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




Slow roll models
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* 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 field.



Induced phase transition in spectator sectors

* ¢: inflaton field o spectator field
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Induced phase transition in spectator sectors
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* GWs from first-order phase transitions

during inflation.

* Primary GWs
* Curvature perturbation and secondary
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* GWs from second-order phase transitions T

(domain walls) during inflation. |
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* Summary and outlook
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How to calculate GW?

*In E&M: O, M =J"
 We solve the Green’s function first.
 We convolute the Green’s function with the source.

*InGR: G, =8rGT,,
* We solve the Green’s function first. (instantaneous and local source)
* We convolute the Green’s function with the source.



GW from instantaneous and local sources
(qualitative study)

* E.0.M. of GW ds® = a®(1) [—dr? + (61 + hyj)da’da’]
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e For an instantaneous and local source,

oij ~ 0(x)0(T — 1)

Traceless and transverse

* E.O.M. In Fourier space
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The horizon fixes the
amplitude of h
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GW from instantaneous and local sources
(qualitative study)
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GW -
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ualitative study)

T

ne conformal time between the

source and the horizon is fixed.

* The phase of h at the source is
fixed.

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

e h/ is the initial condition for

later evolution.

‘rom instantaneous and local sources

h' ~ sin[k7']
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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 k1 /kt

h! ~ sin[k7']

The end of inflation




Spectrum of GW from a real source
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Redshifts of the GW signal

Instantaneous
reheating
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Redshifts of the GW signal

Instantaneous
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Spectrum distortion by inflation

Flat space-time Quasi de Sitter

Model
dependent

Model
dependent




Spectrum distortion by inflation

Flat space-time Quasi de Sitter

Model
dependent

Model
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First-order phase transition during inflation

* Assume quasi-dS inflation, RD re-entering, and fast reheating
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First-order phase transition during inflation
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* 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.
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Induced scalar perturbation ¢
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Induced curvature perturbation ¢

* We solve the following equations of motion
numerically with a 1000x1000Xx1000 lattice
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* Conserved quantity after the phase transition
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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 £ 1.
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Secondary GWs

e After inflation ¢ — @,V

e Expand the Einstein equation to second order:
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Scalar induced GWs
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Secondary GWs
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Observation from PTAS

* Hellings-Downs curve
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Observation from PTAS
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Observation from PTAs P (@) = o° (glog2x+ 32 log + 12285)
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Comparison between primary GW and

secondary GW
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Summary for FOPT
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Formation of domain walls

* We numerically solve the nonlinear
evolution of o field with 1000 X
1000x1000 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

* In Minkowski spacetime, static source -
cannot radiate due to energy- i
momentum conservation. 0.3}
. : L 0.2
* During inflation, energy conservationis . :
badly broken, so the even static source 0.1t
can produce GWs. 0.0
0.1}
- 167Gn [ — 0.2t — — e, -
h{j (k) = . / dr'K(kr")T;;" (7', k) -20 -15 -10 -5 0
- n =kt

The dominant contribution



Numerical results for GWs
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Summary

* Phase transitions can happen in a spectator
sector during inflation.

* We show that there is an oscillatory feature Bl il
in the GW spectrum if it is produced by first- ]
order phase transition during inflation. / -
* We show that the secondary GW can be 7 T e (o
strong enough to explain the signals o (HZ) —
observed by PTAs I il

Static topological defects can produce GWs
during inflation.

107° 1077 105 0.001 0.100 10
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Outlook

* The fate of the domain walls.
e Other topologcial defects.
* Application to high scale particle physics models.



Backups



First order phase transition during inflation
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First order phase transition during inflation
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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 N T
_ ., h= o(r—1" —7)
T=T1 4rr
h Shell with radius |t — 7|
T—17 =

T—1 =




de Sitter inflation as an example

* What is the spatial configuration of h;;?

* In de Sitter space

sink(r — 7’)

k

hij(1,k) = —16nGNHT;; 7O(T — ) [

1 1 |
-+ (E — /-c27-’> cosk(t —1') + PRy sink(t — 1)



de Sitter inflation as an example

* What is the spatial configuration of h;;?

* In de Sitter space ~
— (=7 —[x])

4
/'

sink(r — 7’)

k

hij(1,k) = —16nGNHT;; 7O(T — ) [

1 1 |
-+ (E — k27-’> cosk(t —1') + PRy sink(t — 1)

\ J
Y
1 /
—6(r— 7 — |x|
A7




de Sitter inflation as an example

* What is the spatial configuration of h;;?

* In de Sitter space

T 1
ht,x) ~ —6(t—7 —2)+ —O(t—7 —x
(%) ~ 0 )+ 6 )
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
¢« AtT1>0  h(1,x) ~ E@(’T’| — )

* A ball of GW, with radius |7’]
* huniformally distributed inside the GW balls.
* All the balls have the same radius.




Quasi-de Sitter inflation as an example




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




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

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 kt /kT

h' ~ sin[k7']

The end of inflation
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First order phase transition during inflation

* Signal strength is also sensitive to intermediate stages

Kination domination
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First order phase transition during inflation

With kination domination intermediate stage
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