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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

ϕ

V(ϕ)
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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. 

Measured by  
CMB and LSS

No measurement



Induced phase transition in spectator sectors

• 𝜙: inflaton field                                            𝜎: spectator field
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Outline

• GWs from first-order phase transitions 
during inflation. 
• Primary GWs
• Curvature perturbation and secondary 

GWs
• GWs from second-order phase transitions  

(domain walls) during inflation. 
• Summary and outlook
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First-order phase transition during inflation
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How to calculate GW?

• In E&M:
• We solve the Green’s function first.
• We convolute the Green’s function with the source.

• In GR: 
• We solve the Green’s function first. (instantaneous and local source)
• We convolute the Green’s function with the source.
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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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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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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

<latexit sha1_base64="kzWtjVxdWnz3fUyKA2KORDN8B6E=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbArih6DXjxJBPOAZA2zk95kyOzsOjMrhCU/4cWDIl79HW/+jZPHQRMLGoqqbrq7gkRwbVz328ktLa+sruXXCxubW9s7xd29uo5TxbDGYhGrZkA1Ci6xZrgR2EwU0igQ2AgG12O/8YRK81jem2GCfkR7koecUWOlJj5kJ7cdHHWKJbfsTkAWiTcjJZih2il+tbsxSyOUhgmqdctzE+NnVBnOBI4K7VRjQtmA9rBlqaQRaj+b3DsiR1bpkjBWtqQhE/X3REYjrYdRYDsjavp63huL/3mt1ISXfsZlkhqUbLooTAUxMRk/T7pcITNiaAllittbCetTRZmxERVsCN78y4ukflr2zsvu3VmpcjWLIw8HcAjH4MEFVOAGqlADBgKe4RXenEfnxXl3PqatOWc2sw9/4Hz+AMFjj8g=</latexit>

e�Ne

Dilution factor Smearing Suppressed by 
the energy 
faction

Redshift

𝑁(: e-folds before the end of inflation

<latexit sha1_base64="7TPC8E1iuWk/X5l5GiX2yaE2nUw="></latexit>

⌦GW(ktoday) = ⌦R
H

4
inf

k4p


1

2
+ S(kp��1) cos

✓
2kp
Hinf

◆�✓
�⇢vac

⇢inf

◆2
d⇢

flat
GW

�⇢vacd log kp



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
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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 𝐻23, longer than 𝛽23.

𝜅 =
𝑀/0

𝜙*
𝜖: slow roll parameter

Pure gravitational

𝐿 ≡ Δ𝜌
<latexit sha1_base64="mkAjaadzXUPI+uoLJblpU8iiirI=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgqsyUii6rblxWsA/oDCWTZtrQTBKSjFiG+ituXCji1g9x59+YtrPQ1gMXDufcy733RJJRbTzv2ymsrW9sbhW3Szu7e/sH7uFRW4tUYdLCggnVjZAmjHLSMtQw0pWKoCRipBONb2Z+54EoTQW/NxNJwgQNOY0pRsZKfbecBRgxeDWFAZJSiUdYq/fdilf15oCrxM9JBeRo9t2vYCBwmhBuMENa93xPmjBDylDMyLQUpJpIhMdoSHqWcpQQHWbz46fw1CoDGAtlixs4V39PZCjRepJEtjNBZqSXvZn4n9dLTXwZZpTL1BCOF4vilEEj4CwJOKCKYMMmliCsqL0V4hFSCBubV8mG4C+/vEratap/XvXu6pXGdR5HERyDE3AGfHABGuAWNEELYDABz+AVvDlPzovz7nwsWgtOPlMGf+B8/gBc9ZPu</latexit>

A ⇡ 24 𝛼" ≈ 0.31, 𝛼+ ≈ 0.17



Secondary GWs

• After inflation
• Expand the Einstein equation to second order:

<latexit sha1_base64="GTywqnqNpXDcBnev/HpTxafNIqw=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJAVUJAsFYwcJYJPqQmqhyXKe16jiRfQMqURcWfoWFAYRY+Qc2/ga3zQAtR7pXR+fcK/ueIBFcg+N8W4WFxaXlleJqaW19Y3PL3t5p6DhVlNVpLGLVCohmgktWBw6CtRLFSBQI1gwGV2O/eceU5rG8hWHC/Ij0JA85JWCkjr3vPTAg2FO81weiVHyPvVqfH5uueccuOxVnAjxP3JyUUY5ax/7yujFNIyaBCqJ123US8DOigFPBRiUv1SwhdEB6rG2oJBHTfja5YoQPjdLFYaxMScAT9fdGRiKth1FgJiMCfT3rjcX/vHYK4YWfcZmkwCSdPhSmAkOMx5HgLleMghgaQqji5q+Y9okiFExwJROCO3vyPGmcVNyzinNzWq5e5nEU0R46QEfIReeoiq5RDdURRY/oGb2iN+vJerHerY/paMHKd3bRH1ifP7TFmA0=</latexit>

⇣ ! �, 

Baumann, Steinhardt, Takahashi, hep-th/0703290 …
Scalar induced GWs



Secondary GWs

<latexit sha1_base64="6oUMwOvbBG4Z3iBSD0yvZN1ZMzk=">AAACCHicbVBNS8NAEN3Ur1q/qh49uFgETyUpih6LgnisYD+giWGy3bZLd5Owu5GW0KMX/4oXD4p49Sd489+4bXPQ1gcDj/dmmJkXxJwpbdvfVm5peWV1Lb9e2Njc2t4p7u41VJRIQusk4pFsBaAoZyGta6Y5bcWSggg4bQaDq4nffKBSsSi806OYegJ6IesyAtpIfvEwdQlwfD32K/epKwUWMBy7EMcyGuKKbfvFkl22p8CLxMlICWWo+cUvtxORRNBQEw5KtR071l4KUjPC6bjgJorGQAbQo21DQxBUeen0kTE+NkoHdyNpKtR4qv6eSEEoNRKB6RSg+2rem4j/ee1Edy+8lIVxomlIZou6Ccc6wpNUcIdJSjQfGQJEMnMrJn2QQLTJrmBCcOZfXiSNStk5K9u3p6XqZRZHHh2gI3SCHHSOqugG1VAdEfSIntErerOerBfr3fqYteasbGYf/YH1+QOCfZj/</latexit>

Fmax
2 ⇡ 200

𝐹+ Collects information of the transfer functions.



Observation from PTAs

• Hellings-Downs curve

Angular correlation



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

<latexit sha1_base64="vP8RJVtnb49cs00fvSF17Ep1A18="></latexit>
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⇢inf

◆2

f

dρ
dlogk
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f
0 (k)]

2k3

<latexit sha1_base64="wiiliKtTbd3BafoL9/T+ITJXig0=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRY9FLz1WsB/QLiWbZtvQbBKTbLGU/g4vHhTx6o/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXm5tfWNzK79d2Nnd2z8oHh41jEw1oXUiudStCBvKmaB1yyynLaUpTiJOm9HwbuY3R1QbJsWDHSsaJrgvWMwItk4Kh12FOlgpLZ9QtVss+WV/DrRKgoyUIEOtW/zq9CRJEyos4diYduArG06wtoxwOi10UkMVJkPcp21HBU6oCSfzo6fozCk9FEvtSlg0V39PTHBizDiJXGeC7cAsezPxP6+d2vgmnDChUksFWSyKU46sRLMEUI9pSiwfO4KJZu5WRAZYY2JdTgUXQrD88ippXJSDq7J/f1mq3GZx5OEETuEcAriGClShBnUg8AjP8Apv3sh78d69j0VrzstmjuEPvM8fMVuRuA==</latexit>
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<latexit sha1_base64="S0VQOIttP/+ZwlpyN5oVJab6i40=">AAACAnicbVDLSgMxFM34rPU16krcBIvgxjIjii6LunBZwT6gMw6ZNG1DM0lIMmIZiht/xY0LRdz6Fe78G9N2Ftp64MLhnHu5955YMqqN5307c/MLi0vLhZXi6tr6xqa7tV3XIlWY1LBgQjVjpAmjnNQMNYw0pSIoiRlpxP3Lkd+4J0pTwW/NQJIwQV1OOxQjY6XI3e1HEgZISiUeYHBFmEGRvMuO/GHklryyNwacJX5OSiBHNXK/grbAaUK4wQxp3fI9acIMKUMxI8NikGoiEe6jLmlZylFCdJiNXxjCA6u0YUcoW9zAsfp7IkOJ1oMktp0JMj097Y3E/7xWajrnYUa5TA3heLKokzJoBBzlAdtUEWzYwBKEFbW3QtxDCmFjUyvaEPzpl2dJ/bjsn5a9m5NS5SKPowD2wD44BD44AxVwDaqgBjB4BM/gFbw5T86L8+58TFrnnHxmB/yB8/kDjQSW4g==</latexit>

kp ⇡ ��1
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• Secondary
<latexit sha1_base64="KOwCd+Hji17oNwhSwVof/0bzcDc="></latexit>
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Summary for FOPT

Evolution of 
inflaton

Phase transitions in 
spectator sector

Primary GWCurvature 
perturbation

Secondary 
GW

f

dρ
dlogk

<latexit sha1_base64="9Z0dOIpLr1mBxDQHCQ5V0RpcXCQ="></latexit>

|T̃ij(kp,kp)|2[Ẽ i
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<latexit sha1_base64="S0VQOIttP/+ZwlpyN5oVJab6i40=">AAACAnicbVDLSgMxFM34rPU16krcBIvgxjIjii6LunBZwT6gMw6ZNG1DM0lIMmIZiht/xY0LRdz6Fe78G9N2Ftp64MLhnHu5955YMqqN5307c/MLi0vLhZXi6tr6xqa7tV3XIlWY1LBgQjVjpAmjnNQMNYw0pSIoiRlpxP3Lkd+4J0pTwW/NQJIwQV1OOxQjY6XI3e1HEgZISiUeYHBFmEGRvMuO/GHklryyNwacJX5OSiBHNXK/grbAaUK4wQxp3fI9acIMKUMxI8NikGoiEe6jLmlZylFCdJiNXxjCA6u0YUcoW9zAsfp7IkOJ1oMktp0JMj097Y3E/7xWajrnYUa5TA3heLKokzJoBBzlAdtUEWzYwBKEFbW3QtxDCmFjUyvaEPzpl2dJ/bjsn5a9m5NS5SKPowD2wD44BD44AxVwDaqgBjB4BM/gFbw5T86L8+58TFrnnHxmB/yB8/kDjQSW4g==</latexit>

kp ⇡ ��1
p



Formation of domain walls

• 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/𝑎1=1.3 𝑎/𝑎1=2.3

𝑎/𝑎1=3.3 𝑎/𝑎1=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



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



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 ℎGH?

• In Minkovski space

𝑟𝑟 = 0

𝜏 = 𝜏′

𝜏 − 𝜏2 = 2

𝜏 − 𝜏2 = 4

Shell with radius |𝜏 − 𝜏′| 

<latexit sha1_base64="piWUhL1E+rR6fftdxuiWGDjdbuc="></latexit>
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de Sitter inflation as an example

• What is the spatial configuration of ℎ%&?
• In de Sitter space

<latexit sha1_base64="zi5GJzsI60IoTv++M4iEb56z5XQ="></latexit>
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de Sitter inflation as an example

• What is the spatial configuration of ℎ%&?
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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
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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>
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Quasi-de Sitter inflation as an example

•

•

0
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De Sitter inflation as an example

•

•

𝜏 = 0

0
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De Sitter inflation as an example

•

•

0
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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
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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
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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


