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Windows to the Early Universe
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Gravitational Waves:
Ripples in the fabric of spacetime



Recent Discoveries

Discovery of GW by LIGO-VIRGO Col. Recent results reported by PTA projects

Hanford, Washington (H1) Livingston, Louisiana (L1) P
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Several PTA projects have reported positive

128
evidence of a stochastic gravitational wave

background. NANOGrav, 2306.16219
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Source of SGWB: Merging of SMBH binaries/
Source of GW: Merging of pair of BHs at z = 0.09 Cosmological origin/combination of both.

PRL 116, 061102 (2016)



Source of GW 1n the early Universe
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Reheating: Ditferent possibilities

Inflationary Reheating Primordial Black Hole Reheating
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Towards the theory of reheating after inflation

Primordial black hole reheating
Lev Kofman (Inst. Astron., Honolulu), Andrei D. Linde (Stanford U., Phys. Dept.), Alexei A. Starobinsky (Landau Inst.) (Apr,

1997) Md Riajul Haque (Indian Inst. Tech., Madras), Essodjolo Kpatcha (IJCLab, Orsay and Madrid, Autonoma U.), Debaprasad
) . ) Maity (Indian Inst. Tech., Guwahati), Yann Mambrini (IJCLab, Orsay) (May 17, 2023)
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PBH 1n the presence of an inflaton condensate

MG, YM, EK, MOOR, RR: Phys. Rev. D 111 (2025) 3, 035020
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Sources ot Gravitational Waves

Fig. taken from Class.Ruant.grav. 41 (2024) 14, 143001
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Additional Source: Inflaton Scattering

Sources
@, P1 v, k1
1. PBH formation ~
2. PBH merger T
3. Direct PBH evaporation P
4. Inhomogeneity in PBH distribution a



GW from direct PBH Evaporation

(1) GW from PBH evaporation (8 < 8. )
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(11) GW from inflaton scattering
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GWs during PBH domination

GW trom direct PBH evaporation
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GW from inhomogeneous PBH distribution
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Summary

1.  We calculated the GW spectrum produced by the PBHs 1n the presence of the intflaton condensate
2. While considering a general EOS, we computed the GW spectra from:

(a) Direct PBH evaporation

(b) Inflaton scattering

(c) Inhomogeneous distribution of PBHs

3. For the first time, we present a complete, coherent analysis of the spectrum, revealing three peaks, one
for each source.

4. A large range of frequency was covered: kHz to PHz

Final Remark

Gravitational wave cosmology offers an auspicilous path to uncovering the physics of the early Universe
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s Using gravitational waves to see the first second of the Universe
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|~ Gravitational waves are a unique probe of the early Universe, as the Universe is transparent to
’
e \\//\\-5; gravitational radiation right back to the end of inflation. This review summarizes detection prospects
CMB and the wide scope of primordial events that could lead to a detectable stochastic gravitational wave
‘ PucTons background. Any such background would shed light on what lies beyond the standard model,
(Sorer-Horizon ) sometimes at remarkably high scales. The range of strategies for detecting a stochastic gravitational
PRimoroiAL > wave background is overviewed before the review delves into three major primordial events that can
FLocTtuAT ONS \ﬂ_ﬂf\-&/ — source such a background. Finally, the landscape of other sources of primordial backgrounds is
B s Tt Srongresic summarized.
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PRH LA the presence of inflaton condensate

Phys.Rev.D 111 (2025) 3, 035020 (MG, YM,EK,MOOR,RR)
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