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For more see e.g.

Cﬂsm()logical SOUrIces Of GWS Guzzetti+1605.01615

Caprini+1801.04268
Kuroyanagi+1807.00786

New physics during inflation:

Quantum fluctuations: ® Primordial tensor fluctuations

Additional sources: ® SU(2) gauge fields

® Axion fields

Also... New physics after inflation (but before BBN):

Phase transitions: ® Strong first order phase transitions

® Topological defects like cosmic strings

Preheating and reheating: ® Parametric resonances



For more see e.g.
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Overview

e Gravitational Waves induced by primordial fluctuations

(Review of induced GWs in “standard” (radiation dominated) cosmology)

e Induced GWs and early universe’s expansion histories

(Go beyond “standard” cosmology with general expansion histories)

Talk based on:
[GD, 1912.05583
' : [GD, S.Pi, M.Sasaki, 2005.12314-
|
Induced GWs and early isocurvature fluctuations S pL 201003976

(Go beyond “standard” cosmology with initial conditions) [GD and C.Lin, M.Sasaki, 2012.08151]

[V.Atal, GD: 2103.01056]
|GD and V.Takhistov, M.Sasaki, 2105.06816]

[GD, 2109.01398]
[L.Witkowski, GD, J.Fumagalli, S.Renaux-Petel, 2110.09480]

[GD, S.Passaglia, S.Renaux-Petel, 2112.10163]




GWs induced by
primordial fluctuations



Non-Linear Theory of Gravﬂatmnal Instablhty
in the Expandmg Universe

Kenjn TOMITA

Research Institute for Theoretical Physics
Hiroshima University, Takehara, Hiroshima-ken

(Received January 5, 1967)

The gravitational instability in the expanding universe is studied in the second-order ap-
proximation. This work is an extension of Lifshitz’s linearized theory on the basis of
general relativity. Basic equations are formulated generally, but their analysis is confined to
a special casé where pressure effects are negligible and the spatial curvature of the unperturbed
model universe is zero. The results show that the second-order density contrast tends to
accentuate the increase of the first-order density contrast with time, unless the linear dimen-
sion of the perturbation is too great. Moreover it is shown that gravitational wave is induced
by deformed density perturbations even if the first-order metric perturbation includes no part
of gravitational wave| If time is reversed, our results will be applicable to the problem of
the gravitational instability in the contracting universe or in the collapsing star.



Induced GWs history

 First pointed out by K. Tomita in 1971 [Prog. Theor. Phys. 45, 1747 (1971)]

e Followed by Matarrese, Pantano, Saez in 1993 [phys.Rev.Lett. 72 (1994) 320-323]
e Also Matarrese, Mollerach, Bruni in 1997 [Phys.Rev.D 58 (1998) 043504]

e Then Ananda, Clarkson and Wands in 2006 [gr-qc/0612013]

e And Baumann, Ichiki, Steinhardt and Takahashi in 2007 [hep-th/0703290]
e Saito and Yokoyama in 2008: induced GWs <=> PBHSs! [0812.4339]

o ... After the first LIGO detection the publication number keeps growing!

[Sorry for missing all the other works... they don’t fit here, not even mines! More in my review paper: 2109.01398]



New physics during inflation
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New physics during inflation
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GENERATION OF GWs AND PBHs
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GENERATION OF GWs AND PBHs
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The PBH — induced GW connection

Microlensing in Mircolensing 100% of PBH dominated
Collapse Merging today?  galatic bulge? events OGLE?  dark matter?  early universe?

to PBH
10-100 Suns Solar mass Planet mass Asteroid mass Boulder mass

[1-100 nHz] 0.1-100 mHz s mHz - Hz A Hz - kHz a 1-10 MHz A

Primordial
fluctuations

Induce
LISA LIGO/VIRGO/ET/| HOLOMETER
GWs \_DECICO \ Y
GW background? Mopi —1/2° Two populations of BHs?
Planet mass [GD and S.Pi, 2010.03976]  Jaw ~ HZ ( 1016g ) [De Luca et al 2102.03809]

or dark matter PBH [De Luca+, Sugiyama+] (in RD)

or solar mass PBH [Vaskonen+, Kohri+, Inomata+]



Induced GWs amplitude

: . . : 2 . _ Curvature
After inflation: 1st order: Free wave propagating (07 + 3HO0, — A)h; =0 perturbation

/\ab ‘

2nd order: Massless field with source (atz +3Ho, — A)h; ~ TT j; (0,90,D)
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Primordial fluctuations — Induced GWs amplitudes
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Induced GWs and
the early universe’s

expansion histories




Induced GWs spectrum

After inflation: 1st order: Free wave propagating (0° + 3HO, — A)h; =0

/\Clb

2nd order: Massless field with source (at2 + 3HO0, — A)hl.j ~ 1T ;i (0,90,P)

Effects from “unknown” cosmological phases:

1. Equation of state parameter w:  A. Expansion History (H)
B. Evolution of @

2. Propagation speed of fluctuations ¢: C. Resonances (fn~2fo)
kNZCSkp

/N

P

(07 + 3Ho, — M ~ TT ;; (3,20,P)



1st example:

Broken power-law



Induced GWs spectrum [V.Atal & GD: 2103.01056]
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Induced GWs spectrum [V.Atal & GD: 2103.01056]
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Induced GWs spectrum [V.Atal & GD: 2103.01056]
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Induced GWs spectrum

log Pr
Ny &

A\ 215y ngy +b <4
-\ 4+ ngy ngy +b >4

kp

log k

Broken-power law

I — 3w
b = ———
1 + 3w

Ksh zcskp lo g k



Induced GWs spectrum
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2nd example:

Very sharp peak



[GD, 1912.05583]

Sharp P eakS [GD, S.Pi, M.Sasaki, 2005.12314]

Infinitely sharp peak: Pr(k) = Ard(In(k/k.))
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3rd example:

Large oscillatory modulations



|L.Witkowski, GD, J.Fumagalli, S.Renaux-Petel, 2110.09480]
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Oscillatory features

|L.Witkowski, GD, J.Fumagalli, S.Renaux-Petel, 2110.09480]
[J.Fumagalli, S.Renaux-Petel, L.Witkowski, 2004.08369,
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Induced GWs and early
isocurvature fluctuations



IS OoCU RVAT U RE E VO LUTi ON [T.Papanikolaou, V.Vennin, D.Langlois, 2010.11573

|GD, C.Lin, M.Sasaki, 2012.08151

ENERGY DeENSITY
AN Short explanation:

RADIATION Initial conditions
for a universe after PBH formation

PBH DiSTRIBUT ION The (inhomogeneous) PBH distribution

give rise to density fluctuations

(oR coM FLUCTUATTIONS)

TSOCORVYATURE

- These fluctuations must be isocurvature

as they form by the collapse
| > SPACE of homogeneous radiation

The evolution of isocurvature onwards
also applies to CDM isocurvature!



TSOCURVATURE EVOLUTION

TNDIRECTYY
f / TNDUES GWs
A

SMALL TINDUCED ADIABATIC TPERTURBATLION

PR (orR CDM )
STAKTS TO DoOMINATE

> SPACE

The later a mode enters the horizon,
the larger the curvature fluctuation induced

Short explanation:

PBH (or CDM) energy density
gains relative weight

Isocurvature induces
curvature fluctuations

Curvature fluctuations
induce GWs

Relevant component for large CDM isocurvature!

1st possibility: GWs by CDM isocurvature



TSOCURVATURE EVOLUTION

f A  Matter (PBH) domination

ADIABATIC
- PERTURS - Short explanation:

T NOUCES GWs v PBH (or CDM) dominates
: the energy density

L~ —~———" ~———__ Curvature fluctuations

induced GWs

> SPACE

Relevant component

for PBH dominated universe!
GWs induced in an early matter era

get greatly enhanced for sudden reheating! [Inomata+1904.12878

,1904.12879]

Like PBH evaporation! 2nd possibility: GWs by PBH isocurvature



1st example:

GWs by CDM Isocurvature



GWs by CDM isocurvature

Evolution of scalar modes (P sources induced GWs)

|S.Passaglia, M.Sasaki,
102 — 2109.12824]
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GWs by CDM isocurvature

Large enough CDM isocurvature leads to a detectable GW signal!

Analytical kernels in:
|GD, S.Passaglia, S.Renaux-Petel, 2112.10163

Spectral shape different from the adiabatic one: 0 1 - -
10 , E 34
- GWs from o-function Scalar Spectrum : 107 1
- — Adiabatic
L —— TIsocur - 10% |
: vature X (k,/keq)
N
<§ 1016 B -
/,,’l,
107 | =" /== CMB: Planck, COBE, PIXIE
,,// / PBHs: Passaglia & Sasaki 2021
10~2 F~ —— Induced GWs: This work -
(SKA, LISA, DECIGO, ET)
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1072 10Y 10° 10° 10°  10*% 10t 10%® 10#

k/k, kp [Mpc™ ]



GWs by CDM isocurvature (future work)

Large initial isocurvature q — P cdm(x) — Pedm > 1 must be HIGHLY SKEWED
probability distribution pcdm (HIGHLY NON-GAUSSIAN)
10% |
10%
10% |
Early (heuristic) estimates: < 106 |

(Skewness, long tail,

- 107 } -
enhances GW pI'OdllCthIl) o / —— (CMB and PBH Constraints

_2 L Induced GWs: Gaussian
10

Induced GWs: Non-Gaussian

10_11 / I 1 1 1 1 1 |
10— 10Y 10° 10° 10 1012 101° 1018 102!
k, Mpc™']




2nd example:

GWs by PBH density fluctuations



[K.Inomata+2003.10455]

GWS from PBH denSity fluCtuationS |[T.Papanikolaou+ 2010.11573]

[GD+2012.08151]
Sudden evaporation of all PBHs, creates huge velocity fluctuations in the radiation fluid
° e~ ab p
andaloud GW signal! (97 +3H0,— A)h; ~ TT ; (9,V0,V) Vo ®/H
eifolid There also induced GWs

during the PBH dominated era
|T.Papanikolaou+ 2010.11573]




[K.Inomata+2003.10455]

GWS from PBH denSity fluCtuationS |[T.Papanikolaou+ 2010.11573]

|GD+2012.08151]

Sudden evaporation of all PBHs, creates huge velocity fluctuations in the radiation fluid

and aloud GW signal!

We can use it to test the PBH dominated universe: (If PBH spin, we can combine info on Neff [GD+2105.06816])
—4
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i= —12
ey
—14

0 2 4 6 3
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GWs from PBH density fluctuations (future work)

Most of PBH density fluctuations reach the non-linear regime during PBH domination

0.5 < 8 < 90 (Mppy/10%g) "

This means that there will be BH mergers.

However, production of GWs will not stop and we still have d<<1

(so our estimate might be on the right track in orders of magnitude)

How the system behaves in the non-linear regime with PBH evaporation needs numerical work.

(maybe it generates turbulences? Kozaczuk et al. 2108.12475)



Summary

Induced GWs (together with PBHs) are a unique probe of:

Primordial spectrum  Unique for small scales

Early CDM isocurvature New probe of isocurv.

We need Gaussian vs non-Gaussian
to know
both!
Equation of state IR broken power-law |
* Physics after inflation , |
Sound speed of fluctuations Resonant peak |

(before BBN)

PBH dominated universe Constraints on 3 .



== The End ==




The unknown expansion history
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GWs by CDM Isocurvature

The peak follows effective curvature perturbation spectrum:

10*

QGW,C X (kp/keq)4/“4%

. GWs from Log-normal Scalar Spectrum
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Expansion history of the universe?

Ground-based
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