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0 An Overview

Given that the energy scale of inflation far exceeds that of the standard

model of particle physics, it is natural to anticipate the presence of many

beyond-standard model (BSM) fields during inflation.

On the other hand, there are many axion in BSMs:
e axion-like particles
e QCD axion

e axion from string theory

So it's natural to study axion during inflation



some early literatures (axion as inflaton) see: [1011.1500, N. Barnaby, M.
An Overview Peloso] [1101.1525, L. Sorbo] [1102.4333, N. Barnaby et al.] [1110.3327,

N. Barnaby et al.]

Lagrangian with an inflaton and a spectator axion:
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strong backreaction condition
E; and B; are defined by fNE-B)~U,
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E? and B? also appear in energy density and presure

p=36*+ 5 +V(0) + UG + 5 (B> + B?).
P =3¢+ 58* ~V(6) ~UK) + 5 (B* + BY).

The ensemble averages are computed by integral over the gauge field
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Decomposition of the gauge field

A dgk ik-x
Ai(t,x) = / 3/2Zek eMEYAM¢t, k)a (k) + h.c.

where the basis of the left/right hand circular polarization is defined by

Note the non-vanishing cross product k X € implies the basis is "rotating".



An Overview . .
Tachyonic instability happen when the

effective mass becomes negative;
Outside the horizon, oscillation frequency

Equation of motion of the gauge field exponentially decrease and finally freeze

- - k2 k1 .
A~ (k)+ HA (k)+<a2$ f )-A (k) =0

AT (k) + (k? £ 26aHK)AT (k) = 0

Definition of the dimensionless parameter &

_ X

2 fH

In our study, ¥ < 0, thus the minus mode A~ is the enhanced mode. The initial

condition is the Bunch-Davis vacuum

A]jBED(k) = A(r, k)’k:>>aH — \/—Q_ke
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Equations
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Pseudo Code

for 1t < itmax:
// background evolution
rkd_iterate(phi, dphi, chi, dchti,
a, da, EEplusBB_ave, EB_ave)

for 1q < igmax:
// gauge field evolution
rk2 _iterate(Aq)

// check if tachyonic instability
happen, then sum to compute
backreaction

1f mass_eff < 0:

EB_ave += EB_integrand(Aq)
EEplusBB_ave += EEplusBB_integrand(Aq)
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process repeats

2\ 2\ o
® ®
fast rolling axion, backreaction from gauge field, axion is slow, reduced backreaction,
burst of gauge field axion slows down gauge field decreases axion can speed up again

From Fig. 1 of [2407.13405, A. Caravano, M. Peloso, Unveiling the
nonlinear dynamics of a rolling axion during inflation]
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Tensor perturbations of FRW background

ds* = a*(7) [—dT2 + (di5 + haj (T, w))dmidxj]

Evolution of the sourced tensor perturbation

/
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Stress-energy tensor and the traceless-transverse projection tensor are

107, (k) = e (R)ek (k)
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Decomposition of the tensor mode

hij (T, ) = / (Qi)'z 7 A:Z;_(ef‘(l%)e;\(l%)&’\(k)hA(T, k)e*® L)

Solution of the polarization X

A 2H? d? . A
hj: (7-7 k) - = / dT/Gk (7-7 T,)le / ﬁﬂqu:n(k) [Ag(qv T/>A;n(k —dq, 7-/)

— 5laanAb(q7 7J)grrbcd(kc - QC)Ad(k —dq, T/)}

Green's function of the de-Sitter background is

1

Gi(r,7') = L3772

[(1 + k*rm)sin(k(t — 7)) — k(1 — 7") cos(k(T — ’7'/))} O(r — 1)
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0 An Overview

Power spectrum

(WE(k, )W E (K, 7)) = —PE(k, 7)0(k + k')

k) (q— k)|

/

0
/ A7 72 G (Tond, ') (A,_(T,, @Q)A (7" k—q)+qlk—qlA(7,q)A" (7", k — q))

1
Energy spectrum, where Qr,O is the the current fraction of the radiation energy

density

(), h2 B
Qaw.o(k)h? = 2’1 (P (k, Tend) + P; (K, Tend))
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0 Model 1: Linear Potential [2502.13158, Jian-Feng He, Kai-Ge
Zhang, Chengjie Fu, Zong-Kuan Guo]

2.1 Model

L——ﬂﬁiR la<ﬁ%w> V(o) L9, U(x) Ypwp, L g
~ 9 9 K 9 pX0" X X A pv 4fX g

Since any potential can be locally treated as linear, we choose a linear potential to

investigate the influence of the slope:

- 2

2 @
Vig)=V, |1 —exp| =y /= —
| | pl Starobinsky potential

UG = cx

linear potential
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0 Model 1: Linear Potential [2502.13158, Jian-Feng He, Kai-Ge
Zhang, Chengjie Fu, Zong-Kuan Guo]

2.2 Evolution of the Backreaction
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Black dashed line represents f_l(f- ?}/U% = 0. They show oscillation only

happen when f‘l(f- ﬁ) ~ U, which verifies our argument about strong

9

backreaction condition.
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0 Model 1: Linear Potential [2502.13158, Jian-Feng He, Kai-Ge
Zhang, Chengjie Fu, Zong-Kuan Guo]

2.3 Spectrum of the Gauge Field
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In the strong backreaction region, a Iargerf_1 don't significantly influence k |Ak |2,

but a larger U% can improve it.
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0 Model 1: Linear Potential
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[2502.13158, Jian-Feng He, Kai-Ge
Zhang, Chengjie Fu, Zong-Kuan Guo]

2.4 Time Delay between Axion Speed and Gauge Quanta Production

o ————1—r"mrr—TTr T
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
N
-1 _ -1
f—=1100 Mp| 1e—15
8
| 4 _
6'_ ?
w4 . — ¢ 23
Va V4
2 _/ ~ PEM S
o ———7——rr—TrrTrr—Tr—r T 0

N

— 3
c=2.6e-12 Mp| le—14
] - 1.0 o2
- W [ E
_\\/ +05 =
Pem | )
-------------------------------------------------------------------------- - 0.0
6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
N
c=3e-12 M3 le—14
t/\ TN
4 N\ T =
- \/ \_/ ; F05 =
__ PEM [ c"{
-------------------------------------------------------------------------- - 0.0
5 8 10 11 12 13 14 15 16 17 18 19 20
N
c =3.4e-12 MS| le—14
105
- 0.5 =
PeM Q
-------------------------------------------------------------------------- - 0.0

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

The peak of £ is always earlier than the peak of pgy; large f_1 can linearly suppress

PeM> Which can be explained by strong backreaction condition f‘l(E} : B>) ~ U,

early research about the delay: [2002.02952,
Domcke etc.] [2209.08131, M. Peloso, L. Sorbo]
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0 Model 1: Linear Potential [2502.13158, Jian-Feng He, Kai-Ge
Zhang, Chengjie Fu, Zong-Kuan Guo]

2.5 Energy Spectrum of the GWs
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Since {26 o(k) is mainly determined by A, the oscillation of A,

leads to the oscillation of Qg (k)
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6 Model 2: Cosine Potential [2507.02611, Kai-Ge Zhang, Jian-Feng
He, Chengjie Fu, Zong-Kuan Guo]

3.1 Model notation of the coefficient now
is a/f, instead of 1/f
o Mop Lo ong vie) - taary - UG - rvE, [T i
9 o 9 p X0 X X A Y 4faX 7Y

where U( y) is the most commonly used cosine potential

UG =2 |1 4 cos [ £
0= COS 7

N
U,(x)=— ? sin <]7>

To obtain a stronger particle production, one need a larger U,)(' Since A* should

The slope is given by

satisfy A* < V(¢), the only free parameter left is fae
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6 Model 2: Cosine Potential [2507.02611, Kai-Ge Zhang, Jian-Feng
He, Chengjie Fu, Zong-Kuan Guo]

3.2 Maximum GWs due to Backreaction
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Maximum value of QGW,O(k)h2 as a function of f,. For each value of f,, we

scan the parameter space of a to determine the maximum spectrum.
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6 Model 2: Cosine Potential [2507.02611, Kai-Ge Zhang, Jian-Feng
He, Chengjie Fu, Zong-Kuan Guo]

3.3 Constraint of |,

However, f, cannot be arbitrary small. If f, is too small, the potential will be too
sharp, and the quantum fluctuation will prevent one to put the axion near the

peak of U(y), which means one cannot obtain a long-enough slow-roll stage.

u[x) AXini = 27 fa — Xini

SIDV\I—(‘o” H
AXini > 0Xini ~ \/ Pox ~ 5=
X X 1% 9T
A4
— —5—5 (Nini 4N H
— 2f e OH?fZ >
fa€ 27T

the time where the
fast-roll happened
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6 Model 2: Cosine Potential [2507.02611, Kai-Ge Zhang, Jian-Feng
He, Chengjie Fu, Zong-Kuan Guo]

3.3 Constraint of |,

Constraint on the parameter f, for GW Constraint on the parameter f, for GW

spectrum peaking at nHz region spectrum peaking at mHz region
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6 Model 2: Cosine Potential [2507.02611, Kai-Ge Zhang, Jian-Feng
He, Chengjie Fu, Zong-Kuan Guo]

3.3 Constraint of f,

le—10

3.5 -

For both nHz and mHz cases, the maximum ng,ohz is both ~ 10710
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0 Conclusion

e peak of y is always prior than pg), and their time-delay leads to the oscillation

behavior

« system enter strong backreaction when f~'(E - B) ~ U,

« in strong backreaction region peak value of k| A, |* nearly linearly relay on U,

but is almost not influenced byf_1

o Qagw o(k) mainly relay on k| A, |#, thus oscillation of k| A, |* leads to oscillation

of Qgw (k)

« For cosine potential, the maximum L2y  are roughly 1019 for both nHz and

mHz

Thanks for Listening!
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