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A new window: gravitational waves

CMB, LSS
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- .- > Gravitational waves

Couples very weakly. |
Early universe becomes transparent!
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What are we looking for?
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Review by Renzini et al, 2202.00178
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Typically, need something quite dramatic.
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Interesting stories

Secondary GW from spectator scalar
First order phase transition during inflation

GW from inflated string domain wall network
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Secondary GW from spectator scalar
. .

First order phase transition during inflation

GW from inflated string domain wall network




Example: secondary GW

. T —_—

Scalar perturbation &'(k)

In addition to the inflaton, many other fields have quantum fluctuations




Example: secondary GW

Amplitude L=
A (b)
Sp/k? 1o-1L
_ 102} (\mfm
s n
S/k2= h & n
1073
10—4-
hp=0
4 he=0 : - - In(a) I T I,
ak eq CH 0.5 1 510 50100

kT
Baumann, Steinhardt, Takahashi, hep-th/0703290

Modes enter horizon during RD, starts oscillate, and generates GW




Size of the signal

Curvature perturbation ®

1 : :
ds? = — (1 -+ 2(13) d¢? e a’ ((1 — QCI)) dij + §hz]> drtdr?

Einstein equation:

h' + 2HW + k*h = ®o*D + . ..
Gravitational wave abundance:
Q. x (h)? x ®* ~Q,P?

On large (CMB, LSS) scales: Q4 ~ 107, P, ~ 107

Clearly, to have observable signal, need much larger
curvature perturbation on smaller scales.




A spectator light scalar

R. Ebadi, S. Kumar, A. McCune, H. Tai, LTW 2023

1 1 A
L= 5(80)2 — §m202 — 104 with m < H




Evolution of fluctuations:
small vs large scales
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Stochastic method

The spectrum of its fluctuation on large scales
can be studied by stochastic method

Starobinsky and Yokoyama, 1994

Fokker-Planck

OP.o(t, 0 % Vie) 0 H? ¢
FP( ) _ (0) N (o) N PFP( . 6)
ot 3H 3H 0o 8rn? d%c

Pgp(t, 0): 1-pt PDF for field o




Stochastic method

The spectrum of its fluctuation on large scales
can be studied by stochastic method

Starobinsky and Yokoyama, 1994

OP(t, 0) V”(a) AGK: H3 a2)
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Classical evolution, drift

Pgp(t, 0): 1-pt PDF




Stochastic method

The spectrum of its fluctuation on large scales
can be studied by stochastic method

Starobinsky and Yokoyama, 1994

OPrp(t, 0) ‘ V(o) V’(a) 0
Fokker-Planck -

ot 3H Jo

Classical evolution, drift  Stochastic, diffusion

Pgp(t, 0): 1-pt PDF




Stochastic method

The spectrum of its fluctuation can be studied by stochastic method

Starobinsky and Yokoyama, 1994; Markkanen, Rajantie, Stopyra, Tenkanen, 1904.11917

OPrp(t, 0) 1 V(o) N V(o) 0
or  \ 3H  3H do

Fokker-Planck

Classical evolution, drift  Stochastic, diffusion

Pgp(t, 0): 1-pt PDF




Light field during inflation

m? < H*

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

2. Massive but light.




Light field during inflation

* Massive but light. (Free field for simplicity)

2 t /
s=-"0 L 5= exp "””‘GJ s Initial field
3H 3H(1') value
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Light field during inflation

* Massive but light. (Free field for simplicity)
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s=-"0 L 5= exp _mgj s Initial field
3H 3H(1') value
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« Roughly, —J o




Light field during inflation

* Massive but light. (Free field for simplicity)

2 t /
s=-"0 L 5= exp _mgj s Initial field
3H 3H(1') value

Loy 1
« Roughly, —J o

* If m> > e¢H* (e = H/H?),

* |nitial value of field does not matter. Amplitude of field
dominated by stochastic fluctuation around origin




A spectator light scalar

R. Ebadi, S. Kumar, A. McCune, H. Tai, LTW 2023

1 1 A
525(30)2—5’”’@202—104 with m < H
V\./V

2Alowes‘[

2An/H k H
Pr(k) =) %fﬁf (2 — 2%) sin <A;I7T) (%) — of <E> for k < H

n

Starobinsky and Yokoyama, 1994; Markkanen, Rajantie, Stopyra, Tenkanen, 1904.11917




1/k

1/k

comoving scales

Blue tilt

po o< H*

:
doy, ~ H/{2m)

horizon exit (¢.)

horizon exit (£.) end of inflation (tenq)

At horizon exit;
Amplitude = H

After exit, damping

2
mso

SH

o= —




Blue tilt

B o e eme? At horizon exit:
| X ' Amplitude ~ H

1/k

: DU
Sop ~ H/(2m) \ x e~ 3 (fena—1ts) ’G}N/\

1k After exit, damping
§ 5 T = o0
horizon exit (,) : t: o= 3H

horizon exit () end of inflation (tenq)

m2

o(t) = o(t.) exp (—3—§(t - t*)> — o(t,) [exp (—H(t — t,))]382 = o(t,) [%

More damping for longer wave-length (earlier exit)




Blue tilt

B o e eme? At horizon exit:
g X Amplitude ~ H
1/k E
Soy 'l’/f\lf/;(ZW) o~ B (tena—12) ’G}V/\
807 g H/(27r)\\ xe—gﬁ(tend—t*% . .
v After exit, damping
; s . mga
— s = 0 — —
horizon exit () " ( )end of inflation (fena) ¢ SH
For more general scalar theory
2Alowest

2An/H k H
Pr(k) =) %ffr (2 — 2%) sin (A;’IW> (%) - o <E> for k < H

n




After inflation

dgcay
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After inflation

dgcay

Eventually,
evolve like matter

Can become important
[ ———- m?/H?=0.005,\ =1

1072F — m2/H2 = 0.2, A =0.05
_ Radiation
L s A

AZ (k) + (L2 V' A2 (k). & <k
Cr A1+3F, (tq) 5, (k), k< ka,

2
() (ka /K
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Power spectrum

Reza Ebadi, Soubhik Kumar, Amara McCune, Hanwen Tai, LTW, 2307.12048

Ne_fod = 62, m?/H? = 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)




Power spectrum

Reza Ebadi, Soubhik Kumar, Amara McCune, Hanwen Tai, LTW, 2307.12048

Ne_fod = 62, m?/H? = 0.2
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Assuming the scalar behave similar to curvaton.
Becoming important before decay.




(Gravitational wave

Reza Ebadi, Soubhik Kumar, Amara McCune, Hanwen Tai, LTW, 2307.12048

Ne_fold — 62, m2/H2 = 0.2




More general scenario

Soubhik Kumar, Hanwen Tai, LTW, 2410.17291
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More generally, can consider the case scalar perturbation
dominates (curvaton-like).

Larger signal, interesting spectral shape.

To treat this properly, much care is needed, numerically
challenging.




Complex scalar

Soubhik Kumar, Hanwen Tai, LTW, 2410.17291

Complex scalar

W

£ (@) + 557 (0u8)° — Aals> — 2[4+ 567




Rolling radial mode

Soubhik Kumar, Hanwen Tai, LTW, 2410.17291

Complex scalar

Radial direction
rolling down .~

s ~exp(—(3/2—v)Ht)

v =1/9/4 —m2/H?

£ (@) + 557 (0u8)° — Aals> — 2[4+ 567




Fluctuations

Soubhik Kumar, Hanwen Tai, LTW, 2410.17291

Complex scalar

50 |
\Fluctua’uon
@

Fluctuation becomes larger as radial mode rolling down




Perturbation spectrum

Complex scalar
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Steeper blue tilt than the previous case




GW prediction

Complex scalar

Qaw.,o
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Another benchmark

10—2_

1074_

1076
10-81 Planck NANOGrav 15yr
10716} —— benchmark
————— pure RD ker.
10710 - ' ' .| T T T 10—18 . A | R T | . N | R
104 101 102 10° 108 101 101 1017 10710 1079 1078 1077 1076
k [Mpe™] f [Hz]

Yoend =J, = 0.6H, H=1.9x 10> GeV, m = 0.05H, Ag, = 0.75

N | kena [Mpc™1] | kgvp [Mpe™ Y | kq [Mpc™1]
59.2 | 1.18 x 1022 3.14 x 108 4.0 x 107




Conclusions

* We are at the beginning of a new era, gravitational wave as a new
window to early universe.

* More observations of stochastic gravitational wave in the coming
decades.

* Can reveal important dynamics in the early universe

* | focused on the question of new dynamics during inflation:

* Light field fluctuations — secondary GW

* A fast advancing field with many opportunities.




Beginnings of exciting times

E. Lawrence A. Penzias and R. Wilson
"+

"‘.




Beginnings of exciting times

E. Lawrence A. Penzias and R. Wilson

We are at a similar historical juncture for gravitational waves




Power spectrum

Reza Ebadi, Soubhik Kumar, Amara McCune, Hanwen Tai, LTW, 2307.12048

Ne_fod = 62, m?/H? = 0.2
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Becoming important before decay.




Blue 1ilt

m”/H?| XN |A2/H| g5 |As/H| g5
0.2 [0.05| 0.16 [1.99| 0.37 [0.03
0.2 10.07] 0.17 |1.98| 0.40 |[0.05
0.2 [0.1] 0.18 [1.98]| 0.44 |0.07
0.25 (0.05| 0.19 [1.99| 0.42 [0.02
0.25 (0.07] 0.20 [1.99| 0.45 {0.03
0.25 | 0.1 0.21 [1.98| 0.49 [0.05
0.3 ]0.05| 0.22 |1.99| 0.48 [0.01
0.3 [0.07| 0.23 [1.99| 0.51 [0.02
0.3 |01 0.24 |1.99| 0.54 [0.03
A

Pe(k) = %f}ff(

n

292

H

) (557)(

H

(Generic 1o have sizable blue tilt
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Benchmark. For m? = 0.2H? and A = 0.05, (V(x)) ~ 0.02H*. We also fix H = 4 x
10'3 GeV, slightly below the current upper limit [87] and target of future B-mode experiments,
Pend =~ Vi/100 (see, e.g., [84-86]), and a reheat temperature after inflation Ty = 10*® GeV.
With our choice of pq/pemp ~ 1.7 x 1079, pq/peMp ~ 4.3 x 1076, and px(ta)/pr(ta) = 29,
corresponding to Fig. 2, we get

N

kend [Mpc_l]

kemp [Mpe ]

kq [Mpc_l]

60.6

4.6 x 10%2
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Benchmark (a). We choose H = 5 x 10'2 GeV during inflation, which implies Thy ~
5 x 10'* GeV, along with m = 0.05H, X0,end = 6H, and A\p = 5 X 1073, This implies

N | kend [Mpc_l] kEMD [Mpc_l] kq [Mpc_l]
59.6 | 1.8 x 1022 3.3 x 101! 4.2 x 1010

The resulting spectrum is shown in Fig. 5. This corresponds to the left panel of Fig. 1.

Benchmark (b). We describe another benchmark with all the parameters identical to the
above, except X end = 15H, and A\g = 1073, This implies

N | kend [Mpc_l] keMD [Mpc_l] kq [Mpc_l]
59.6 | 1.8 x 10%2 2.1 x 1012 2.7 x 1011
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Comparisons

source

spectral shape

gauge str. + inf. + wall
global str. (w; 2 kngp) + inf. + wall

Y

global str. (w; < kngp) + inf. + wall

f3—>f3/2—>f_1
f3—>f3/2—>f_1—>f_3
f3_>f3/2_>f_3

primordial metric perturbation
secondary GW (log-normal F)
secondary GW (Dirac delta F)
secondary GW (k"R — E~"UV)

phase transition, turbulence, analytical
phase transition, turbulence, numerical
phase transition, sound wave

domain wall

cosmic gauge string

gauge string in kination domination
supermassive black hole binary

fnT%f”T—Q
f31n? f — cutoff
f21n? f — cutoff
f3 1Il2f N f—2nUV
fgﬁf_7/2
flﬁf_S/S
7O g
7o !
f3/2%f0_>f—1
fl'— 72 bump
f2/3




ravitational wave signal

Gravitational-wave frequency at the present time, f[Hz]

rDO |||.|||L|||L|||..|||.—|||ru||r|||r|||.|||L|||L|||L|||u|||r|||r|||r|||.||uJ|.|||L|||
— Er [ ' ' 1 1 1 1 1 1 ' [ 1 ' [ [ 1 [ ' 1
' [ ' ' 1 1 1 1 1 1 1 1 1 ' 1 TN 1 ' 1
' [ ' ' 1 1 1 ' [ 1 ' [ 1 ' [ 1 ' ' m ' '
' [ ' ' 1 1 1 1 1 1 ' 1 1 ' 1 £ 1 78 ' '
[ [ ' ' 1 1 1 1 1 1 1 1 1 1 1 1 w ' 1 @ ' 1
ceslecccdecede=ed cdeccsteccheccheccshecdeccsdecscsdecscsdeccbocccbhecchecce Gicecdee=
' [ ' ' 1 1 1 1 1 1 ' 1 1 1 1 O 1 Y ' 1
' [ ' ' 1 1 1 ' 1 1 ' 1 1 ' 1 £ - ' '
oy s e Bl
-+ ' [ ' ' 1 1 1 1 1 1 ' 1 1 ' m T o O ' 1
o e R P | R ek el o e e e o S M|vr |T'|..$| P
— E [ ' ' 1 1 1 1 1 1 ' 1 1 ' _vm. 1 ) 1
1 [ ' ' 1 1 1 1 1 1 ' 1 1 ' o - m 1 -
e~ ' ' 1 1 1 1 1 1 ' 1 1 ' = 1ot +1 m o) 1
' ' ' [ 1 1 1 1 ' 1 1 ' 1 ' 1 ' 1
[ - 1 1 1 1 1 1 1 1 1 1 1 .mV 1 mu.m mJ P .“ 1
- b=l - cdemmbeecbhecchecsheccdecedeccdeeed- D |-+ =y - lmk -
[ ' ' 1 1 1 1 1 ' 1 1 ' - 1 - L = p.b 1
' 1 ' [ 1 ' [ 1 ' = .w ".w > > .n '
0 1 1 1 1 1 1 1 1 1 1 1 [ ] @ oy 1
o - : S T -1 B W ¥ m_ o uw :
lllll < e e e E B |-~ - - - ] -
— - 1 1 1 1 1 1 .m 1 m 1 m. 1
= L7
: : o i |E i 8egg s
" " ¢+ 3 |5 %" ¢ O MW |
- cdeendeeed= Of-+-C-rQ._- .- 0 L0 _
3 1 1 1 1 ﬂw 1 ' [ 1 ' 1
2 o o
L 1 1 ' 1 1 ' 1 1 ' 1
o -SR-S S S SR S
— E ' ' 1 1 1 1 1 1 1 1 1 1 1 ' [ 1 ' 1 3
EL o MR NSO e e
o el N)
el e de—-d + becehecccleccdeccdeccdecefefctecccbeccheccclececdeeede ==
[ ' ' 1 1 1 1 1 1 1 1 1 1 1 ' 1 1 ' 1 =
[ ' ' 1 1 1 1 1 ' 1 1 1 1 ' 1 1 ' '
- e T T /- R B S
ni_b [ ' ' 1 1 1 1 1 1 1 1 1 ' 1 1 ' 1 1 ' 1
SE T
[ ' ' 1 1 1 1 1 1 ' 1 ' 1 1 ' 1 1 ' '
[ ' ' 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ' 1
[ ' ' 1 1 1 1 1 1 ' 1 1 ' 1 1 ' 1 1 ' 1
[ ' ' 1 1 1 ' 1 1 ' 1 |L_|||t.|||.¢|||”'|||"||||.T|||“|||L.|||.‘
-V T ._a o
T S RN 1 R
o e e R —t - - - e e L T R s TEESEERE PP
— [ ' ' [ 1 1 ' 1 1 ' 1 1 ' m 1 ' ' 1 ' 1
- o T T T R - m o
[ ' ' 1 1 1 1 1 ' 1 1 ' > 1 ' 1 1 ' 1
S-S S R WS S-S SRt MRyt Sttt Sl [ 3 - A S HR - S
- - - D - K T - R BB
© R T S S S 1= IR S S A R
L Py SR S PP SRR PRS- S P R m--.rG-".---_r--...---.“---_
— [} 1 1 ' 1 1 1 1 1 1 3 .m .o 1 ' 1
oo ~ o w ”.m_ "% -
[ ' 1 1 1 1 ' [ 1 ' 1 1 T 1 ' '
. 1 1 1 1 ' 1 1 ' 1 [ 1 1 ' 1
||||||||||| ad B hapalaplafleacageccgaaa
L™ P R N T
1 1 ' 1 1 ' 1 ' [ 1 ' 1
= == 1 1 1 1 1 1 1 1 1 1 1
@ . T
o R L L L L L T T T T T Ty, - L L L L T T PR
— e - oS R
yL ' — e o i s 1 ' 1 1 ' 1 1 ' '
1 [l 1 1 1 1 1 1 1 1 1 ' 1 1 1 1
|||.|||1||llln|A|||A|||v|||v|||T|||.||||.|||L|||L|||‘|||v|||7|||"||||"||||“|||1.|||.
- - N )
' [ ' ' 1 1 1 ' 1 1 ' 1 1 ' > 1 ' [ 1 ' '
(=1 ' [ ' ' 1 1 1 1 1 1 ' 1 1 ' I 1 ' 1 1 ' 1
.I_. ' [ ' ' ' 1 1 1 1 1 ' [ 1 ' = 1 ' [ 1 ' '
=Y T R R e T T T (L R
- [ ' ' 1 1 1 ' 1 1 1 1 1 ' mu 1 ' 1 1 ' 1
' [ ' ' 1 1 1 ' [ 1 ' [ 1 ' = 1 ' A A. ' '
' [ ' ' 1 1 1 1 1 1 ' 1 1 ' £ 1 1 1 ' 1
SN S S S S S S NS S SO S Y S~ S
' ' ' ' 1 1 1 ' 1 1 ' ' 1 ' w 1 a w == '
' [ ' ' 1 1 1 1 1 1 ' 1 1 ' 1 ' 1 ' '
' [ ' ' 1 1 ' 1 1 1 1 1 1 ' = 1 ' @ f o, ©, 1
I ' [ ' ' 1 [ 1 1 1 1 ' 1 1 1 3 1 ' 1 1 ' '
— ' [ ' ' 1 1 1 1 1 1 1 1 1 ' o 1 ' 1 1 ' 1
_o e e e e e e S e O o P R T e e
i J
< o -+ <o @© = o~ -t Lo @< =]
= =) =) =) o P P D D P b
Ll
o o o o o o
- - — - — — - - — —

00y ‘wnnoads Ajsuap A81RUa (D B JO Swid) ul passaidxa astou urens eudwnRdxg

K. Schmitz, 2002.04615




NanoGrav? No.

Blue tilt in the case not large enough to give rise to the signal.

Larger tilt”

2Alowest

2/ H O\
Ps(k) = Z %f,,%I‘ (2 — 2%) sin (A;IW) (%) — o <E> fork << H

n

Where o7~

Larger tilt needs m > H, not a light field, fluctuation suppressed.




NanoGrav? No.

Ne—fold == 62, TI’Lz/fI2 =0.2

A= 005 ! 1 1 =005 e
LU jp— A =007 i
------ A=01
@]
104 S
S
= \ .
e \\
-6
10 |

\

10-8F Planck Lyo).\\__/’ :

\-_.__.4' -
Super-PIXIE ¥
_10 1 1 1 1 1 E: 1
070 10T 12 107 10° 100 10% 107
k [Mpc™]

Blue tilt in the case not large enough to give rise to the signal.
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Assuming the scalar behave similar to curvaton.
Becoming important before decay.




les

comoving sca

p—
~—
]

1/k

po < H*

s L
5Jk ~ H/(27l’)\ Xe_;n_H(tend_t*;.

horizon exit (t.)

horizon exit (%) end of inflation (tepnq)

v




