PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: November 12, 2018
REVISED: March 6, 2019
ACCEPTED: April 1, 2019
PUBLISHED: April 8, 2019

Imprints of Schwinger effect on primordial spectra

Wan Zhen Chua,® Qianhang Ding,%" Yi Wang®® and Siyi Zhou®®
@ Department of Physics, The Hong Kong University of Science and Technology,
Clear Water Bay, Kowloon, Hong Kong, P.R. China

b Jockey Club Institute for Advanced Study, The Hong Kong University of Science and Technology,
Clear Water Bay, Kowloon, Hong Kong, P.R. China

E-mail: wzchua@connect.ust.hk, qdingab@connect.ust.hk, phyw@ust.hk,

szhouah@connect.ust.hk

ABSTRACT: We study the Schwinger effect during inflation and its imprints on the primor-
dial power spectrum and bispectrum. The produced charged particles by Schwinger effect
during inflation can leave a unique angular dependence on the primodial spectra.

KEYwoORDS: Cosmology of Theories beyond the SM, Nonperturbative Effects

ARX1v EPRINT: 1810.09815

OPEN AcCCESS, (© The Authors.

Article funded by SCOAP?. https://doi.org/10.1007/JHEP04(2019)066


mailto:wzchua@connect.ust.hk
mailto:qdingab@connect.ust.hk
mailto:phyw@ust.hk
mailto:szhouah@connect.ust.hk
https://arxiv.org/abs/1810.09815
https://doi.org/10.1007/JHEP04(2019)066

Contents

1 Introduction 1
2 Model 3
3 The geodesic equation 9
4 Power spectrum 9
5 Bispectrum 12
6 Loop correction to bispectrum 18
7 Conclusion and outlook 20
A Backreaction due to conformal coupling 20
B Lagrangian up to the third order 22
C Angular power spectrum due to vector field perturbations 23
D Analytical expression for the power spectrum 25
E Bispectrum in the large mass limit 30
F Analytical expression for the clock signal 31

1 Introduction

Schwinger effect is a fascinating effect in quantum field theory [1]. A pair of charged
particles are produced in the vacuum, when the external electric force are strong enough.
If this effect is observed, it will help our theoretical understanding of quantum field theory.
But so far it has not been observed. The main obstacle is that we need £ ~ 1.3 X
108V /m [2]. This made us to consider Schwinger effect in astrophysical and cosmological
context [3-5]. In this paper, we focus on searching for the observational signature of
Schwinger effect in inflation.

The existence of a large enough electric field during inflation is conventionally consid-
ered theoretically challenging. This is due to the fact that the energy density of radiation
typically drops with the scale factor as a~4. During inflation, the electric field and mag-
netic field are quickly diluted away with the rapid expansion of the universe. However,
we do observe a large scale magnetic field of order micro Gauss on 10 kpc scale [6-8] and



10716 Gauss even on Mpc scale expected in cosmic voids [9-11]. These large scale coherent
magnetic fields can hardly be explained without a primordial origin. A natural setting to
generate the large scale coherent primordial magnetic field is inflation [12]. However, due
to the conformal invariance, the magnetic field also drops as a~*. Lots of efforts have been
made to generate the primordial magnetic field during inflation by breaking the conformal
invariance [13-27]. By far, the best model we know of is still not sufficient to generate
the required amount of primordial magnetic field to explain the large scale magnetic field
today. One encounters the problem of either a backreaction of the electric field or a strong
coupling regime at very early times [28]. This suggests that a background magnetic field
should be continuously generated during inflation to counter the effect that it is diluted
away quickly. Similarly, we would expect that the same mechanism may be used to gener-
ate the electric field to compensate for the fact that the electric field is also diluted away.
Such examples do exist, and they are mainly obtained by the breaking of the conformal
symmetry of the gauge fields. For example, in [29, 30|, a dilatonic coupling between the
inflaton and the gauge field in the action of the type f(¢)2FF can generate a constant
electric field with energy density not changing with respect to the expansion of the uni-
verse. It is shown in [31] that this constant electric field is even an attractor solution in
the context of anisotropic inflation.

In this work, we investigate the consequence that the electric field may bring us. We
propose a simple model with a constant electric field with an unchanged energy density in a
physical volume during inflation. In short, we focus on the signatures produced. Schwinger
effect is studied in 2D [32-34] and 4D [35-39] de Sitter space. Unlike the flat space case,
strong electric field is not needed in inflation to produce super light particles. Charged
super light particles will be mainly produced gravitationally during inflation with weak
electric field. This phenomenon is known as “hyperconductivity”.

One way to observe the Schwinger effect during inflation is to measure the properties
of charged fields produced. If the charged fields are coupled to the inflaton, they will decay
to inflatons during inflation, thus leaving signatures on the primordial power spectrum
and bispectrum. The idea stems from the so-called quasi-single field inflation [40-42], or
cosmological collider physics [43], which states that if there exist some massive fields of
mass m ~ H, they can leave imprints on the squeezed limit of non-Gaussianities. Interest-
ingly, we found that if there exist a constant electric field during inflation, the Schwinger
effect will cause an angular dependence on the primordial power spectrum. This angular
dependence is different from the other mechanisms that produce the angular dependence
on the primordial power spectrum. For example, Bianchi universes such as anisotropic
inflation generated by a vector field background [44-48], Galileons [49] or higher-order of
curvature terms [50-52] can produce an angular dependence cos? § (See [53, 54] for reviews
and many more related works there in); inflation with a massive spin-1 field can produce
the angular dependence Pj(cosf). Moreover, since the magnitude of non-Gaussianities is
directly proportional to the number of particles produced during inflation, the bispectrum
has an angular dependence as more charged particles are produced in the direction parallel
with the direction of the electric field.

This paper is organized as follows, in section 2, we introduce the model we are con-
sidering. In section 3, we derive the geodesic equation of a charged scalar particle. In



section 4, we give the primordial power spectrum. In Sectrion 5, we give the bispectrum.
In section 6, we give the result of loop corrections to the bispectrum. We give a conclusion
in section 7.

2 Model

We consider an inflation model where QED is coupled to a pair of charged scalar ¢ and o*
in four dimensional de Sitter space.

S = /d4:c\/—g [ — g™ (R+o)(R+ 0*)9,00,0
— ¢"'D,0*Dyo — Ve (0) — m?|o|* — %f(&)ZFWFW , (2.1)

where D, = 0, +ie(0y)A,. F = 0,A, — 0, A, is the electromagnetic tensor. Note that
this action has a nonzero curvature in the field space. The curvature of the field space
is zero if we use the Cartesian coordinate, while it becomes nonzero if we use the polar
coordinate and make the radial coordinate complex (¢ in this case). We cannot make the
radial coordinate complex without introducing curved field spaces. The FRW metric is

ds® = a*(7)(—dr? + dx?), (2.2)
where 7 is the conformal time. We study effects of backreaction in appendix A. We consider

a constant electric force in the z direction,

_Eeoz
- H2r W

where ¢eq is a constant defined in appendix A. Thus, the equation of motion for the o field

e(p)A, E = const , (2.3)

in the large R limit is (For the Lagrangian of the free do field, please refer to appendix B)

/
50" +2% 50" — 0;0;60 — 2ie(00) A,0,00 + e(0p)? A250 + a*m?*50 = 0 . (2.4)
a
We quantize the do field in the following way
ook = vkak + vlth_k , (2.5)
dop = vfkaik + v_xbk, (2.6)

where ay and aL are annihilation and creation operators of the positively charged scalar
particle, and by and bL are annihilation and creation operators of the negatively charged
scalar particle. They satisfy the commutation relations

lax, al] = [bk, bh] = (2m)%6®) (k — p), (2.7)
[ax, ap] = [bk, bp] = [ax, bp] = [ax, bl =--- =0
We introduce the variables
. ‘kz 6OE 9 €2E2 m2
z = 2kiT, K= i NQEZ—%—W, (2.9)



where £ is imaginary. The real part of the parameter s characterizes the magnitude of the
electric field projected to the direction of the trajectory of the negative charged particle.
In this work, we focus on the parameter regime where eZE%/H* +m?/H? > 9/4, thus p is
imaginary. Our work can be easily generalized to the e3E?/H* +m?/H? < 9/4 case. The
real part of the parameter p can be understood as the effective mass of a charged particle
in de Sitter space in Hubble units with correction 9/4 coming from the curved space time
and e2E%/H? from the electric field. The mode function satisfies the equation

d2

o+ {5 (5 + 5 T o, (2.10)

There are two solutions, which are given by the Whittaker functions Wy, ,(2) and M, ,(2).
Since in the sub-horizon limit |z| — oo, the solution must approach to the Minkowski
solution, we obtain the mode function

eimr/Q
V2k

In the late time limit, the mode function behaves as

avkg = Wen(2) (2.11)

oIl /2

avkg =
2v/k|pl

{akaM(z) + ﬁk(Mn,u(z))*} . (2.12)
The coefficients oy and [y satisfies the normalization condition
Jone? = B> = 1. (2.13)
The Bogoliubov coefficients can be obtained as
1/2,(in|ul)m/2 f(—zﬂ) B = —i(2lp])2elin /2 IP(QM) '
e pyr— O
(2.14)

a = (2(p)

The qualitative feature of |au|?, |ax||Bkl, |Bk|* are plotted in figure 1. We see that as F
increases, both |ay|? and |Bk|? first decrease exponentially and then eventually approach
to a constant value, with |ay|? approaching to 2 and |Bk|? approaching to 1. The number
of charged particles being produced with charge eg and wave number k per comoving three
volume [ d3k/(2m)3 is

e2ikm + e—2lulm

2
= =——". 2.15
e = 10" = G el (2.15)
In the classical limit, the particle production rate is given approximately by
e & eS8 = e 2m(nlEIR]) _ Sy _ -2 (VITPELEEL) (2.16)

where | = egF/mH characterizes the relative magnitude of the electric field and mass.
m? = m? — 9H?/4 is the effective mass of a neutral particle in de Sitter space. S, is the
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Figure 1. The left panel of the figure shows the combinations of the Bogoliubov coefficients |ay|?
in black, |ai||Bk| in blue and |Bk|? in red as a function of electric field by taking k./k = 1. For
the right panel, we combine the contribution of the positive charged particles and negative charged
particles to the Bogoliubov coeflicients. This contributes to the symmetry of the figure. The solid
and dashed lines correspond to m = 3H/2 and 2H respectively. The dotted line corresponds to
fixing 12| = 4 and hence the electric field eg E/H? cannot exceed 4 as m = y/m2 —9/4 > 0. The
right panel of the figure shows the Bogoliubov coefficients as a function of k. /k. The solid, dashed
and dotted lines represents p = 2i, 31, 41, respectively.

action corresponding to the action of the process that the charged particles are produced
but moving to the direction that increases the electric potential energy of itself, whereas
S_ corresponds to the action of the process that the charged particles are produced and
moving to the direction that decreases the electric potential energy. It is always the S_
that gives the dominant contribution.

There are two interesting limits that we can discuss this problem quite intuitively. The
first limit is the weak electric field limit, where [ < 1. The classical actions St in (2.16)
can be approximated as

m Ikl GOE) (2.17)

S:t :27T(Hj: A H2

The first term can be understood as the usual Boltzman factor coming from the production
of neutral massive particles of effective mass m. From the point of view of a geodesic
observer, de Sitter space is associated with a thermal bath with the Hawking temperature
T = H/(2m). The second term is understood as the chemical potential from the electric
field. This chemical potential can assist the production of charged particles along the
direction of decreasing potential. Since in this limit, the electric field is very weak, the
dominant contribution comes from the first term. Hence, although the particles are charged,
they are mainly produced gravitationally due to the expansion of the universe. In [55—
57], other examples of the chemical potential is also discussed in the context of fermion
production in inflation.

The other limit is the large electric field limit, where [ > 1. In this limit, the electric
field is so strong that the modes do not feel the curvature of the spacetime. The classical
actions S4 can be approximated as

E k. E k. n?
S+:2776;)12<1+k|> S_:27T<6}012<1—|k|>+QZE>. (2.18)




If we consider the charged particle pairs moving along the z direction, the second term
dominates. As we can see, it also reproduces the flat spacetime result.

In order to study the time scale of mass production of charged particles, it is useful to
consider the WKB approximation of solution (2.11).

1 { _/T
avg = expy — i d7'|wk]} , (2.19)
vV 2|wil

where wy is the effective frequency given by

"

wi = (k. + e(0p)AL)? + k2 + k; + a*m? — %

1 (eiE? m? 2k,eol
:TQ( i +H22>+T ZH(; +E, k= (k24 k 4 k)Y (2.20)

Then the adiabatic parameter is evaluated as

‘w{( B H%(e(E* + eEH?k,T — 2H* + H?*m?) (2.21)
Wil [(e2E2 4 2e0EH?k.m — 2H* + H?m? + k2 HA72)*?
It is around the time
L/, 1\
~ —— - 2.22
(P rg) (2:22)

that the quantity wy / w12{ approaches its maximum. This means that most particles are
produced at this time scale.

Now we observe the production of the particle via the Schwinger effect during inflation.
One may think about the mechanism in the context of quasi-single field inflation. The
charged particles can decay into the primordial curvature perturbations, thus leaving an
imprint on the primordial power spectrum and bispectrum. ( is the primordial curvature
perturbation. The second order action of the primordial curvature perturbation can be
written down following the procedure in [58, 59]

d®k :
_ a2 32 12 2
Se = M? /dt(%)ge(a 2~ kal?) . (2.23)
Quantizing it in the following way
e = urcx + upcl (2.24)

where CL, ¢k are the creation and annihilation operators satisfying the usual commutation
relations

e, ] = (27)%63) (k — p) . (2.25)

The mode function satisfies the following equation of motion

2
C+B+n)HC+ %czo. (2.26)



To the lowest order in slow roll parameter, the solution is

H 1

_ - . —ikT
)= g (kT (2.27)

uk(’i'

We consider the following coupling between the primordial curvature perturbation and the
positive charged scalar fields

L&TC’ = 02/d3xd7'a350§’, L(;UC/C/ = C3/d3$d7'a250'C/<l, (228)
2RO 0R
Cy = — H s C3 = F . (229)

The coupling between the inflaton and the negative charged scalar fields are

Lsorcr = / Brdra’so*(',  Lgrcier = ¢4 / dPzdra®so*C'C, (2.30)
2R62 02R
G=-"7 = m (2.31)

and the coupling between the primordial curvature perturbation and the positive and
negative charged scalar fields are

Léosorcr = Ch / Brdra*scdo* (', Lspsorcrcr = C4 / drdra*éoéo*('¢ (2.32)
02(00 + R) 62
r_ 0\v0 r Y

where ¢, c3, ¢5, ¢§, ¢y and c§ are some constants. Here we pick some of the possible
interacting terms in (2.28), (2.30) and (2.32) (For the full analysis of the Lagrangian,
please refer to appendix B). For c3, ¢f, ¢ and c§, we only show the leading order term
involved. We can also see that (2.28) and (2.30) do not conserve the charge of do. They
correspond to cases where the phase symmetry of do is broken, for example, in an Abelian
Higgs model (see [60] for discussion of a similar case). In other words, the gauge invariance
is broken. The breaking of U(1) gauge invariance can have some benefits. For example, the
strong coupling problem and backreaction can be evaded [26], though the mechanism to
obtain it is still an open problem. In this case, tree level contribution dominates correction
to the spectra. Equation (2.32) corresponds to the case where charge is conserved. In
this case, loop diagrams has to be computed. One may worry that these background
values contribute to the mass of the gauge field and it won’t be able to support a long
range force. But now we are considering very small coefficients. In order to calculate the
primordial spectrums, we used the Schwinger-Keldysh formalism (For the application in
quasi-single field inflation, see [61]). Now we derive the four types of free propagators for
both the curvature perturbation and the massive charged scalar fields. For the curvature
perturbation sector, the generating functional can be written as

ZolJsJ) = [ DGDCexp [ / Y ardta (co (¢ = Lol¢] + J4Cy — J<>] (234

0



The four propagators can be generated using

1) )
Z _ b=+. 2.
1adJo (71, x1) i Jp (T2, X2) ol T+, -] J:i::O’ @ (2.35)

—1Agp(T1,X1; T2, X2) =

Fourier transforming it into momentum space gives
Gap(k;m1,72) = — / dgxeiik'anb(Tl, x;72,0) . (2.36)

The four types of propagators are given as the following

Giq(k, 11, 72) = 0(11 — T2)uc(T1)uge(72) + 0(72 — 1)U (T1) uk (72)
Gi-(k,71,72) = u(T1)u(72)
G_i(k, 71, 72) = uk(T1)up(72)

_(k, 71, 72) = 0(11 — T2)ug (T1)uK(72) + 0(T2 — T1 )UK (T1)ug (T2) - (2.37)

For charged massive scalar pairs, we need to introduce two more sources J} and J* to
source the complex conjugate of the o field

T
Zo[Jy, I, T, 5] = /D50+D50D(501D50*_ exp [z/ d7d3x<£0[50+,50i]
70

— Loldo_, 00" | + J b0 — J_do_ + Jioo) — J*(SO'*>:| :

(2.38)
The four propagators can be generated using
1A g ( ) 0 0 Zo[Js, I, 5, J7] b=+
—1 T, X1; T, Xg) = _ a,b=
ab\ 115 &1, 72, X2 ia(SJa(Tl,Xl)ib(SJg(TQ,XQ) 0lY+> sy Jizo’JjE:O7 )
(2.39)

Then we have

Dii(k,7;X,7") Dy_(k, 75K, 77) . (Téox(T)oop, (7)) (éafi(T)(Sakf(T’))
D_.(k,7;X,7") D__(k, ;K ,7") (bok(T)o0}, (7)) (Téoy(T)dow (7)) )

(2.40)
The four types of propagators in the Schwinger-Keldysh formalism are
Dy (k, 11, 72) = 0(11 — 72)vk(71)vic(72) + 0(72 — 1) vic(T1)vic(72)
D (k,71,72) = vi(71)vk(72)
D_y(k,71,72) = v(71)vi(72)
D__(k,71,m2) = 0(m1 — 72)v(T1)vk(T2) + 0(T2 — 71 )UK (T1) U (T2) - (2.41)



3 The geodesic equation

To understand the charged particles motion in inflation, we solve the geodesic equation as
an intuitive understanding. Following from our metric in (2.2), the following geodesic equa-
tion for a massive charged particle can be written down following the standard procedure
(see text books [62, 63]).

d?at . dzeda’ ey ) 54z dz® dx”
ds? B ds ds + m ds ds JoBr Job ds ds ’ (3.1)
where the connection is
agTCM 8.97',6’ agaﬁ
F _ _ . 2
2g (dﬂ:ﬁ + ore ox™ (3:2)

Here, we would like to observe the change in the physical velocity of the massive charged
particle. We would like to solve the following geodesic equation:
d?x(t) a dx(t)

60 -1
= —-2— — E . 3.3
dt? a dt + ma (3.3)

The initial condition we would choose is 4(tg) = 0, which means that the particles are
produced at zero velocity. The solution to this equation subjected to the initial condition is

Eeo _Ht
z(t) = e <cosh(H(t —tp)) — 1) . (3.4)
The velocity of the particle is
E
#(t) = Tr% <e—Ht . ero_?Ht> . (3.5)

At first, the force from electric field dominates over the Hubble friction and the parti-
cle starts to accelerate. Later, the particle decelerates due to the Hubble friction. The
maximum velocity occurs in the subhorizon.

4 Power spectrum

In this section, we study the correction to the power spectrum of our model, which can be
shown in figure 3. It can be evaluated using the Schwinger-Keldysh formalism [61]

dry
<Ck(— |02| Z a’b/ / }]—7_1 HT2)38T1 Ga+(k7 T1, 0)

a,b=+
X Dab(kv T1, 7—2)87'2Gb+(k7 T2, 0) + (” — _’i) ) (4'1)

where G(k, 11, 72) and D(k, 7, 72) are defined by (2.37) and (2.41) respectively. Here, we
need to do a sum over of all the + and — modes. The ' means the momentum conserving
delta function (27)%6®) (k 4 k') is stripped from the two point function.
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Figure 2. The comoving velocity of the particle with respect to the physical time t. We take
the Hubble parameter to be 1 in making the plot. We choose the initial time to be tg = —30
and ty = 30 to ensure 60 e-folds. We here plot the evolution of the velocity in the subhorizon
level. Initially, the velocity of the particle is zero. Through the acceleration from the electric field,
the velocity of the particle increases and the direction depends on the charge of the particle. For
stronger electric fields,the maximum velocity attained is much larger. After some time, the particle
starts to decelerate and its velocity slowly decreases to zero due to the Hubble expansion of the
universe. We can see the velocity has decreased to zero at subhorizon level. Hence, the change
in the frequency of the oscillatory signal in the bispectrum can’t be observed as the bispectrum is
imprinted at late times.

There are two contributions, the first is

) ] 9
/oo dxr1 emlw’{vﬂ(_2le)
0 L1

ITK

e
32k3 M)\

(CkCax) ™M) = 2|en]? + (k= —K). (4.2)

The indefinite integral can be integrated directly, which yields
W (—21 L,—k+1
I:/EJBWAUOZG%<—%ZI R ), (4.3)
x b

3~ M+ 5.0
where G is the Meijer function defined through the Gamma function in the following way

amon [ at,...,ap \ _ 1 H?:1F(bj_5)H?:1F(1_aj+5)
P b17 s 7bq 2mi YL H?:n-ﬁ-l F(a] - 5) ?:m-}—l F(l - bj + S)

At z = 0, the integral Z gives 0. At x — o0, it gives

x%ds . (4.4)

T(3 — (3 + p) (45)
r'(1-x) ' '
The second contributions is
ITK
12) — _ gle 26 4.6
o0 —izo W_. (2 T3 —ix] —2
X Re[/ dazge il Zm2)/ dxle Weeu(=2iz1) +(k ——kK) .
0 Z2 0 T

~10 -



This integral is difficult to evaluate, thus, we use series expansion to calculate the analytical
expression for the integral. The detailed calculation of the power spectrum is presented in
appendix D

ITK

e
32]{;37]\4;11621{6[12] + (H — —H) s (47)

(kCox)'@ = —des]?

where 7o = P + P» + P; + P,. We present the expression of each component explicitly

P(Z“/) +u+n+2m2
P = I'l4+m+n 4.8
Tl —i—,u—i-/i) Zzn‘m' ) ( ) (4.8)

nOmO

1 1
X 2F1 (—n,—u+/€+2;1—2u;2> 2F1 (—m,u—m+2;2u+1;2>

1 3
X oF1 (1+m+n,+ﬂ+m;+ﬂ+m;_1> ’

B T'(2u)T(2u e
P2_1“( +u+ R ZZ

n—Om 0

1 1
X oF] (—n,—,u—l—/i+2;1—2u;2> o F <—m,—,u—/~i+2;2,u+1;2>

1)2 u+n+2m21 2p
I'l—2p+m+n) (4.9)

nm!(5 — p+m)

1 3
X oF (1_2M+m+”=2—ﬂ+m§—ﬂ+m;—1> ,

2
_ (- 2#)
P3_1“( ptk+ L )F( ZZ

nOmO

+u+n+2m21+2u

I'l+2u+m+n) (4.10
n,m, - (1+2u ) (4.10)

1
X oF) (n,ﬂ+ﬁ+2;12u;2> 2F (m,uf’u+2;2u+1;2)

1 3
X oF (1+2M+m+”,2+,u+m;2—|—,u+m;—1> 7

F(—Q,LL)F 2 ,u+n+2m2
Py = I'l+m+n 4.11
4 F(—,LL—FH‘F%)F ZZ n|m‘ M+m) ( ) ( )

nOmO

1
X oF} (—n,u+m+2;1—2,u;2> o F1 (—m,—u—f@+2;2u+1;2>

1
X oF <1+m—i—n,—,u—|—m —u—i—m;—l) .

2 D)

We can see that m = 0,n = 0 of P, contributes to the leading order term of Z, in
figure 13. We then would apply this approximation in calculating 7,

DEpT(—2u)  (=1)2*42
INCESTEADING —,u—/i) (3+n)

3
><2F1<0,u Fu+f2u+ ) ( +u,2+u;—1>

jeimH 3
= O (i
o csc(2mp) cos(m(k + ) ( < > (0 <2 + 4>> .

1
T ~ o Fy <0 —pth = 2 2> (4.12)

11 -



(k  dor  Ck

Figure 3. The Feynman diagram we are considering for the correction to the power spectrum.
This diagram involves the interaction of do with the inflaton. For the total correction, we need to
include the correction from §o*.

The power spectrum P is obtained as

(GeCi)” = ()™ + (GeGa)®) = ?P@‘(k) (4.13)

From here and the following, when making the plot, we set cog = c3 = M) = ¢ = H = 1.
We plot the angular dependence of the power spectrum in figure 4. The produced charged
particles can leave non trivial angular dependence on the power spectrum. The power
spectrum grows exponentially as the quantity k,/k increases. This signature is understood
as the production of virtual particles increases exponentially when the momentum of the
positive charged massive scalar particle is aligned with the electric field E whereas the
momentum of the negative charged massive scalar particle is opposite to the direction of
the electric field F. This signature is a unique signature which cannot be generated by
other mechanisms to the knowledge we know of.

We also plot the dependence of the power spectrum on electric field strength in figure 5
and the dependence of the power spectrum on the mass of massive field in figure 6.

5 Bispectrum

In this section, we study the bispectrum of this model, which is shown in figure 7. For
the bispectrum, using the Schwinger-Keldysh formalism [61], the bispectrum can be ex-

pressed as
b I G (ksy 1,0
{Ciey G Cies)' = €263 abzia Hn i at (k3,71,0)
X Dap(k3, 71, 72)0r, Gy (K1, 72,0)0r, Gy (Ko, 72, 0)
+ (k= —K,co = ¢35, ¢35 — c3) . (5.1)

There are three contributions

(G CieaCies)’ = (Gier Giea Gies )™ 4+ (Gier Ciea Gies )™+ (Giey Ciea i)™

+ 5 Permutations + (k — —k,c2 — ¢3,¢5 — ¢3) , (5.2)
where (Cie, G, Cies )™ (Ciey Cer Gy )@ and. (G, Gy Giey)'®) are computed as
H3 IR
M — _9
(et Gl ks €25 1286k ko ki M,
0 ml W, (=2 00 Yk
X / dacl p(=2iz1) / dxoxoe lks e 2W_,{ —u(2ixs) .
0 T 0
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Figure 4. We here make a comparison on the analytical (line plot) and numerical (dotted plot)
results for different electric field strength. At different electric field strength, the power spectrum
has different angular dependence. We set the mass of massive field to be 3H /2. When the orientation
is aligned to the orientation of the field, the power spectrum is much larger. If the orientation is
perpendicular to the orientation of the field, although the electric field is strong, Schwinger effect
is weak and the effective mass is large enough to suppress the power spectrum, hence, the power
spectrum can be small with strong electric field strength. At the orientation parallel to the field’s
orientation, the Schwinger effect is strong enough to get a large power spectrum.

106

0.01

0 1 2 3 4
Eeq/H?

Figure 5. We set k,/k = 1 and the mass of the massive field to be 3H/2,9H/2,15H/2,21H/2,

27H/2,33H/2,39H /2 respectively. The power spectrum increases exponentially with respect to the
electric field strength.
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Figure 6. We set k./k =1 and k = 0, —1i, —2i, —3i, —4i, —5i, — 61 respectively. For small electric
field strength, the power spectrum decreases following the power 1/|u|?, whereas when the electric
field strength increases, the power spectrum decays exponentially when the mass increases.
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50k3 Cks

<k2

Figure 7. The Feynman diagram of the bispectrum that involves the interaction of do with the
inflaton. For the total contribution, we need to include the correction from do*.

H3€i7m
k Ck k. ,(2) — 2026*
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H3eimk

3) — 900k
{Ciey Ciey Cics) PO IRk ka3,

o] —z’ng_ (24 x2 i k1+k
% Re|:/ dane R, /1'( Z$2)/ dxlxle 7 1l€3 2$1WH7M(_22~$1):| .
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x2

We can define the bispectrum in the form of dimensionless shape function S(k1, ks, k3) [57],
defined as,

1 2
"= (21)S (ke kz, ks) g P 5.3
(Cleszk3> ( 7T) ( 1, 2, 3) (k1k2k3)2 ¢ ( )
where PC(O) = 8W21MQ H72 is the power spectrum for the curvature perturbation without the
pl

correction coming from massive fields.
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Figure 8. This figure shows how we measure the non-Gaussianity. The z direction denotes the
direction of the electric field. When we measure the non-Gaussianity, we should fix the ratio of
the long wavelength momentum and the short wavelength momentum k; /ks. In the meanwhile, we
measure the angular dependence of the non-Gaussianity for different ks,/ks. k3. is the magnitude
of the long wavelength momentum projected onto the z direction.
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Figure 9. This figure shows the amplified shape function S(k1, ko, k3) X k1/ks as a function of the
angular dependence of the soft momentum ks, /ks. In this figure, we set m = 3H/2 and k1 /k3 = 100.
When the orientation is aligned to the orientation of the field, the amplitude of the bispectrum is
much larger. At the orientation perpendicular to the field’s orientation, although the electric field
strength is strong, Schwinger effect is weak and the effective mass is large enough to suppress the
bispectrum. At the orientation parallel to the orientation of the field, the Schwinger effect is strong
enough to generate a bispectrum of large amplitude.

The bispectrum can be evaluated using numerical integration. We plot the angular
dependence of the amplified bispectrum shape function (k1 /k3) x S(k1, ke, k3) as a function
of k3, /ks in figure 9. The bispectrum increases exponentially with increasing absolute value
of ks, /ks. When ks, /ks is positive, the main contribution comes from the positive charged
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Figure 10. The figure shows the clock signal from the bispectrum. Here we set the momentum
to be in the z-direction and hence we set k3. /ks = 1. We can see the suppression of the clock
signal as the electric field increases. The frequency of the clock signal remains unchanged as the
change in velocity of the produced particles occurs in the subhorizon and remains stationary during
horizon crossing. Hence, no change in frequency of the oscillatory signal would be seen. However,
the amplitude of the oscillatory signal would increase as the magnitude of the electric field strength
increase.

particles whereas when ks, /ks is negative, the main contribution comes from the negative
charged particles.

We plot the clock signals of the squeeze limit of the bispectrum with fixed effective
mass p in figure 10 and with fixed mass m in figure 11. In both cases, we see that the clock
signal is less obvious when the strength of the electric field increases. In the case of fixing
the effective mass u case, the absolute value of the clock signal increases with increasing
electric field strength due to the enhanced particle production rate. However, the relative
amplitude between the clock signal and the contribution of the non-oscillating part coming

~16 —



0.041
OE
0.04f
<
S0
-~
> o
<
S3
0 : : :
6x103} «=4i
0k . . .
1 10 100 1000
kifks

Figure 11. The figure shows the clock signal from the bispectrum for m = 4H?. Here we set
ks./ks = 1 again. We can see the suppression of the clock signal as the electric field increases.

from some local process decreases. This is because the contribution of the non-oscillating
part increases faster than the clock signal when the electric field strength increases. For
the fixed mass m case, when the electric field strength increases, the amplitude of the
clock signal relative to the non-oscillating part decreases more dramatically compared with
the fixed effective mass case. This is because the electric field strength contributes to the
effective mass of the charged massive scalar particles. The energy needed to produce a
particle increases accordingly. The combination of these two effect causes the amplitude of
the clock signal relative to the non-oscillating part barely observable starting from s = 4.
The analytical expression of the clock signal in the large mass and small electric field
strength can be obtained in appendix E. We are particularly interested in the squeezed
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limit where ki ~ ko > k3. In this limit, the shape function is

- * k BRAly * %
(k1) = g Re 2P ) (1) |+ o s o s o).
pl
(5.4)
with the prefactor given by
 T(=2u) T (3 4+ )T (3 +
oy = e I G TG AR ), (5.5

TG —n— LG+ 1)

where the full derivation can be obtained in appendix F. We can see that in the large
mass limit, all the T’ functions contribute a factor of e~ 27l and sin(mp) would give a
contribution of e™#l. Hence, the Boltzmann suppression factor e ™#l is recovered in this
limit. At the end of this section, we would like to compare several mechanisms that can
generate large clock signals even if the mass of the o field are large. There are a few
categories of mechanisms listed as the following.

e The presence of a new scale. In [64], non-adiabatic production of very heavy fields
is studied. The signatures of this model can be large due to the existence of another
scale ¢ with ¢ as the inflaton.

e Finite temperature effect. In [65], the clock signal of the quasi-single field inflation
is studied in the context of warm inflation. The particle production rate can be
unsuppressed when the effective mass of the particle is changed due to the finite
temperature effect.

e The presence of chemical potential. In [55-57], the effect of the chemical potential
is studied. The chemical potential can assist the production of the massive particles
during inflation thus leaving a less suppressed clock signal. The mechanism we studied
here also belongs to this category. However, our studies shows that although it is
promising to generate a larger clock signal, one may worry that the contribution from
the non-oscillating part will also increase.

e Non-trivial sound speed. The non-trivial sound speed of the massive field is studied
in [66]. The magnitude of the clock signal can also be larger than expected when the
ratio of sound speed of the massive field and the inflaton is less than one. In [67, 68],
the non-trivial sound speed of the inflaton is studied. It is shown in [68] that when
the sound speed of the inflaton is close to zero, there will also be a change in the
suppression factor of the clock signal.

6 Loop correction to bispectrum

In this section, we investigate loop corrections coming from the extra massive fields to
the primordial non-Gaussianities. The technique of dealing loop correction in quasi-single
field inflation can be found in [43, 69-72]. The non-oscillatory part of the diagram is
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Figure 12. The Feynman diagram we are considering for the loop correction to the bispectrum.

usually UV divergent and we need a systematic way of regularization and renormalization
following [73-77]. Luckily, the clock signal is free from UV divergence and we can evaluate
it easily.

Using the Schwinger-Keldysh formalism, the bispectrum corresponding figure 12 can
be obtained as

0 0 dr dTo
(G G Ciea) = €65 abZ:iab/oo /OO (CHn)? (_HTQ)QaTlGa-i-(k&Tlvo)

d3q
X WDab(pa7—1772)Dba(cb7—2771)

X Or, Gyt (k1,72,0)07,Gpy (ka, 72,0) + (k = —K) , (6.1)

where p and q are the loop momentum that satisfies the constraint p + q = kz. After
evaluation, we get

2—1—8uH5 k12 21
P
(G Giti’ = cRelston e (72) ] + e =
with the prefactor given by

[(2 = 2p)T(4 = 2p)T(—2p)*
N1/2—p—r)?T(1/24pu—k
and with the definition of the shape function S(ki, ko, k3) in (5.3) and taking the limit
k1 = ko > k3, we can obtain the expression for the shape function

_ €2i7m

g(ps k) =

o (sin)”. (6.2)

3-8 202
S(ky, k1, k3) = chchRe [g(,u, Ii)¥ (2]{:1) ' ] + (k= —K) . (6.3)
Mple k‘g
We can see that from the loop diagram, the massless curvature modes resonates with two
pairs of massive fields and generate two sets of clock signals. The final clock signal would
be contributed from the interference of these two clock signals and hence has a frequency
doubled of the tree level diagram. The total Boltzmann suppression factor is of e~ 2™
where all the I" functions contribute e ~*™ in total and the sin functions contribute a factor
of e?™. The suppression for the loop correction is the square of the tree-level case due to

the excitation of the two massive fields in the loop diagram.
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7 Conclusion and outlook

In this work, we consider the imprints of the Schwinger effect on the primordial power
spectrum and bispectrum. Both the power spectrum and bispectrum obtained an angular
dependence due to the fact that the electric field can assist the production of charged
massive particles by adding a chemical potential to them. This angular dependence differs
from other models that can too cause an angular dependence on the primoridial power
spectrum and bispectrum. As a result, the production rate aligned or opposite to the
direction of the charged particles gets enhanced. On the other hand, the production rate
perpendicular to the direction of the electric field is suppresed due to the contribution of
the electric field strength to the effective mass of the charged scalar particles.

There are many interesting possibilities to explore. We list a few of them and hope to
address some of these possibilities in the future.

e The influence of the primordial magnetic field on the power spectrum and bispectrum
in the context of quasi-single field inflation. The pair production of the charged
scalar field in the presence of a constant electric and magnetic field is studied in [78].
We would like to couple the charged particles with the inflaton and see what kind
of signature these particles would imprint on the primordial power spectrum and
bispectrum of the curvature perturbations. These signatures on the power spectrum
and bispectrum will provide supporting evidences to the existence of the primordial
magnetic field.

e The signature from other fields produced by Schwinger effect during inflation.
Schwinger effect not only produces charged scalar particles, but charged fermions
too [79]. The production rate is very similar. However, the production of fermions
may lead to other types signatures on the power spectrum and bispectrum.

e Other sources like SU(2) gauge fields [80-82]. In this case, the production rate is
suppressed as the interaction strength increases. However, some signal of cosmological
collider type can be generated by the spin-2 field which is required by this type
of model.
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A Backreaction due to conformal coupling

We investigate the effect of the backreaction on the background equations of motion. This
effect is also studied in (1+1)D in [83] and general dimension in [84, 85]. We consider a
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modified quasi-single field inflation model where a charged isocurvaton (o) is coupled to
the inflaton (0) [40, 41].

S = /d4x\/—g [ — g™ (R+0)(R+ 0*)9,00,0
— 4Dy Dy~ Vael0) — o — L OFWF” |, (A)

where D, = 0, +ie(fp)A,. Here we consider the charge to be dependent on the inflaton
field. F,, = 0,A, — 0,4, is the electromagnetic tensor. We consider the FRW metric as
stated previously. The dilatonic coupling f(f) would prevent the decay of the gauge field
energy density from the expansion of the universe. We consider the background gauge field
to have the form (0,0,0, A,(t)). We now have the following Hubble and continuity equation

. 1 f(60)2 . 6(90)202A2
2 172 _ A2 p2 2 2 2 0412
3Mp1H — QoR + m GO + ‘/sr + 5 a2 AZ + a2 9
. . 1 1(6:)2 .
~M4H = 63R* + §f (ag> A?, (A.2)

where R = R + 0. We can see that in the absence of the charge of the complex scalar
field, the gauge fields act as radiation. The equation of motion reads
6(00)200142
a2
. . L1 f(00)f (60)A2  e(Bp)e' (Bp)od A2
R+ s+ Ve _ LIOOS G042 b 00)o3 A
2 2 a? a?

We can also vary (A.1) with respect to the gauge field and obtain the corresponding

oo = constant, H%R =m2oo +

(A.3)

Maxwell equation,
9 (f(Ao)?aA,) = —2e(hp)*claA., . (A.4)
From (A.2), we can define the ratio of energy density of gauge fields to the inflaton,

_ A0, el00)*A

R ) (A.5)

2a2m20}’ a?m?

Since we require inflation to last for a long enough period of time, we require the gauge field
energy density to be much smaller than the total energy density. This is because inflation
has to be mainly driven by the inflaton itself and we require R, Ro < 1 to prevent inflation
from ceasing [54, 86]. From (A.4), we can see that e(fp)?02A%a~2 must be negligible in
order for inflation to persist, hence, we can directly solve (A.4) to obtain

. Co

A, = —— . A6

° 0 f(60)%a (8.6)
In order for Ry, Ry to be constant and small throughout inflation, f(6g) = a2 in the
classical limit, where here we consider the normalization of the constant. The physical
electric field is given by the following in the presence of the dilatonic coupling:

-1 dAZ .

E
dt

phys — _fa

(A7)
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Since A x a® and we require Ephys = E, where E is a constant, we would have

E
AZ = —37H63Ht . (AS)
Here, we can also roughly solve for e(fp). In order for Ry in (A.5) to have the same
order of magnitude as Ry, we can set e(fy) = a 2eq where eg is the initial amount of

charge at the beginning of inflation. Previous studies [26] mentioned that to generate a
large enough electromagnetic field, we would encounter backreaction and strong coupling
problems. However, we consider non gauge-invariant coupling to avoid these problems.

B Lagrangian up to the third order

We use the ADM formalism to derive the full Lagrangian (A.1) up to the third order. We
first review the ADM formalism. The full action is given by

S=8,+ Sy, = ;/d‘lx\/—fcﬂu /d‘lx\/fgﬁm . (B.1)
Using the ADM metric,
ds? = —N2dt? + h;;(da’ + N'dt)(dx? + N7dt), (B.2)
we can decompose the action into
S = % / d*zvVRN(R® +2L,,) + % / d*zvVhN~Y(E,EY — E?) . (B.3)

Here, the 3d metric h;; is used to lower the index of N “ and R®) is the 3d Ricci scalar
constructed from h;;. We define E;; and E explicitly:

1 .
E = E;;h" . (B.5)

We here choose the uniform inflaton gauge,

Q(Xa t) = 90@)7 U(Xv t) =00+ 5U(X7 t)a G*(X7 t) =o0p + 60*(X7 t) ) (BG)
hij(x,t) = aQEQC(x’t)(Sij . (B.7)

The constraint equations for the Lagrangian multipliers N and N; are

OLm 1
ON N2
ViN"YEY — hIE)+ N

R®) +2£,, +2N (E;;EY —E*) =0, (B.8)
L
ON;

0. (B.9)

In order to expand the action up to third order in perturbations, we need to solve the
Lagrangian multipliers N and NN; up to the first order in perturbations. We then expand,

N=1+a, Ni=0du+NY, (B.10)
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( )

where 9;N;” = 0. Plugging (B.10) into (B.3), we can obtain the following expressions:
o) = % NV =0, (B.11)
0,0y — —e(0p)Aoplm[0,60] — 2a2f190Re[60] + ea’H( — 9;0,¢ . (B.12)

We plug these solutions back into the action and expand them up to the third order action:

Ly = a’e(? — ae(9;¢)? + a®dodo*

+ (a@ﬁida - %(agm2 + ae(90)2A2)50> do* + 2ae(6p) Alm[000, 50|
3 pp2 ) A .
+ 6ae(6o) AooIm[d.60¥]¢ + (—4a B9 Re [50] + Wlm[@(sa*]) ¢, (B.13)

Ls = a’dodo* (3 - é) <3< + ¢ ) 9;000;00*

Be S (CH200701)? — @m0} — oo R)m[2-d0]? + (2:01C)°)
D206 s ' :
+W+aq@-<)2+e< s - 2% ai(HHC)@@'C)

a*02¢ (200 R¢Re[d0] — H(og + R)dcdo™)
5 +
H<og

(B.14)

We here would like to make a comment on (B.13). We can use it to derive the equation
of motion for the perturbations (, o and do* while neglecting the interacting terms that
are shown in the second line of (B.13) and taking o9 < R. We here have neglected the
higher order terms (€2, A, A%, A*) in expressing the third order action (B.14). We also can
see that in the absence of the electric field, (B.11), (B.12), (B.13), (B.14) reduced to the
expression similar to the ones of quasi-single field inflation [41].

C Angular power spectrum due to vector field perturbations

Here we like to explicitly show the contribution of the vector field perturbations on the
angular dependence of the power spectrum. We consider the similar action as (A.1) except
that we consider the temporal (Ap) component and the spacial (A) component of the
vector field A,. We also consider o9 = constant, f = a=? and e(fy) = epa2. We obtain
the following equations of motion,

VA - V24 + QGQegang =0, (C.1)
. . VA
a?

Here we have use the antisymmetry property of F* (9,0,F"” = 0) in obtaining (C.2).
We explicitly show the second order Lagrangian that is contributed by the vector field
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perturbations,
1 . 1 1 .

Lsa = 5af*(0:540)* = af* ViAo - 6A + Sa*m}6 A + a F2OA°

f2

1
— —am%0A% —

5 5 (V % 6A)2 —af?(VEAp) - 6A (C.3)

where m? = 2¢(6y)?02. Hence, we have
V- 6A + (2a%e§ol — V?) 640 =0, (C.4)

for the equation of motion of the temporal gauge. For the spacial gauge, we like to introduce
the physical vector field,

foA
=

SW = (C.5)

We obtain the following second order Lagrangian for the spacial gauge

addW oW aféW 1 dm 2 o
- - —Asw
f f f? ) f?
1 . .
— 5a(V % SW)2 + (aaf + 2a*f)(VIAg) - SW + a®fVEAg - W . (C.6)

1
Lsw = ian (

We finally obtain the equation of motion for the spacial gauge,
. . 2 2H
OW + 3HOW + (m% Z > oW = ——(V&Ao) (C.7)

where mg = 26803. To investigate the quantum properties of the vector field perturbations,
we introduce the following annihilation/creation operators for each polarisation,

3 ~ . N .
-y / O (el (kyun(t, k)™ + &5 (R)d] (kw1 K)e=™>) | (C.8)

A=L,R,||

where L, R, || denotes left and right transverse and longitudinal polarisations respectively.

The polarisation vectors are

1 , 1 .
er, = ﬁ(l,z,O), er = ﬁ(l, —1,0), e = (0,0,1), (C.9)

and d 2 CZ:[\ satisfy the usual commutation relations
(o (k), dfy(K)] = (27)%5(k — K')das - (C.10)

We introduce the expansion (C.8) to (C.7), we finally get the equations of motion for the
transverse and longitudinal mode functions

. 8

. . k>
wr.r+ 3HWL R+ <m%—|—a2> wr,r =0, (C.11)

k2
(m% + CL2> 'LUH = O, (C.12)

— 24 —



where 72 = a?m3/k%. If we consider (C.11), (C.12) to be expressed in terms of conformal
time and 7% > 1,

sz—gw'LR+ K + g wrr =0 (C.13)
) T ’ H27-2 ’ )
2 k> H? k2H? m3
( / 2 0 —
The solution for the mode functions is given by
wr,R = —iei<v+1/2>7r/2fH(—T)WHy)(—kT) : (C.15)
and
wy — vtV T 2RV L mg v 8 AH?k?
I 2 T(1—v)sin(rv) 16H2 2 4 " m?
+ (v — —v), (C.16)

where v = /9/4 —m3/H?. The normalization of (C.15) is chosen that it recovers the
Bunch Davies vacuum when the momentum k/a is larger than the Hubble constant H and
the mass of gauge field mg [40, 41],

H i
'wLVR—>Z'7T671 T C.17
o (C.17)
This is because (C.15) is the exact solution of (C.13). For (C.16), we just require it to
recover to (C.15) in the large mass m4 limit. If we consider 72 < 1, the mode function
w) decays in the superhorizon limit. From the above mode functions, we can obtain the
power spectra in the superhorizon limit. In our model, we consider > < 1 and hence,

2
Prr= (WL r)* = (;) . P=0W)*=0. (C.18)

As shown in [87-89], the vector perturbations contribute to the curvature power spectrum
through the following term
403 O
Pealk) = g2 (PL,R + (P — Pr,r)(W - k) ) : (C.19)
where W = W/W, W = |[W| and Q4 = 3Q4/(4 — Q4) ~ Q4 = pa/p, where py is the
density of the vector field. We can see that in our model, P, is not isotropic as we are

considering the vector field to have a weak mass my.

D Analytical expression for the power spectrum

In this section, we compute the analytical expression for the power spectrum by series
expansion. In order to calculate the power spectrum, we like to evaluate

. 2
o] 12 —92
/ de, S k(= 2i71) , (D.1)
0

x1
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and

00 —iT2 e (2i z2 —iz1 o u(—2i
Re / dfnge Wor,—u(2iz2) / dmle W le)] ) (D.2)
0 L2 0 1
We can expand the Whittaker W as the following
1 00
D(=2m)zz ™ x (—3)" <
W u(z) = o1 | —m,p— K —i— 2p+ 152 (D.3)
a (3 —p—k) mz:o m!
1 00
I(2p)z2 " (=)™ 1
g il —-m,—p— —:2 1;2) 2™
F(M—Fé—i-%)mzo m' 241 m,—p K+2’ :U’+ ) z

The calculation of (D.1) is trivial as it is similar to (4.3):

, 2 2
o AW (—2i INEEININE
/ dﬂ?le W ,,U,( 7’1‘1) — (2 /’L) (2 +/’L) (D4)
0 I F(l — /‘i)
We calculate the first layer of (D.2)
To —ix1 —92
Il = / d,fcle WMM( Zl’l) 5 (D5)
0 Z1
D(=21) o (mg)m(=2)2mm
T = — P ' (D.6)
(3 —p—r) = m!

Here, we have the following formula to expand the incomplete gamma function

[e.9]

)= [ t*leTldt = 2 D.7
s = [ xzﬂsﬂ (D.7)

7=0
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The result of (D.5) is of the following

L2 g (C)m(2smer

7 = D.
! I’(% —H—K) = m! (D-8)
1 > ) +u+m+j
X oF] —m,u—/{—l— 320+ 1; 2>Z ng
= (3 +p+m+j)
1
I'(2p) i;i (=)™ (=2)2 7
D(p—k+3) = m!

%fu+m+j

1 > - (iz9)
X oF m, — K+ =2+ 1
21( o 2" >Z; My —ptm+j)

We perform the following calculation

00 —1ix2 e 2%
Iy :/ dx2e Wzl sz)zu (D.9)
0

L2

Here, we use (D.3) to expand W_j _,,(2ix2) and Zp can be expressed as the following
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We then perform the following summation to simplify Z

i(fl)jf(ﬁj’) _ T(p)oF (p,;];q+1;—1) _ (D.11)
j=0

So, Zy can be expressed in following form,
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To perform a better analysis on Zy, we divide Zs into four parts as the following,
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We can see that each I'(+nu + ---) induces a factor of e~™tl and any hypergeometric
function oF; does not induce such a factor. We can plot each term of the series expansion
of (D.12) in figure 13. We can see that the main contribution comes from the m = 0,n =0
term of P;. This is because the coefficient of P; of the summation series dominates the
other 3 terms (Pa, P, Py) and for large m and n, the terms are exponentially suppressed.
We then can make the following approximation to Z,.
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We can easily generalized the analytic expression of the power spectrum to the case large

mass limit. Similar results can be obtained in [90-98].
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Figure 13. By setting x =i, u = 5¢ , we can see that the leading order term in 7, is given by the
m = 0,n = 0 term. This further simplifies our calculation for the power spectrum.

E Bispectrum in the large mass limit

In this section, we derive the analytical expression for the bispectrum in the large mass
limit. The large mass limit of the bispectrum in the quasi-single field model with neutral
scalar particles is obtained in [99]. After integrating out the massive field, an equilateral
non-Gaussianity is obtained. This part contains no clock signal, however, it is the dominant
contribution in the large mass limit since it is only suppressed by 1/|u|? whereas the clock
signal is supressed by exp(—m|u|) in the large mass limit. In this section, we would like to
derive the bispectrum by integrating out the massive charged scalar particles.

First, we calculate the second term of the bispectrum, we can write it as

H3ei7m
"2) — 905ck
(Gl e o) PO TRk ka3,
00 —il"lw —92 oo ki 4k
X Re[/o da, © Hg;li( m)/ dzyzse”’ 1k32w2W—m,—u(2ix2)
xr1
+ (k= —K,co — 5, c5 — c3) . (E.1)

We expand the Whittaker function in the limit x — 0, the first layer of integral is evalu-
ated to

/ ™ dugge e (2ir2) T Rp) _(2iya-n_ LG (z1)2 7" ittt
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(E.2)
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Inserting it into the second integral
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Hence, the second term of the bispectrum in the large mass limit can be expressed as
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x Re |2

We can get the third term of the bispectrum in the large mass limit in the similar way.
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F Analytical expression for the clock signal

In this section, we compute the analytical expression for the clock signal following the
standard approach developed in [43]. In order to calculate the clock signal of primordial
bispectrum analytically, we first simplify the propagators D,y, Dy_, D_,, and D__ in
the following way. Using the late time behavior (2.12) and focusing on the non-local terms
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from where we know that only |a|? and |3|? terms are different. However, the |o|? and |3]?
terms are local, and hence, do not contribute to the clock signal.In order to understand
the bispectrum in the squeeze limt ( a5* and a*f ), the four types of propagators D4,
Dy_, D_, and D__, defined in (2.41) becomes identical.

D(k,71,72) = Dy (k,m1,72) = Dy (k,71,72) = D (k,71,72) = D__(k, 71, 72)
—|p|
e
= ——————(af* My ., (2kiT1) M} . (2ikT
G(Tl)a(TQ)Zlk\,u\( B Misu( 1) My, (2ik7s)

+ a* B( My, o (2kiTy))* (Mﬁ,u(zikfz))*) . (F3)

The squeezed limit bispectrum can be calculated for all orders in the (ki/k3) expansion.
However, for simplicity, we focus on the first order (k1 /k3) expansion, where the Whittacker
M is expanded as

M (z) = P12 1 O(2#13/2) (F.4)

Taking the effective mass to be e3E?/H* + m%/H? > 9/4. The charged massive scalar
propagator becomes

D(k, 7'1,7'2) = D_H_(k,Tl,TQ) = D_+(k,Tl,T2> = D+_(k,7'1,7'2) = D__(k, 7'1,7'2)
e_ﬂ"ul

= et (P ) "

The bispectrum is further simplified to

dro
(Ciy CraCicy)' = 202C3Re[/ / Hn “Hn) 510r G4+ (k3, 71,0) =07, G4 (k3, 71, 0)]
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After evaluation, the bispectrum becomes
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where the prefactor is given by
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