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The Early Universe



Windows to the Early Universe



Gravitational Waves: 
Ripples in the fabric of  spacetime



Recent Discoveries

Discovery of  GW by LIGO-VIRGO Col.

PRL 116, 061102 (2016)

Source of  GW: Merging of  pair of  BHs at z = 0.09

Recent results reported by PTA projects

Several PTA projects have reported positive
evidence of a stochastic gravitational wave
background.

Source of  SGWB: Merging of   SMBH binaries/ 
Cosmological origin/combination of  both.

NANOGrav, 2306.16219



Source of  GW in the early Universe



Reheating: Different possibilities



PBH in the presence of  an inflaton condensate
[MG, YM, EK, MOOR, RR: Phys. Rev. D 111 (2025) 3, 035020]



Reheating



Sources of  Gravitational Waves

Sources

1. PBH formation
2. PBH merger
3. Direct PBH evaporation
4. Inhomogeneity in PBH distribution

Fig. taken from Class.Quant.Grav. 41 (2024) 14, 143001	



GW from direct PBH Evaporation

(i) GW from PBH evaporation (           )

Phys.Rev.D 109 (2024) 8, 083516

(ii) GW from inflaton scattering

The true end state of PBH evaporation is unknown



GWs during PBH domination

GW from direct PBH evaporation GW from inhomogeneous PBH distribution
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A complete GW spectra



Summary
1. We calculated the GW spectrum produced by the PBHs in the presence of  the inflaton 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 auspicious path to uncovering the physics of  the early Universe



Thank You!!



Backup



PBH in the presence of inflaton condensate
Phys.Rev.D 111 (2025) 3, 035020 (MG,YM,EK,MOOR,RR)



Relative abundance increases




