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CMB, LSS

“known”
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CMB, LSS

“known”

Thermal equilibrium, opaque <:| |
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Review by Renzini et al, 2202.00178
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{Secondary GW from spectator scalar }

First order phase transition during inflation

GW from inflated string domain wall network
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GW
Scalar perturbation &'(k)

In addition to the inflaton, many other physics processes can generate
curvature perturbations
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Amplitude

Sp/ki———— " = SU/K?
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Baumann, Steinhardt, Takahashi, hep-th/0703290
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Modes enter horizon during RD, starts oscillate, and generates GW
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Curvature perturbation ®

1 o
d52 = — (1 — 2@) dt2 -+ a2 ((1 — 2(1)) (Sf;j —+ §h”) dz'dz?

Einstein equation:

h' + 2Hh + k*h :Ebaztb + .. ] Curvature source GW

Gravitational wave abundance:
1\2 4 2
Qy x ()" x D ~ Q4P7
On large (CMB, LSS) scales: Q4 ~ 107, P, ~ 107

Clearly, to have observable signal, need much larger
curvature perturbation on smaller scales (blue tilted).
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Why is this interesting”

* |nflaton is unlikely to be the only relevant field
during inflation.

* (Generic to have spectators and hence other
physics processes.

* Many physics processes can generate curvature
perturbations.

* Phase transition, particle/defect production,...
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* Not hard to imagine blue tilted spectrum

~ 60 e-fold

Less constrained,
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CMB, LSS

Canilead to large fluctuations
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R. Ebadi, S. Kumar, A. McCune, H. Tai, LTW 2023

e = (80)2—§m0—10 with m < H
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The spectrum of its fluctuation on large scales
can be studied by stochastic method

Starobinsky and Yokoyama, 1994

Fokker-Planck

OPpp(t, 174 Vo) 0 H°
1~P( 5) _ (o) n (o) n PFP(ta O')
ot 3H 3H oo 8n? 0%

Ppp(t, 0): 1-pt PDF for field o
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The spectrum of its fluctuation on large scales
can be studied by stochastic method

Starobinsky and Yokoyama, 1994

oPpp(t,0) (| V(o) . V(o) aL H? 9°
o0  \| 3H = 3H oo| 82 d%

Fokker-Planck PFP(I, o)

Classical evolution, drift
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H—l
/\f\ Fluctuations (stochastic)

Classical, follows E.O.M.
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m? < H?

1. Massless. “Stuck” at large field value.
* Example: misaligned axion.

2. Massive but light.

Pirsa: 25120029 Page 25/46



* Massive but light. (Free field for simplicity)

2 I !
6= — i — 0 = exp —mg“ ad ; - 0 Initial field
3H 3H(1") value

dt’ 1

3H(t) H

* Roughly, —J

* If m2 > eH* (e = H/H?),

* |nitial value of field does not matter. Amplitude of field
dominated by stochastic fluctuation around origin
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. e ..k At horizon exit:
| Amplitude = H

After exit, damping

. mio
=7 3H
7w{t) = olf) exp (_?—I;(t - t*)) = o(t.) [exp (—H(t - t*))]%f’z — ) l%l s’

More damping for longer wave-length (earlier exit)

Page 27/46



At horizon exit:
Amplitude = H

comoving scales

1/k

After exit, damping

2
Mo
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For more general scalar theory
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I | | Start out being subdominant
/WAM ; part of energy density during

o inflation.  V(¢) ~ H*

Po (t]a-(£)3

m?/H? = 0.005, ) = 1 Eventu&_ﬂly,
Lo-2k — m/H?=02,A=005 ' evolve like matter
Radiation
1 o SO R Can become important

2
A2(k) = A2 (k) + (54 ) A%, (k), k <ka,
C A2 (k) + () N A2 (), k> &
Sr 4+3fo(ta)(ka/k) S, , d
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Reza Ebadi, Soubhik Kumar, Amara McCune, Hanwen Tai, LTW, 2307.12048

A'VG.. fold = 62, mZ/HQ =0.2
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Assuming the scalar behave similar to curvaton.

Becoming important before decay.
Assumption: scalar field does not dominate (more later)
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Energy Density [Arbitrary Unit]

Soubhik Kumar, Hanwen Tai, LTW, 2410.17291
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Curvaton dominate over radiation for a period of early matter

domination, then decay.

. 2
A0+ (i) A%, ()
: ra(ka/k)? \2
A2k) = 3 A2 () + () A% ()

2
Aa(k) + ( ra(kg/ (kenpk) ) Azsx(k') for k£ > kgmp.

44-3rq(k3/(kempk))

for kq > k,

for kemp > k > ky, = Pxlta)
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Early matter domination = Radiation

K. Inomata, 1904.12878, 1904.12879
S. Kumar, H. Tai, LTW, 2410.17291
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Sudden MD-RD transition,
No decay before oscillation

K. Inomata, 1904.12878, 1904.12879
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