi(l)a [B)g + =) 5 [=B)p) (1)
[W2)ap = h2(l) s [B)g — [—)a |=B)p), (2)
|U3)ap = ha(l) s [=B)p + )4 [B)p) (3)
[Wa)ap = ha(lo) o [=B)p — [—) 4 [B)p): (4)

where

hi=hs = 1/\/2(1 + KAHB),
hg = h4 = 1/\/ 2(1 — IiAI'iB)7

kA = (o] — a) = (—ala) = exp(—=2]|al?),
kB = (8] — B) = (=B|B) = exp(—2|B/*),

and o« and B are amplitudes of the coherent states of
modes A and B, respectively. The amplitudes are as-
sumed to be non-negative real numbers. If a = g,
then |¥53) and |¥4) have maximum entanglement and are
orthogonal[5].

5)
6)
7)

)

(
(
(
(8

3 Model of quantum reading with non-
symmetric loss

3.1

Quantum reading using quasi-Bell states[7] is per-
formed as follows. We assume that “0” or “1” is recorded
on a memory cell. Here, we explain this protocol using

|W2) g in Eq. (2).

1. Mode A of |¥3),p is sent to a receiver.

Quantum reading using quasi-Bell states

2. Mode B is sent to the memory cell. If “0” is reg-
istered 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 w. At
the receiver, the modes A and B are inputs. When
“0”(“1”) is registered on the cell, |¥2) 5 (|¥4)p)
is inputted to the receiver.

3. An optimum quantum measurement is performed
at the receiver. It is possible to read bits using the
orthogonality between |Us) 5 and [¥y) 5.



We consider the model with non-symmetric loss.
Specifically, only mode B of the quasi-Bell state |¥s) , 5 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 environ-
ment than that of mode A.

3.2 Received quantum state using quasi-Bell
states

Let us consider the received quantum state using the
quasi-Bell state |¥;) 5 (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 n(0 <
1 < 1) be its energy transmissivity. Then the interaction
between mode B and the environment mode E is

Uske |8)5 0)g = [viB)g V1 —18)g » (9)

where Ugg, is a unitary operator corresponding to the in-
teraction. Therefore, when we consider the entanglement
between modes A and B, the composite system of modes
A, B, and E is

U3 ape = (Ia ® Usp)(|:) s @ [0)g), (10)

where I is the identity operator of mode A. The received
quantum state p(()A®B) is obtained performing the partial
trace over mode E for |¥;) ,pp (U]
A®B
P(() )= Trg Vi) apE (Wil -

(11)

Consider the received quantum state when the infor-
mation recorded on the cell is “1”. The light of mode B
is attenuated and reflected and is phase shifted by .

The phase shift for mode B is

U(9)18) = 18e™), (12)
where U(0) = e_i‘%f‘i7 a is the photon annihilation op-
erator, and i = y/—1 is the imaginary unit. When the
phase of mode B of |¥;) g shifts by 7, |¥;),5 changes
into |¥,19) ,p. For example, when i = 2,

(In @ U(m)B) [Ua) yp = ha(la)  [—B)g —
- |‘I’4>AB-

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

=) 1B)B)
(13)

Wita) app = (Ia @ Usp)([Wit2) g @ 0)g).  (14)
The received quantum state p§A®B) is obtained

by performing the partial trace over mode E for
|¥it2) apg (Vit2| and described by

ARB
PP = Te g (W) s g (Wigal (15)
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4 Property of error probability

4.1 Analytical expression of error probability

The error probability of an optimum quantum
measurement[13] for quantum reading is calculated us-
ing the positive eigenvalues \’s of p(gA@B) — pgA®B). The

error probability is

Pe:;<1—2)\>.

We express quasi-Bell states by matrices to calcu-
late eigenvalues of p(()A®B) — pgA@)B). To express
quasi-Bell states by matrices, we use the orthonor-
mal basis {|wo),|wi)} shown in [14].  Here, |wp)
and |wq) are measurement states for the square-root
measurement(SRM)[15]. Since SRM for |a) and |—a)
is the optimum quantum measurement that minimizes
the average error probability, using the measurement
states, |a) and |—«) are written as two-dimensional
vectors[16, 17]. |/nB) and |—,/13) are expressed by two-
dimensional vectors in the same way. Using these vectors,
we can easily obtain eigenvalues of péA®B) — §A®B).

From these eigenvalues, the error probability P*** us-
ing the maximum quasi-Bell state is

1—rare — /(1= K3)(1 — K5)
2(1 — kaKB)

(16)

max __
P =

and the error probability using the non-

maximum quasi-Bell state is

non—max
Pe

1+ karp — /(1= K%)(1 — K2)
2(1 + KkakB) '

pron—max _
e

(18)

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

Figure. 1 shows the error probability when the ampli-
tude 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 non-
maximum quasi-Bell state |¥1),5 and using the max-
imum quasi-Bell state |¥3),p, 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 in-
vestigate that PJO"7™8% ig greater than P;***. From
0 < Ka, kB, kK < 1, Ppon—max _ pmaxjg

karpy/ (1 —k3)(1 — KE)
2(1 — rRAKE)

non—max max __
Pe - Pe

Thus, P}n~™m2* ig greater than P"**.
Next, we calculate  lim, o, PPO"7™8X  and

lim,_yoo P, DBecause kap goes to 0 when o goes
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Figure 1: Error probabilities with respect to the ampli-
tude « using |11) and [¢)2) where the amplitude f = 1
and transmissivity n = 0.9.

to infinity, limg_s o

1 /
— ah_{I;o Penon—lnax — § <1 _ 1— K/%) .

(20)

PeIlOIl—IIlaX and limai)oo PeIl’la.X are

M max
lim P,
a— 00

Therefore, the more the amplitude of mode A increase,
the more the difference decrease.

5 Conclusion

For quantum reading with non-symmetric loss, we
compared the error probabilities using the maximum
quasi-Bell state and using the non-maximum quasi-Bell
state. As a consequence, the error probability using the
maximum quasi-Bell state is lower than that using the
non-maximum quasi-Bell state, and the more the ampli-
tude of mode A increase, the more the difference of two
error probabilities decrease.
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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 Estima-
tion(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

Traveling Salesman Problem(TSP) is a famous prob-
lem 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 impor-
tant.

The classical approach for solving TSP is divided into
two categories. The first is an approach to find an ex-
act solution such as branched and bound method[2-4].
The exact solution approach can find an optimal solu-
tion, 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 ob-
tained 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 anneal-
ing 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 prob-
lem.

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 correspond-
ing to every cycle and its cycle length, by performing
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Quantum Phase Evaluation(QPE). The quantum state
to optimum cycle can be found by Quantum Algorithm
for finding minimum. In order to perform Quantum Al-
gorithm for finding minimum, Grover operator should be
constructed, but they did not discuss the method to find
Grover operator. Further, even though one should con-
sider 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 Count-
ing 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 rota-
tion 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 pro-
posal can be applied not only to the case of asymmetric
distance between cities but also to the case of many cities.

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 6 of Grover operator G.

Here, we propose the method to solve TSP optimiza-
tion. we consider a situation where the rotation angle 6
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 6 of Grover operator G, we can prop-



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.

[0%8 >

QPE

NO. Cycle Cycle length  Eigenvector

1 0-21—-2—-3-0 I [3012) e ——h)
2 0-23—-22—21-0 §7r [1230) s

3 0—-1-3—-2-0 ™ [2031)

4 0—-2—-3—-1—-0 ™ [3012)

5 0—-2—-1-3-0 In 13201)

6 0—-3—-1—-2—-0 gw [2310)

erly repeat Grover operator G to maximize the weight of
the state corresponding to a cycle shorter than L. There-
for, Grover search algorithms can find a state that corre-
sponds 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 6,
we perform GSA considering new length L. If § = 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 Simulation : Symmetric 4 City TSP

Let us consider symmetric 4 City TSP. We denote the
city numbers as 0, 1, 2 and 3, respectively. ¢,, means a
distance from city x to city y. Let us consider the follow-
ing Unitary matrix U:

U=Up U1 ®U;®Us

Uy, = €90 10) (0] + €' [1) (1] 4 "> [2) (2] + "5 |3) (3]

The phase corresponding to the eigenvector of U is the
sum of the distances between cities and some of these
phases can be cycle lengths. That is, some eigenvector of
U corresponds to a specific cycle. Further, the phase of
some eigenvector corresponds to a specific cycle length.

There are six possible cycles in the 4 city TSP. There-
fore, the number of eigenvectors becomes six. We con-
sider a situation in which the distances between cities
are symmetric to simplify the problem. In detail, the
distances between cities are given as ¢g1 = P19 = 7/2,
Poz = 20 = /8, P03 = P30 = 7/4, d12 = P21 = /4,
P13 = P31 = /4, P23 = 32 = /8.

Because distances between cities are symmetric, cycle
1 and 2, cycle 3 and 4, and cycle 5 and 6 have the same
cycle length as shown in Table 1. In other words, there
are three cycles to be considered. Our simulation pre-
pares superposition state of cycle 1, cycle 3, cycle 4 and
cycle 6. This superposition include all the cycles of 4 city
symmetric TSP.

First, let us consider the following decision problem,
”Is there a cycle that is shorter than L = n?7” Because
there are four total cycles and one cycle shorter than m
(cycle 6), the rotation angle 6 estimated by QCA is 60°.
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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 ap-
plied to the cycle length state to change the sign. Then,
Inverse QPE and Diffusion operator D are applied se-
quentially. 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.
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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.
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1 Introduction

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 us-
ing entanglement are quantum teleportation[2], quantum
dense coding[3], and quantum ghost imaging[4]. The
Bell state, which is constructed from orthogonal quan-
tum states, is the most famous and fundamental of the
entangled states. However, there are other unique entan-
gled 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 max-
imum entanglement although they are constructed from
non-orthogonal states[5]. Furthermore, in non-ideal cir-
cumstances 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 attenu-
ation. 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 res-
olution. Originating with the experiment by Pittman et

*193426007@ccmailg.meijo-u.ac. jp
Tim181001@cis. aichi-pu.ac.jp
3;susa.mi@meij o-u.ac.jp
Susuda@ist. aichi-pu.ac.jp

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 il-
luminated object. In a simplified setup of ghost imaging
(Fig. 1), Da represents the detector having no spatial
resolution, Dp 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, Dp
can be substituted for a detector without spatial resolu-
tion having an extremely small hole for the light-receiving
part and detecting light only in that part. For an exam-
ple of an object, Fig. 2 shows a filled M-letter, which is
an ideal imaging output.

We use Dp 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). How-
ever, we cannot obtain an image using only Da because
D4 does not have spatial resolution and we are unable to
determine the position of the light. Similarly, we cannot
obtain an image using only Dp because Dgp is illumi-
nated 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 D 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 de-
tectors are illuminated, we record a ‘1’ in that position,
otherwise, we record a ‘0’. Moreover, we consider that
there is a d x d-point lattice within the frame of Fig. 2
and a corresponding plane on Dg, and we are using an
optimum quantum receiver. The specific procedure is to
repeat the following steps for all lattice points.

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

2. detecting the light transiting the slit on Dy
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Da
—_—5
T Dg ¢
Source ——: Output

Figure 1: Schematic setup for the ghost imaging, where
D4 represents the detector having no spatial resolution,
Dg represents the detector that has spatial resolution, S
represents the object, and C represents a correlator.

Figure 2: Object with M-shaped hole.

3. detecting the light illuminated from the source di-
rectly at each lattice point

4. correlating the outputs from the two detectors and
recording the result for each lattice point of Dy

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

3 Quantum states used in this work

Let the system illuminate the lattice point (i,7) with
1,7 are natural numbers, as detailed in section 2, A;;
B;; (1 <14, <d). Moreover, we consider for spatially
correlated quantum states the product states

L) s, 1L)p,

'|OL>Ad7d |OL>Bd,d :

|‘I/i,j> = |OL>A1,1 ‘OL>B1 1

(1)

where |0), |11) are basic quantum bits corresponding to
logical bits ‘0’ and ‘1’.

Taking the photon number state |0) for which the num-
ber of photons is 0 as the logic state |0r,) and the photon
number state |n) for which the number of photons is n
as logic state |11,), 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 imag-
ing.

On the other hand, taking the coherent state |0) for
which the amplitude is 0 for |0) and coherent state
|a) for which the amplitude is « for |1r,), 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 non-
orthogonal quantum bit show better performance such
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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 A; ; and
B;,; are attenuated. However, the model for attenuation
in a single system is fundamental. For this reason, we
describe this single-system instance first. Let p(™ be the
quantum state before attenuation and p(°™) be the state
attenuated with an energy transmissivity of n. We obtain

out) _ ZEk

where Ej(n) is the Kraus operator[8] for an energy trans-
missivity 7. The right-hand side of the Eq. (2) is called
the Kraus representation[7]. The Kraus operator has ex-
pansion

(m

E(n), (2)

=ni) () el G

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

oo oo
(out _ Z Z
k1,1=0 ka,a=0
(Ekl 1 Ekd d)p(in) (Ekl 1 Ekd,d) (4)
4 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 ei-
ther Do or Dp, 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 &, and &, respectively. In this case,
we use the optimum quantum receiver constructed with
a priori probabilities |0,) and |1} on Dy, & and &1, at
the minimum error rate. Likewise, we use the optimum
quantum receiver constructed with a priori probabilities,
(d?> —1)/d? and 1/d?, on Dy at the minimum error rate.

When using a binary quantum state signal with a pri-

ori probabilities &y and &7, the error rate P( PY) is calcu-
lated using

e (opt) 50 - Z /\+7 (5)
where p(()OUt) and pgom) are received quantum states, and

Ay is a positive eigenvalue of &p™™ — & ™. When
using orthogonal quantum states, the error from |0) to
|n) does not occur because we only consider attenua-
tion. 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
Ng =5, a1 =0.8.
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Figure 4: Ratio of error probabilities with the orthogonal
to non-orthogonal quantum states, where Ng = 5.

occur. For this reason, using Eq. (5), the error rate at
the optimum quantum receiver becomes

P(Orth)t) =min {& (1 -n)", &} -

e—(op

(6)

Otherwise, when using non-orthogonal quantum states,
using Eq. (5), the error rate at the optimum quantum
receiver becomes

(non—orth) __ 1

e—(opt) 9 ( -Vvi- 450518_7’&2) .

=3 (7)
Using these error rate at receivers, we consider the av-
erage error probability of ghost imaging P.. Because we
should consider the probability when error does not occur
at either Dy or Dg, we obtain

Pe=1-(1-Py)(1 - Pp), (8)
where Py and Pg are the error rates at detectors D and
Dg, respectively. For these error rates, we use Egs. (6)
and (7) when using orthogonal and non-orthogonal quan-
tum states, respectively.

The error probabilities, Egs. (6) and (7), as functions
of transmissivity 7 ranging from 0 to 1 where the average
number of photons is Ng = 5 and the area fraction for
the slit part is £47 = 0.8 is shown in Fig. 3. In these
plots, in the region where 7 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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Figure 5: Ratio of error probabilities with the orthogonal
to non-orthogonal quantum states, where £a1 = 0.8.

In addition, the ratio of the error probability with the
orthogonal quantum state to the error probability with
non-orthogonal quantum state, where Ng = 5 is shown in
Fig. 4. Similarly, the ratio, where £47 = 0.8 is shown in
Fig. 5. Also in these plots, in the region where 7 is small,
the ratio is greater than 1, that is non-orthogonal quan-
tum state offers better performance. Moreover, the larger
slit area is and the smaller Ng is, the wider the range
that non-orthogonal quantum state offers better perfor-
mance is. On the other hand, when the Ng is large, the
range is narrow, but the maximum of the ratio of error
probabilities is large. We believe that the difference be-
tween results when using orthogonal and non-orthogonal
quantum states is caused depending on how the errors oc-
cur. 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.

5 Conclusion

We have applied non-orthogonal quantum states in
quantum ghost imaging showing its superior robustness
against attenuation. As a result, if the amount of at-
tenuation is large, quantum ghost imaging using non-
orthogonal quantum states offers a better performance.
Moreover, the larger slit area or the smaller average
number of photons is, the wider the range that non-
orthogonal quantum state offers better performance is.

Our future work is assessing if transmissivity is differ-
ent in other systems and whether optimization for quan-
tum ghost imaging is possible by means other than the
minimum error rate.
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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.
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1 Introduction

Recently, Ref. [1] proposed a masking quantum in-
formation 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 im-
possible. Still, one can go beyond classical world and
mask a set of non-orthogonal quantum states into bipar-
tite system. Furthermore, Ref. [2] generalized the pro-
tocol 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 in-
troduce some related concepts. Then we study the classi-
fication 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 Hyperdisk and related concepts

Let H be an n-dimensional Hilbert space and B :=
{ |¢j>};n:_01 be an orthonormal basis for some m-
dimensional subspace of H, define a real vector for a pure

state |[¢) € H:

r5(11)) = ({Gol9}] o {bm—a[)])" -
Notice that rg(|¥)) is normalized iff |¢)) € span{B}.

(1)

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

*xyhu@sdu.edu.cn
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a hyperdisk if there is a complete orthonormal basis B for
m-dimensional subspace V := span{S} which satisifies

rs([v) =, Viy) €S, (2)

5 (I§) # 7, V) e H\S. 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, & can be expressed as

{[%(8) = aldo) +be™ [¢1) 10 € R}, where {|o).|é1)} is
an orthonormal basis for Hy. In Bloch representation, &
can be visualized as an intersection between the sphere
and some plane, which is orthogonal to crossing line of
two antipodal points |¢o) and |¢1). In general case, any
pure state |¢) in a given m-dimensional hyperdisk S can
be expressed as:

m—1
[ (0)) = > rjexp(ib;) ;) ,

J=0

(4)

where 6; € [0,27).

Definition 2 (Schmidt hyperdisk) For bipartite sys-
tem Hap, hyperdisk SAP C Hap is a Schmidt hyperdisk
if B is the Schmidt basis of |¥) € SAB.

As an example, S = {|¥(0)) := |00) + €% |11) +
€'%1122)} is a Schmidt hyperdisk, while 8’ = {|¥(0)) :=
|00) 4+ €@ (|11) +|22))} is not since |11) 4 |22) is entangled.
However, S’ is vaild hyperdisk and &’ C S, which leads
to another concept called sub-hyperdisk.

Definition 3 (sub-hyperdisk) Subset S’ C S is a sub-
hyperdisk of hyperdisk S if S’ is also a hyperdisk.

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 4 (regular subset of hyperdisk) A sub-
set C C S is a regular subset of hyperdisk S if VeNS = C,
where V¢ := span{C}.



The statement Vo NS = C is equivalent to that for
any linear combination |n) of states in C, the condition
[n) € S leads to |n) € C. Every sub-hyperdisk is a regu-
lar subset. We define the the dimension of C as dim(V¢).
Notice that dim(C) = dim(S) leads to C = S. To char-
acterize 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:

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

3 Masking information protocol

A masking information protocol involves three partici-
pants: a referee R and two players A and B. Each of them
holds a space denoted as Hg, Ha or Hp. We define Hp
as the input space. For every round of the protocol, the
referee randomly chooses a pure state [¢) in the set of
maskable states R in Hp, and referee puts the state |¢)
into a masking machine.

Definition 6 (masking machine) The linear isome-

try
()

is a masking machine for a set of maskable states R
in Hr, if for any ) in R, the marginal states of
|U) = Vinask [¥) are constant, i.e. Trp(|¥)(¥]) = pa
and Tra(|¥) (¥|) = pp are independent of ).

Vmask : 7'LR - HA ® HB

In this way, referee can distribute |[¢)) € 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 |¥) is denoted by the target
state. T is the set of target states and Vp = span{T }.
The marginal states ps and pp are mixed states if R
contains more than one state, so |¥) 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 Hp = span{R} without loss of generality. And Vipask
restricts that Hr ~ Vr, it follows that dim (V) = n.

The rank of marginal states (or the Schmidt num-
ber of target states) is denoted by d. The spectral de-
composition form of two marginal states are written as
pa = Tioo N [07) (67| and pp = 5575 N [o7) (47
These marginal states may have some degrees of degen-
eracy, so the eigenstates usually are not fixed. By the
purification process, it is neccessary for the target states
to be expressed as

W (0)) =
j=0

VA exp (i0;) |67 67 ) | (6)

where 60; € [0,27). However it is not a sufficient condi-
tion as these states may not live in Vr, so we call them
the legal states. The set of legal states is denoted by £
and Vy, := span{L}. Without loss of generality, we set
dim (Hap) = d?.
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By definition, the tuple (Vinask,pa,pp) fully charac-
torize a masking information protocol. The set of legal
target states £ is determined by (pa,pp). The linear
isometry Vinask implies Hr and Vp. The set of all target
states can now be expressed as

T=VrnL. (7)
In order to characterize the structure of maskable states,
we mainly focus on the structure of target states since 7
is isomorphic to R.

4 Structure of the set of maskable states

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

Theorem 7 Forn =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 char-
acterize the set of target states 7 when n =d = 3:

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

o Type-I: T is a 3-dimensional Schmidt hyperdisk.

o Type-1I: T consists of two 2-dimensional sub-
hyperdisk locate on different Schmidt hyperdisks.

o Type-1lI: T contains a 2-dimensional sub-hyperdisk
plus a single state locates on different Schmidt hy-
perdisks.

Because the degeneracy of the marginal states can ef-
fect the set of target state £, not all kinds of pairs
(pa,pp) can achieve 3 types of structure: the non-
degenerate case can achieve type-I structure; the par-
tially degenerate case can achieve type-II structure; the
completely degenerate case can achieve all types of struc-
ture. 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, p4 and pp have fixed eigenstates. Hence
the set of legal target states L£,,q is a Schmidt hyperdisk
S4B as shown in Eq.(6), which leads to dim (Vpnq) = d.
The set of target states for non-degenerate case is denoted
by Taa and Vpyg := span{Tnq}. Because Thq C L4, the
target states live on the d-dimensional hyperdisk S45.
From Eq.(7), we can see Tnq forms a regular subset of
S4B, Then dim (Vnq) is bounded as

dim (Vrng) =n < d=dim (Vina) - (8)
The equality holds iff T,q = S4B, in other words, Tphq
itself forms a hyperdisk.



However, there are situations when 7,4 does not
forms a hyperdisk, an example is given below for non-
degenerate masking protocol (n = 3,d = 4). Here, Thq
consists of following states (unnormalized):

[Wo(a)) = [00) + V2 [11) + e (V3]22) +233))
W1(8) = 100) + V3[22) + 7 (V2 [11) + 2[33))

It follows that Vr is a 3-dimensional subspace in Hp.
Here we define the masking machine Vs as |1) —

|00) + v2|11), [1) — +/3|22) + 2[33) and [2) —
|®). Even though T,q is a regular subset that be-

longs to a 4-dimensional hyperdisk, we can not find
that hyperdisk for R,q (unnormalized): |io(a)) =
V30) +e VT 1), [¥1(8)) = VT]0)+3v3[1) —v/50(2) +
e (2V/70) +4v/3|1) + v/50(2)) . So the maskable states
does not required to live on same hyperdisk, which can
be achieved even for non-degerate masking protocol.

4.2

In this case, pa = pp = [/d, and the set of legal states
Lcq is the set of all maximally entangled states in Hap.
A maximally entangled state can be expressed as

completely degenerate case

|0 ( =U®I|®p), (10)

=
U)) 7 ; Ulj4)
where |®p) = ﬁ >_;147) and U is a unitary matrix with
elements (U);; = (ij|¥(U)). {|j)} is defined as the
computational basis for H4 (or Hp). The completely
degenerate set of target states is denoted by 7.q and
Vrca = span{Tcq}. A property of completely degener-
ate masking protocol is that Vg = span{Lea} = Hap.
Hence dim (Vrcq) is bounded as:

dim (Vreq) = n < d* = dim (Vpcq) (11)

Unlike the non-degenerate case, L.q is no longer a hy-
perdisk. Hence 7T.q may not belong to a hyperdisk any-
more. The following example shows that 7.q can consist
of infinite number of hyperdisks. Here we set n = 3,d = 2
and Toq = U&7 Sen, where states in Sg,, are written as:

benin)

- >} is one of orthonormal basis for

|‘I’§n

6%,)

2-dimensional space, defined as q’)grn>

’¢fn¢fn> + et (12)

where {

= cos5(0) +
sin gem |1) and ‘¢£—n> = sin |O> — cos ge_m |1). Tt fol-
lows that Vpeq = Span{|00>,|11>,\01> + |10)}. No-
tice that & and n are continuously chosen in [0, 27).
Here we define masking machine Viask as |0) — ]00),
1) — |11> and |2) — [01) + |10), then one of hyper-
disk VmaqkSg77 in Req can be expressed as |¢g,(0)) =
cos® § |0) +sin? §e727 1) + Jg sinée' |2) + e (sin? £10)+
cos? e~ 1) — 7
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.

sine~™2)). It is an example that
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4.3 partially degenerate case

In this case, the marginal state p4 (or pp) is partially
degenerate. The jth degenerate eigenvalue for marginal
state is denoted by A;. The dimension of jth eigenspace
is g(4), and the computational basis in that subspace is
{17, k)} . The total number of eigenspaces is t. Then
the 1egal states can be expressed as:

9(j)—1

Z\F Z U; @15,k

)13, k) (13)

The unitary matrix for |¥(U)) = U @ I|¥g) can be writ-
ten as U = @;;(1) Uj, where Uj is g(j)-dimensional uni-
tary matrix act on jth degenerate subspace and |¥y)
S o VA 09 5, k) 5, k). The dim(Vr) now is lim-
ited by g( j):

dim (V) =n €3 g) = dm (V). (14)
j=0

where S~ =0 L g(j) = d. We have already known that T
may not live on a fixed Schmidt hyperdisk, but the nec-
essary and sufficient condition for target states live on
same Schmidt hyperdisk is still interesting:

Lemma 9 A set of target states {|¥(U))}veu lives on
same Schmidt hyperdisk iff there exists a unitary matriz
Ur that satifisfies [UUp, U'Ur] = 0 for all of U,U" € Y.

5 Conclusion

We have studied the relation between hyperdisk and
masking information protocol. In this work, a clear defi-
nition 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 con-
cept 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 sev-
eral 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.
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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. Zyczkowski, the subentropy was generalized to the quantity that
is called the a-order Rényi subentropy. However, they did not state a relation between the quantity and
the a-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 a-order Rényi subentropy.

Keywords: «-order Rényi subentropy, a-order mutual Rényi information, quantum information theory

1 Introduction

In quantum information theory, the information that
may be extracted from a quantum ensemble is called the
accessible information, i.e., the maximum mutual infor-
mation. R. Jozsa, D. Robb, and W. K. Wootters de-
fined the subentropy as a lower bound on the accessible
information [1]. The lower bound is the best that de-
pends only on the density operator. F. Mintert and K.
Zyczkowski generalized the subentropy by redefining it
as the excess of the Wehrl entropy [2]. The quantity is
called the a-order Rényi subentropy. They showed that
this quantity is an entanglement monotone. However,
they did not state a relation between the quantity and a
corresponding generalization of the ordinary mutual in-
formation.

In this paper, for any integer o > 1, we show a close
relation between the a-order Rényi subentropy and the
a-order mutual Rényi information [3], which is one of
generalizations of the ordinary mutual information. The
a-order mutual Rényi information is defined by C. H.
Bennett, G. Brassard, C. Crépeau, and U. M. Maurer
in information-theoretical context [3]. Hence, our result
implies that the a-order Rényi subentropy is natural gen-
eralization also in information-theoretical context. Fur-
thermore, using our relation, we derive an alternative
expression for the a-order Rényi subentropy.

2 a-order Mutual Rényi Information I,

Here, we recall the ordinary mutual information and
the a-order mutual Rényi information in quantum infor-
mation theory.

First of all, we consider a quantum ensemble, a quan-
tum measurement, and probabilities that are obtained
from them. A quantum ensemble is a set of m pure quan-
tum states {|;)}75" in a d-dimensional Hilbert space
Hq and their a priori probabilities {p;}7"," that satisfy
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E;i?)l p; = 1; it is denoted by

£ <|1/)0> (1)

wm1>)

Po Pm—1 '
For the quantum ensemble £, the density operator p =
2261 pi|¥i)(1;|. We obtain information by measuring a
quantum state using a quantum measurement that is de-
scribed by a positive operator-valued measure (POVM).
A POVM 1I is a set of positive semidefinite operators
IT := {II;}7=; satisfying Z?;(Jl II; = I, where I is the
identity operator. The conditional probability P(j|7)
that the outcome is j when a quantum state |¢;) is given
as P(jli) = Tr[|v;)(s|IL;]. Further, the probability
P(j) that we obtain the outcome j is P(j) := Tr [pIL;].

We now introduce the mutual information.

Definition 1 (mutual information) The mutual in-
formation I(I1, ) between the POVMII and the quantum
ensemble £ is defined as

I(IL, €) == H(I) — H(I[E), (2)

where

H(II) : 3)

m—1n—1

=5 ST piP(ili) n PGjli)

i=0 j=0

H(IIE) : (4)

are the entropy and the conditional entropy, respectively.

The accessible information I(£) of the quantum ensemble
£ is defined as the maximum mutual information over all
possible POV Ms:
1(€) = mﬁx[(l’[,é‘). (5)
Next, we introduce the a-order mutual Rényi informa-
tion [3] for any positive constant « # 1.



Definition 2 (a-order mutual Rényi information)
The a-order mutual Rényi information I, (11, E) between
the POVM 11 and the quantum ensemble & is defined as

Ia(Hag) = RQ(H) - Ra(H|£)a (6)

where
1 =
Ro(Il) i= ———1n ]ZZ(:)P(]) , (7)
1 m—1 n—1
R, (I1[€) == 1 a Z piln Z P(jli)* (8)
i=0 §=0

are the a-order Rényi entropy and the a-order condi-
tional Rényi entropy, respectively.

Egs. (6), (7), and (8) coincide with Egs. (2), (3), and
(4) when o — 1. Note that, the a-order mutual Rényi
information can be negative [3].

For the ordinary mutual information, a generalization
using the a-order Rényi entropy is not unique. The gen-
eralizations are called the a-mutual information (see [4]).

The a-order accessible Rényi information is the maxi-
mum a-order mutual Rényi information over all possible
POVMs:

I,(&) = max I,(ILE). 9)

3 «a-order Rényi Subentropy @,

Here, we introduce the ordinary subentropy and the a-
order Rényi subentropy for any positive constant a # 1.
We first introduce the definition of the subentropy [1].

Definition 3 (subentropy) Let p be a density opera-
tor on a d-dimensional Hilbert space Hq and let A\ ’s be
eigenvalues of p. The subentropy Q(p) of the density op-
erator p is defined as

d-1
A
Q)= | Il | wlmde (10)
k=0 \izk "k T M

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

Definition 4 (a-order Rényi subentropy) Let p be
a density operator on a d-dimensional Hilbert space Hy
and let A\i’s be eigenvalues of p. The «a-order Rényi
subentropy Qu(p) of the density operator p is defined as

d—1 a+d—1
)\k

1ialn S S PP
SOOI v =)

1=0,l#£k

Qa(p) =

Applying L’Hopital’s rule, one demonstrates that
Eq. (11) coincides with Eq. (10) when o — 1. It is not
known whether the a-order Rényi subentropy is a lower
bound on the a-order accessible Rényi information.

From the definitions, one finds that these quantities
are hard to calculate when p is degenerate.
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4 Relation Between (), and I,

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

Proposition 5 Let p be a density operator of the quan-
tum ensemble £ and let \y’s be eigenvalues of p. Let
A = {|aj><aj|}?;é be a complete orthogonal measure-
ment. Then, the following equation holds:

d—1

Qulp) = 7= | S (Pali)?)
=0
1 m—1 d—1
- Yl [ (i) |, (12)
i=0 Jj=0

where Py describes the probability that obtains from the
complete orthogonal measurement A and the quantum en-
semble € with the density operator p 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 ob-
tained by averaging the arguments to the logarithms in
the a-order mutual Renyi information, this result sug-
gests that there is the close relation between the a-order
Rényi subentropy and the a-order mutual Rényi infor-
mation.

5 Alternative Expression of (),

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

Proposition 6 Let p be a density operator on a d-
dimensional Hilbert space Hq and let A\ ’s be eigenvalues
of p. Then, the following equation holds:

(03

1 ka-—
Qalp)=7—=m| D AP A | (13)
ko,...,kqg—1=0]

Ef;olkl=oc

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 a. As the example, we
provide a simpler expression for the second-order Rényi
subentropy.

Example 1 Let p be a density operator on a d-
dimensional Hilbert space Hq and let A\ ’s be eigenvalues
of p. Then, the second-order Rényi subentropy Q2(p) is

Q2(p) =In ( (14)

2
1+ oa)



In [5], using Eq. (14), it was shown the second-order
Rényi subentropy is a lower bound for the minimum en-
tropy. This fact suggests that the alternative expression
is helpful expression in order to study properties of the
a-order Rényi subentropy.

6 Conclusion

For any integer o > 1, we showed the close relation be-
tween the a-order Rényi subentropy and the a-order mu-
tual Rényi information (Proposition 5). From this rela-
tion, we think that the ordinary definition of the a-order
Rényi subentropy is natural also in quantum information
theory. Furthermore, using Proposition 5, we derived the
simpler expression for the a-order Rényi subentropy.

Our future works are that we clarify properties of the
a-order Rényi subentropy and whether the a-order Rényi
subentropy is a lower bound on the «a-order accessible
Rényi information.
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Abstract.

The elliptic curve discrete logarithm problem (ECDLP) is an important problem as the base

of the security of elliptic curve cryptography. When solving the ECDLP in quantum computation, modular
inverse is the bottleneck in terms of circuit size. In our research, two new quantum algorithms for computing
modular inverse are proposed requiring 7n + |log, n| + 5 qubits and 32n? log, n + O(n?) Toffoli gates. By
applying these to Shor’s algorithm solving the ECDLP, more efficient quantum circuits can be implemented

with smaller amount of quantum resources.
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1 Introduction

Cryptography has played a fundamental roll in the de-
velopment of technology. It helps keeping secrets pro-
tected 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 Dis-
crete 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 inte-
ger 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. Roet-
teler et al. gave a concrete circuit of Shor’s algorithm that
solves the ECDLP, and estimated its precise quantum re-
sources [8]. The most costly operation in their algorithm
is modular inverse. Thus we propose more efficient al-
gorithms 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
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compute modular arithmetic efficiently. Let p a prime
modulus and n be the length of p. An integer a is repre-
sented as aR mod p under the Montgomery representa-
tion of a radix R > p. The representation is often used
in classical computation for its efficiency, too. We use 2"
as the radix in this paper.

Kaliski’s algorithm takes an integer x mod p as an in-
put, and outputs an integer 712" mod p in the Mont-
gomery representation. Kaliski’s algorithm works fine
alone, but if it is applied to Shor’s algorithm, one should
convert convert the input from Montgomery represen-
tation to normal representation beforehand to keep the
representation consistent in the whole calculation. Un-
fortunately 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 Ko¢ [9]. In
this new definition, the input is x mod p and the output
is 22" 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 Al-
gorithm 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 al-
gorithms basically do the same computation. Our main
contribution is the part from Line. 21 in both algo-
rithms. Different from Kaliski’s original algorithm and
Roetteler’s algorithm, given a pair of integers (r,[) such
that r = —z712"7! mod p,0 < [ < n, this part calcu-
lates 122" mod p by doubling r modulo p for I times.
Our two algorithms calculate this in different ways.

The modular exponentiation type uses the fact that 2!
can be broken down into a product of |logn| + 1 inte-
gers as HZU:O(% "1 92 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 some-
what less intuitive than the previous one. The main idea
of the step-by-step modular doubling type is to repeat



Algorithm 1 Modular exponentiation type algorithm
to calculate Savas and Ko¢’s modular inverse z~! -
22" mod p. ; represents the ith bit of the variable .

Lusp vx, 710, s 1

2: [0

3: fori=0to2n—1do

4: if v > 0 then

5: if u is even then

6: w4 u/2, s 2s

7 else if v is even then

8: V4 0/2, T 2r

9: else if u > v then

10: u (u—v)/2, r<r+s, s+ 2s
11: else

12: v (v—uw)/2, s r+s, r2r
13: end if

14: else

15: l—1+1

16: end if

17: end for

18: if r > p then

19: r+r—p

20: end if

21: for i =0 to |logn| do
22:  if [; =1 then

23: r < 22'r mod p
24: end if
25: end for

26: r < —r mod p
27: return r

a certain subroutine ! times, where if the register |I) is
positive, the register |r) is multiplied by 2 and the regis-
ter |I) 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 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 Tof-
foli 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 + |[logn| + 6. This is better than
that of [8], but the difference is asymptotically insignifi-
cant. The number of Toffoli gates for our modular inverse
was 32n? log n+O(n?) while Roetteler’s was 48n? log n +
O(n?). This is asymptotically about 33.3% better than
that of theirs. By applying our modular inverse algo-
rithms, Shor’s eintire algorithm can be implemented with
9n + [logn| + 7 qubits and 832n3logn + O(n?®) Toffoli

Algorithm 2 Step-by-step modular doubling type al-
gorithm to calculate Savas and Kog¢’s modular inverse
271 - 22" mod p. The symbols ! and & represent “not”
and “exclusive or”, respectively.

Lusp, véax, 10, s« 1
2: 10, f <« false,c+ 0
3: fori =0to 2n—1do

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< 0/2, T 2r

9 else if u > v then

10: U+ (u—v)/2, rr+s, s+ 2s
11: else

12: v (v—u)/2, s<r+s, r+2r
13: end if

14: else

15: l—1+1

16: end if

17: end for

18: if r > p then

19: 1+ 71—0p

20: end if

21: for i =0 to n do

22 f+«lle=0)d(1I=0f
23: if f then

24: c+—c+1

25:  else

26: 7 < 2r mod p
27: l+<1-1

28: end if

29: end for

30: r <= —r mod p
31: return r

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.
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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}™ — [m] whose input can be accessed via
queries to its bits, and a guessing algorithm that predicts answers to the queries, there is a quantum query

algorithm for f which makes at most O(v/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 : [¢(]™ — [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(n?/?) quantum queries in the adjacency
matrix model. Also, we show that the quantum query complexity of the maximum bipartite matching is

upper bounded by O(n*/*\/m + n) in the adjacency list model.

Keywords: Quantum query complexity, decision trees, span program, dual adversary bound

1 Introduction

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 com-
plexity, e.g., in Grover’s search algorithm [Gro96].

Lin and Lin [LL16] have recently shown that surpris-
ingly sometimes classical query algorithms may result
in quantum query algorithms. They showed that hav-
ing a classical query algorithm with query complexity T'
for some function f : {0,1}" — [m], together with a
guessing algorithm that at each step predicts the value
of the queried bit and makes no more than G mis-
takes, the quantum query complexity of f is at most
Q(f) = O(VGT). For instance, the trivial classical al-
gorithm 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 mis-
take is equivalent to finding an input bit 1 which solves
the search problem). Thus the quantum query complex-
ity of the search problem is O(v/GT) = O(y/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 com-
plexity 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
the quantum query complexity, i.e., B(f) = 0(Q(f)?),
which together give Q(f) = O(VGT). In the second
proof, they build an explicit quantum query algorithm
with query complexity O(v/T'G) for f using Grover’s
search; in computing the function they use the values
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of predicted queries instead of the real values and use a
modified version of Grover’s search to find mistakes of
the guessing algorithm.

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 au-
thors [BT18]. Then inspired by this proof, we generalize
Lin and Lin’s result for functions f : [¢(]™ — [m] with non-
binary input as well as non-binary output alphabets. Our
proof of this generalization is based on the dual adver-
sary bound which is another equivalent characterization
of the quantum query complexity [LMRT11].

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 matriz model, the vertices of G can be
sorted with O(n3/?) quantum queries to its edges. More-
over, we show that some existing results on the quantum
query complexity of graph theoretic problems such as di-
rected 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 com-
plexity of finding a maximum bipartite matching in G
is O(n®/*\/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.



Recall that a classical query algorithm for a function
f: Dy — [m] with Dy C {0,1}" can be modeled by a bi-
nary decision tree 7 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 7 makes a guess for the answer of the associ-
ated 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 guess-
ing 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 algo-
rithm for every x € Dy equals the number of red edges in
the path from the root to the leaf of the tree associated
to z. We now state the result of [LL16] based on decision
trees and G-colorings.'

Theorem 1 (Lin and Lin [LL16]) Assume that we
have a decision tree T for a function f: Dy — [m] with
Dy C {0,1}" 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 al-
gorithm computing the function f with query complexity

O(VGT).

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 non-
binary case

In this section we assume that the input alphabet of
the function f : Dy — [m] is non-binary, i.e., Dy C [¢]™.
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 de-
cision 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,

I1We remark that the result of [LL16] also works for randomized
algorithms.
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for each vertex v we have a candidate minimum, and the
outgoing edges of v are labeled by different numbers in [£].
Then by the above discussion, the subtrees of 7 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 7 for a function
f : Dy — [m] with non-binary input alphabet (D; C
[€]™). 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

U Qv ((]) -
q=0

where here @, (q) is the subset in the partition that con-
tains ¢ € [¢]. Thus Q,(¢) C [¢] contains ¢, and for
q,q € [{] either Q,(q),Q.(¢") are disjoint or are equal.
Moreover, the out-degree of v equals |[{Q,(q) : ¢ € [¢]}],
the number of different Q,(g)’s. We also denote the
neighbor vertex of v connected to the edge with label
Qu(q) by N(v,Qu(q)).

Now given a decision tree 7 as above, the corre-
sponding classical algorithm works as follows. We start
with the root r of the tree and query J(r). Then
Ty € [€] corresponds to the outgoing edge of v with
label Q, (7 (). We take that edge and move to the next
vertex N (v, Qy(z (). We continue until we reach a leaf
of the tree which determines the value of f(z).

The notation of G-coloring can also be generalized sim-
ilarly. 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 algo-
rithms. In this case, for each value ( of the outcomes
of some coin tosses, we have a (deterministic) general-
ized decision tree 7T¢ as above. We also assume that each
of these decision trees 7¢ is equipped with a guessing al-
gorithm which itself may be randomized. Nevertheless,
we may assume with no loss of generality that ¢ includes
the randomness of the guessing algorithm as well. There-
fore, for any ¢ we have a generalized decision tree with a
G-coloring as before. We assume that the classical ran-
domized query algorithm outputs the correct answer f(z)
with high probability. The complexity of such a random-



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 : Dy — [m] be a func-
tion with Dy C [£]".

(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 mazximum 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

OTG).

Let {T¢ : C} be a set of generalized decision trees
corresponding to a randomized classical query algo-
rithm evaluating f with bounded error. Moreover,
suppose that each T¢ is equipped with a G-coloring.
Let PS be the path from the root to the leaf of Te
associated to x € Dy. Let TS be the length of the
path PS, and let GS be the number of red edges in
this path. Define

T = max E[TS],
G = maxE:[GY],

where the expectation is over the random choice
of . Then the quantum query complexity of [ is

O(VTG).

The span program in the proof of Theorem 1 can eas-
ily be adapted for a proof of the above theorem, yet in
the complexity of the resulting span program we see an
extra factor of /¢ — 1, i.e., we get the upper bound of
O(y/(¢£ —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 con-
struct 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 Applications

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 z = (zq,. ..
bers.

,Zn) be a list of n num-

(i) [MIN] The quantum query complexity of finding
min; x; is bounded by O(y/nlogn).

(ii) [K-MIN] The problem of finding a subset S C
{1,...,n} of size |S| = k such that for all j ¢ S we
have x; > max;cs x; has quantum query complexity

O(Vknlogn).

Our bounds here are tight only up to a a factor of
VIogn [DH96, DHHMO4]. 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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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 an-
swer to a query once it makes sure that it is not smaller
than the current candidate for minimum. Thus in the as-
sociated decision tree (for any choice of random order (),
at any internal vertex v we can unify outgoing edges with
label in {q : ¢ > m,} where m,, is the candidate for min-
imum at node v. Thus in 7; any internal vertex v has an
outgoing edge with label {¢ : ¢ > m,} and an outgoing
edge for any other ¢ < m,. 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 z, G$
depends on ¢, so we should compute G = max, E¢[GY].
Since in the beginning of the algorithm we apply a ran-
dom permutation, we can assume that z; < --- < x,.
Then let y™ = (zy,...,2,,) and GS, = Gi(m). If in

the random permutation ¢ = ({(1),...,¢(n)) the first
element is n, ie, ((1) = n, then G = G$_, + 1
where ¢’ = (¢(2),...,¢(n)). Otherwise, if (1) # n then
GS = G5, where (" is the same order as ¢ from which
n is removed. We conclude that

LE[G + 1)+

n—1

E[G] = E[GS ).

Therefore, letting G,, = E[GS] we have Gy, = Gp—1 + .
Using G; = 1 we obtain

n

Gn=>_ ~=0(logn).

t=1

S

As aresult, G = O(logn) and by Theorem 2 the quan-
tum query complexity of finding the minimum is bounded

by O(y/nlogn). O

In the following examples we use the fact that our gen-
eralization to Lin and Lin’s result works for functions
with non-binary input.

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 G such
that for all (u,v) € E, u appears before v is O(y/mn).

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

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 finding a mazimum bipartite matching in

G is O(n®/*y/m +n).
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1 Introduction

In order to realize quantum computers, a quantum al-
gorithm needs to be implemented. In general, a quan-
tum algorithm includes a part to calculate logic func-
tions. 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 consist-
ing 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 elemen-
tary gates, and then, SWAP gates are inserted. Previ-
ous works address these two tasks separately. Therefore,
they choose the control bits and the ancillary bits of gates
when they decompose MPMCT gates without consider-
ation 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 meth-
ods.

2 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 two-
qubits gates.

2. Operations of all gates are performed only on ad-
jacent 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 Con-
dition 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.
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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 re-
peatedly 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 be-
come adjacent [3]. Previous methods address these pro-
cesses 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.
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Figure 3: An example of the decomposition of an
MPMCT gate by the previous method.
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Figure 4: An example of a four-control-bits MPMCT gate
and a qubit placement.
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Figure 5: An example of transforming Figure. 4 to be

NNA-compliant with 11 SWAP gates by the previous
method.

4 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 g1, g2, g5 and g7 are available as an an-
cillary 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 an-
cillary bit in order to insert SWAP gates efficiently. ¢;
means a control bit of an MPMCT gate, and ¢; is a qubit
which is available as an ancillary bit. We choose a qubit
g; which minimizes Eq. 1 as an ancillary bit.

Z dist|q; — ¢,
i

Thus, qubit g2 is chosen as an ancillary bit by our
method in the above example. Then, we divide the con-
trol bits into two groups to minimize the sum of the man-
hattan distance between the control bits in the group. In
the qubit placement in Figure. 4, we divide control bits
into {qo,q4} and {g3,qs}. As a result, an MPMCT gate
in Figure. 4 is decomposed into MPMCT gates with fewer
control bits and two-qubits gates as shown in Figure. 6;
after inserting SWAP gates, it is transformed to be NNA-
compliant as shown in Figure. 7. Our method needs to
insert only four SWAP gates, which is much fewer than
the case as shown in Figure. 5. We apply this method to

(1)
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Figure 6: An example of the decomposition of Figure. 4
by our proposed method.
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Figure 7: An example of transforming Figure. 4 to be
NNA-compliant with four SWAP gates by our proposed
method.

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

5 Conclusion

In this paper, we proposed a new approach to de-
compose 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. There-
fore, 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 20w (&)log (pw(G)) where pw G) denotes the pathwidth of graph G. Furthermore,
implications for quantum computation are also touched upon.

Keywords: Binary Decision Diagram, Ising partition function, pathwidth, Eulerian subgraph

1 Introduction

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 prob-
lems. Yet there are many ”hard” problems concerning
Ising model, such as calculating the Ising partition func-
tion, 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 configu-
ration in the Gibbs distribution. This function is defined
as follows [4];

Let G = (V, E) be a weighted graph and J;; be a weight
of the edge {4, j}. The Hamiltonian for a particular state

configuration o = (01,...,0py|) is
Ho)=— Y Jijbo.0, (1)
{i,j}eE

where o; € {—1,1} and d,, ,, = 1 and 0 otherwise. The
probability of the spin configuration ¢ in the Gibbs dis-
tribution is P(o) = ﬁe_m{(”), where 8 = 1/kgT, the
inverse of the product of the Boltzmann constant and
temperature, and Z(f) is the partition function defined

as follows.
Z(B) =) e H (2)
{o}

where {0} means the full set of all possible state config-
urations.

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 ev-
ery edge exactly once). However, note that an Eulerian
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subgraph in generating function is defined as a subgraph
the degree of whose all vertices is even, and it is not nec-
essarily connected. In this paper, we adopt the former
definition, so we consider connected subgraphs the de-
gree of whose vertices is even, since it is easy to relax the
problem using the latter definition and we expect consid-
ering 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

E(G,x) = wat(a)

Via this generating function, the partition function is
given by

2(B)=2"1 [ cosh(8Jij)E(G, tanh(5J;;))

{i,j}€E

3)

(4)

So counting Eulerian subgraphs is strongly related to cal-
culating 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.

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 order-
ing, 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', E’) be a sub-
graph of G, there are two requirements that H should
hold.
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Fig 1. Comparison between BDT and BDD

1. Yv € V' degree(v) = 0 mod 2
2. H is connected

For the first condition, we consider a binary deci-
sion tree (BDT) whose node is Odd(H) {v €
Vl|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. Observ-
ing 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 be-
comes Eulerian), and we construct BDD such as the right
side.

Formally, we should consider such Odd(H) N T}, on level
k > 1, where level k is the k-th layer of BDT and BDD,
Sk = Uy <<y € is the a set of vertices which are adjacent
to at least one edge of eq,..,ex, and T C S is a set
of vertices such that are adjacent to at least one unde-
cided edge and one decided edge. If there exists vertex
v € Odd(H) N (S \ Ty), the degree of v never becomes
Eulerian and we don’t have to consider a subgraph H
such that Odd(H) N (Sk \ Tx) # 0.

Furthermore, to satisfy the second condition, we want
to know which vertex in T}, is connected for each node in
BDD.

Every time when we decide whether we use ey or not,
and make a subgraph H = (V' E’) from a subgraph
which (k — 1)-th level node represents, if there exists v €
VN (Tk—1\Tk) (a vertex whose last undecided edge was
decided on level k), we check following two conditions.

1. Is degree(v) = 0 mod 2 satisfied?
2. Is v connected to any u € Ty?

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
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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 27| Bell(|Ty|), where Bell(z) is x-th Bell
number.

Proof. The number of which vertex in T} is connected
on level k is bounded by the size of partition of T}, 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
21Tkl Bell (| Ty |). O

Then we want find a good ordering to minimize the
BDD width. To do that, we introduce a path decompos-
tion 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 B, C V satisfies
(By is called a bag of p)

1. Uper By =V

2. For each edge {u,v} € E, there is at least onep € I
with {u,v} C B,

3. For each vertex v € V, a subgraph induced by {i €
I:v € B;} is connected

pw(G) denotes the pathwidth of G, the minimum value
of (max,ev, |By|) — 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 decom-
position can be found in time 20(k*)p, for graphs of path-
width k.

From the above theorem, we can get an optimal path de-
compostion ({By, : p € I}, P) of G and assume py,..,p; €
I forms a path in this order where ¢ = |I|. Then we
define W; as follows.

Wi:{ B\ Bit1 (i€ [1,t—1])

VAUjep—y W (otherwise)

{Witien,y is a partition of V' and for all 4, and each
W; is not an empty set since this path decomposition is
optimal. We get an ordering of vertices select all ver-
tices in W7 at any order, and vertices in W5, 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.

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



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 € W;, which
include the a-th edge, e, = {v,z} on the level a of the
BDD. Clearly, v € Ty, holds.

For all w € T, other than v, there exist u € W; and
{u,w} € F such that u < v < w and i < j < k where
w € Wy, due to the definition of {WW}. (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 v € W, and its definition, » is included only
less than or equal to ¢-th bag. Furthermore, due to
{u,w} € E, there exists a bag includes both vertices,
so there exists B; such that {u,v} C By, | <i. w is in-
cluded by both B; and By, which is a superset of Wy, and
we obtain for all I <m < k, w € B,, from the property
3 of Definition 1.

Then, any w € Tg is included by the bag B;, which

includes v. (Note that j is included by [I,k], since
l < i< j < k) This leads T, C Bj, which proves
the claim. O

As a result, we get following bound.

Theorem 5 The BDD width on each level is bounded by
20(pwlogpw) yhere pw denotes the path width of G.

Proof. From lemma 1, lemma 4, and Bell(z) < z%,

2Tl Bell(|Ty]) < 2P+ Bell(pw + 1)
< 2pw+1(pw + 1)pw+1
< 2pw+12(pw+1)log (pw+1)

< 9O (pw log pw)
O

After constructed BDD, we can apply dynamic pro-

gramming to the BDD so that each node has the number
of Eulerian subgraphs. Simply adding each node num-
ber to the child node one enables us to obtain the total
number of Eulerian subgraphs and the complexity of this
algorithm is also 20(Pwlogpw),
If we relax this counting problem and allow a counted
subgraph H (V', E’) disconnected, this algorithm
becomes easier. We construct BDD which nodes are
Odd(H) N T}, and we should check that for all v €
V!N (Ti-1 \ Tx), degree(v) = 0 mod 2 on each level
k and for all v € V' NT|g|, degree(v) = 0 mod 2 on the
last level. After BDD constructed, we apply dynamic
programming as the same way. This BDD width and
time complexity is 29(P*). From the above discussion,
we obtain the following proposition.

Proposition 6 Given an optimal path decomposition of
a graph, we have two algorithms.

1. If nodes of the BDD are odd-degree vertices and
connected components of the elimination front, we
get a 20wlogrw) yloorithm to count connected sub-
graphs the degree of whose vertices is even.
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2. If nodes of the BDD are odd-degree vertices of the
elimination front only, we get 2°®0%) algorithm to
count subgraphs the degree of whose vertices is not
necessarily even.

where the elimination front means Ty of each level k of
the BDD.

3 Concluding Remarks

We showed algorithms constructing BDD to count Eu-
lerian subgraphs, whose motivation is calculating the par-
tition 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 pro-
gramming solution to count Eulerian subgraphs. By ap-
plying 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 parti-
tion function, including quantum algorithms, are energet-
ically 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.

References

[1] Tadashi Kadowaki and Hidetoshi Nishimori. Quan-
tum annealing in the transverse Ising model. Phys.
Rev. E, 58(5):5355-5363, nov 1998.

A B Finnila, M A Gomez, C Sebenik, C Stenson,
and J D Doll. Quantum annealing: A new method
for minimizing multidimensional functions. Chemical
Physics Letters, 219(5):343-348, 1994.

E T Jaynes. Information Theory and Statistical Me-
chanics. Phys. Rev., 106(4):620-630, may 1957.

Patrick J. Coles, Stephan Eidenbenz, Scott Pakin,
Adetokunbo Adedoyin, John Ambrosiano, Petr Anisi-
mov, William Casper, Gopinath Chennupati, Car-
leton Coffrin, Hristo Djidjev, David Gunter, Satish
Karra, Nathan Lemons, Shizeng Lin, Andrey Lokhov,
Alexander Malyzhenkov, David Mascarenas, Su-
san Mniszewski, Balu Nadiga, Dan O’Malley, Di-
ane Oyen, Lakshman Prasad, Randy Roberts, Phil
Romero, Nandakishore Santhi, Nikolai Sinitsyn,
Pieter Swart, Marc Vuffray, Jim Wendelberger, Bo-
ram Yoon, Richard Zamora, and Wei Zhu. Quantum
Algorithm Implementations for Beginners. 2018.

Joseph Geraci. A new connection between quan-
tum circuits, graphs and the Ising partition func-
tion. Quantum Information Processing, 7(5):227-242,
2008.

Martin Firer. Faster Computation of Path-Width.
International Workshop on Combinatorial Algo-
rithms, pages 385-396, 2016.



Efficient Mapping of the ZX calculus

Kota Asail *

Shigeru Yamashita! f

L Graduate School of Information Science and Engineering, Ritsumeikan University

Abstract.

Lattice surgery performs logical operations using the error correcting code without destroy-

ing 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.

Keywords: qubit layout, circuit optimization, zx calculus, lattice surgery, surface code

1 Introduction

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 cor-
recting code performing fault-tolerant quantum compu-
tation. The surface code has a high fault-tolerant thresh-
old [2] and it can be realized by only two-qubit quan-
tum gates on adjacent qubits. A technique called lat-
tice 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 de-
scribe all these operations in a quantum circuit. There-
fore, it has been proposed to use the diagrammatic lan-
guage 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.

2 ZX calculus for lattice surgery

Lattice surgery performs operations on the planar
code. The planar code encodes one logical qubit by ar-
ranging 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,
7split” and ”"merge” to perform multi-qubit operations
between encoded logical qubits. Figure 1 (b) shows these
operations between X boundaries. The ”"merge” opera-
tion generates one logical qubit from two logical qubits.
The ”split” operation generates two logical qubits from
one logical qubit.

*eight@ngc.is.ritsumei.ac. jp
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X boundary

Merge

Split

(b)

Figure 1: (a) The planar code encodes one logical qubit.
The red faces define the two or four Z stabilizer opera-
tors. The blue faces define the two or four X stabilizer
operators. The left and the right boundaries are called
7 boundary, and the upper and the lower boundaries are
called X boundary. (b) The "merge” and the ”split” op-
erations between X boundaries.

The ZX calculus is a diagrammatic language for rea-
soning quantum computation, similarly to quantum cir-
cuits [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 mea-
surement nodes have m (> 1) inputs and n (> 1) out-
puts. In particular, a red node with two inputs and an
output correspond to K = |+) (++| + |-) (——], and
it represents merge operations between 7 boundaries.
Then, a red node with an input and two outputs cor-
respond to K = |++4)(+| + |——) (—|, and it repre-
sents split operations between Z boundaries. Similarly, a
green node with two inputs and an output correspond to
K =10) (00|+1) (11|, and it represents merge operations
between X boundaries. Then, a green node with an in-
put 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.

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

qubit placement to increase the number of nodes that can
be parallelized.

3.1 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 cor-
responding to each node. The blue edge indicates depen-
dencies 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 quan-
tum circuit maintaining dependency between nodes. Fig-
ure 2 (b) shows the result parallelized from Figure 2 (a).
We can reduce the computational time by parallelization
in the ZX calculus diagram.

3.2 Optimization of the qubit placement

To increase the number of operations that can be per-
formed in parallel, we optimize the qubit placement. In
our method, we use the qubit placement as shown in Fig-
ure 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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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. Fig-
ure 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 men-
tioned in Section 3.1, we can consider that multiple dupli-
cations of qubit paths. Therefore, we optimize the qubit
placement to minimize duplications of paths.

In our method, we formulate the problem of optimiza-
tion of the qubit placement to Integer Linear Program-
ming (ILP). We will explain the specific formulation in
Appendix.

4 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 per-
form some benchmark experiments and verify its effec-
tiveness. 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.
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Appendix A Formulation procedure

In our method, we formulate the problem of optimiza-
tion of the qubit placement to Integer Linear Program-
ming (ILP). Let ¢, j, k, [ are the number of locations that
qubit place. Thus, let z;(; k. 1)n(o,p,q) 18 @ boolean variable
that indicates whether qubit i(j, k,!) is assigned to loca-
tion n(o, p, q) or not. Let ymno is a boolean variable that
indicates whether qubit n needs to move to neighbor po-
sitions of qubit o in m step or not. Let z;;; is a boolean
variable that indicates whether qubit can move between
location 4, j and between location k,l simultaneously or
not. Then, we formulate the optimization problem with
the above variables in the following.

s s s s s t t t t
minimize > 3> 3> > > D>
m=1i=1 j=1 k=1 l=1 n=1 o=1 p=1 gq=1

ZijklYmnoYmpqlinTjoTkpTiq

u
subject to Zﬂcm =1 (n=1,...,%)
i=1

Y wm=1 (i=1,...7)
n=1
zin €{0,1} (i=1,...r,n=1,...,1)

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.

Keywords: Wireless quantum communication, Phase noise, Quantum receiver

Introduction

The coherent-state has been subjected to extensive re-
search on quantum communications and information the-
ory. For example, the coherent-state is known for its can
achieve the ultimate channel capacity for a lossy bosonic
channel or free-space[l, 2]. The use of coherent states
encoding information in the phase angle, which we call
MPSK(M-ary phase-shift keying) coherent-state signals,
can increase the spectral efficiency as a typical digital
modulation scheme.

Since the characteristic of MPSK signals, the trans-
mitted 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 0 caused by turbulence, atmospheric re-
fraction, and unstable adjustment of the receiver. There-
fore, 8 has to be regarded as random variables © in gen-
eral. As an example of such treatment, a study [3] fo-
cused on © caused by the phase diffusion, which occurs
on fiber quantum channel, and assumed that © follows
normal distribution N(0,0?). 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 homo-
dyne 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, o2. Unfortunately,
in long-distance communications, such as satellite-based
global quantum communications, a variety of incomplete
factors generate the sudden fluctuation of o2, resulting
that 02 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
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phase noise for an optimum quantum measurement was
inconsistent with the true phase noise in the received
quantum states. The analysis demonstrated that esti-
mating an incorrect phase noise may degrade dramati-
cally the performance of quantum receiver. In this pa-
per, 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(> %)—
quantum receiver estimates o2 including uncertainty. In
addition, although we focus mainly on M = 2, namely
BPSK (binary phase-shift keying), in this paper, we pro-
vide briefly the basics of M > 2 for extensibility.

2 Basics of quantum communication

Suppose the quantum density operator of a transmit-
ted quantum state, pl(-m)(z' =0,1,---,M — 1), is a coher-
ent state |a) with MPSK,

(in

) - 2im - 2im
P = ol ™ ><ael M|

(1)
where j = v/—1 and « is the coherent amplitude. We
assume that information is transmitted from the trans-
mitter to the receiver through the quantum channel de-
scribed by a map £ : S(Ha) — S(Hp), where S(H) is
the set of quantum density operators over the Hilbert
space H. We make the classical input alphabet X =

{xq, e ,xM,'l} correspond to the set of quantum states
(™, ... 7p§\14n11 (€ S(Ha)), and introduce a map of = to

the received quantum states (¢ S(Hp)), ® : @ — P, :=

E(pggi n)), which we call classical-quantum channel[6].

The quantum density operator of a received quantum
(out)

state, p; , is represented as

o = [ PO)lac B a4 100, (2)
where P(6) is normal distribution, © ~ N(0,02). Then
we consider an ensemble E*°d consisting of pl(-om) taken
with equal a priori probabilities & = 5;. Applying

a positive operator-valued measure(POVM) {II;} that
>, ; =1 (ie. identity operator) and II; > 0 to plont)

i

corresponding to value i, we can calculate a conditional
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probability p(j|i) = Trp(OUt)Hj of detecting the value j.

Thus, the error probability for the POVM to distinguish
the &3} mixed is obtained by

=1- ZTrfl (out) 1 1I;.

For deriving the minimum error probabilities POP!
(i.e., Helstrom bound) for measuring BPSK signals and
MPSK signals (M > 2), which achieved by applying op-
timum quantum receiver, we used a treatment given by
[7] and an algorithm given by [8], respectively, to find the
optimum detection operators II; (e.g. [5]).

The minimum error probabilities ~POPtCla(3
pHom pHet)  of optimum classical receiver, which
achieved by the homodyne measurement for BPSK
signals and the heterodyne measurement for MPSK
signals(e.g., , are obtained by

o

72 (y—]|c| cos 0)2 d0dy
1r(2M 1)
PHet //
xXr

/p
respectively[5].

(3)

(4)

e—? —« +2'r‘\a| COb(¢_9)de¢d97

3 Error performance

An optimum quantum receiver is required to apply
T := {II;} optimized for p(°"t) .= {pEOUt)}. In other
words, the optimum quantum receiver needs estimat-
ing p(©") exactly for finding the optimum II. Because
of pl©u) that is subject to o2 except M and the aver-
age number of photons |a|?, we can rewrite p(®"*) and
IT to function p(°"t)(g?) := {pgom)(o2)} and II(c?) =
{I1;(c?)}, respectively, while the optimum classical re-
ceiver does not depend on the estimation of o2. Estimat-
ing 02 for the optimum quantum receiver is not always
exactly. We assume that o7 is the variance of the true
phase noise and o3 is that of the estimated phase noise,
instead of 02. As an undesirable example, [4] showed
that the quantum receiver applying II(c3 )—the POVM
optimized for p(®™ (03) measures p©"*) (57)—has worse
performance than an optimum classical receiver. Here,
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Fig. 2: The graph of S corresponding to the error prob-
abilities of BPSK in Fig. 1 when |a|? =

the error probability P. exploited I1(03) is obtained by
Pe(0},11(03)) = 1 - Z Tr&ip™ (o})Ii(03),  (6)
where P, = POP' only for 0? = 02. Fig. 1 from [5]
shows the error probabilities against o7 with the settings
of [a|> = 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 o3 = 0,0.01,0.05,0.1,
and 0.5. 03 = 0 implies the exploitation in terms of “
optimum quantum measurement only for coherent-state
signals,” and leads to the possibility of quantum non-
superiority.
To evaluate the performance of a quantum receiver es-
timated o incorrectly, we consider a quantity S repre-
senting “how far is it from the performance of a quantum

receiver to that of the optimum classical receiver,” and
introduce S defined in [4]:

~ POV (})
PO (a})

03))

S(U%’ POptClaEU%)
)
(o

M(03)) =

(D

where POPYCIa(52) and POPt(52) are functions of o2. Be-
cause of P, (al,H(crg)) > POPY(g2) and POPCla(52) >
POP%(52), we know that 0 < S and S = 0 only for
0? = 02. S > 1 implies that the performance of opti-
mum classical receiver is equal to or better than that of
the quantum receiver. Fig. 2 from [5] shows S corre-

sponding to the error probabilities in Fig. 1.

4 Robust quantum measurements

We consider the range R(> o7) estimated roughly in-
stead of an unknown o7 for achieving higher performance,
and introduce minimax criteria to address the problem
that finds the appropriate quantum measurements de-
scribed in chapter 1, in |a|?> = 1 and M = 2 settings.

4.1 Robustness

The performance of a quantum receiver which exploits
II'(e TI(03)), closest to that of the optimum classical
receiver, is obtained by

Smax (I') := max S(o%,11). (8)
o2€R

In order to optimize the worst case, Spax(II') — min(=

GMinimax) (j o minimax value), an appropriate II’ is re-
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Fig. 3: The graph of robustness SMMmax that applied
the most robust quantum measurements when |a|? = 1.

quired to find.

In this paper, we define robustness as “quantum supe-
riority will be kept over a certain limit even if uncertainty
exists in the estimation of Uf.” Let Ra.ye be the average
of R, the amount in terms of the uncertainty is repre-
sented by a parameter f—it is taken from the width of
R, W = B+ Rave, where [ satisfies 0 < 8 < 2. Then we
fix Ruye and SMinimax and consider that the larger 3, the
higher the robustness. Naturally, if R, and 3 are fixed,
it can be said that the smaller SM®max the higher the
robustness. We determine SMMmax a5 the amount eval-
uated the robustness, and introduce minimax criteria to
find the most robust quantum measurements under three
cases.

4.2 Case A

A theorem establishes that any POVM can be realized
on an extended Hilbert space[10], yet the method of re-
alizing any quantum measurement corresponding POVM
cannot necessarily be found. We assume a constraint im-
posed 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 mea-
surements X = {II(03)|03 € o7?}—these measure the
signals including phase noise o2 = {¢%,¢3,...,¢2} with
Helstrom bound—is already realized, we can determine
the most robust I that satisfies

(9)

min  max S(0?,I,).
IIA€X o2€eR

4.3 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 ITin(€ X) optimized for Ry, := min R with
probability ¢; and II,.c(€ X) optimized for Ryax =
max R with probability co, where ¢; and co satisfy ¢ +
ca = 1. The new quantum measurement is represented
as

1—IB (Hmin; HmaX7 01) = CIHmin + C2Hmax- (10)
Now, we can determine the most robust Il that satisfies

. 2
m g (Min, Minaxs €1)). (11
oduin, max S(o” My mocr))- (1)
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The robustness of new quantum measurement will sur-
pass or equal that of Case A, and the latter implies
IIin = ILax. 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 Case C

We provide an ideal case that if the constraint de-
scribed in Case A is lifted in spite of uncertainty exists in
the estimation of 0% yet, then a set of optimum quantum
measurements ) = {II(03)|03 € R}—these measure the
signals including any o7(€ R) with Helstrom bound—can
be prepared. The most robust Il is determined by

i S(o*, c). 12
min max S(c, Ilo) (12)

We also reduce the condition (12) to
S(RmithC) = S(Rmax; HC)7 HC S y (13)

In addition, this case implies a solution that how an opti-
mum quantum receiver deals with the uncertain estima-
tion of o7 as a robust quantum receiver.

5 Conclusion

In this paper, we derived the most robust measure-
ments that respectively correspond to three cases, based
on the minimax criteria. The numerical results are
shown in Fig. 3, which plot SMinmaX aoainst R,ee in
o2 = {0.01,0.05,0.10,0.50, 1.00} setting. Dashed, dot-
ted, and solid lines correspond to Case A, Case B, and
Case C; red, blue, and green correspond to 8 = 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 com-
munications 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 o% can not
be realized, we can design a practical, robust quantum
receiver by means of realizing quantum measurements
optimized for some of o7 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 Il,;, and 11, can be seen as a random vari-
able followed Bernoulli distribution with parameter c;.
If we set confidence level at 95%, the confidence interval
concerning the mean ¢7 is 7+1.96x+/c1(1 — ¢1)/t, where
t is the number of measuring times. As an example, if the
error of confidence interval is required within (¢7) + 1%,
the necessary t is tg ~ 1.96% x ¢1 (1 —¢1)/0.01% = 9218, in
B =1 and R, = 0.28 settings, where the most robust
IIg(I1(0.5),11(0.1),60%) is exploited. Case A is used in
the case that the estimated t << tg.
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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

Keyed communication in quantum noise (KCQ) in-
vented 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 op-
timum quantum measurement, whereas an eavesdropper
with nothing can use only an optimum classical mea-
surement 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 capabili-
ties of a legitimate receiver and an eavesdropper. It de-
termines the rate that an average number of photons sat-
isfied 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 multi-
mode. The quantum gain limit is 6[dB] for the single-
mode[l]. 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 relia-
bility function, which is defined as the exponential of the

*im191813@cis.aichi-pu.ac. jp
Tsusa.mi@meij o-u.ac.jp
fusuda@ist. aichi-pu.ac.jp
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best error probability. We assess the quantum gain in
the KCQ protocol using the difference between the clas-
sical and the quantum reliability functions by applying
Kurokawa’s idea[3] to quantum cryptography.

2 Reliability function
2.1

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 P°P*(n, R) be the best
error probability for n and R. Then it is expressed by
the so-called reliability function E(R) as

Overview of reliability function

PO (n, B) = e "), 1)
E(R) is also called an error exponent. Therefore, E(R)
is formally expressed as

1 [Optl } . (2)
n e (n, R)

In the theory of reliability functions, E(R) is defined by
considering the limit n — oo (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 Quantum reliability function

Let H be the Hilbert space of a quantum system.
We consider a classical-quantum communication that



sends M pure-state signals |[¢;) € H indexed by i(i =
1,2,...,M). Let & be the a priori probability of each
classical information ¢. Then

p= Z& |13} (il

i=1

(3)

is called the density operator of the quantum information

source {|1;)}.

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,

Equ(R) = max max [u(s,&) — sR], (4)
EQL(R) = nax max [,LL(S’ E) - SR] ’ (5)

0<s<1 ¢
where
M(Sag) =—In Trpl-i-S’

and p is given by Eq.(3). Kato proved that the uniform
{&} maximizes u(s, &) — sR in both bounds when signals
are symmetric[7, 8]. Therefore, for symmetric signals, we

have
Equ(R) = max {M(S»{AZ})—SR]» (7)
Bt = g ({21 —or].

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 func-
tion is known at zero rate (R = 0)[5]. This zero-rate
quantum reliability function is expressed as

Eq(+0) = —1%12&& In [(t) |or) | (9)

In the case of binary quantum signals,

Eq(+0) = —In[(¢o[¢1)]- (10)
2.3 Classical reliability function
Leti (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]%)
of outputting j by inputting 7.

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 Ecy(R) and Ecr(R) be
the upper and lower bounds. Then,

Ecy(R) = rgggmgX[V(s,ﬁ)*sR], (11)
Ecr(R) = max max|[v(s,&) — sR], (12)

0<s<1 ¢

147

where

M /M ) I+s
Vs, €) = - (Z@P@uw) BNGE)
j=1 \i=1

As same as for the quantum reliability function, the cor-
responding 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.

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_ox(R) = sup[—oR + o log2 — o log(1 4 a*/?)]. (14)
o>1
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

Ec(+0) = Ec—ex(R=0). (15)

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 probabil-
ity is written as P(gpt(n7 R), and the classical version as

PP (n, R). When R = 0,
P&pt(n, R=0) e "Fa(+0)

PP (n, R = 0)

(16)

6anc(+0)' (17)

Moreover, for any R,

eanQu(R) S P(%Pt(an)

e "Ecu(R) < ngt (n, R)

< 2emFau(f) - (1g)

< e mPer® o (19)

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).

3 Properties of quantum gain

In this study, we consider KCQ protocols using binary
codes, so that we assume the BPSK (binary phase shift
keying) coherent-state signals {|a),|—a)}. The signals
are characterized by their coherent amplitude « or the
average number of photons Ny = |a?.

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:

NE(When P = P)

Gain = 101lo
#10 NQ(When Py — P)

[dB], (20)
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Figure 1: Upper and lower bounds of error probabilities

for optimum quantum and classical measurements when
R = 0.4,n = 20000.

where NE represents the average number of photons
when the error probability Po becomes P in the clas-
sical instance and N 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 pho-
tons when R = 0.4 and n = 20000. In this case, the
bounds are tight, so that the black and green lines co-
incides 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
10712 or close to unity. In both cases, the upper and
lower bounds of N match the classical case, whereas
NQ 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.

Table 1: Quantum gain [dB] when R = 0.4.

| n [ P | Gain(Lower) | Gain(Upper) |
10000 7.574 7.583
15000 | 10712 7.581 7.583
20000 7.585 7.595
10000 7.499 7.645
15000 1 7.499 7.645
20000 7.544 7.645
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Table 2: Quantum gain [dB] when R = 0.

’ n \ P \ Gain ‘
20000 7.9825
10° | 10720 | 7.9799
106 7.9796
20000 7.9818
10° | 1072 | 7.9780
106 7.9780

4 Conclusion

In this paper, we use the upper and lower bounds of
classical and quantum reliability functions for binary sig-
nals to evaluate the security of the KCQ protocol us-
ing binary codes. This corresponds that we consider the
KCQ protocol using the best codes in reliable commu-
nications. The result of our evaluation is as the fol-
lowing: The quantum gain using the best codes exceeds
6[dB] which is the limit of the single-mode KCQ proto-
col. 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.
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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 prac-
tical 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 un-
desired phenomenon, “back-action”, when quantum mea-
surements are applied. These properties limit the perfor-
mance 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 ac-
cordingly. Thereafter, Wang et al. presented a quantum
feedforward (QFFC) control scheme[2], which improves
the fidelity between output state and input state to ar-
bitrarily 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. nontrivial-
ly 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 over-
lap, the prior probability and so on. Thus side informa-
tion is essential for protection. However, the side infor-
mation 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 informa-
tion. 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, re-
spectively, 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 infor-
mation. To find the effect bringing by classical side in-
formation, 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 nontriv-
ial 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 fi-
delity 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 infor-
mation processing. Besides, the measurements we used
here may provide a lot of candidates for developing weak



measurements in balancing information gain and distur-
bance. At last, a more general family of measurements
and corrections in our scheme may makes state protec-
tion less sensitive to noise and initial state, which may
lead to a more realistic scheme.

(a)

FIG. 1. Advantage of fidelity as a function of the initial angle
0 and phase ¢ for different noise strength (a) r=0.25, (b)
r=0.5, (¢) r=0.75 and (d) r=1.
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FIG. 2. Fidelity improvement, fidelity for our scheme and
parameter « as a function of the initial angle 8 and prior
probability s when fixing ¢=0 (fix quantum side information)
for selected noise strength (1)r=0.5 and (2) r=1.
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FIG. 3. Infidelity f as a function of the parameter alpha when
s+=1/3,0 =m/3, ¢ = 0 and r = 0.8 for schemes without fully
characterization of classical side information, our scheme and
Helstrom scheme(left-;right).
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FIG. 4. Fidelity f VS. Log of success probability log(s) when
0 = w/3 r=0.9 and s;=1/3. Here dot and triangle for the
scheme without and with classical side information, respec-
tively.
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Abstract.

We explore quantum-inspired interactive proof systems where the

rover 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 NP?P 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

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 ac-
tually 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 z, 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 z is indeed
in L and the provers honestly follow the protocol, the
verifier eventually accepts. The protocol has soundness-
parameter 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 computation-
ally 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 inter-
active protocol with a single round: When proving that
x € L, the verifier sends each of two provers a 'question’
string of O(log|z|) 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 commu-
nicate at all while the protocol is taking place.

Computation delegation. The PCP theorem had a
huge impact for showing hardness-of-approximation for

*ayalg@cs.huji.ac.il
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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 prac-
tical application, namely computation delegation. The
goal in computation delegation, introduced in [19], is for
the verifier to commission the provers to perform a com-
putational 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 prac-
tical 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 as-
sumed to be all powerful?

Note that a similar question, namely of interactive ar-
guments is studied in cryptography. However in argu-
ments, 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 re-
quire additionally that honest provers do not need to be
as strong.

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 ob-
tain 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 polynomial-
time quantum computation, by letting a classical
polynomial-time randomized machine interact with an
efficient quantum maching, namely one which is only as-
sumed to be have the power of BQP.

There has been significant progress on interactive
quantum proofs and quantum computation delegation



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 al-
lowed 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 ver-
ifier 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.

Towards unconditional quantum delegation.

As an intermediate step in the search for information-
theoretic soundness for verifying polynomial quantum
computation with only classical interactions, a more gen-
eral 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?

Definition 1 (In-class IP - informal) Let IP[P,V)] be
the set of all languages L for which there exists an effi-
cient 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.

A recent attempt by Aharonov and Green [5] pro-
vides an interactive proof protocol verifying precise
polynomial-time quantum computations (PreciseBQP),
showing that PreciseBQP C IP[PreciseBQP, BPP]. Let us
remind the reader of the definition of PreciseBQP: Re-
call that in normal polynomial-time quantum computa-
tion (BQP), the gap between the acceptance probabil-
ity of yes-cases and no-cases is inverse-polynomial'. In
the precise case, however, this gap is inverse exponen-
tial. 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  Thys it gives a quantum ana-

logue of [24], which showed an interactive protocol for
p#P .

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 pro-
tocol 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 probabili-
ties of yes and no cases is inverse exponential), which
has been shown to be equal to PSPACE [14, 15].

IThis gap can be amplified to a constant using standard gap
amplification techniques.
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2 Main Results

An in-class interactive proof for PreciseQCMA.
We make a step towards a direct BQPSPACE C 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 C IP[PreciseQCMA, BPP].

Noting that PreciseQCMA is equivalent to the classi-
cal complexity class NPPP [18,27], we get the immediate
corollary.

Corollary 3 NPPP C IP[NPPP BPP].

This result is an improvement on [5,24], and was not
known before.

3 Proof Techniques

In our proof we make crucial use of the following pro-
tocol 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

PreciseBQP C IP[PreciseBQP, BPP].

Namely, they show a protocol by which a polynomial
probabilistic classical machine can verify the accep-
tance probability of a polynomial quantum circuit?, to
within inverse-exponential accuracy, by interacting with
a PreciseBQP prover.

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 at-
tempt 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 £ € PreciseQCMA we
indeed know that if x € L there really is a classical wit-
ness 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 pro-
tocol. 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 £ € PreciseQCMA and
an instance x of £, the prover can distinguish whether z
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.

2

i.e. a quantum circuit consisting of a polynomial number of
sequential local gates on n qubits



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 Sy, is true ”there exists
a witness for the instance « where the first bit is 0”. If the
answer is "no”, the verifier can ask about the statement
So, 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 S;0 and Sp1,
etc. .

The previous process indeed works for any instances
of any language in NP C PreciseQCMA, but does it ex-
tend to all of PreciseQCMA? Let £ be a language in
PreciseQCMA and = € L be a yes input. Consider the
statement Sy for x as described above. Is this really a
PreciseQCMA statement, namely can a PreciseQCMA or-
acle answer it? Recall that such an oracle can verify the
acceptance probability up to an inverse-exponential ad-
ditive 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 sep-
aration is much smaller — there is no upper bound on the
acceptance probability of  given a wrong witness! So it
is not clear that a PreciseQCMA machine can decide if the
statement Sy is true, as we are not guaranteed an inverse-
exponential separation between the acceptance probabil-
ity in the yes case and in the no case. We solve this issue
by observing that we can assume, without loss of gen-
erality, a certain structure of the PreciseQCMA verifica-
tion circuit, which ensures that its acceptance probability
for any witness lies on an inverse-exponentially-separated
grid.

4 Discussion and Open Problems

Below we observe that combining the AG protocol with
the result in [26], which showed that QMA C PP, we ob-
tain an interactive protocol for QMA with a PreciseBQP
prover.

An interactive proof for QMA. Using the witness-
preserving gap amplification for QMA [26, 28], we can
compute the acceptance probability of a correct QMA
witness using precise efficient quantum computations.
Specifically, invoking the AG protocol with gap-amplified
circuits and the circuit for preparing random-guess wit-
ness, we conclude the following.

Theorem 4 QMA C IP[PreciseBQP, BPP].

The main idea in the proof of Theorem 4 is that once
one amplifies enough the gap between the acceptance
probability in the no case, and the acceptance probability
in the yes case with a correct witness, a PreciseBQP algo-
rithm can distinguish between the yes and no case simply
by choosing a 'random’ witness. We leave the details for
the full version of the paper.
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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 Hamilto-
nian, 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 C IP, which could provide a
interesting quantum analogue of the sum-check primitive
from the original proof of PSPACE C IP.

However, if we try to apply the protocol from Theo-
rem 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 men-
tioned above for PreciseQMA, as the gap between the
yes and no case accept probabilities is constant. How-
ever, 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 heuris-
tics, where the parameters define gate operations. The work will provide evidence to whether machine
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1 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 quan-
tum hardware. However, these computations do not solve
a problem of practical interest. Examples with theoret-
ically proven advantages for quantum computation can-
not be run on problems with practical application in the
near-term. A recently developed class of algorithms, vari-
ational quantum algorithms [1,2], show some promise for
advancing our understanding of where near-term quan-
tum 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 clas-
sical subroutine, where the classical step optimizes the
parameters of the quantum circuit to improve the solu-
tion 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 pa-
rameters of quantum heuristics.

In this work, we explore a set of optimization meth-
ods coming from Bayesian, gradient-based, gradient-free,
machine learning, genetic and reinforcement learning ap-
proaches. We compare their performance Quantum Al-
ternating 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.

*aw16952@bristol.ac.uk
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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 quan-
tum heuristics, a critical step is the early adaption and
adoption of these tools and the evaluation of their effec-
tiveness.

fo

Figure 1: Recurrent neural network of LSTMs (blue) op-
timizing and learning from a quantum circuit (green) via
the loss function (pink).

A number of researchers have investigated reinforce-
ment 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 Parameter setting of quantum heuristics

We evaluate these methods on two types of problem
classes, QAOA and VQE.

2.1 Quantum Alternating Operator Ansitz

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 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 Simul-
taneous Perturbation Stochastic Approximation (SPSA)
in [17], where they argue that while simultaneous pertur-
bation methods can be very useful in the optimization of
fermionic problems, for classical problems, such as in-
stances of MaxCut, the ease of evaluating the cost func-
tion may favor standard gradient-descent or derivative-
free routines”. Other routines used include COBLYA, L-
BFGS-B, Nelder-Mead and Powell in [18]. Finally, in [19]
they explore the use of Bayesian optimisation in VQE op-
timisation.

2.3 Gradients

Analytical expressions for the gradient of a cost func-
tion with respect to the parameters in variational quan-
tum algorithms allow computation of the gradient effi-
ciently 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 hap-
pen within the next 5 years, and given the complica-
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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 sim-
ulation 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 op-
timization of these circuits is a non-trivial task.

2.4 Designing an optimiser

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 Net-
works (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 develop-
ment of useful quantum heuristics.

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 peo-
ple 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 aug-
mented 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
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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 MAX-
2-SAT problem with 6 variables and 2 clauses.

Figure 4: Top: A random initialization used by a genetic
algorithm. Bottom: The resulting population after 100
iterations of the genetic algorithm. The fitness function
(negative cost function) depicted is a modified version
of the 2D-Rastrigin function with more gentle peaks for
visual clarity.
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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 impor-
tant 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 trans-
fers across problem classes. Additionally, there will be
differences in optimization procedure performance across
problem classes, dependent on the structure of the prob-
lem. These investigations will point to good problem spe-
cific 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 dif-
ferent properties such as ruggedness and varying depths
of local minima. The properties will also determine the
choice of optimizer, though we believe machine learn-
ing 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 con-
tinue to improve in the near-term, such that useful near-
term implementations of quantum heuristics on noisy de-
vices will use these methods going forward.
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Abstract.

This paper presents a novel measurement-device-independent quantum key distribution (MDI-

QKD) protocol based on phase encoding. Our protocol uses a differential-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 propo