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Outline of the talk

- Why Primordial Black Holes (PBH) ?

- PBH generation mechanisms — single field inflation — inflection
point models — PBH mass fraction

- Interesting observational imprints of PBHs
- Induced secondary GWs from scalar perturbations
- Ultralight PBHs and imprints from Hawking evaporation
» Induced GWs and PTA results
- Imprints of memory burden effect of PBHs

« Conclusions
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Standard model of Cosmology

- The concordance model —
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Dark matter — observational evidence
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Why Primordial Black Holes (PBH) ?

- A novel and promising candidate for

the cold dark matter

- Abundant production in the early
universe — e.g. after inflation

Non-baryonic, non-relativistic and
nearly collisionless

No new physics (beyond inflation)
required !

Interesting observational signatures
e.g. secondary GWs, Hawking
evaporation etc.
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PBH as DM — Current constraints
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PBH as DM — Current constraints
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Primordial black holes and their gravitational-wave signatures
LISA Cosmology Working Group, Bagui, ...RKJ... et al.,
Living Reviews in Relativity, 28 (2025) 1, 1 [arXiv:2310.19857]
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PBH formation from inflation — in a nutshell

1 Inflation RD/MD
Scales
+ Horizon

Rehe.ating

Early universe “Big bang”

Fig. credit: G. Franciolini
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PBH formation from inflation — in a nutshell

PBH formation from collapse of overdense fluctuations
aduring radiation domination

Fig. credit: Front. Astron. Space Sci., 2021
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PBH formation from inflation — in a nutshell

Large amplitudes
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PBH from inflation — inflection point models
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A single field inflection point scenario
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Slow roll, ultra slow roll and all that...
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Slow roll, ultra slow roll and all that...
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Primordial power spectra
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PBH mass fraction: Press-Schechter formalism
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PBH mass fraction: Press-Schechter formalism

PBH
formation from
the tall
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Non-gaussianities play very important role in PBH formation !
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PBH mass fraction
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Effects of reheating — remapping of scales

1073
107°
107°
- P (K
10774} h( ) — Nren =0, Weep =1/3
: — Nieh =5, Wep =0 | e 1.00
-15 . Keple!
10 7 Nreh =1 Oa Wreh =0 | [7 \"/7 UED
o1s — Nieh =10, Wyen =1/4 | o, ﬂ ﬂ
1074 1 10% 108 102 1076 .
k (Mpc™ i
(Mpc™) s |2 2
S 1073f8 @
G K
T
GE — Nren =0, Wyen =1/3
5 — Nreh =5= Wieh =0=
10 Nreh =1 0, Wreh =0
Nreh =10,Wreh =1/4
107"— - - — — — '
, 107" 10 10" 10® 10° 107 10 10°
N. Bhaumik & RKJ, JCAP 01, 037 (2020) T
PBH ©
IAP Paris 2025 PBH from inflation: DM and GW

Rajeev Kumar Jain



PBH observational imprints:
Induced secondary GW:s



GWs across the universe

THE GRAVITATIONAL WAVE SPECTRUM

The length of an observatory’s ‘haseline’ affects its sensitivity to the gravitational wave spectrum.
Ground-based observatories, such as LIGO, have a relatively short baseline and thus detect short wavelength
events. Pulsar timing arrays have the longest ‘baseline’ and so are sensitive to longer wavelengths.

Wavelength
AGE OF THE UNIVERSE YEARS HOURS SECONDS MILLISECONDS

What makes the waves?

‘ Binary supermassive Black holes and stars captured Merging binary neutron
The Big Bang

black hole mergers by supermassive black holes stars and black holes

>
ES

How we will detect them? NG Ground-based .1

Cosmic microwave ‘ .«';g;g: interferometers
background polarisation Pulsar timing L ——
=Ny

i Space-based

/ interferometers

GWs are novel probes of different epochs of the universe
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Induced secondary GW:s

Tensor modes sourced by scalar perturbations
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Induced secondary GWs
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Induced secondary GWs
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Induced secondary GW:s
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The ‘three’ peaks

An interesting and useful relation between the ‘three’ peaks
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Induced secondary GWs — effects of reheating
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(future) constraints on small scales
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Observational imprints of ultralight PBHS:
early domination and evaporation



How to constrain imprints of ultralight PBHs ?
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Ultralight PBHs — Hawking evaporation

Non-spinning PBH
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Ultralight PBHs — early matter dominated epoch
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Ultralight PBHs — early matter dominated epoch
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Ultralight PBHs — Contributions to perturbations

e Poisson Distribution
of PBHs
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Doubly peaked GWs — with and without PBH spin
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Extra relativistic dof from PBH evaporation
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Heavy dark matter from PBH evaporation
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Future GWs and CMB complementarity
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PBH, stochastic GWSs and Pulsar
Timing Array (PTA) detection



Stochastic GWs — PTA detection

THE ASTROPHYSICAL JOURNAL LETTERS, 951:L11 (56pp), 2023 July 1 https: / /doi.org/10.3847/2041-8213 /acdc91
© 2023. The Author(s). Published by the American Astronomical Society.
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Stochastic GWs — PTA detection
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Stochastic GWs from PBHs — PTA signal
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Stochastic GWs from PBHs — PTA signal
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Stochastic GWs from PBHs — PTA signal

Bayesian analysis using PTArcade

BFy x = P(D|Y) / P(D|X),

Parameters Posterior mean
Model
NG15 IPTA2
Ultra-low log ;o ( MngH 7'99t8:i§ 8-11f8:?g
e i S
mode
e
BF
Model X | Model Y Y X
NG15 IPTA2
SMBHB Ultra-low 18.00+1.75 | 3.31+0.09
mass PBHs
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Stochastic GWs from PBHs — PTA signal
Other observational constraints

e PBH evaporation bound: Depending on initial
PBH abundance and mass range, PBH can either
dominate the universe briefly or evaporate before
they can dominate. We set 75t > 1 to avoid the pa-
rameter region where PBHs evaporate before they
can dominate.

e AN.g bound: GWs generated before BBN act as
an extra relativistic component, which both BBN
and CMB observations severely constrain in terms
of the effective number of neutrinos, A N.g [94,95],
thereby restricting our parameter space,

Qawh?|peak S 6.9 x 107°. (14)

e Bound from CMB scales: We limit our param-
eter search to the region where the scalar spectrum
is unaffected at CMB scales. We ensure that at
k=1 Mpc !,

k ns—l k ’no—l
A, | — > Ag | — : 15
(kp) ;i (kpk) ( )
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PBH evaporation and the
memory burden effect



Memory burden effect and its implications

- Semiclassical description of Hawking evaporation can not hold over the entire
black hole lifetime

- Quantum backreaction must be taken into account through memory burden effect

« Semiclassical formalism of Hawking evaporation breaks down at the latest by the
time a black hole loses half of its mass due to Hawking evaporation

* The gapless microscopic energy states at the start of Hawking evaporation,
allowing a maximal storage capacity of information, can no longer stay gapless
after the mass of the black hole reduces significantly from its initial value.

Mppr/2 Mppm/2
with memory burden newly formed

Dvali et. al. (2020), Dvali et. al. (2024), Alexandre et. al. (2024)
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Memory burden effect and its implications

- What are the imprints of memory burden effect on
the induced GW spectrum?

 Can non-trivial reheating mimic these signatures?
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Memory burden effect mimics reheating signatures on
SGWB from ultra-low mass PBH domination
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Memory burden effect and its implications

- S_n(M) for M < gMpgg

d—M 0 g g*,HMf;l)l 1 for M > qMPBH
dt 480M 2

S(M) = M?/2M3, : mass dependent entropy of PBH

Memory burden effects can slow down the evaporation of
a black hole, thus prolonging its litetime

PS1 = {MpgH1,Bf1, w1 =1/3,q1,n1}
PS2 = {MpH2, B2, w2, q2 = 0,12 = 0}

Is there a degeneracy between the two effects ?

N. Bhaumik, M. R.Hague, RKJ & M. Lewicki, JHEP 10, 142 (2024)
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Memory burden effect and its implications
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N. Bhaumik, M. R.Hague, RKJ & M. Lewicki, JHEP 10, 142 (2024)
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Memory burden effect and its implications
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Memory burden effect and its implications
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A recent review on PBH and GW

Living Reviews in Relativity (2025)28:1
https://doi.org/10.1007/s41114-024-00053-w
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Conclusions

« PBHs are novel candidates for the cold DM in the universe — an
important probe of small scale dynamics during inflation

» Inflation can produce significant abundance of PBHs — single field
inflection point models are useful — model dependent results

* Interesting observational implications — induced GWs on scales
probed by LISA, DECIGO or BBO

« Hawking evaporation imprints — dark radiation and dark matter (non-
thermal mechanism) — complementarity between GW and CMB

 Induced GWs from ultralight PBHs can explain the PTA results

* Interesting imprints of memory burden effect — probing quantum
effects through classical GWs
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