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Plan

* |ntroduction
* BH Zoo
* Astrophysical IMBHSs

 Cosmological IMBHs
— Binary IMBHs from EPTA
— Primordial binary IMBHs

* Prospects for binary IMBH detection
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A. Einstein, 1912-1915
Gravitation = curvature of spacetime
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From Schwarzschild to Penrose
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1916, K. Schwarzschild, metrics of spherically
symmetric spacetime outside a massive body
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Evidence for stellar-mass BH

* 1939, Oppenheimer & Volkoff, maximum mass
of neutron star (GR: <3 M0O)

* 1939, Oppenheimer & Snyder, collapse of a
pressureless star

e 1970s, Search for BH in X-ray binaries

* Presently, 100 BH binaries are known in the
Galaxy and in nearby galaxies
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BH formation from stars (solar
metallicity)
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e+/e- pair creation in massive stars =» stellar
BH ‘upper mass gap’ (60-130 M ,)

= = «NS/BH separation curve

B rrisN [ PISN Direct collapse ] SN + fallback

Spera,Mapelli
2017

30 60 90 120 150 180 210 240 270 300 330
MZAMS (Mu)
Pair-instability SNe (PISNe, Fowler & Hoyle 1964),
pulsational PISNe (PPISNe) (Woosley 2017)
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BH: Astronomical Observations

® GW BHs (LIGO-Virgo-KAGRA O1 to O3b) MASER SMBHs - Greene et al. 2016

® EM BHs (X-ray Binaries) @ MBHs from Neumayer et al. 2020
AGN SMBHSs (SDSS DR14) - Rakshit et al. 2020 @ MBHs in Dwarf Galaxies - Reines et al. 2013
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IMBH in dwarf galaxies?

Smith et al 2311.10147
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IMBH in GC w Cen (stripped nucleus
of accreted dwarf galaxy)

Haeberle+ 2024, 2405.06015 e Fast-moving stars with
v> 30 above v__ =62

esc

km/s in the center of w

Cen suggest IMBH with
M>8200 M,

e Similar IMBH in stripped
nuclei of satellites
around M31 (G1:
~20000 M, B023-G078
~10° M, )
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Supermassive BH (SMBH)



Orbits of stars around Sgr A*
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(GRAVITY collab. 2018)

Deviation of S0-2/S2 orbit
(P=11.5 yr) from Keplerian motion
(Do et al 2019)
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Einstein Horizon Telescope
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Figure 5: Distribution of stations around the globe. Stations that participated in the

EHT2017 observing campaign are labeled in yellow, while the additional stations that will
be present in the EHT2020 array are labeled in orange. Several possible new site locations
for the ngEHT are labeled in cyan. Current EHT2017 baselines are shown in magenta.
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Future prospects: Millimetron space
mission

Credits: NASA’s GSFC/Jeremy Schnittman

A=0.07-10 mm
VLBI L2-Earth
0~0.4-0.1 mas
~2030
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High-redshift QSOs and SMBH growth

o0
<
£
o)
N
<
|_|
=
on
<
=
8
=
p—
o
S
<

6.5 7.0
Redshift

2211.14329

20.05.2024

e 7>5.8QS0s
e  Subaru/HSC

%  This Work

QUARKS-2024

>200 QSO z>6

Central SMBH M~10° M
Inefficient merging
Eddington-limited accretion
Need for ‘massive ‘seeds’
M~10°-10* M,

Population Ill star?
Primordial massive BHs?
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Double SMBH in JADES JWST

Maiolino et al.: Infant Black Holes
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2=5919

Medium
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4<z<6 =» merging
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=4133
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Maiolino et al. 2308.01230
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Merging binary SMBH candidates

Table 3: Parameters inferred for the broad line AGN presented in this JADES sub-sample, and including GN-z11 from Maiolino
et al. (2023a).

ID Comp. lg(Mgy) lg(lyy) L/Legg  1giMgy) lg(o)? R. Sersic index  1g(Mgy,,)  Myy A',C,
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Growth of SMBHs from astrophysical
seeds
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® in dwarf galaxies

20.05.2024 QUARKS-2024 Mezcua 2017



Massive BH formation

Stellar black holes Dwarf galaxies Normal galaxies

MBHs regulated .
by AGN feedback = =

=]

Primordial black holes
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Whether and how the bridge between

stellar and supermassive black holes was established
when the first galaxies were forming is currently
unknown (Volonteri et al. 2021).
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SMBH growth from massive seeds

A.Bogdan et al. 2023 NatAstronomy. UHZ1
z=10.3

Growth from light seeds require super-
Eddington accretion

Growth from massive seeds is more natural
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Fic. 3.— BH growth tracks for different initial seed masses and
accretion rates assuming continuous accretion with a radiative ef-
ficiency of 10%. Light BH seeds only reach 10* — 10% Mg mass
by z = 10.4 accreting at their Eddington limit. The estimated
~8.0 x 10" M, mass for its redshift of z ~ 10.37, however, places
the candidate BH of GHZ 9 as originating from a heavy seed, simi-
lar to UHZ 1 (Bogdén et al. 2024). While sustained accretion above
the Eddington limit is unlikely (Willott et al. 2010; Smith et al.
2018), we also show the growth curves assuming fpgq = 2 for light

seeds with the hatched region, which would also be able to pro-
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https://arxiv.org/abs/2403.14745

Superluminal accretion onto SMBH?

JWST AGNs
+ Matthee+23 (4<z<6)
© Harikane+23 (4<z<7)
* Maiolino+23 (4<z<7)
[ Greene+23 (z>5)

M
Lgqgq = 10%8[erg Sﬂ](ﬁ)
S

LID-568

Py
0
™~
o
| -
©
o
5
s
_
o
o

_.-"'-Uv—selected quasars
Farina+22 (z>5.8)

20.05.2024 QUARKS-2024 Suh et al. 2405.05333 27



Astrophysical BH formation: summary

e Stellar-mass BHs: from stellar evolution (core
collapse of massive stars). ~4-50 M, (But: in
dense stellar clusters, masses can be made
higher due to previous coalescences)

e Supermassive BHs (in galactic centers, appear
as AGNs and QSOs) ~10° M, - 10" M, . Seeds
are highly debated, growing in galaxy
mergings

20.05.2024 QUARKS-2024 28



Why IMBH are interesting?

* Can seed the formation of SMB in early
galaxies

* Coalescing binary IMBH can be primary
sources for future space GW observatories
(eLISA, TianQin, Taiji etc.)
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How much binary IMBH can we
expect?
e Astrophysical formation channel: galaxy
mergings at z<20

* Cosmological formation channel:
— Primordial binary IMBH

— Binary IMBH from mergings of DM halos with
central primordial BH

20.05.2024 QUARKS-2024

31



Astrophysics: model binary MBH
populations
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Constraints from recent PTA results

* NANOGrav
* EPTA

* InPTA

* CPTA

20.05.2024 QUARKS-2024
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Stochastic GW signal from collection
of individual sources

~ 2
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Fh2(f) Energy density per logarithmic frequency
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SMBH mergings: stochastic GW signal

dz,
W2(f) = d d
12(f) = f f my f T e dadedr, d dmldqd( dz, dln]‘K;

2 .:,[”'_» (( }}]
h=(fx.r) Z —h\

7
n=1 (_!"1/ 2) - Jkr=f(1+2)/n

Circular binaries:

13

2= [ a- [ &N,
hZ(f) = dz AM———h=(f
e JG‘ 'L[U‘ dzd MdInf =(f)

3rl/3c2

SN 4G13 d?
hA(f) = f*“‘”fdM [d 1+ P MBR=2

dzdM
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IPTA+INPTA results

Powerlaw fitted to 9 bins
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Implications from EPTA+InPTA

Agnostic posterior

= Astro-informed posterior

Astro-informed prior Ant on | 3 d | S+ 2 3 O 6 . 1 6 2 2 7

—-10.0 —-7.5 —5.0 —2.5 0.0

. g
lo £10 Mp JEIa! vT

MMy

d*n : Mo\ VB2 220 &
o [(Mﬁmg) (@]

dzdlog,, M

Cf: SMBH merger rate 102 — 103 yr! Gpc3 up to z=4 (Wang, Zhang 2403.06416)
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Primordial BH formation

Zeldovich, Novikov’67, Carr, Hawking’74.... . .
s e PBH mass = mass inside

cosmological horizon

'ZL,: 2 t M h.: ’772,2/'1(
vt =)

%

Dolgov+KP 2004.1699
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Some PBH formation scenarios

Primordial density fluctuations, 6>6.~0.45 (model-dependent)

Collapse of scale-invariant fluctuations =» power-law mass
spectra dn/dM~M, a=2(1+2w)/(1+w) = 2.5 at RD (w=1/3)
Inflationary models =2 log-normal mass spectrum

; {-} — ‘[LL exp [_..r In” { Jn'"j—.-"'liin"f?nﬂ.:r }] (DOIgOV, Sl | k 1993)
d\

QCD phase transition at T=100-200 MeV:

Bubble collisions, cosmic strings ...
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Positive evidence for PBHs?

Observational Evidence for Primordial Black Holes

« CIB-XRB
MACHO

SSM

Qppi/2pm

jus]
2
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_.
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bn

Figure 1. Summary of I)()Hltl\'F' evidence for PBHH in
the dete ome hnm PBH-attrib

halos, and correlations of
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Modified Affleck-Dine baryogenesis
(Dolgov and Silk , 1993)

* Complex scalar baryon field X+ Inflaton field ®

U(x, ®) = Us(®) + Uy (x) + M (P — &1)?[x|?

Along ‘flat directions’, field x rotates =2 regions with baryonic charge (HBB) by the
end of inflation

HBB turns into density fluctuations after QCD phase transition at T~100 MeV with

log-normal mass spectrum
dn

= ,u.ﬂ exp [—"r 1112 {ﬂj—fﬂj—mal ”
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Primordial IMBH

e Maximum BH mass depends on the duration

of inflation after ‘opening’ of flat directions of
the x potential

T 3 3 r(max) o7
J3H (to—t1) :1[-]:?.7-+5—m+15( Ty, ) Mgy 100 MeV

1014GeV 1040M o IwvD

. mkad IS required to create PBH up to
10% M (Blinnikov,Dolgov,Porayko,PK 2016 JCAP)
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Space laser interferometers

25x 10°km DECIGO
TianQin 10° km
V3 x 10°km

. DECIGO .-

.. DECIGO -~

T

QUARKS-2024
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Coalescing binary IMBH

e e e e e e e .

\

---- SNR: 674.4

SNR: 5.6/110.0

RX J0806.3+1527 SNR: 78.0
ZTF J1539+5027 SNR: 22.5
SDSS J0651+2844 SNR: 9.3

QUARKS-2024 Gong et al 2021
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Detection horizon for merging binary

20.05.2024

Horizon redshift (z)

Horizon redshift (z)

IMBH

CONSTRAINING THE MERGER HISTORY OF IMBHs

q =1

g=05
g=01
g=0.01

CosmicExplarer

\ q= 1
qg=05 ' qg=05
=01 . g=>01
q=10.01 " : g =001

~ 1L
103 10510 102
Total mass in source frame ( ) Total mass in source frame (M

QUARKS-2024 Fragione, Loeb 2023 45



TianQin project (SYSU,

Ecliptic

equinox

Celestial equator

Table 1. Basic parameters of TianQin.

Parameters

Value

Type of orbit

Number of satellites

Arm length

Displacement measurement noise

Residual acceleration noise

Geocentric

N=3

L =+3x10" km

S/ =1 % 10712 m/Hz/?

; ';/2 =1x10""m S’Q/HZU2

20.05.2024

} RX JO80G.53+1527

GCB
s VB
SBHB
MBHB
EMRI
---- foreground

Amplitude spectrum density(Hz~1/?)

103

102
Frequency(Hz)




Connecting LVK coalescing BH+BH
with IMBH



GWTC-3 features (wait for 04 results)

Events Posterior

Observed Distribution

M AR JAM [Gpe ™ yr!]
S
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Binary PBH (distinctive feature: zero
spins, only sources with z>20)

 Merging rate (e.g. Raidal+ 2404.08416)

34
IR(z) _ 32x10° O\ . s s
aAR(z) — S(my,.ma. 2)f mF(ml}F(m I?“;? (( }) ﬂ[_ﬁf;_%
m)*

dmidms G peUyrT to

dR(z)
JM([{; o f}EhF(M)F(r) .

e Chirp mass cumulative distribution

(l+;] MF ()T

/ / / dR dV z M
dMdq d= da.
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Example: log-normal PBH mass
function fits GWTC data

F(M) = Aexp[—y In* (M [Mj)]

y=0.7, M, =19

n2 Mch
M

DR(M_ )dM., ~ Ae { ‘Jndh

Dolgov+'19

Independent
analysis:
Lang Liu et al
2023
(2210.16094)
M,~17, y~1,
fopn~1073




PBH abundance constraints from

20.05.2024

GWTC-3

o)

-- Only ABH

Agnostic PBH fit
PBH-+ABH fit

*  All events primordial

<m> = mee 7 /2 MO=17M® 0=0.6

Andres-Carcasona et al 2405.05732
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* |nitial log-normal PBH mass function = log-
normal PBH mass distribution

* Rate estimate

M 1R(z | | NTETS
m= — ( ) ~ F( q) F( ?"?"I-) (__;_,—_'} In“(m) ( _) )

M, dmdgqg fo

20.05.2024 QUARKS-2024
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MdR/dM [Gpc3 yri], z=0

SNR=8, fpbh=10_3r y=1)

3.0 3.5 4.0
lg(Total mass) [Mgyn]
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Comoving merging rate of binary PBH
with log-normal mass spectrum

5NR=8, fpbh=10_3: Y=1)

Mo=17
Mo=10
Mo=25

102-10 Gpc3yrt

=

ke
=
N
o
*

3
o

3.0 3.5 4.0
lg(Total mass) [Mgyn]
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TQ detection horizon for BH+BH

SNR = 8§, 10, 20

3.0 3.5 4.0
lg(Total mass) [Msun]

[M/(1 +2)]%/°

(chirp-mass)
di(z)

SNR
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dN/dt/dz~t(z)34/37

Konn4ecTtBo cobbiTun B rof (fpbh=10‘3, y=1)

QUARKS-2024
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Expected TQ detection rate (yr™

KonnyecTteo cobbiTun B ron (SNR=8, fpbh=10‘3, y=1) KonnyecTteo cobbiTun B ron (SNR=8, fpbh=10‘3, y=1)
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Conclusions

Astrophysical IMBH with masses ~1000-10000 M, are (almost)
found in centers of dwarf galaxies

Emerging evidences for binary IMBHs in galactic centers (JWST
observations)

Binary IMBHs are among primary sources for future space laser GW
interferometers

IMBHSs can have primordial origin. In Dolgov&Silk (1993)
baryogenesis, IMBHs can have masses up to 10* M_ and can be
seeds for early SMBH formation in galactic centers

Distinctive feature of binary primordial IMBH - zero spins & high
redshift (z>20)

Assuming ~0.1% of DM in PBH with log-normal mass spectrum
consistent with LVK detections, IMBH mergings with masses > 1000
M, can be detected in a few year of observations by planned laser
GW interferometers like LISA or TianQin.
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