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Other GW experiments

Space missions
LISA (2035) DECIGO (20??)
TianQin (2035), Taiji (2033)
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Pulsar timing array
ongoing: NANOGray, EPTA, PPTA

~

SKA (construction phase: 2021 -2029)/
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GWs allow us to directly
observe the early universe!

Time .
—_— 380,000 years | 3.7 billion years
Birth Cosmic Microwave Background Now

J Pl
. 3
A
¢

se and Hot Photons® '\ !

otons are scattered Al n
Neutrinos ;| ..

Gra Mwvav

——
Cosmic phase transitions

Reheating _, ;onerate stochastic GWss

Inflation
— a unique test of high energy theories



Stochastic GW background

Waveform

strain
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Continuous and random GWV signal

coming from all directions — very similar to noise



How to detect a stochastic background
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GW experiments probe different scales!
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GW:s from inflation
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GWs from inflation
R2 model:r ~ 10-3

— not detectable
by interferometers

S. Kuroyanagi et al., PRD 79, 103501 (2009); PRD 90, 063513 (2014)



Effect of non-standard Hubble expansion
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Inflation with massive graviton

Massive graviton during and after inflation
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mass during inflation — blue tilt
mass after inflation — slower decay (enhancement of the amplitude)

Fujita et al. (+SK), PLB 789 (2019) 215-219



Gauge field production during inflation
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GWs associated with PBH formation
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R. Saito & J. Yokoyama, PRL 102, 161101 (2009)

GWs are generated
when large curvature
perturbation collapse

into PBHs .
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Cosmic phase transitions
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C. Caprini et al. (LISA CosWG), JCAP 03 (2020) 024

Bubble collisions
during a first order
phase transition

A
v



Cosmic strings (cusps on loops)
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Current constraints

Arzoumanian et al., ApJ,

905, L34 (2020)
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Future prospect

Detection of the astrophysical GW background in 2020’s?

Superposition of individual GWs form a stochastic GW background



Future prospect

Detection of the astrophysical GW background in 2020’s?

Pulsar timing array
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Implication of GW detection
by NANOGrav, EPTA, PPTA

Middleton et al., Nat. Commun. 9, 573 (2018)
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O(10) solar-mass BH binaries

Supported by observation of
individual binaries

BBH event rate (17.3 - 45 Gpc-3 yr!)
LVK collaboration, arXiv:2111.03634



How can we distinguish
the astrophysical foreground and
cosmological background?

I. Spectral shape
— The BBH background has characteristic

frequency dependence Qacw « f2/3

2. Anisotropy

— Astrophysical background has an anisotropy
but GW detectors do not have good angular resolution

3. Non-Gaussianity (in time series)

— Cosmological background is typically Gaussian s
while astrophysical background can be highly non-Gaussian -




Astrophysical GW background

Simulated stochastic background at LVK frequency

15 107
——BNS
1 —— BBH
0.5+
0
=
-0.5
1L
1.5 St e
0 2000 4000 6000 8000 10000

Time (s)

BBHs events do not overlap.

LV collaboration, PRL 120, 091101 (2018)



Signal is strongly non-Gaussian

Figure from Thrane, PRD 87, 043009 (201 3)

t

— helps to distinguish astrophysical and cosmological origin



How do we detect the non-Gaussian GWB?

1. CCI (Cross-Correlation search for Intermittent backgrounds): Drasco & Flanagan 2003
2. Use of sub-threshold events in template search: Smith & Thrane 2018
3. Machine Learning: Yamamoto, SK, Liu, arXiv:2208.13156
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Advantage of Machine Learning

1. CCI (Cross-Correlation search for Intermittent backgrounds): Drasco & Flanagan 2003

3. Machine Learning: Yamamoto, SK, Liu, arXiv:2208.13156

CCI: Optimal detection statistics
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— ML is O(104-105) faster! Method Speed-up factor
Maximum likelihood 1
Shallower CNN 1.6 x 10°
Deeper CNN 48 x 104
Residual network 59 x 104




Non-Gaussianity also helps to infer the BH origin

dD/df[Hz '] Duty Cycle

Braglia et al. (+SK), arXiv: 2201.13414
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Summary

GWs provide unique opportunities
for testing the early universe.

- Once it is detected, it will bring a breakthrough in the
understanding of our Universe.

- The first detection would be the astrophysical
background. We will need a solid foreground
separation method to further search the cosmological
background.

- Non-Gaussianity is one of the key characteristics
which could help to distinguish the astrophysical and
cosmological origin. It could also provide a hint for the
origin of binary BHs.



