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Outline of the talk:

I Sources of Primordial Gravitational Waves

I Measurement of Stochastic GW background at Pulsar Timing Array

I Astrophysical Interpretation: supermassive black holes

I Cosmological Interpretation: strong first-order phase transition

I Primordial Blackholes from strong first order phase transition.

I Particle Physics interpretation: Axion-like particle model where PQ phase
transition, three-pronged complementarity between PBH, GW and laboratory
searches.
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Pulsar Timimg Array Collaboration

Disclaimer: separate analysis.
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PULSARS



 timing residualsδt
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TIMING RESIDUALS
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A GALAXY-SIZE DETECTOR FOR GWs

credits Keyi "Onyx" Li / NSF / NANOGrav

67 pulsars observed  
by NG

observing 
baseline of 15 yrs

distance to pulsars up 
to ~kpc

IPTA DR3 will contain 
>100 pulsars
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EVIDENCE FOR GWB

Agazie et al. [2306.16213]

https://arxiv.org/abs/2306.16213
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EVIDENCE FOR GWB
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Antoniadis et al. [2306.16214]

Reardon et al. [2306.16215]

Xu et al. [2306.16216]

Agazie et al. [2306.16213]

NANOGrav:  
68 pulsars, 16yr of data 
~3-4  significanceσ

EPTA + InPTA: 
25 pulsars, 24yr of data 
~3  significanceσ

PPTA:  
32 pulsars, 18yr of data 
~2  significanceσ

CPTA:  
57 pulsars, 3yr of data 
~4.6  significanceσ

https://arxiv.org/abs/2306.16214
https://arxiv.org/abs/2306.16215
https://arxiv.org/abs/2306.16216
https://arxiv.org/abs/2306.16213
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Reardon et al. [2306.16215]

Agazie et al. [2306.16213]
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what is the source?
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LIGO observed GW of astrohysical origin, we in PTA see stochastic GW background.
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Several sources of SGWB of cosmic origin:

Ellis (2023)
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NOW LET US HEAR THE SOUND OF THE UNIVERSE !
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1 s ≳ t ≳ 10−5 s

black holes binaries

13.8 Gyr ≳ t ≳ 500 Myr

Supermassive

phase transition
First-order

Large curvature
perturbation

Local cosmic strings

Domain walls

Milliseconds pulsars

Pulses

Global cosmic strings
Gravitational Waves

Supermassive
PBH binaries



What is Primordial Black Holes ?{PBH formation
BH formed before any astrophysical objects exists

z ≫ 103 z ≲ 30
Star formation{



How do they form ?

H2 = 8πG
3 ρFriedmann’s equation :
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H−1 = 2G × 4πH−3

3 ρFriedmann’s equation :

≡ MH
≡ RH
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How do they form ?

RH = 2GMHFriedmann’s equation :

Hubble patches are on the edge to collapse into black holes  →
Schwarschild’s equation

⇔
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What is Primordial Black Holes ?

H−1

RH = 2GMH
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What is Primordial Black Holes ?

H−1

RH = 2GMH



PBHs formation during supercooled phase transition 

Guth 1980 "Old inflation idea"

ΔV
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T

Tc

Tnuc ≪ Tc Nucleation

Start vacuum era

ΔV

⟨ϕ⟩ = f

⟨ϕ⟩ = f

⟨ϕ⟩ = f

Percolation

Supercooled 1stOPT = delayed PT



5) PBHs from delayed nucleation
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δρ/ρ ≳ 0.45.
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WHAT DID WE LEARN: PBH formation from strong first-order phase transition and
false vacuum (old Guth’s idea) can give rise to PBH as entire DM candidate without
any fine-tuning of initial condition. It can also explain NANOGRAV data. testability
comes from the corresponding GW spectral shapes from phase transition.
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Summary:

I Any source of energy density in early can have primordial density fluctuations and
if such fluctuations may be compactified inside a Schwarzchild critical mass and
form Primordial Blackholes, we should not limit ourselves to inflation.

I Each source does not come for free, but its its corresponding stochastic GW
signal, each of which looks di↵erent from each other in terms of GW spectral
shapes.

I Data from Pulsar timing array have arrived to test your favorite cosmological
models.

I Strong first-order phase transition can lead to both spinning and non-spinning
PBH.

I Simple Axion-like Particle scenarios can be searched in 3-pronged
complementarity: Lab searches, Gravitational Waves and Primordial Blackholes

I PBH can be the entire dark matter candidate of the universe in some parameter
space. Or be two-component dark matter: ALP + PBH.

I Discovering ALP may mean huge constraints on PBH param space.

I Discovering PBH may mean constraints on ALP parameter space. KILL
parameter space from PBH oberproduction when fPBH > 1.

I Other than Axion-like particles what could be other BSM scenarios involving
Zprime, right handed neutrino, flavor physics that may lead of PBH formation
and complementary laboratory searches.
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Summary:

I NANOGrav and other PTA data sees evidence of stochastic GW background.

I astrophysical interpretation involves supermassive black holes with dynamical
friction and dark matter density.

I cosmological interpretation involves any source of energy density in early can have
primordial density fluctuations and if such fluctuations may be compactified inside
a Schwarzchild critical mass and form Primordial Blackholes, we should not limit
ourselves to inflation.

I Each source does not come for free, but its its corresponding stochastic GW
signal, each of which looks di↵erent from each other in terms of GW spectral
shapes.

I Very hard to form PBH in minimal single-field inflation and also satisfy
NanoGRAV. Similar story goes with other sources.

I False vacuum phase transition leads to PBH and may explain the signal. Strong
first-order phase transition can lead to both spinning and non-spinning PBH. No
fine-tuning of initial conditions needed unlike single field inflation.

I particle physics interpretation involves axion physics leading to PBH and GW
signals along with laboratory searches in complementary manner.

I Time has come to use data from Pulsar timing array to do serious cosmology,
just like we do with BAO data, or PLANCK CMB data, or SNe data. Perhaps
even combine PTA datasets with others for analysis.
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Gravitational Waves Workshop in ICTS
You are welcome, registration to open soon !!
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Thank You


