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1. May be large on smaller scales 

 

 

 

 

 

 

 

2. May be enhanced by “non-standard” cosmological history

Curvature-Induced Gravitational Waves
(Scalar-induced GWs, Induced GWs, Second-order GWs, Secondary GWs, …)
[Ananda, Clarkson, Wands,  gr-qc/0612013], [Baumann, Steinhardt, Takahashi, Ichiki,  hep-th/0703290]      For reviews, see [Yuan, Huang, 2103.04739], [Domènech, 2109.01398].

h′ ′ k + 2ℋh′ k + k2hk = Sk(η) ∼ Φ2

ds2 = − a2(1 + 2Φ)dη2 + a2 ((1 − 2Ψ)δij + hij) dxidxj
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Gravitational potential Curvature perturbations GW (tensor mode)

(In the absence of anisotropic stress, .)Φ = Ψ

Can the source  be sufficiently large?Φ
We know that    and   …𝒫Φ(kCMB) ≃ 2.1 × 10−9 ΩGW ∝ 𝒫2

Φ

[Inomata, Nakama, 1812.00674]
Analytic formulae for the integral kernel available: 

 [Espinosa, Racco, Riotto, 1804.07732], [Kohri, Terada, 1804.08577]

/83



1. May be large on smaller scales 

 

 

 

 

 

 

 

2. May be enhanced by “non-standard” cosmological history

Curvature-Induced Gravitational Waves
(Scalar-induced GWs, Induced GWs, Second-order GWs, Secondary GWs, …)
[Ananda, Clarkson, Wands,  gr-qc/0612013], [Baumann, Steinhardt, Takahashi, Ichiki,  hep-th/0703290]      For reviews, see [Yuan, Huang, 2103.04739], [Domènech, 2109.01398].

h′ ′ k + 2ℋh′ k + k2hk = Sk(η) ∼ Φ2

ds2 = − a2(1 + 2Φ)dη2 + a2 ((1 − 2Ψ)δij + hij) dxidxj

hk
<latexit sha1_base64="wDLwt5UBxVTWQaNPqaYSHZg8YsA="></latexit><latexit sha1_base64="wDLwt5UBxVTWQaNPqaYSHZg8YsA="></latexit><latexit sha1_base64="wDLwt5UBxVTWQaNPqaYSHZg8YsA="></latexit><latexit sha1_base64="wDLwt5UBxVTWQaNPqaYSHZg8YsA="></latexit>

�q
<latexit sha1_base64="Oj4OWLDT7nOo+QIVhqARcNpwmBM="></latexit><latexit sha1_base64="Oj4OWLDT7nOo+QIVhqARcNpwmBM="></latexit><latexit sha1_base64="Oj4OWLDT7nOo+QIVhqARcNpwmBM="></latexit><latexit sha1_base64="Oj4OWLDT7nOo+QIVhqARcNpwmBM="></latexit>

�k�q
<latexit sha1_base64="mHTUOXDlQzxsGo2sqqcs8axWoTM="></latexit><latexit sha1_base64="mHTUOXDlQzxsGo2sqqcs8axWoTM="></latexit><latexit sha1_base64="mHTUOXDlQzxsGo2sqqcs8axWoTM="></latexit><latexit sha1_base64="mHTUOXDlQzxsGo2sqqcs8axWoTM="></latexit>

Gravitational potential Curvature perturbations GW (tensor mode)

(In the absence of anisotropic stress, .)Φ = Ψ

Can the source  be sufficiently large?Φ
We know that    and   …𝒫Φ(kCMB) ≃ 2.1 × 10−9 ΩGW ∝ 𝒫2

Φ

[Inomata, Nakama, 1812.00674]
Analytic formulae for the integral kernel available: 

 [Espinosa, Racco, Riotto, 1804.07732], [Kohri, Terada, 1804.08577]

/83



1. May be large on smaller scales 

 

 

 

 

 

 

 

2. May be enhanced by “non-standard” cosmological history

Curvature-Induced Gravitational Waves
(Scalar-induced GWs, Induced GWs, Second-order GWs, Secondary GWs, …)
[Ananda, Clarkson, Wands,  gr-qc/0612013], [Baumann, Steinhardt, Takahashi, Ichiki,  hep-th/0703290]      For reviews, see [Yuan, Huang, 2103.04739], [Domènech, 2109.01398].

h′ ′ k + 2ℋh′ k + k2hk = Sk(η) ∼ Φ2

ds2 = − a2(1 + 2Φ)dη2 + a2 ((1 − 2Ψ)δij + hij) dxidxj

hk
<latexit sha1_base64="wDLwt5UBxVTWQaNPqaYSHZg8YsA="></latexit><latexit sha1_base64="wDLwt5UBxVTWQaNPqaYSHZg8YsA="></latexit><latexit sha1_base64="wDLwt5UBxVTWQaNPqaYSHZg8YsA="></latexit><latexit sha1_base64="wDLwt5UBxVTWQaNPqaYSHZg8YsA="></latexit>

�q
<latexit sha1_base64="Oj4OWLDT7nOo+QIVhqARcNpwmBM="></latexit><latexit sha1_base64="Oj4OWLDT7nOo+QIVhqARcNpwmBM="></latexit><latexit sha1_base64="Oj4OWLDT7nOo+QIVhqARcNpwmBM="></latexit><latexit sha1_base64="Oj4OWLDT7nOo+QIVhqARcNpwmBM="></latexit>

�k�q
<latexit sha1_base64="mHTUOXDlQzxsGo2sqqcs8axWoTM="></latexit><latexit sha1_base64="mHTUOXDlQzxsGo2sqqcs8axWoTM="></latexit><latexit sha1_base64="mHTUOXDlQzxsGo2sqqcs8axWoTM="></latexit><latexit sha1_base64="mHTUOXDlQzxsGo2sqqcs8axWoTM="></latexit>

Gravitational potential Curvature perturbations GW (tensor mode)

(In the absence of anisotropic stress, .)Φ = Ψ

Can the source  be sufficiently large?Φ
We know that    and   …𝒫Φ(kCMB) ≃ 2.1 × 10−9 ΩGW ∝ 𝒫2

Φ

[Inomata, Nakama, 1812.00674]
Analytic formulae for the integral kernel available: 

 [Espinosa, Racco, Riotto, 1804.07732], [Kohri, Terada, 1804.08577]

/83



Enhancement by Matter-Dominated Era?
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This makes the source term constant.

δ(η, k) ∝ a(η)

Constant metric distortion  
                   (+ decaying mode)

Propagating GWAfter MD

[Assadullahi, Wands, 0901.0989], [Baumann, Steinhardt, Takahashi, Ichiki,  hep-th/0703290]

Inflation MD era RD era

time
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Coherent oscillations of scalar fields:  inflaton, moduli, axion, curvaton, etc. 
Heavy (non-relativistic) matter:  gravitino, modulino, PBH, Q-ball, etc. 

Inflation MD era RD era
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We find that the conversion efficiency sensitively depends on the time-scale of the reheating transition!

Inflation MD era RD era

time

/84



Gradual (Standard) Reheating Transition
(Transition time scale) >> (Period of relevant GW mode)
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Φ ∼ δmatter ∼ e−Γt

ΩGW ∝ 𝒫h ∝ 𝒫2
Φ ∝ Φ4 ∝ e−4Γt

For the standard  perturbative decay,  

even after the matter-radiation equality for a while.

Enhancement is spoiled significantly.

[figure by Inomata]
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Sudden Reheating Transition
(Transition time scale) << (Period of relevant GW mode)

Just reproduce the previous results in the literature?

We find that an omitted contribution is actually dominant.

Produced after the MD era.
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Just reproduce the previous results in the literature?

We find that an omitted contribution is actually dominant.

Produced after the MD era.

Origin of the enhancement:  (k /ℋtransition) ≫ 1

Interesting interplay between MD and RD eras!

Huge enhancement is possible.

• GWs are induced by fast oscillations of . 

•  is associated with the sound waves on the thermal bath. 
• It is created by the decay of the field dominating in the MD era.

Φ

Φ
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Sudden Reheating Transition
(Transition time scale) << (Period of relevant GW mode)

[Modification of a figure by Inomata]

our  
work

[Inomata, Kohri, Nakama, Terada, 1904.12878]

[Inomata, Kohri, Nakama, Terada, 1904.12879]

Just reproduce the previous results in the literature?

We find that an omitted contribution is actually dominant.

Produced after the MD era.
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Pol.t.ergeis.t
mechanism for gravitational wave production 

† †
・Triggeron dynamics  (scalar-fields toy model)

・PBH domination scenario  (narrow mass function)
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[Inomata, Kohri, Nakama, Terada, 1904.12879]

[Inomata, Kawasaki, Mukaida, Terada, Yanagida, 2003.10455]

M ∝ (tevp − t)1/3
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<latexit sha1_base64="XKVhVk8asUJHVDgONEEafGfEBRM="></latexit>

V (⌧)
<latexit sha1_base64="E5ts/XrnGZ9Z0Djw/xiDMhkFULc="></latexit>

[Inomata, Kohri, Nakama, Terada, 1904.12879]

[Inomata, Kawasaki, Mukaida, Terada, Yanagida, 2003.10455]

M ∝ (tevp − t)1/3
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Summary
• Curvature-induced gravitational waves (GWs) can probe 


• small-scale perturbations  
(information on inflaton potential away from the CMB scale; relevant for PBH scenarios)


• dynamics of reheating transition as well as reheating temperature 

• The strength of the induced GWs in a scenario with an early MD era sensitively depends on 
the time scale of the reheating transition.


• In the standard case, the enhancement effect previously estimated in the literature is lost.


• In the sudden-transition case, the Poltergeist mechanism can lead to strong GW signals 
that can be observed by LISA, DECIGO, BBO, etc.

[Saito, Yokoyama, 0812.4339; 0912.5317]
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