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Cosmologtical Puzzles
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2. Scale of Quantum Gravity
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= Gravitational waves:

-
Ripples in the fabric of spacetime
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Gravitational waves: Theory
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Recent DLscoveries

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

Ehe New Hork Eimes

nnnnnnn NEW YORK, THURSDAY, JUNE 29, 2023

The Cosmos Is Thrumming With
Gravitational Waves, Astronomers

Find

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

background.
NANOGrav, 2306.16219

Source of SGWEB: Merging of SMBH binaries/
cosmological origin/combination of Both.



GwW Detections

THE SPECTRUM OF GRAVITATIONAL WAVES @esa
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rimordial Black Holes

PRIMORDIAL BLACK HOLE
LIEETIMES S

Black hole lifetime EARTH

%! 6 septillion kilograms

MOUNT EVEREST >

GREAT PYRAMID ) # 175 trillion kilograms CE T K
3 5 billon kilograms = 5 \

@ Width of US. dime

40 trillon octillion times

)
& 1% width of a proton present age of universe

381,000 years @ 33 times width of

uranium nucleus

1 billion times present
age of universe

@ Size of E. coli bacterium

160 octillion times present
age of universe
@ 2,000 times smaller than current measurement limit

0.41Seconds W "
L0 fgh—

| = | BLUE WHALE Ja
4 HUMAN @/, 170000 Ko T : L. DWARF PLANET
Y ®70kiograms \g ~ ' , CERES

i 940 billon biliion kilograms
&5 million times smaller than current measurement limit

29 picoseconds
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Blackioles slowlyshirink-asithey (ose tiny amounts of energy via a
3 process called Hawking radiation. The lifetime estimates listed here

assume the black holes are warmer than their surroundings and not
€V X 1

actively pulling in additional material or rotating.

unstable —— M

Awny observational effects of such PBHs?



QW from PBH

Fig. taken from Class.uant.grav. 41 (2024) 14, 143001
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PBH L the presence of the inflaton



Reheating after inflation (A recap!)

Before BBN, the Universe could be dominated by a field with general E0S: P = wp

nflaton potential:
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PBRH L the presence of inflaton condensate

Phys.Rev.D 111 (2025) 3, 035020 (MG, YM,EK,MOOR,RR)
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qw from direct PBH Evaporation

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

Oif k=2
p , k—2 :
L) W from PBH evaporation (8 < ws = £22 ) 13if g=1
(XK= P (8 < B) ® T k+2)1/2ifk =6
liftk >1
M, = 1g, 3 = 102
107" 188
- g; —_——s 3 < Bt P — =0
kbk ~ g g ZPZev 5 g, S0 (M‘“)”“' 10-11 4 4 P 3 —_— w=g
in 4o - P J o — 0= 3
5 (MP)§::;£(320\/§(1+W) @\ 7w 10-14 - S u=]
T'ru 279,(Tgn)x ’
= 1077+
ey = 10~ «
M.H—w
BH ( cpeak in
Qew(fo ) <= cas
Tlisi-_-lm 107 4% 1
1026 ’ N === Ty =10 GeV
\ =—— Tgy = 10" GeV
\
107 10" 1072 101 101° 108 10% 0%
Jo(Hz)

The true end state of PBH evaporation Ls unknown



aqws from inflaton scattering
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GWs: PBH existing Ln non-standard cosmology

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

(i) qw from PBH evaporation + inflaton scattering
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PBRH domination i k=

we 1/3if p=4

(,B > /Bc) 1/1?22216

Scenarios where PBH domination happens due to the rapid redshifting of the inflaton energy density
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GwWs during PBH domination

aw from direct PBH evaporation
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qW from inhomogeneous PBH distribution
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A complete QW spectra

L4

(iil) qw from PBH evaporation+inflaton scattering +inhomogeneous PBH distribution

uw,==1/3

Planck 18]

~o ./.\(;OrE/Euclid

/o~

IR
So N
1019 - .
1022 :, : /. : : 6 = Bcrit
10—° 101t 1015 101° 1023
Jo(Hz)
L g [0 E=2
M, =1 g (black), 10* g (blue) and 10® g (green) for #=10"% 107 and 10710 o, = =—=] 1/31f =4
k+2)1/2ifk =6

litk >1



Summia V5

1. We caleulated the Gw spectrum produced by the PBHs in the presence of the inflaton condensate
2. While considering a general EOS, we computed the qw spectra from:

(a) Direct PBH evaporation

(b) inflatown scattering

(c) olewsi‘ca fluctuwations due to the inhomogeneous distribution of PBHs

2. For the first time, we present a complete, coherent awatasis of the spectruum, revealing three peaks,
owne for each source.

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

Fural Remark

Gravitational wave cosmology offers an auspicious path to uncovering the physics of the early Universe



Futwre DLrectlons

1. Bridge the gap between the communities working on PBH formation and evaporation.

2. Both the formation and evaporation of PBH are effective sources of qravitational
waves
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