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Very brief introduction of inflation

—

. Solves the causality problem

. Solves the flatness problem

3. Solves the magnetic monopole
problem

4. Generates the seed of large

scale structure

N

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years



Very brief introduction of inflation
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* To solve the problems, 40 to 60 e-folds Is
required, BUT we can only observe ten!




Slow roll models

’Aﬁbl ol
* We usually assume a ‘
potential.
* Use ittocalculate ng, 7 ...
Measured by No measurement
CMB and LSS

The inflaton must couple to some spectator field.

The masses or couplings in the spectator sector can be
changed drastically due to the evolution of the inflaton
fleld.



Induced phase transition in spectator sector

* ¢: inflaton field o spectator field
Example 1: Vi(g,0) = —l(u2 — cp*)o* + 504 + Laﬁ
' H 2 4 82
Vi(¢,0)
V)
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QOutline

* First-order phase transitions during
iInflation.

* Primary GWs

* Dark Matter
* Curvature perturbation
* Secondary GWs L

h*Qcw

* GWs from second-order phase transitions
(domain walls) during inflation.

* Summary and outlook

dp
dlogk




First-order phase transition during inflation

Vi(6,0) B/H = 30 B/H =15
qol T

Q
new vacuum fracion

S4 becomes smaller during

ds |
¢ B = —d—:, determines the rate

of the phase transition.

* Phase transition completes if § > H.
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GW from Instantaneous and local sources
(qualitative study)

* E.O.M. of GW ds? = a®(7) [—d7? + (8; + hij)dax'da?]
2 !

* For an Instantaneous and |local source,

oij ~ 0(x)0(r — 1)

Traceless and transverse

* E.O.M. In Fourier space

2 /
B (7,K) + (1, k) + k*h(r, k) = 167G na” Té(r —7')

a



GW from Ins

‘antaneous and local sources

(qualitative s
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amplitude of h

kt = 0



GW from Ins
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After inflation

* h/ (k) is the initial amplitude for the GW oscillation after inflation.
* All the modes start to oscillate with the same phase.
* Example, in RD, the oscillation is sin kt /kt.

h' ~ sinfkr']

The end of inflation

»» N

1) R




Spectrum of GW from a real source

dpgwldlnk H dpgw/dink H

smeared

' kphyS kphys
Instantaneous source Real source



Spectrum distortion by inflation

Flat space-time Quasi de Sitter

Model
dependent

Model
dependent

_____________________________
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Spectrum distortion by inflation

Flat space-time Quasi de Sitter

Model
dependent

Model
dependent
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Spectrum distortion by inflation

Flat space-time Quasi de Sitter

Model
dependent

Model
dependent
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First-order phase transition during inflation

* Assume quasi-dS inflation, RD re-entering, and fast reheating

HA 1 2k Apvac\”  dpli
0 L ) = 0 inf | — L —1 D vac GW
GW( tod y) R J4 [2 + S( pﬁ )COS <Hinf)] ( Pinf ) Apvacleg kp

T\ |

Dilution factor Smearing Suppressed by
the energy
faction

Redshift
ftoday  a(T) (Q,E?g) )1/3 ToMB

Jx a1 (R) 30 32 \1'/4
g,&R)ﬂ'z 87G N

9ss
€ N.. e-folds before the end of inflation




First-order phase transition during inflation

— HL:‘]O, No=38
* Primordial stachastic GW signals
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Producing super heavy DM

* Where does the latent heat go?

g particles produced during bubble collision and thermalization.

* If the phase transition is symmetry-restoration, o particles can be DM.

A

Latent heat :

density I
v

oy (Hz)

10|  Temestrial GWdetectors ~ #
0.100
Space - based GW detectors

coo1l

105

107

100 _ PulsarTiming Arrays

1078 108 100 1012

mDM~1 GeV H (GeV) mDMN]-OlS GeV

HA, Xi Tong, Siyi Zhou, 2208.14857
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Induced scalar perturbation 6¢

* Interactions

L= —%g“”@uqﬁ&,(b lgwa 00,0 — V(4,0)

¢:¢0+5q2 A%

Do
o 2.7 1 0°Vo)\ .
0¢q — ~0¢q + (q2 t 522 o8 ) §q = Sq ;

1 OV [ 2Bq (o, [OV] . bo e . ar
Sa = Hzfr?[aqu {H272(8¢0+[8¢])+ (3% +‘I’)}

\ J
|

Pure gravitational, subdominant

V(g,0) = Vo(o) + Vi(9,0)

d¢ Source term for 8¢




Induced curvature perturbation ¢

* We solve the following equations of motion
numerically with a 1000 X 1000 x 1000 lattice

0¢q — ;5¢q+ (q2 + H272 942 ) 0pq = Sq
TR . 0 LY
L Hinet 0?2 ’ q

- 3 -
fig = =5 Him*aiq;97" [(0:0050)™] |

* Conserved quantity after the phase transition

Cq = _‘i’q - Hinf(sq‘)q
®o




Power spectrum of ¢

 After the collision of the bubbles, o field oscillates and keeps producing (.

e The production of { lasts about H™1, longer than 5 71.
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secondary GWs

e After inflation ¢ — @,V
* Expand the Einstein equation to second order:

hi + 2HhY; — V2hij = —AT ™ Sp,

Sij = 290°0;® — 200'9;® + 499°0; ¥ + 8'D9;® — 8'®9; ¥ — &' VY, P + 30" V9; ¥

4 2¢?
— (U + HP) O, (U + HP) — —=
3(1+'w)H28( THE)0; (¥ + He) 3wH?

[BH(H® — ¥') + V?T] 0,0;(® — ).

Scalar induced GWs

Matarrese, Mollerach, and Bruni, astro-hp/9707278
Mollerach, Harari, and Matarrese, astro-hp/0310711
Ananda, Clarkson, and Wands, gr-qc/0612013
Baumann, Steinhardt, Takahashi, Ichiki, hep-th/0703290



Secondary GWs

R () = ki 202

q Qphys
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16

6
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3 25

J collects information of the
transfer functions.
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Observation from
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6 16 28
39, .2
(5log T+ o 5% log x + 125)

Observation from PTAS
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Our model

| *
100
Observation from PTAS
HA, Boye Su, Hanwen Tai, Lian-Tao Wang, Chen Yang, 2308.00070 _ o ¢
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Comparison between primary GW and

secondary GW

* Primary

Hin ° Avac: ’
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Second-order phase transition during inflation

* GWs directly from second-order
phase transitions are small, usually
cannot be detected.

* Phase transitions can produce
topological defects:
* Domain walls
* Cosmic strings
* Monopoles

* Domain walls soon become
comovingly static after production.




Formation of domain walls

* Landau-Ginzburg type

V = —%mgﬁoz + 20'4
mig = Z/CIfZ — m?
Inflaton field
* Kibble-Zurek mechanism ¢ for crtal
1 - A
Vkz = _§m%<za’c 1(T — 70)0'2 + 10'4

* Mgy determines the average distances
between the domain walls.
Kibble 1976, Zurek 1985

3 deg  23/2eY/2m2H My,

MKz(B) = TV Po(Te)
Murayama & Shu, 0905.1720

H? < mi, < m?




Formation of domain walls

* Tachyonic growth

1
Vi 3 -1
Kz = —5Mkzl: (T —

2
/" 2a’ / 2
oy + ~ Ok + wi.(T)ox =0

l

k% — aﬁm%z(r —Te) +

A
'rc)cr2 + 104

A 2
2 (0%(r, %)

wir < 0 for small k around 7.

|F(k,mgzt)|

100k

10

0.100f
0.010f
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-
-
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-
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-
-

_— k=0.1m]{z, H=0
k=0.1sz, H=U.1sz 1

-

— k=0.1m](z, H=0-5mKZ '
----- k:O.Ssz, H=0 I!
k:O.Ssz, HZO.lmKZ :

""" k=0.5sz,H=0.5sz

0.5 1.0 1.5 2.0

mKZ(t_tc)

F(k,mg,t) can be seen as the occupation
number in the k mode.



Formation of domain walls

* Stop of the tachyonic growth

A

k? — agmicz (T — 1) + 5((72(?, X))
Growth exponentially

* Only modes with k smaller than
about mg, can have a chance to
grow exponentially.




Formation of domain walls
#(k,7) = axa(r)2f'(k,7) + al La(r)2F* (k,T),
(k,7) = ar f(k,7) +al  f*(k,7T).

Qe

* Matching to classical nonlinear

evolution
F(k,7) = a(r)’Re[f'(k, 7) f* (k,T)]

7

Quantum essemble === Classical essemble

1 ok |?

Wl = 22 &P | )

F(k, 1) i
k)2

2 4‘f(k77_)|2 Tk —

We randomly generate the g, and m, according to
W as the initial condition for classical lattice

simulation. | |
Polarski and Starobinsky 1996,
Lesgourgues, Polarski and Starobinsky, gr-qc/9611019

Kiefer, Polarski and Starobinsky, gr-qc/9802003



Formation of domain walls

* Symmetry breaking via a second
order phase transition.

* We numerically solve the nonlinear
evolution of o field with 1000 X
1000 x 1000 lattice.

* At the beginning there are
fluctuations, dying out after a few
e-folds.

* The configuration becomes
comovingly static after a few e-
folds.




Calculation of GWs

With domains, the dominant contribution
to h/ happens around In(a’/a.) ~2 to 3.

Without domains (6 — |da|), the
dominant contribution to A/ stops around
In(a’/a.) ~2, and the magnitude is much
smaller.

0 The dominant contribution to GWs Is from
domain walls.




Calculation of GWs

* In Minkowski spacetime, static
: 0.4
source cannot radiate due to :
energy-momentum conservation. 0.3¢
. . . 0.2-
* During Inflation, energy conservation . o4l
Is badly broken, so the even static Tt
source can produce GWs. 0.0
—0.1;—
- 167Gn [° . ~0.2L e T .
h{j (k) = - ] dr'K(k") TS (7', k) ~20 -15 _1ok _5 0
Lo "= ke

The dominant contribution



Numerical results for GWs

HA, Chen Yang, 2304.02361

dpaw
_ —1
QGW(f ) = (IR X Pr dln f o —— Nc=54,Nk=27 Nc=37,Nk=19.5 —— Nc=27,Nk=14.5
oda;
13 Y — Nc=41 = Ne=27.5 Ne=15Nm=31
ftoday _ a('r*) gi?g) TCMB N\ eLisA / \ /
f* ai g(g) 30 3H.12nf 1/4 10—9 . \\\ ET
* gS‘R) 2 8GN Tiangin -'\_/ CE
~ N\

LISA  Taiji

The detailed shape and strength also § 10"
depends on the evolution of the

universe. 10-13}
* |nstantaneous reheating, \/
* Matter dominated intermediate 10-15|
stage, 10° 105 0001 0100 10
* Kination dominated intermeditate f(Hz)

stage.
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Backups



Outlook

* The fate of the domain walls.

* Other topologcial defects.

* Application to high scale particle physics models.
e Baryogenesis (work in progress)



Primordial Black Holes

HA, Boye Su, Lian-Tao Wang, Chen Yang, work in progress

e PBHs will form if A%~0.01

* The power spectrum i1s highly non-Gaussian

Hi=10"*GeV, BIHy=5

0 —— Gaussian
10 ~ \ non-Gaussian 1012
1072 |
100F mppy~0.1 Mgy
1074 A c
@
o s 1078
g E:
10 E
< 4018
10—8 .
10710 4 10—28
10_12 T T T T T T \ T
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0




GW from Instantaneous and local sources
(qualitative study)

* The conformal time between the
source and the horizon Is fixed.

* The phase of h at the source Is
fixed.

* The value of h/ at the horizon
oscillates with k.

e h/ is the initial condition for
later evolution.

kty =0



Observation from PTAS

* Hellings-Downs curve

(za(t)2(8)) = C(Bar) f 4 Su(f)

Angular correlation
Zq —(Av, /v,)(t) = AT, /T,
0.3+
0.2+
<
o 0.1} /
0.
-0.1¢
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:
v
f
kp ~ H kp ~ A;l
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10-13 N L i el 3 .
1.x10°° 5.x10° 1.x10°® 5.x10% 1.x1077

f(Hz)



Redshifts of the GW signal

Instantaneous
reheating
GW a™ | a2 § a”® a™*
ST | 0 —4 _
Radiation a® | a a a4
a, Aout a, Are

Phase transition Out of horizon End of inflation Reenters horizon



Redshifts of the GW signal

Instantaneous

Canceled

Phase transition Out of horizon End of inflation Reenters horizon
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Spectrum distortion by inflation

Flat space-time Quasi de Sitter

Model
dependent

Model
dependent

_____________________________




Redshifts of the GW signal

Instan;aneous
rehepting
GW a=* a~? a~? a~*
Qew ‘
QV
Radiation a® a’ a* a~*
o G @ e

Phase transition Out of horizon End of inflation Reenters horizon



Redshifts of the GW signal

Instantaneous

A Canceled

Phase transition Out of horizon End of inflation
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Reenters horizon



GWs produced In flat space-time

N

la 2 ]
dpéV\f ~ Hinf v B k}%
Apyacdlog ky, Ié; 338 + 2.8k38

Huber and Konstanadin, 0806.1828

00~ (Hot\" kT
GW 7 SR 3 (338 4 2.8k3-8



First order phase transition during inflation

dSy dSy 2@5 Vi(@.0)
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S S S N S Y AR S S SRR /A
005 010 015 020 025 030 '°f



First order phase transition during inflation
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First order phase transition during inflation

dS, dS, 20 %
° 6: % — dlog,uQ X (2
eff gb (]_ — W)
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First order phase transition during inflation
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de Sitter inflation as an example

* What is the spatial configuration of h;;?

* In Minkovski space 167G NT
_ ., h= o(r—71"—7)
T=1 Ay
h Shell with radius |t — ']
T—1T =

T—17 =4




de Sitter inflation as an example

* What is the spatial configuration of h;;?
* [n de Sitter space

sink(r — 7')

k

hij(1,k) = —16nGNHT;;7O(T — 7') [

1 1 1 .
+ (k‘Q—T — k27’) cosk(t —1') + 13 Sin kit —1")



de Sitter inflation as an example

* What is the spatial configuration of h;;?
* [n de Sitter space ;

—_— J— /_
(=7 — Ix])
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sink(r — 7')

k

hij(1,k) = —16nGNHT;;7O(T — 7') [

1 1 1
+ (E — kIZT/) cosk(t —1') + Py sink(t — 1)
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de Sitter inflation as an example

* What is the spatial configuration of h;;?

* [n de Sitter space

1
h(r,x) ~ ﬁa(T ~7 )+ O -7 — )

Similar to Minkovski Intrinsic in de Sitter

Decreases with both x and t constant

Vanishes out of horizon



de Sitter inflation as an example

1
Att—>0  h(r,x)~ E@(‘T” — )

A ball of GW, with radius |7'|
h uniformally distributed inside the GW balls.
All the balls have the same radius.




Quasi-de Sitter inflation as an example

1

YT THr

16nGNHT; ;T 1 1 1 :
hij(1,k) = — ) J [(E — F) cosk(t —7') + (1 + k277’> sin k(1 — 7'/)]




De Sitter inflation as an example
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De Sitter inflation as an example

1

YT THr

16nGNHT; ;T 1 1 1 :
hij(1,k) = — ) J [(E_F) cosk(t —7') + (1+k277,>smk(7—7’)]




After inflation

* h/ (k) is the initial amplitude for the GW oscillation after inflation.
* All the modes start to oscillate with the same phase.
* Example, in RD, the oscillation is sin k7 /kt

L L | |
0.05 0.10




After inflation

* h/ (k) is the initial amplitude for the GW oscillation after inflation.
* All the modes start to oscillate with the same phase.
* Example, in RD, the oscillation is sin k7 /kt

h' ~ sinfkr']

The end of inflation

»» N

1) R




First order phase transition during inflation

* Signal strength Is also sensitive to iIntermediate stages

Kination domination

1077 — Hy=10"Cov V/ / cE ]
[ N.=20 EPTA I
10‘11 ' IPTA
- === H=10"GeV oA s 2N DECIGO
= 1071 ¢ N.=10
U L
-1
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f(Hz)



First order phase transition during inflation

With kination domination intermediate stage

1079F — =101 GeV / .
[ N,.=20 EPTA
10_11 L |' PTA -
L - == Ho=10"GeV
= 1075} N,=10 i
U 5
S 1070F prme=20 :
-17 JB/I_—rinf=50 |
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Power spectrum of ¢

Kioday = (2000 Mpc) ™! x %7 Ne x
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] —— Phase Transition + Background

10° 10!
Qphys / Hinf

HA, Boye Su, Yidong Xu, Chen Yang, work in progress.
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Slow roll models

Vo)
* We usually assume a

potential.
* Use ittocalculate ng, 7 ...

Measured by No measurement
CMB and LSS
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Slow roll models

Vo)
* We usually assume a

potential.
* Use ittocalculate ng, 7 ...

Measured by No measurement
CMB and LSS



