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Motivations for inflation

• Causality problem
• Flatness problem
• Magnetic monopole problem



Induced phase transition in spectator sectors

• 𝜙: inflaton field                                            𝜎: spectator field
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V(ϕ)

Example 1:

Example 2:
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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
<latexit sha1_base64="SQNWPwB0SNy/IDdl3w+gme7vpYA=">AAAB83icdVDLSgMxFM34rPVVdekmWARXNamPtguh6KbLCvYBnaFk0kwbmskMSUYoQ3/DjQtF3Poz7vwbM20FFT1w4XDOvdx7jx8Lrg1CH87S8srq2npuI7+5tb2zW9jbb+soUZS1aCQi1fWJZoJL1jLcCNaNFSOhL1jHH99kfueeKc0jeWcmMfNCMpQ84JQYK7muzww5bcAreIb6hSIqIYQwxjAjuHKJLKnVqmVchTizLIpggWa/8O4OIpqETBoqiNY9jGLjpUQZTgWb5t1Es5jQMRmynqWShEx76ezmKTy2ygAGkbIlDZyp3ydSEmo9CX3bGRIz0r+9TPzL6yUmqHopl3FimKTzRUEioIlgFgAccMWoERNLCFXc3grpiChCjY0pb0P4+hT+T9rlEr4oodvzYv16EUcOHIIjcAIwqIA6aIAmaAEKYvAAnsCzkziPzovzOm9dchYzB+AHnLdPLsiQew==</latexit>

�/H = 30
<latexit sha1_base64="BAoQ/3pApEvPGAHtMMEwsF7vKqk=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4GjO209GFUHTTZQX7gM5QMmmmDc1khiQjlNLfcONCEbf+jDv/xvQhqOiBC4dz7uXee8KUM6UR+rByK6tr6xv5zcLW9s7uXnH/oKWSTBLaJAlPZCfEinImaFMzzWknlRTHIaftcHQz89v3VCqWiDs9TmkQ44FgESNYG8n3Q6rxWR1eQcftFUvIRh5C1TJEdrnqep5rCKpUy5cIOjaaowSWaPSK734/IVlMhSYcK9V1UKqDCZaaEU6nBT9TNMVkhAe0a6jAMVXBZH7zFJ4YpQ+jRJoSGs7V7xMTHCs1jkPTGWM9VL+9mfiX1810dBFMmEgzTQVZLIoyDnUCZwHAPpOUaD42BBPJzK2QDLHERJuYCiaEr0/h/6R1bjuujW4rpdr1Mo48OALH4BQ4wAM1UAcN0AQEpOABPIFnK7MerRfrddGas5Yzh+AHrLdPTNSQjw==</latexit>
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• 𝛽 = − "#!
"$ , determines the rate 

of the phase transition.

• Phase transition completes if 𝛽 ≫ 𝐻.



GW from instantaneous sources

•  
<latexit sha1_base64="C8LDbzum45wbDDLBz2bK4cif4NM="></latexit>
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The horizon fixes the 
amplitude of ℎ
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<latexit sha1_base64="LVCWxeqfX/8tz6CZ8VW69myBuGU=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0V0VRJRdFl047KCfUASy2Q6aYdOJmHmRqih+CtuXCji1v9w5984bbPQ1gP3cjjnXubOCVPBNTjOt7WwuLS8slpaK69vbG5t2zu7TZ1kirIGTUSi2iHRTHDJGsBBsHaqGIlDwVrh4Hrstx6Y0jyRdzBMWRCTnuQRpwSM1LH3+/eRr3mMTZPewAeSHQcdu+JUnQnwPHELUkEF6h37y+8mNIuZBCqI1p7rpBDkRAGngo3KfqZZSuiA9JhnqCQx00E+uX6Ej4zSxVGiTEnAE/X3Rk5irYdxaCZjAn09643F/zwvg+gyyLlMM2CSTh+KMoEhweMocJcrRkEMDSFUcXMrpn2iCAUTWNmE4M5+eZ40T6vuedW5PavUroo4SugAHaIT5KILVEM3qI4aiKJH9Ixe0Zv1ZL1Y79bHdHTBKnb20B9Ynz8aepT+</latexit>
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GW from instantaneous sources

•  

−∞ 𝑘𝜏 ≈ 0𝜏′

The horizon fixes the 
amplitude of ℎ
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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 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>
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Spectrum of GW from a real source
<latexit sha1_base64="2p+SAL3zHUCV3O5o63BVkAtH/VM=">AAACD3icbZA7SwNBEMf3fBtfUUubxaDYGO5E0TKohWUEkwi585jbTHRx78HunBCOfAMbv4qNhSK2tnZ+GzePwtcfFn78Z4bZ+UeZkoZc99OZmJyanpmdmy8tLC4tr5RX15omzbXAhkhVqi8jMKhkgg2SpPAy0whxpLAV3Z4M6q071EamyQX1MgxiuE5kVwoga4Xlbf8UFUHoE+TcNzLmfoQEV8Wu1+e+UvxsiGG54lbdofhf8MZQYWPVw/KH30lFHmNCQoExbc/NKChAkxQK+yU/N5iBuIVrbFtMIEYTFMN7+nzLOh3eTbV9CfGh+32igNiYXhzZzhjoxvyuDcz/au2cukdBIZMsJ0zEaFE3V5xSPgiHd6RGQapnAYSW9q9c3IAGQTbCkg3B+33yX2juVb2Dqnu+X6kdj+OYYxtsk+0wjx2yGjtjddZggt2zR/bMXpwH58l5dd5GrRPOeGad/ZDz/gUt7pt3</latexit>
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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

<latexit sha1_base64="XgTrWF9o5VXyhijVy4YPrZ09j30=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjLTsa27ohuXFe0D2rFk0kwbmskMSUYopZ/gxoUibv0id/6NmbaCih64cDjnXu69J0g4UxqhDyu3srq2vpHfLGxt7+zuFfcPWipOJaFNEvNYdgKsKGeCNjXTnHYSSXEUcNoOxpeZ376nUrFY3OpJQv0IDwULGcHaSDfhXblfLCH7vFZxvQpENkJVx3Uy4la9sgcdo2QogSUa/eJ7bxCTNKJCE46V6joo0f4US80Ip7NCL1U0wWSMh7RrqMARVf50fuoMnhhlAMNYmhIaztXvE1McKTWJAtMZYT1Sv71M/Mvrpjqs+VMmklRTQRaLwpRDHcPsbzhgkhLNJ4ZgIpm5FZIRlphok07BhPD1KfyftFzbObPRtVeqXyzjyIMjcAxOgQOqoA6uQAM0AQFD8ACewLPFrUfrxXpdtOas5cwh+AHr7RNTKI3V</latexit>
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First-order phase transition during inflation
• Primordial stachastic GW signals  

<latexit sha1_base64="sXCaPu64qWnRMVUd8AUwQMA0mdo=">AAACEnicbVDLSsNAFJ34rPUVdelmsAi6iYkPdCMUdeGygn1AE8JkOmmHTiZhZlIoId/gxl9x40IRt67c+TdO24DaeuDCmXPuZe49QcKoVLb9ZczNLywuLZdWyqtr6xub5tZ2Q8apwKSOYxaLVoAkYZSTuqKKkVYiCIoCRppB/3rkNwdESBrzezVMiBehLqchxUhpyTcP3RvCFHJFL/YzV0RwgHB+9POkPMzhJbStE9+s2JY9BpwlTkEqoEDNNz/dTozTiHCFGZKy7diJ8jIkFMWM5GU3lSRBuI+6pK0pRxGRXjY+KYf7WunAMBa6uIJj9fdEhiIph1GgOyOkenLaG4n/ee1UhRdeRnmSKsLx5KMwZVDFcJQP7FBBsGJDTRAWVO8KcQ8JhJVOsaxDcKZPniWNY8s5s+y700r1qoijBHbBHjgADjgHVXALaqAOMHgAT+AFvBqPxrPxZrxPWueMYmYH/IHx8Q3orZzx</latexit>

�⇢vac/⇢inf = 0.3Instantaneous reheating

HA, K.-F. Li, L.-T. Wang, S. Zhou, 2009.12381, 2201.05171
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Induced curvature perturbation 𝜁

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

• Conserved quantity



Power spectrum of 𝜁

• After the collision of the bubbles, 𝜎 field oscillates and keeps producing 𝜁.
• The production of 𝜁 lasts about 𝐻(), longer than 𝛽().

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>

⇣ ! �, 

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

<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

• The slope is around 2 in the IR region

HA, B. Su, H. Tai, L.-T. Wang, C. Yang, 2308.00070



Observation from PTAs

• Bayes factor against SMBHB

Our model

PTArcade by NanoGrav

HA, B. Su, H. Tai, L.-T. Wang, C. Yang, 2308.00070



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

f

dρ
dlogk



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/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, C. 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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