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Motivations

» The inflaton’s potential might not be a smooth function.

» Models with features in the potential (Lagrangian) have been shown to provide
better fits to the power spectrum of the CMB. Covietal.’06 Joy et al. '08

Introduction of new parameters (scales) that are fine-tuned to coincide with the
CMB “glitches” at ¥ ~ 20 — 40

But there might be many features so the tuning can be alleviated

» Once we fix these parameters to get a better fit to the power spectrum the
bispectrum signal is completely fixed: predictable

¢ Interesting bispectrum signatures: scale-dependence
(e.g. “ringing” and localization of f 1)
Might be due to: - part.icle production | | | Chen 10
- duality cascade during brane inflation
- periodic features (instantons in axion monodromy inflation)
- phase transitions

O These are more realistic scenarios. One can learn about the microscopic
theory of inflation.

v'PLANCK is out there taking data, its precision is higher so the current constraints

on nG will improve considerably.
3
) It's time for theorists to get the predictions in!



The model

A toy model of a sharp transition

Vo + 5m3¢° L ¢ > o

V(gp) = { Vo, + %mi(l + A)d? P < dg

Continuity implies Vp, = Vg — 1/2m<2bA¢(2) ~ Vo

FLRW background

S(t) + 3Hp(t) + mge(t) [1 + A0(¢o — ¢)] = O

Vacuum domination assumption 72 ~ _Y0_
3M3,



The background analytical solution

Growing mode
[Beforetol /
= e
b 0b AF A —p2/3(1 + A)

Decaying solution Decaying mode

/ /

[After to }

+ = — Ay A, R -3
ba(t) = Cban)\a Ht 4 QbanAa Ht b a
Determined by the continuity of @, qb 5
2 _ Mg
= H?2

Parameters in the plots

my=6x10"9Mp;, H=2x10""Mp;, ¢op = 10Mp
to=—1/HInH



The slow-roll parameters
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Always small, inflation does not stop

Violate the slow-roll conditions temporarily

» Will introduce oscillations in the power spectrum and bispectrum
and may produce non-Gaussian perturbations.



Linear perturbations

Comoving gauge: 0 = O

hi; = a €2R5

Mukhanov-Sasaki eq

RY + 22 R’ + k%R, =

=0
z = a,\/2_€ ? = —sign(¢)Mp;zR

For the field pert.

7 2 z” _
U —I— (k — =0 R, R’ U, are continuous

ulls not continuous

Initial conditions for numerical integration (integrate eq. (1)):

y :v_e—sz( _L)
b — 2k kT



Mode function: analytical approximation

Starobinsky '92

Romano and Sasaki '08

':}% k< kpand T <7

1 %U%Tkgi) fkgkoand7->7k

R(T’k):m< Vo) * k> kg and 7 < 719
O‘("’)”(T’%)” (k) k> kg and 7o < 7 < 7

\ O‘(k)“(T’k\/);'TﬁTS;)“*(T’k) ‘k>kgand > T

Good approximation for any time but for scales sufficiently different
from the step scale kg

84 (k) , 6 ( k) Bogoliubov coefficients are

determined by the matching conditions

=> R, R’ are continuous

across the transition
8



Power spectrum
P70 = LY =0 k< ko

27T|¢(tk)| m;%b

1/2 . H2 k > k
PR o(k) = e
H2 2 1/2
~ . 14+ —sm(2k7 ) —|— 1 4+ cos(2k7yg)
21300 [ ) 23 o)
Small scales damped oscillations with “angular frequency”: 2 /k
1,{;?5“0--—: s Amp“tUde i
07x 1075 1/2 _ P (k)
107 1¢ ’ﬁ ) - \ P>/ (k) ~ i-|—A
Pé 1.065x% 1(:-5—; = 1": Pé 8:x 10-6 4 /
] Iﬁ / 6.% 1076
1.06% 1077 [ {
Vg _I_,_r‘u,_(af*lf 4.% 1076
1.055x% 10'5—: A:OO]. I'. | A:2
| \( 2.%x107% 4
0.01 0.1 i 10 100 0.01 0.1 i 10 100
kU kCI
~ 2 2
eed to be small




The bispectrum

The third order interaction Hamiltonian Maldacena '02 Collins 11

a3edn

. n_~0L d na
S3 O M3 / atd®a[SZIRPR + 20R* 1] + M / atd®a~ [~ TiR20%]

These boundagyregrasc By pars o erase terms from the action that contain
higher-deriviativies in time that were generated by integrations by parts.

One can ignore all the boyundary %erms that appear whgn one,simplifies the action
_ z /

but thed ome(7) = —7‘4%:; jd T[Cmapr’??)ﬁﬁn’é%@t gﬁ(gnﬁs)R}he action

that are proportional to the first order equation of motion.

On the other hand, one might choose to keep all the boundary terms and calculate the

TB?S;!)@'JHJ%'UQH%%B)@MIWethod without the need to do the field redefinition.

We have shown that in the end the bispectrum of the curvature perturbation is the
same in both procedures.

(QUR(7e, k1) R(7e, ko) R(7e, k3)|2) = —i [1% dTa(O|[R(7e, k1) R(7e, ko) R(7e, k3), Hint (7)]]0)
Arroja and lanaka 11
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The approximate slow-roll parameters
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Good approximation for 77 > 7 From now, in the plots:

A=2
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Definition of G/k3and Fy .

G(k1,ko.k3iks) 1 (k1kok3)?
k1koks - 5@3) (k1+k2_|_k3) (27?)7P722(]€*) <Q‘R(T€7 kl)R(T€7 kQ)R(Tea k3) ’Q>
\ .
Smooth power spectrum amplitude

If it is of order one, PLANCK might detect it

G~ Small scales _
compared with kq
G< Large scales

. _ 10k kok Q(kl ko k3;]€*>
Fnp(k1, ko, k3 ks) = k2532
e 3> kP kikok3

Reduces to fpy for the local model

Local model:

k3
(R(k1)R(k2)R(k3))0car = (2m)76(3) (k1 + ko + k3) %fNLP%%;:é
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The equilateral limit: large scales

G<(k.k kikx)

k3

-0.44

g<(k7kak;k0)
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Too small

Impossible to generate large nG in single field inflation when the scales are sufficiently
outside the horizon, this is because the curvature perturbation is constant in this case.
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The equilateral limit: small scales
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With the extra approximation on the mode function
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The extra approximation is good to find the right dependence on the wavenumber

but not the amplitude. For that, we computed the integral numerically.



The fitting formula for the amplitude

Amplitude at k = 100k as a function of A, without the extra approximation

G> (k,k,k;kg) ~ 9 o 62 C~'3A
3 |k=100ko ~ 3g0A(TFA) 1A %€
C1 ~ —5157.87, Cr ~ 2.01, C3 ~ 0.03
(1~ —5399.03, >, =2,C3=0
A
D?l 0.[?5 U.ll 0,15 ll 5l 1?
] e
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I %
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The squeezed limit: large scales
k1 < ko, k3 ~ k k < ko

AN k)2
Fryp (k1 kK k) = —15A(8 + 3A) (%)

« \
10 20 30 40 50
. ! . ! . 1 . 1 . ]

Suppressed by this ratio

F3, (ko/500, ko/, ko/r; ko) - Too small

o]
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The squeezed limit: small scales
k1 < ko, k3~ k ko < k1

With the extra approximation on the mode function.

Large enhaacement factor
N\

g 5 A 2ktkiky . (2k+k
FRp (ki ko ki k) = 21 pya kolkls'n( ko 1)

Strong scale-dependence of the envelope

m'fxﬁﬁﬂ ’H

F3 (kkg, 1000kq, 1000kg; kg) 0y |
NI V v if ?!’ T‘“’g
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The fitting formula for the amplitude

The small scales amplitude as a function of A, without the extra approximation

> . ~ 9 C> C3A
F1,(50ko, 1000ko, 1000ko; ko) & 5gq40y47C142¢C3
Cy ~ 2873.31, Cs &~ 2.00, C3 ~ 0.02
C1~2961.32,Cr, =2,C3=0
140
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Some comments

» Estimate of the range of scales Ak affected by a smooth transition

If the transition width in field space is A ¢

For our potential the transition happens over a number of e-foldings:

AN ~ (3A¢)/(42¢o)

Because Ak/kqg ~ 19/AT ~ 1/(AN)

then
Ak ~ ko/(AN) ~ (u?¢0)/(3A¢) kg

If A¢ =0 then Ak — 0O Al scales can be affected

3 Elgaroy et al. '03
e.g. Heaviside approximation was valid fork < 10°k0 Rromano and Sasaki ‘08

(some particular more realistic model)

» This gives the cut-off scale for the small scales linear growth. For smaller scales

the amplitude should go quickly to zero. 19



Summary and Conclusion

“*We studied a model of single field inflation. The potential is vacuum dominated
and the mass changes abruptly at a point.

» Slow-roll is temporarily violated. However there exists a good analytical
approximation for the mode function for scales far from the transition scale.

v' Computed the power spectrum analytically and numerically.
Found good agreement.

The small scale PS contains damped oscillations with “frequency™ 2 /k

v’ For the bispectrum, on large scales in both the equilateral and squeezed limits,
The amplitude of the NL parameter is suppressed by the ratio (k/kg)? < 1
and the amplitudes are small.

v For small scales, in the equilateral limit, the amplitude can be large due to the

enhancement factor Q>/k:3 X k;/ko > 1

The “angular frequency” is 3 /kq

20



Summary and Conclusion 2

v For small scales, in the squeezed limit, the amplitude can be also be large
due to an enhancement factor F]?L X kl/kO > 1

The “angular frequency” is 2 /kq

» These are significant enhancements with respect to the single canonical
kinetic term slow-roll models. The results are not suppressed by slow-roll.

* Non-vacuum Iinitial state modifications also give significant enhancement factor
but recently was shown not to be enough to be seen with PLANCK.

Agullo and Parker '10 Ganc '11

O These highly oscillatory signals should be orthogonal to most of other known
shapes (including astrophysical and systematic effects). We might be able to

use information from higher CMB multipoles; Chen ’11
A new analysis and forecasts are needed.

Feature models already have started to the constrained by bispectrum

observations, see e.g. Fergusson et al. 10 21



