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Plan

• Introduction

• PBH in LVK GWTC-3 data

• PBH as seeds of SMBH in early galaxies
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PBH formation

19.05.2023

Dolgov+KP 2004.1699

Zeldovich, Novikov’67, Carr, Hawking’74….
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PBH constraints (model-dependent)

19.05.2023 Марковские чтения 2023 Carr+ 2002.12778

Peter’s talk



Some PBH formation scenarios

• Primordial density fluctuations, δ>δс~0.45 (model-dependent)

• Collapse of scale-invariant fluctuations ➔ power-law mass 
spectra dn/dM~M-α, α=2(1+2w)/(1+w) = 2.5 at RD (w=1/3)

• Inflationary models ➔ log-normal mass spectrum 

(Dolgov, Silk 1993)  

• QCD phase  transition  at T=100-200 MeV:

• Bubble collisions, cosmic strings …

19.05.2023

3

~ ~ 1Pl
p Ch

p

m
M m M M

m

 
  
 

Марковские чтения 2023



I. PBH in GW observations
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Laser
interferometers

LIGO 1990-2017     ~690 MUSD
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Credit: LVC collab., Univ. of Tokyo

LIGO 
Hanford
USA

LIGO 
Livingston
USA

Virgo
Pisa
Italy

KAGRA
Kamioka
Japan
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Chirp signal from coalescing binary system
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GW150914 PRL 116, 061102 (2016)

35-350 Hz bandpass
filter applied
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Chirp signal from inspiraling binaries

• Chirp-mass determined inspiraling signal
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Parameters from GW observations

Chirp mass Effective spin

1811.1290719.05.2023 Марковские чтения 2023



Coalescing binaries LIGO/Virgo
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LIGO
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Statistical properties: summary

• O1+O2+O3: 91 robust (S/N>8) detections

• Isotropic on the sky (2207.05792)

• Signal properties in agreement with GR up to 
a few % accuracy

• 2 NS+NS mergings, EM  from GW 170817

• 4 BH+NS candidates. No electromagnetic 
signals.
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Exceptional BHBH mergers

• GW 190814, M1=26 , q=0.112, M2=2.6 in lower mass gap? NS? 
Strange quark star? Outlier population? Formation from a 
triple star? Formation in AGN disk? Primordial BH?

• GW190521 in upper mass gap (60-120), 
large effective spin 

(Or even                                        ??)

Repeated meggers in stellar clusters or AGN disks?? Primordial 
BH?

• GW190412 high spin 

➔ Hierarchical merger? 
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GW190521 as hyperbolic encounter 
of non-spinning BHs?

19.05.2023 Gamba+’22, Nat. Ast.Марковские чтения 2023



Principal sources: compact binary 
coalescences

06.02 38

Evolution of massive binaries

Tutukov, Yungelson 1993
Lipunov, Postnov, Prokhorov 1997
…..

Other scenarios:

Dynamical interactions in stellar 
clusters

Exotica (primordial BHs)

…
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Simplest scenario: 
BH+BH from massive star evolution
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Astrophysical issues:
BH from stellar collapses, binary BH formation 

• Mass loss from massive stars

• BH mass gaps (2.5-5, 60-130 Msun)

• BH kicks

• BH spins

• …
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BH formation from stars

9

Possible evidence:
SN2018ibb @ z=0.166
2305.05796
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https://arxiv.org/abs/2305.05796


Possible astrophysical explanations of 
most massive LIGO binaries

19.05.2023

• GW measurement uncertainty (straddling the gap: 2009.05742)
• Dynamical formation in dense stellar cluster (signs of large pre-

merging eccentricity: 2009.04771), repeated mergers (3: 
2009.05065, 7: 2010:0616 )

• Population III stars (BH mass up to 75 M : 2009.06585; up to 150 
M :2009.06922, 2009.11447; direct collapse 90 → 90 for small 
convection overshooting: 2010:07616 )

• Accretion growth in dense molecular clouds (2009.11326)
• Standard low-Z binary evolution with direct collapse (BH mass up to

90 M : 2009.13526)
• Addition of additional nuclear energy (DM?) to avoid PISN 

(MBH~120 M : 2010.00245)
• Stellar merger of low-Z stars to avoid mass gap (2010.00705)
• Stellar physics of PISN (shifting the gap to 92-110 M : 2010.02242)
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Other scenarios

Dynamical capture in dens stellar clusters (can produce 
BH with M>50 M and non-parallel BH spins)

• “Exotic” scenarios – primordial BH
(Zeldovich,Novikov 1967…Carr 1975… Dolgov&Silk
1993…)
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LIGO BH+BH: Could they be PBH?

19.05.2023

• Stellar-mass primordial black holes:

– Can be formed in the early Universe in different 
models (Zeldiovich, Novikov’67,Carr, Hawking’74)

– Can be in binaries (Nakamura+’97)

– Can naturally explain observed BH+BH rate 
(Bird+’16, Blinnikov+’16, Sasaki+’16…)

– Can substantially contribute to dark matter

– Can be seeds for growth of SMBH in galactic 
centers
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Binary PBH formation

• At some z more than one PBH is inside the 
Hubble horizon:

zeq~104

• Decoupling from the Hubble flow 
at
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Merging rate (model-dependent)

Sazaki+’16

Raidal+’17
19.05.2023

fpbh can be ~O(1) 
for PBH in clusters
(Eroshenko, Stasenko 2302.06157)
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Example: log-normal PBH mass 
function GWTC1+GWTC2
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GWTC-3 features
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Astrophysical BHs +PBHs in GWTC-3

19.05.2023 Марковские чтения 2023
PK, Mitichkin 2302.06981



Effective spin – mass ratio 
correlation?

19.05.2023 Марковские чтения 2023
PK+, in prep.

Astrophysical merging 
binary BH 



Accretion induced spin in eccentric PBH binaries
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II. SMBH Astronomy

• M~σ4

• M~Msph

• M~Lsph

19.05.2023

2101.10355
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SMBH records

19.05.2023

• >200 QSOs @ z>6, ~a few @z>7 (700 mln yrs)

• L~0.6 Ledd , SFR ~ 200 M per year (~100 x MW)

• Require BH seeds >100-105M

Source Z M/M

SDSS J0100+2802 6.3 1.2 x 1010

J1007+2115 7.52 1.5 x 109

ULAS J1342+0928 7.54 7.8 x 108

J0313-1806 7.62 1.6 x 109

2006.13452
2101.03179
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High-redshift QSOs and SMBH growth

• >200 QSO z>6

• Central SMBH M~109 M

• Inefficient merging

• Eddington-limited accretion 

• Need for ‘massive ‘seeds’ 
M~103 -104 M

• Population III star? 
Primordial massive BHs?

19.05.2023 Марковские чтения 2023
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JWST 
2303.15431
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https://arxiv.org/abs/2303.15431


Massive BH formation 

19.05.2023 Марковские чтения 2023

Volonteri +’21

Massive BH seeds can outshine their host galaxies in far IR and mm!



SMBH mass growth

2101.03179,
2012.01458

Massive
PBH seeds?

Марковские чтения 202319.05.2023



Conclusions

• LVK O1+O2+O3: ~ 91 detections of binary BH and NS 
mergings, mostly binary BH, rate ~10-200 Gpc-3 yr-1

– Astrophysical problems in formation of massive BH with 
M~100 M , extreme mass ratio BH+BH inspirals, BH+NS

– Possibility of ~10+ M PBH is still open!

• LIGO, Virgo, and KAGRA are closely coordinating to 
start the O4 Observing run together on May 24 2023.
– LIGO sensitivity goal of 160-190 Mpc for binary neutron 

stars. Virgo target sensitivity of 80-115 Mpc. KAGRA should 
be running with greater than 1 Mpc sensitivity at the 
beginning of O4, and will work to improve the sensitivity 
toward the end of O4.

• ~104+ M PBH as seeds of high-redshift galaxies
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Backup slides
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Mass-redshift degeneracy
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Luminosity distance
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Binary merging PBH 
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Chirp mass determines detection 
horizon.  hlim ~ M(5/6)
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