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Abstract:

In slow-roll inflationary models, the inflaton can undergo excursions on the order of the Planck scale, leading to significant
changes in the properties of fields coupled to the inflaton, referred to as spectator fields. These changes may result in
transitions between weakly and strongly interacting regimes, or even alterations in mass squared within the spectator field
sector during inflation. Such dynamics can induce phase transitions, which have profound implications for the early Universe. In
this talk, | will explore the phenomenological consequences of these phase transitions, focusing on the production of
gravitational waves, curvature perturbations, non-Gaussianities, dark matter, and baryon number. | will also demonstrate how
gravitational waves generated by scalar perturbations induced by phase transitions may potentially explain the alleged
gravitational wave signals observed in recent pulsar timing array studies.
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Very brief introduction of inflation

) Dark Energy
Accelerated Expansion

Afterglow Light

1. Solves the causality problem o T SR

2. Solves the flatness problem £ iemiae

3. Solves the magnetic
monopole problem

4. Generates the seed of large
scale structure

about 400 million yrs.

Big Bang Expansion

13.7 billion years

* To solve the problems, 40 to 60 e-folds is required,
BUT we can only observe ten!
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Slow roll inflation
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To generate enough e-folds, the excursion of the inflaton field
must be very large, comparable to the M,,;.
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Phase transitions in spectator sector triggered
by the evolution of the inflaton field

* ¢: inflaton field o: spectator field
Example 1: Vi(¢,0) = —%(;ﬁ — 2p?)o? + 204 + 8—]1\206
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Evolutions in the early universe

* Thermal expansion: temperature coupled to SM sector T?|H?|

)
Try Tew Tocp

T

* Inflation: ¢ coupled to spectator sectors f(¢)g (o)

Grand Baryogenesis SUSY Dark sector
Unification “Breaking Phase transitions
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Consequences of the phase transitions

Primary
— Gravitational Dark Matter
waves

Evolution of Phase transitions
inflaton in spectator
sector

Topological
Defects

Baryogenesis

Primordial
Non-Gaussianity

Curvature
perturbation

Primordial
Black Holes

Large scale
structure

Secondary
Gravitational
waves
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GWs from first-order phase transitions during
inflation

* How to calculate GWSs?
* We linearize the Einstein equation: g, = g,&?} + hyyeGW is b/}
* We solve the Green’s function first. (instantaneous and local source)

* We convolute the Green’s function with the source.
G =8rGT),
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GWs from first-order phase transitions during
inflation

!
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GWs from first-order phase transitions during
inflation

!

* W'(r,k)+—N(r,k) + k*h(r,k) = 167G ya " TS(T — 7')
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After inflation

b/ (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 k1 /kT.

h! ~ sin[k7’] dpgw/dInk

The end of inflation

. Kohys
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First-order phase transition during inflation

Vi(@.0) | 5 ,{' H = 1.5

Q
new vacuum fracion

S4 becomes smaller during

ds :
« f=-— d:, determines the rate

of the phase transition.

* Phase transition completes if § > H.
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Spectrum of GW from a real source

dpgw/dink dogw/dInk u
B
smeared
kphys kphys
Instantaneous source First-order phase transition
w dSp
For phase transition to complete, f = —— > H.
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Spectrum distortion by inflation

Radiation domination Quasi de Sitter

Model
dependent

Model
dependent

Cai, Pi, Sasaki 2018

Pirsa: 25080033 Page 14/35



First-order phase transition during inflation

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

| Redshift
s 1/3
i froday _ a(Ty) gi?s‘) TcvB
R ) () (]
* P 2 ) \ 8nGN
e_Ne

N,: e-folds before the end of inflation

f
o
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First-order phase transition during inflation

w— =10, N, =38

H'\f

* Primordial stachastic GW signal
ordial stachastic GW signals Hint = 10" GeV | —— £.220, N, =38

Instantaneous reheating Apyac/ pint = 0.3 "
_ . =50, N,=38

ET H -

CE K
— L_=5 N, =25

H:'ﬂ

— £.210, N,=25
H

nt

£ =25 N,=25

H'\f

— =10, N, =21

Hnt

| — 220, N, =21

h'\f

: 100 5 .50, N, =21
f(Hz) e

HA, Kun-Feng Lyu, Lian-Tao Wang, Siyi Zhou, 2009.12381, 2201.05171
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GWs from topological defects

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

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

* Symmetry breaking via a second order  q/a.=1.3
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.

Page 18/35
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Calculation of GWs

* In Minkowski spacetime, static 0l | | o /\' |
source cannot radiate due to 03 [\
energy-momentum conservation. - / \ |

* During inflation, energy “ 01 |
conservation is badly broken, so 0.0\/\/A \|
the even static source can 0.1 .
produce GWs. _o.z_izo T

% 167G v Srriers
b i _ N / / i Rl | /
hi; (k) = . /_OO dr'K(kt")T;;" (7', k)

o The dominant contribution
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Numerical results for GWs

HA, Chen Yang, 2304.02361

— Nc=54,Nk=27 Ne=37,Nk=19.5 —— Nc=27,Nk=14.5
Qaw(f) = Qr X ppl dpcw —— Nc=41 —— Nc=27.5 —— Ne=15,Nm=31
dlnf today
0 1/3 10~°F
ftoday . G(T*) gis) TCMB
e\l [ G
QER)T'r? 8GN C? 10—11 L

Intermediate stages matter:

* |nstantaneous reheating

* Intermediate matter domination s

* Intermediate kination domination T T 1 0801 0400 10
f(Hz)
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Induced curvature perturbation

* Interactions

ﬁz_%gﬂvaﬂqsauqb_ %g#va“o.auo._v(qﬁ’o.) /—\
b

Vidio) = Vld)+Vilpe) P=R0t@ O,

9o

o B 1 0*W)\ .-
%a = 200t (q2 e aééo) W =Pa;
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Induced curvature perturbation

* After the collision of the bubbles, o field oscillates and keeps producing (.
* The production of { lasts about H™1, longer than 1.

: pip—" 5.0
2(emp) Gphys 10! 4 T N\ .
= ¢ (Q) = AretF ( H,; ) ; N jg
inf 107< 1§ e s ' - ~ — 8.0
3 10‘51: . = X ; 3000
]__(m) _ T - = 4 g
1+ (a1x)? + (agx)? Az 7y 2 AR 12.0
105 7 A N2 NN 13.0
2 3 2 ] NN 14.0
./4 ﬂ-'[pl Hinf . Af) 107" § 4 . -
Aret = — | —— ]
€ on) 3 Pinf Sl AR
1078
A=~24 a; =031, a, = 0.17 10 4
16? 151 163
Qphy/Hinf
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Scalar induced secondary GWs

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

Sij = 200'9;® — 200'0;® + 4V0'0; ¥ + 9'®0;® — 0'®9; ¥ — §*V9; D + 30" V9,V

4 2c2
w— . (D ®) 9, (T’ P) — i o — v 20 0,0,(® — U).
3(1+w)7'£26 (T° +H®)9; (¥ +HD) 3wH? [3H(H ) + V2W] 9,0 ( )
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
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Scalar induced secondary GWs

./4 ;U 1 . H inf % A [) <
(2) Gphys A =" B aicar
QG\’V(f) QRAre,ff ( Hinf ) ref € (;-‘j[] 3 pinf
Gphys
f - 271_;0 = frtf ;{]mf_ ' . fﬂ]d}{ ~ 200
40—N Hing N2 "0 — B/ Hint =4 //\\
-9 0—N. in k
Jue =107 Er e (1014 GeV) — B/Hi =5
100} — B/H,s=10,20
6 16 28 —
.F;R(m) ~ o log r+ —logx + — o |
25 125 ) < ol .
A \
F5collects information of the \
transfer functions. 20t ‘a.\
1 2 5 10
X
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Comparison between primary GW and
secondary GW

* Primary * Secondary
Hi.:\° (A 26 AN? FMaN? B\ [ Apess\*
- inf Pvac g — ks P in vac
Qaw =~ Qg GW R\~ b 3 N
ﬁ Pinf : 70 Pinf
200f 4, H'im= ¥ ) /,\\
— B/Hp =5
100f — B/ Hyy =10, 20
Ev 50}

20F \\:\,
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Observation from PTAs @)~ (Srogta + o loga+ )

HA, Boye Su, Hanwen Tai, Lian-Tao Wang, Chen Yang, 2308.00070

™ n

200 j — B !H.int = 4 —
* The slope is around 2 in the IR region — B/Hu =5
100} B/ Hiy =10, 20

=
—— B'=5Hunt, Aret = 3.1%10°, fru = 1.2x10% Hz '\ 50:.,
3 9 fo ot \
B =5Hut, At = 2.8x107%, fiog = T.9x10°" Hz B — \.\
107} i \
— gl e 20 '-|l
d — i 1 2 5 10
& =i "
10—10-
' (2) _ 2 Qphys
QG‘W(f) = ‘QRAmff2 H
inf
10—13 A ‘ A L PSRRI, | -4 - L - A P —
1.x107 5.x10° 1.x10°® 5x10° 1.x107 f = s fref X Sphys
f(Hz) 27”10 Hinf

Hinf i
1014 GeV
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fref = 10“.” Hz x 64[J'—N” (
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Primordial non-Gaussianity (quantum fluctuation)

bodd - dodo]

* The evolution of ¢, induces the evolution of ay. ¢ = —Hiyus e
Po t 0

V(o)

(@)

o

* 4o also contributes to the curvature perturbation, and the interaction
in the o sector is strong.
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Primordial non-Gaussianity (quantum fluctuation)

* 3pt function in the symmetry breaking phase

16°V, .
Hi~ | =—=—Z58| ¢3
\ 4 |
b rd | 2
\\ /, 1 / d'f]' (0.¢ (PO
\ rd I
\x/ — ,)\\
// \\ /, \\ HI ~ KJBApEB/z o
So ’ ‘o {’ b §
Ap
M Enhancement: R3_6—1/2
s pl Pinf

compared to single field inflation.
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Primordial non-Gaussianity

___________________________________________________________________________________

* Calculate the three-point function using  / s LI ST
the in-in formalism. : """""""""" T """"""""""" ] """"""""""""""""
00 ot tN o | I |
Q) = Z i din ditn_1--- / dtq z | G &
N=oo T o o L,:'_”f(Reheatingkurface )

X qHI(ﬁ)-. [Hf(t:z): ' e {Hf(t\-’)eQI(f)] H>

S. Weinberg, hep-th/0506236 LV, ]
Hr~ 6 do3 %] ¢
* Relevant operator, IR dominant. /dr ~ N, ~ e 1/2
o Iy > O(1)
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Primordial non-Gaussianity

- 3 3 ' d ! I T T T
3 Ap A . 100 ¢
fnr = ( - f & _F(A*) f Planck 2018 -<—— PBH bound
Hiyug Pinf ) \ SE ; -
10E LSS
o Je —————
2 sar \ 4 6 4
A -"\'[pl Hinf Ap | ' - ' ' l
Qcaw ~ Qr | — . B = LE
€ Po B Pinf iz j e,
i
0.100¢ 2lcm
0.010k"Y — .-'ffH = 4() 'f/H = 20 l
—— B/H=30 ——p3/H=10
I
0001 E . . 1 . 1 . 1 . 1 " 1 L 3
10-13 10-11 10-? 107 10-3 0.001
U9 , ~peak
—=14+A Q(_.;\..\..-'

HA, Qi Chen, Yuhang Li, Yuan Yin, 2411.12699
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Producing superheavy DM

* Today’s dark matter energy density

10 Terrestrial GW detectors

(0) — 8N, =N i) 0.100
Ppr =~ A e A s = Space - based GW detectors
) I 0.001 -
ApPyac §§ 10-5 — Upin=0.3
QD:\I o~ Prac X }]_l X E)_%\ ) W 0 — L/pjnt=0.1
Pinf 10-7 — UUp;=0.03
(0) =
= HB e 10~° 10-9 Pulsar Timing Arrays
o kil e lina _
' ® 1018 1078 100 102
A ~1/83 mpy~1 GeV H (GeV) mpy~101° GeV
-peak 1 A Pyac H I[_g 1/3
ftot.lu,\' — ( inf£40 ) . ..
‘ 2m Pinf HA, Xi Tong, Siyi Zhou, 2208.14857
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Producing superheavy DM

* Where does the latent energy go?

* 0 particles produced during bubble collision and thermalization.
* If the phase transition is symmetry-restoration, o particles can be DM.

V(o)

+
Latentenergq

density
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Ssummary

Primary
— Gravitational Dark Matter
waves

Evolution of Phase transitions
inflaton in spectator
sector
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Defects

Baryogenesis

Primordial
~Non-Gaussianity

Curvature
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Primordial
Black Holes

Large scale
structure

Secondary
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Primordial non-Gaussianity

- 3 3 ' 1 ! T T T
5] Ap A 100
. = - f * F(A f Planck 2018 -<—— PBH bound
NL &% _
Hiys Pint ) \SE [ [qq
2 /a, 4 6 4 e
./4 ﬂ[pl Hmf Ap - ; l
(2(1 TN Q — —— y — l -
LGW R ; > 3 o = :
Z :
0100 2lcm
0010f  —— B/H=40 3/H = 20 l
— B/H=30 ——B/H=10
0.001-[ . . L . . . i . : , : L 4
10-13 10-11 10-? 107 10-3 0.001
U9 ~Des

HA, Qi Chen, Yuhang Li, Yuan Yin, 2411.12699
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Primordial non-Gaussianity

———————————————————————————————————————————————————————————————————————————————————

* Calculate the three-point function using - o 5T
the in-in formalism. i P —rF 7
o ot - & | [ |
Q@) = S [ din dt__.\,-_l.../ dt, VAR k )Z 2
N=O YT S S
/" Reheating surface
X <[H1(f1)~. [Hf(f‘z): ' e {Hf(t\-’)eQ‘r(t)] H>
S. Weinberg, hep-th/0506236 183V, .
My [FF“] 3
* Relevant operator, IR dominant. /d’?‘ ~ N, ~ e /2
* I ™ O11)
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