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Very brief introduction of inflation

• 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. 
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Induced phase transition in spectator sectors

• 𝜙: inflaton field                                            𝜎: spectator field
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Outline

• First-order phase transitions during inflation. 
• Primary GWs
• Dark Matter
• Curvature perturbation 
• Secondary GWs
• Primordial Black Holes

• GWs from second-order phase transitions  
(domain walls) during inflation. 
• Summary and outlook

f

dρ
dlogk



First-order phase transition during inflation
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• 𝛽 = − !"!
!# , determines the rate 

of the phase transition.

• Phase transition completes if 𝛽 ≫ 𝐻.



GW from instantaneous and local sources 
(qualitative study)
• E.O.M. of GW

• For an instantaneous and local source, 

• E.O.M. in Fourier space
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GW from instantaneous and local sources 
(qualitative study)
•  
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GW from instantaneous and local sources 
(qualitative study)
•  

−∞ 𝑘𝜏 ≈ 0𝜏′
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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.
• ℎ"  is the initial condition for 
    later evolution.



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 𝑘𝜏 /𝑘𝜏

The end of inflation
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Flat space-time Quasi de Sitter
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First-order phase transition during inflation
•  Assume quasi-dS inflation, RD re-entering, and fast reheating
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𝑁': e-folds before the end of inflation
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First-order phase transition during inflation
• Primordial stachastic GW signals  
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Producing super heavy DM

• Where does the latent heat go?
• 𝜎 particles produced during bubble collision and thermalization.
• If the phase transition is symmetry-restoration, 𝜎 particles can be DM.

𝑚!"~10#$ GeV𝑚!"~1 GeV

HA, Xi Tong, Siyi Zhou, 2208.14857

Latent heat
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Induced scalar perturbation 𝛿𝜙

• Interactions 
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Induced curvature perturbation 𝜁

• We solve the following equations of motion 
numerically with a 1000×1000×1000 lattice

• Conserved quantity after the phase transition



Power spectrum of 𝜁

• After the collision of the bubbles, 𝜎 field oscillates and keeps producing 𝜁.
• The production of 𝜁 lasts about 𝐻12, longer than 𝛽12.

𝜅 =
𝑀%&

𝜙'
𝜖: slow roll parameter

Pure gravitational

𝐿 ≡ Δ𝜌
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Power spectrum of 𝜁 

Xu, Hamann, Chen, 1607.00817
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Secondary GWs

• After inflation
• Expand the Einstein equation to second order:
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Secondary GWs
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Fmax
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𝐹( Collects information of the transfer functions.



Observation from PTAs
NANOGrav

EPTAPPTA

CPTA



Observation from PTAs

• The slope is around 2 in the IR region



Observation from PTAs

• Bayes factor against SMBHB

Our model

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



Comparison between primary GW and 
secondary GW
• Primary
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Primordial Black Holes

• PBHs will form if Δ%&~0.01
• The power spectrum is highly non-Gaussian

PTAs𝑚!"#~0.1 𝑀$%&



Formation of domain walls

• Symmetry breaking via a second 
order phase transition.
• We numerically solve the nonlinear 

evolution of 𝜎 field with 1000×
1000×1000 lattice.
• At the beginning there are 

fluctuations, dying out after a few e-
folds.
• The configuration becomes 

comovingly static after a few e-folds.

𝑎/𝑎)=1.3 𝑎/𝑎)=2.3

𝑎/𝑎)=3.3 𝑎/𝑎)=4.3



Calculation of GWs

• In Minkowski spacetime, static source 
cannot radiate due to energy-
momentum conservation.
• During inflation, energy conservation is 

badly broken, so the even static source 
can produce GWs.

The dominant contribution

𝜂 = 𝑘𝜏



Numerical results for GWs

The detailed shape and strength also 
depends on the evolution of the 
universe. 
• Instantaneous reheating, 
• Matter dominated intermediate stage, 
• Kination dominated  intermeditate 

stage.

HA, Chen Yang, 2304.02361
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Summary

• Phase transitions can happen in a spectator 
sector during inflation.
• We show that there is an oscillatory feature 

in the GW spectrum if it is produced by first-
order phase transition during inflation.
• We show that the secondary GW can be 

strong enough to explain the signals 
observed by PTAs
• Static topological defects can produce GWs 

during inflation. 
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Outlook

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



Backups



Observation from PTAs

• Hellings-Downs curve

Angular correlation



Summary for FOPT
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Redshifts of the GW signal
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Redshifts of the GW signal
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Flat space-time Quasi de Sitter
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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

•  
<latexit sha1_base64="ifF4QMy9+6iW5XZx+TJrnQZ6GlU="></latexit>

�

H
⇠

����
dS4

d logµ2
e↵

����⇥
⇤2

µ
2
e↵

⇥ 1

Ne

0.05 0.10 0.15 0.20 0.25 0.30
μeff/Λ

20

40

60

80

100

120

140

S4

<latexit sha1_base64="YlatMGOUySZTzoWKSX8BNTnrAhU=">AAAB83icbVDLSgMxFL2pr1pfVZdugkVwY5kRRTdC0Y3LCvYBnaFkMpk2NJMZkoxQhv6GGxeKuPVn3Pk3pu0stPVA4HDOudybE6SCa+M436i0srq2vlHerGxt7+zuVfcP2jrJFGUtmohEdQOimeCStQw3gnVTxUgcCNYJRndTv/PElOaJfDTjlPkxGUgecUqMlTxP2GhI8A0+c/vVmlN3ZsDLxC1IDQo0+9UvL0xoFjNpqCBa91wnNX5OlOFUsEnFyzRLCR2RAetZKknMtJ/Pbp7gE6uEOEqUfdLgmfp7Iiex1uM4sMmYmKFe9Kbif14vM9G1n3OZZoZJOl8UZQKbBE8LwCFXjBoxtoRQxe2tmA6JItTYmiq2BHfxy8ukfV53L+vOw0WtcVvUUYYjOIZTcOEKGnAPTWgBhRSe4RXeUIZe0Dv6mEdLqJg5hD9Anz9SOpCO</latexit>

� = �1

<latexit sha1_base64="dsQcAexox6FygxNIxIjBb9pbKV4=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuLEkRdGNUHTjsoJ9QBPKZDJph04ezEyEErPwV9y4UMStv+HOv3HaZqGtBwYO55zLvXO8hDOpLOvbKC0tr6yuldcrG5tb2zvm7l5bxqkgtEViHouuhyXlLKItxRSn3URQHHqcdrzRzcTvPFAhWRzdq3FC3RAPIhYwgpWW+uaBw3XYx+gKnTqBwCSz86ye982qVbOmQIvELkgVCjT75pfjxyQNaaQIx1L2bCtRboaFYoTTvOKkkiaYjPCA9jSNcEilm03vz9GxVnwUxEK/SKGp+nsiw6GU49DTyRCroZz3JuJ/Xi9VwaWbsShJFY3IbFGQcqRiNCkD+UxQovhYE0wE07ciMsS6BaUrq+gS7PkvL5J2vWaf16y7s2rjuqijDIdwBCdgwwU04Baa0AICj/AMr/BmPBkvxrvxMYuWjGJmH/7A+PwBrE2VPQ==</latexit>

� = �1

2 <latexit sha1_base64="Jd7zhAetqo2RfOcCXewUKlD06pE=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwVRKx6LLopiupYB/QhDCZ3rRDJw9mJkIJ+QE3/oobF4q4de/Ov3HaZqGtBy4czrmXe+/xE86ksqxvo7Syura+Ud6sbG3v7O6Z+wcdGaeCQpvGPBY9n0jgLIK2YopDLxFAQp9D1x/fTP3uAwjJ4uheTRJwQzKMWMAoUVryzBMnEIRmjg+K5Fkzx45kIZ6LdcvKs1sPcs+sWjVrBrxM7IJUUYGWZ345g5imIUSKciJl37YS5WZEKEY55BUnlZAQOiZD6GsakRCkm82+yfGpVgY4iIWuSOGZ+nsiI6GUk9DXnSFRI7noTcX/vH6qgis3Y1GSKojofFGQcqxiPI0GD5gAqvhEE0IF07diOiI6CaUDrOgQ7MWXl0nnvGbXa9bdRbVxXcRRRkfoGJ0hG12iBmqiFmojih7RM3pFb8aT8WK8Gx/z1pJRzByiPzA+fwBQ3Juz</latexit>

�

H
⇠ 500

Ne

<latexit sha1_base64="9V1ivwQ3reB06mJVzGXVSTcGUeY=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiQ+sMuim66kgn1AE8JketMOnTyYmQgl5Avc+CtuXCji1rU7/8Zpm4VWD1w4nHMv997jJ5xJZVlfRmlldW19o7xZ2dre2d0z9w+6Mk4FhQ6NeSz6PpHAWQQdxRSHfiKAhD6Hnj+5nvm9exCSxdGdmibghmQUsYBRorTkmTUnEIRmjg+K5Fkrx45kIV6IZw3LyrMbD3LPrFp1aw78l9gFqaICbc/8dIYxTUOIFOVEyoFtJcrNiFCMcsgrTiohIXRCRjDQNCIhSDebv5PjmlaGOIiFrkjhufpzIiOhlNPQ150hUWO57M3E/7xBqoKGm7EoSRVEdLEoSDlWMZ5lg4dMAFV8qgmhgulbMR0THYXSCVZ0CPbyy39J97RuX9St2/Nq86qIo4yO0DE6QTa6RE3UQm3UQRQ9oCf0gl6NR+PZeDPeF60lo5g5RL9gfHwD1GCb8w==</latexit>

�

H
⇠ 3800

Ne

𝑁,: e-folds before the end of inflation

<latexit sha1_base64="24v7BWeXWqvw139Nzg707MN+AyE="></latexit>

�

H
⇠ O(10)�O(100)



de Sitter inflation as an example

• What is the spatial configuration of ℎGH?

• In Minkovski space

𝑟𝑟 = 0

𝜏 = 𝜏′

𝜏 − 𝜏2 = 2

𝜏 − 𝜏2 = 4

Shell with radius |𝜏 − 𝜏′| 
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de Sitter inflation as an example

• What is the spatial configuration of ℎ'(?
• In de Sitter space
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de Sitter inflation as an example

• What is the spatial configuration of ℎ'(?
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4⇡x
�(⌧ � ⌧ 0 � |x|)

<latexit sha1_base64="zi5GJzsI60IoTv++M4iEb56z5XQ="></latexit>

hij(⌧,k) = �16⇡GNHTij⌧⇥(⌧ � ⌧
0)


sin k(⌧ � ⌧

0)

k

<latexit sha1_base64="SSLPcnhzoYXXJIHczNH0IbBuIKw="></latexit>

+

✓
1

k2⌧
� 1

k2⌧ 0

◆
cos k(⌧ � ⌧ 0) +

1

k3⌧⌧ 0
sin k(⌧ � ⌧ 0)

�

<latexit sha1_base64="oiyA5/HZ+GJBqVGIqxMCXTDqXVQ=">AAACFHicbVC7SgNBFJ2Nrxhfq5Y2g0GMSMKuRLQM2lhGyAuyIcxOZpMhsw9m7ophsx9h46/YWChia2Hn3zh5FBo9cC+Hc+5l5h43ElyBZX0ZmaXlldW17HpuY3Nre8fc3WuoMJaU1WkoQtlyiWKCB6wOHARrRZIR3xWs6Q6vJ37zjknFw6AGo4h1fNIPuMcpAS11zVPHk4QmdpqUnYin2KkNGJCCAyQuTtpxcZw4rofv0/FJ18xbJWsK/JfYc5JHc1S75qfTC2nsswCoIEq1bSuCTkIkcCpYmnNixSJCh6TP2poGxGeqk0yPSvGRVnrYC6WuAPBU/bmREF+pke/qSZ/AQC16E/E/rx2Dd9lJeBDFwAI6e8iLBYYQTxLCPS4ZBTHShFDJ9V8xHRCdEugcczoEe/Hkv6RxVrLPS9ZtOV+5mseRRQfoEBWQjS5QBd2gKqojih7QE3pBr8aj8Wy8Ge+z0Ywx39lHv2B8fAPuRp4b</latexit>

1

4⇡
⇥(⌧ � ⌧ 0 � |x|)



de Sitter inflation as an example

• What is the spatial configuration of ℎ'(?
• In de Sitter space

Similar to Minkovski Intrinsic in de Sitter

Decreases with both 𝑥 and 𝜏 constant

Vanishes out of horizon

<latexit sha1_base64="QGQUak1Vj/30fuOx+cvFb6z0M3U="></latexit>

h(⌧,x) ⇠ ⌧

4⇡x
�(⌧ � ⌧ 0 � x) +

1

4⇡
⇥(⌧ � ⌧ 0 � x)



de Sitter inflation as an example

• At 𝜏 → 0

• A ball of GW, with radius 𝜏P
• ℎ uniformally distributed inside the GW balls.
• All the balls have the same radius. 

<latexit sha1_base64="FwKg5AGu7Nn0VXsU/j1+jv0D2PY="></latexit>

h(⌧,x) ⇠ 1

4⇡
⇥(|⌧ 0|� x)



Quasi-de Sitter inflation as an example

•

•

0

<latexit sha1_base64="ZF0C/OGOEe5UDsT+ki/I5KiPSfI=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8GJJRNGLUPTSYwX7AU0pk+2mXbrZhN2NUGIO/hUvHhTx6t/w5r9x2+agrQ8GHu/NMDPPjzlT2nG+rcLS8srqWnG9tLG5tb1j7+41VZRIQhsk4pFs+6AoZ4I2NNOctmNJIfQ5bfmj24nfeqBSsUjc63FMuyEMBAsYAW2knn0A+BqfYi+QQFI3S2vY05BkPbvsVJwp8CJxc1JGOeo9+8vrRyQJqdCEg1Id14l1NwWpGeE0K3mJojGQEQxox1ABIVXddHp/ho+N0sdBJE0Jjafq74kUQqXGoW86Q9BDNe9NxP+8TqKDq27KRJxoKshsUZBwrCM8CQP3maRE87EhQCQzt2IyBBOFNpGVTAju/MuLpHlWcS8qzt15uXqTx1FEh+gInSAXXaIqqqE6aiCCHtEzekVv1pP1Yr1bH7PWgpXP7KM/sD5/AA+hlN0=</latexit>

a = � 1

H⌧

-10 -8 -6 -4 -2
τ

-4

-2

2

4

h

<latexit sha1_base64="NFsonKh+vf9hndrRNwU2paaS/9g="></latexit>

hij(⌧,k) = �16⇡GNHTij⌧

k

✓
1

k⌧
� 1

k⌧ 0

◆
cos k(⌧ � ⌧

0) +

✓
1 +

1

k2⌧⌧ 0

◆
sin k(⌧ � ⌧

0)

�



De Sitter inflation as an example

•

•

𝜏 = 0

0

<latexit sha1_base64="ZF0C/OGOEe5UDsT+ki/I5KiPSfI=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8GJJRNGLUPTSYwX7AU0pk+2mXbrZhN2NUGIO/hUvHhTx6t/w5r9x2+agrQ8GHu/NMDPPjzlT2nG+rcLS8srqWnG9tLG5tb1j7+41VZRIQhsk4pFs+6AoZ4I2NNOctmNJIfQ5bfmj24nfeqBSsUjc63FMuyEMBAsYAW2knn0A+BqfYi+QQFI3S2vY05BkPbvsVJwp8CJxc1JGOeo9+8vrRyQJqdCEg1Id14l1NwWpGeE0K3mJojGQEQxox1ABIVXddHp/ho+N0sdBJE0Jjafq74kUQqXGoW86Q9BDNe9NxP+8TqKDq27KRJxoKshsUZBwrCM8CQP3maRE87EhQCQzt2IyBBOFNpGVTAju/MuLpHlWcS8qzt15uXqTx1FEh+gInSAXXaIqqqE6aiCCHtEzekVv1pP1Yr1bH7PWgpXP7KM/sD5/AA+hlN0=</latexit>

a = � 1

H⌧

-10 -8 -6 -4 -2
τ

-4

-2

2

4

h

𝜏 = 0

<latexit sha1_base64="NFsonKh+vf9hndrRNwU2paaS/9g="></latexit>

hij(⌧,k) = �16⇡GNHTij⌧

k

✓
1

k⌧
� 1

k⌧ 0

◆
cos k(⌧ � ⌧

0) +

✓
1 +

1

k2⌧⌧ 0

◆
sin k(⌧ � ⌧

0)

�



De Sitter inflation as an example

•

•

0

<latexit sha1_base64="ZF0C/OGOEe5UDsT+ki/I5KiPSfI=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8GJJRNGLUPTSYwX7AU0pk+2mXbrZhN2NUGIO/hUvHhTx6t/w5r9x2+agrQ8GHu/NMDPPjzlT2nG+rcLS8srqWnG9tLG5tb1j7+41VZRIQhsk4pFs+6AoZ4I2NNOctmNJIfQ5bfmj24nfeqBSsUjc63FMuyEMBAsYAW2knn0A+BqfYi+QQFI3S2vY05BkPbvsVJwp8CJxc1JGOeo9+8vrRyQJqdCEg1Id14l1NwWpGeE0K3mJojGQEQxox1ABIVXddHp/ho+N0sdBJE0Jjafq74kUQqXGoW86Q9BDNe9NxP+8TqKDq27KRJxoKshsUZBwrCM8CQP3maRE87EhQCQzt2IyBBOFNpGVTAju/MuLpHlWcS8qzt15uXqTx1FEh+gInSAXXaIqqqE6aiCCHtEzekVv1pP1Yr1bH7PWgpXP7KM/sD5/AA+hlN0=</latexit>

a = � 1

H⌧

-10 -8 -6 -4 -2
τ

-4

-2

2

4

h

<latexit sha1_base64="NFsonKh+vf9hndrRNwU2paaS/9g="></latexit>

hij(⌧,k) = �16⇡GNHTij⌧

k

✓
1

k⌧
� 1

k⌧ 0

◆
cos k(⌧ � ⌧

0) +

✓
1 +

1

k2⌧⌧ 0

◆
sin k(⌧ � ⌧

0)

�



After inflation

• ℎQ(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 𝑘𝜏 /𝑘𝜏
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After inflation

• ℎQ(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 𝑘𝜏 /𝑘𝜏

The end of inflation

0.05 0.10 0.50 1 5 10

<latexit sha1_base64="LVCWxeqfX/8tz6CZ8VW69myBuGU=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0V0VRJRdFl047KCfUASy2Q6aYdOJmHmRqih+CtuXCji1v9w5984bbPQ1gP3cjjnXubOCVPBNTjOt7WwuLS8slpaK69vbG5t2zu7TZ1kirIGTUSi2iHRTHDJGsBBsHaqGIlDwVrh4Hrstx6Y0jyRdzBMWRCTnuQRpwSM1LH3+/eRr3mMTZPewAeSHQcdu+JUnQnwPHELUkEF6h37y+8mNIuZBCqI1p7rpBDkRAGngo3KfqZZSuiA9JhnqCQx00E+uX6Ej4zSxVGiTEnAE/X3Rk5irYdxaCZjAn09643F/zwvg+gyyLlMM2CSTh+KMoEhweMocJcrRkEMDSFUcXMrpn2iCAUTWNmE4M5+eZ40T6vuedW5PavUroo4SugAHaIT5KILVEM3qI4aiKJH9Ixe0Zv1ZL1Y79bHdHTBKnb20B9Ynz8aepT+</latexit>

hf ⇠ sin[k⌧ 0]



First order phase transition during inflation

• Signal strength is also sensitive to intermediate stages 

Kination domination



First order phase transition during inflation
With kination domination intermediate stage


