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Cutline:

* What are Supermassive black holes (SMBHs)?
* How are SMBHs detected?
* Astrophysical seed formation mechanisms

* Black hole seed via dark matter (DM) capture
(via beyond standard model interactions)

* SMBH mass function, galaxy stellar mass
* Gravitational wave signatures

* Conclusion



What are Supermassive Black Holes (SMBHSs):

® SMBHs are black holes with masses > 100 MQ

® Our Milky Way SMBH is Sagittarius A* (Sgr A*) (z = 0)

® Mass of Sgr A is  4.297 x 10° M, ~ 107° My



What are Supermassive Black Holes (SMBHSs):

® SMBHs are black holes with masses > 100 M@

® Our Milky Way SMBH is Sagittarius A* (Sgr A*) (z = 0)

® Mass of Sgr A is  4.297 x 10° M, ~ 107° My

Tei,@_s&o?es: For high redshifts: (z > 5)

® Sloan Digital Sky Survey Telescope (SDSS) - New Mexico, USA
Imaging: 300 - 1000 nm, Spectroscopy: 380 - 920 nm

Ground

® Subaru 8.2m Telescope - Mauna Kea, Hawaii, USA
Imaging: 400 nm - 1000 nm, Spectroscopy: 370 nm - 1000 nm, 1 - 2.5 «m

based

® Very Large Telescope (VLT) - Mauna Kea, Hawaii, USA
Imaging: 330 - 1100 nm, Spectroscopy: 0.3 - 2.5 /m , and many more..



T@_L@_saopes: For high redshifts: (z > 5)

James Webb Space Telescope (space based)

/lobs %7 rest(1 T Z)

%} forz > 5

JWST

Emission frequency redshifts towards
infrared regime!

JWST orbit




How are SMRHs detecked?

Loiacono et al. — A&A 685, A121 (2024)

— Data

Power law 1 P308_21 @ z=6.2342

Power law 2

m—— QSO continuum
Residuals

[OI1I]
Fell

There are emission lines in the spectra
due to recombination and excitation 4000 4500 5000 5500 6000 6500 _ 7000

Rest-frame wavelength [A]

® Precise redshift measurement:

After determining A for

obs

transition lines like Ha, HpB, Mgll, O1II, etc .



How are SMRHs detecked?

Loiacono et al. — A&A 685, A121 (2024)

— Data

Power law 1 P308_21 @ z=6.2342

Power law 2

m—— QSO continuum
Residuals

[OI1I]
Fell

There are emission lines in the spectra
due to recombination and excitation 4000 4500 5000 5500 6000 6500 _ 7000

Rest-frame wavelength [A]

® Black hole mass estimate:

s lEA

/Irest

After determining AA ;. for

transition lines like Ha, HpS, Mgll, O1II, etc .



Detected SMBHs ot high redshifts:

Pre-JWST
(SDSS, Subaru, etc.)

COS-66964

GHZ 9
A2744-QS01
GN-z11

UHZ-1
CAPERS-LRD-z9

Ubler 25 Kokorev '23
Brooks ‘25 Larson 23
Lin ’25 Yang 21
Maiolino ’24 Inayoshi *20
Taylor 24 GHZ2
Kocevski 24 MoM-BH™-1
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As%rophvswat WAYS of SMBH formation:

l. Pop III stars: 7z, ~15—30, Mseed ~ O(10' %) M,

Death of first-generation metal-free stars (lifetime ~ Myr.)

2. Nuclear Star cluster: 7z, ~15-20, Mseed ~ O(10°7°) M

Dense stellar clusters at galactic center undergo frequent stellar collisions and mergers

3. Direct Collapse: 7 .  ~8—17, Mseed ~ O(10*79) 7

Pristine collapsing gas in early Universe that
escapes star-formation



As%rophvsmat WAYS of SMBH formation:

l. Pop III stars: 7z, ~15—30, Mseed ~ O(10' %) M,

Death of first-generation metal-free stars (lifetime ~ Myr.)

2. Nuclear Star cluster: 7z, ~15-20, Mseed ~ O(10°7°) M

Dense stellar clusters at galactic center undergo frequent stellar collisions and mergers

3. Direct Collapse: 7, ~8—17,  Mseed ~ O(10*7°%) M

{ Many BSM models }
i explore 3rd :
. | possibility via |
| photon injection |

Pristine collapsing gas in early Universe that
escapes star-formation
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As%ruphvswat WAYS of SMBH formation:

We explore the

l. Pop III stars: 7z, ~15—30, Mseed ~ O(10' %) M, premature death of

Pop III stars via dark

matter accumulation

Death of first-generation metal-free stars (lifetime ~ Myr.)

2. Nuclear Star cluster: 7z, ~15-20, Mseed ~ O(10°7°) M

Dense stellar clusters at galactic center undergo frequent stellar collisions and mergers

3. Direct Collapse: 7 .  ~8—17, Mseed ~ O(10*79) 7

{ Many BSM models }
i explore 3rd :
. | possibility via |
| photon injection

Pristine collapsing gas in early Universe that
escapes star-formation




‘Pog,: 111 stars:

First generation stars formed during z ~ 15— 30 (Very small metallicity)
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?OF? 111 stars:

Usual Fate

core—coLLapse SUPErnova
(Neutron Star/Black Hole)

PaLr lnsta loiLLtgj SuUpernova
(No remmnant)

Made with the help of ChatGPT

Dlrect collapse to
Black Hole
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‘POF.' 111 stars: =

accumumlation

Usual Fate

PM oapture

core—coLLapse SUPErnova
(Neutron Star/Black Hole)

eats Up

PaLr lnsta loiLLtgj Supernova
the star

Dlrect collapse to
(No remmnant)

Black Hole Seed Black Hole

Made with the help of ChatGPT




‘Pog,: 111 stars:

First generation stars formed during z ~ 15 —30 (Very small metallicity)

Fate of stars: (iiktime o, ~ oc)my)

* Type II Supernova (Core-Collapse) — (M, < 130 M)
* Pair-Instability Supernova (PISN) - no remnant — (130 M, < M, < 250 M)

* Direct collapse to black hole — (M, > 250 M)

Advantage of dark accumulation:

* Premature death before main-sequence end

* All mass Pop-1II stars can form black holes

15



Evidences of Dark Matter:

Bullet Cluster Observation
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Credit: NASA/CXC/M. Weiss

Structure formation
Galaxy rotation curve
Galaxy cluster dywnamices
CovmLe MLCYOWaVe

Background Radiation

https://arxiv.org/abs/2406.01705
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le candidates:

PRIMORDIAL
BLACK HOLES

Mass range

10-18 \
|

Possib

ULTRALIGHT
DARK MATTER

Mass range
~10-22 eV to ~10-6 eV

Experiments
CASPEr, MAGIS-100

10-?

AXIONS

le
OQ)O Mass range
~10-% eV to ~10-3 eV
Experiments
ADMX, MADMAX,
QUAX, CAPP-8TB

a2

1015

—~ What Could
— Dark Matter —j
Be? ]

1012

106

Samuel Velasco/Quanta Magazine

~1to ~30

solar masses
Experiments
LIGO/Virgo

XENONNT,
PandaX-4T,

LZ, CRESST, DAMA,
COSINE-100

SUB-GeV
DARK MATTER

/ Mass range
~1 keV to ~1 GeV
Experiments

SENSEI, TESSERACT
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Particle
dark wwatter
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Scattering wnstde stars s ot R

Annthilation

(lndirect Detection)

el

aEN

Production

(Collider Searches)
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Scattering wnstde stars

Nown-a wwihﬁta’ciwg

dark watter

Al

Production

(Collider searches)
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C&P%um Mechawnism:

e il ... e Dl

s
gravitationally,

SM
‘fOOIASCd ! /
' s Captureol (}u&{’:(}MQS 5
, DM
Halo ‘

* Heating of celestial objects
PM (\/f < \/eso)

* Awnnihilation stgnatures

b

 (Black Hole formation )

. quaerwova igwitiow,
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Cap%ure Kake:

Area of DM ﬂ"‘x
4

I 0 Uu

capture proba bLLL’cg

I/l T VéSC) f’

Approximate capture rate (M, =110 M,, R, =5 R,)

\)

SD
p 200 GeV o
m. C ~ 7.6 X 10710 x . X Y .. M.Js
¥ T— ( 101 GeV/cm3 ) ( m, ) ( 10-42 cm? .

M opiurea ® 2.4 % 107> Mg (0.1 Myr)

C



Black hole formation:

PM oapture

accummlation

BH formation requirement:

* DM needs to be non-annihilating

* Sufficient dark accumulation, i.e.,

m, C)( —\Y F:D.¢

eats Up

M Self MQuantum

the star

Seed black hole
(z > 1.5)

22
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Seed black hole formation isochrones:

Seed black hole

. . tBH—form — Taccum T Ttherm £z Teol 43 Tstar—eating
formation timescale

057 ] L j Direct detection

10-38 —7 (Combo of PICO-60, LUX-ZEPLIN)

(CH‘IZ)

105 §
\'.\' . | -
. j'\‘ ,‘k' - o e e -
40 - A0 “ } ' v ~(C, L’ o . —_ —
10 S et B > [1io\: |/, = 707/, R = 164R,

\)

SD
XD

1041

10—42

@ Benchmark point
m, = 200 GeV

o:;)’ = 9% 10 * c¢m?

Cross-section, o

116 Radius, density, temperature are

10! 107 10° 10° obtained with MESA code
DM mass, m, (GeV)

Bhattacharya, DB, Dasqgupta, Doliva, Laha (arXiv:2512.23789 i
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Seed black hole formation isochrones:
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Seed black hole
formation timescale

tBH—form

(CH‘IZ)

-
75

XD

Cross-section, o

107 10°

Bhattacharya, DB, Dasgupta, Doliya, Laha
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S

/ *mx_ = 200 GeV |
=9 x 104 cm’

104

DM mass, m, (GeV)

ccum 1 Ctherm £z Teol 23 Tstar—eating

Direct detection
(Combo of PICO-60, LUX-ZEPLIN)

High : M, =707M_,, R;=16.4R

\)

This is the benchmark value we
have taken for further analysis
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Seed BH accerekbion:

~99% of the datapoints can be explained!

Final black hole mass GHZ2 ¥ A2744.Q501

MoM-BH*-1 % GN-zll
C0S-66964 1 UHZ-1
GHZ 9 ¥ CAPERS-LRD-z9

Ubler ’25 Kocevski 24

Brooks 25 Kokorev 23
Lin ’25 Larson 23

Maiolino ’24 Yang 21

NEdd (1 T €r) At ylar *2: Inayoshi 20

[ B ] | #]

MBH =3 Meed CXP

S

)

m, = 200 GeV

SD __ —43 .2
Tp 9 % 10 CIn

tSal

-
-

€
Salpter time — tg,; & 45.1 (Orl > Myr

Radiation efficiency — €, = 0.1

1.4 (Sup-Edd) &—

BH\mass, log, (M];’lﬁ’ M|

Accretion efficiency — gy =

o~

o & a
0.75 (Sub-Edd) < | Observed redshift, zs
0.5 (Sub-Edd) € = T — =

Bhattacharya, DB, Dasgupta, Doliya, Laha ( o
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SMBH mass function:

t94 Mathee 24 (4.0 < z < 6. ¢ Kokorev 24 (4.5 < 2 < 6.5)
% Taylor ’24 (3. - < 6. 4 Wu ’22 (z ~ 6.0)
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m, = 200 GeV

SD __ —43 a2
Oyp 9 x10 cm

7 8 9
BH mass, log;, (Mﬁlﬁs [MO])

Bhattacharya, DB, Dasgupta, Doliya, Laha (
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* Initial redshifts zn = 10,20,24,238

* Halo mass M,,, € [10°,10°| M,

* One Pop III star in a halo

* Pop III IMF constructed from Hirano'l5
* Tracked halo growth

* Mass function

- dngy 5 on, &
= ==711
SMBH dIn MBH halo S Ms norm
MS =0 MBH
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SMRH mwass vs stellar mass:

¥ Yue '24(5.9 < 2 o1 ++1 Harikane '23 (4 < 2 < 7) + GN-1001830 (z = 6.68)
Maiolino ’24 (4 < z < 7) 4 Ding 23 (z ~ 6.4)

ek
(-1

iy = 200 GeV ' * Initial redshifts zn = 16,20,24,28

0.:}[)) — 9% 104 ¢ Sup-Edd (nec =

* Halo mass M,,, € |10°,10°| M,

Bdd (e = 1) A T, * One Pop III star in a halo

N

* Pop III IMF constructed from Hirano'l5

Y BT | * Tracked halo growth

Sub-Edd A — T = ——ga e i‘ * Stellar mass

(Mace = 0.75)

llll

Sub-Edd | M
(Thhoe = (0.5 *

BH mass, log,, (Mﬁlff MC]

5 6 7 | 9 10 11
Stellar mass, 10 o (Mobs Mm” Obtained from fitting of
S 1 UniverseMachine-DR1

Bhattacharya, DB, Dasgupta, Doliya, Laha ( )
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SMRH mwass vs stellar mass:

BH mass, log,, (Mﬁlff MC]

ek
(-1

N

¥ Yue '24(5.9 < z < 7.1) ++1 Harikane '23 (4 < 2 < 7) + GN-1001830 (z = 6.68)
~ 6.4

Maiolino ’24 (4 < z < 7) 4 Ding '23 (z 4)

m, = 200 GeV

oD — 9 w104 em? Sup-Edd (nec =

Xxp

Edd (1 = 1)

4
y
7
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Sub-Edd
(Nace = 0.75)

llll

Sub-Edd
(e = 0.5)

5 6 7 8 9 10 11 12
b
Stellar mass, lo o o (MOPS M(ﬂ)

Bhattacharya, DB, Dasgupta, Doliya, Laha ( )

Accretion efficiency — #pq4

1.4 (Sup Edd)

0. 75 (Sub-Edd)

0.5 (Sub-Edd)
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SMRH mwass vs stellar mass:

¥ Yue '24(5.9 < z < 7.1) ++1 Harikane '23 (4 < 2 < 7) + GN-1001830 (z = 6.68)
Maiolino 24 (4 < z < T) + Ding 23 (z ~ 6.4)

m, = 200 GeV

‘T:B — 9 x 1074 cm? Sup-Edd (naec = 1.4)

— l_) .
Zip = &8

Edd (1pqee = 1)

9

Sub—]::tltl
{ace = V- 753

llll

Zin = 2 Sub-Edd
(Moo = 0.5)

e
C M
=)
o
=
o)
L=
s
7
T
-
an
aa

5 6 7 9 10 11 12
Stellal mass, lo o (M‘)bS M(ﬂ)

Bhattacharya, DB, Dasgupta, Doliya, Laha ( )

Accretion efficiency — #pq4

~> 1.4 (Sup-Edd)

5 0.75 (Sub-Edd)

0.5 (Sub-Edd)

Increasing Pop III

Increasing halo mass

star mass
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SMRH mwass vs stellar mass:

¥ Yue '24(5.9 < z < 7.1) 41 Harikane '23 (4 < 2 < 7) ++ GN-1001830 (z = 6.68)
Maiolino 24 (4 < z < 7) 4 Ding 23 (z ~ 6.4)

m, = 200 GeV

‘T:B — 9 x 1074 cm? Sup-Edd (naec = 1.4)

— l_) .
Zip = &8

Edd (1pqee = 1)

Sub—]::tltl
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llll
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5 6 7 9 10 11 12
b
Stellal mass, lo o o (MOPS MQD
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Accretion efficiency — #pq4

~> 1.4 (Sup-Edd)

5 0.75 (Sub-Edd)

0.5 (Sub-Edd)

Increasing Pop III

Increasing halo mass

star mass
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Grravikabional Waves (Gs):

GW from Black hole merger (ChatGPT)

Two types of GW signatures -

* Individual mergers (detectable by LISA)

Strain obtained with pyCBC code

* Stochastic GW background (PTA band)

>/6 —2/3 merger L
7 3 Y A ( e ) NSMBH
c.back "~ x 10
’ mg 1 mHz Mpc—3

Phinney 2001
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Gravitational Waves (GWS? -

PTA, SKA, Gaia

Sensitivities

Stochastic GW
background

—10
10 GW Background Individual Mergers
—11
'.5: 10 i NANOGrav mem M, =11 M, (o= 16, 5une = 6.5)
10—1~ — A’Ig — 707 ]\C[@ “inl — s ~obs — U«J) @
S 013 __ Individual
e ].0 - . ——— M, =226 Mg (2. — 28 _ 9
Ed, To—14 L. — M, =562 Mg Zobs = 9) mergers
k7 -- (For two extreme
—15 | -, :
o 10 - / initial redshift)
7 10716 [ o
"
O 10—17
g 107 "\, =eoman
™ :
< 10719
—-—
O 10—20 N ) R
m, — 200 GeV 3 a
107 E 65D — 9 % 10~ cm? TS ~ ‘ LIS'A.‘ and HhATes
’ sensitivities

10—22 : : _
10~° 10°% 1077 10°° 10=° 10~¢% 10°°

Frequency, f (Hz)

Bhattacharya, DB, Dasgupta, Doliya, Laha ( )
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Conclusion

* Nown-anwnihilating dark wmatter capture can lead to formation of SMBH seeds
from premature death of Pop-Il stars

¥ A2744-QSO1
MoM-BH*-1 % GN-zll
C0S-66964 1 UHZ-1

¥ CAPERS-LRD-z9

)

* In this framework, we can explain

-
-

*x SMBH masses at high redshifts
* SMBH mass vs galaxy stellar mass
* SMBH mass function

s
21T
oM
2
=
a0
Q
—
7
oy
=
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an
=

* Two types of QW signatures can be produced

Observed redshift, zg;

x nduvidual WMErg)ers

* Stochastic gwW background TL\&MM YQM

Contact: debajitbose550@gmail.com
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DM-electron Scattering:

—> High: M, =707M,, R,=16.4R,

——— Direct detection
(Extension of XENONIT S2-only)
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Radius, density, temperature are
obtained with MESA code

my =15 GeV

"Oye = 1.3 X 1073 cm? ~

-

5
N
-

10° 10° 10*
DM mass, m, (GeV)

-
o
—

Bhattacharya, DB, Dasgupta, Doliya, Laha | )
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Density Profiles

— M, =10 M
M, = 20 M, M, =20 Mg
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LISA Sighal-to-Noise Ratio:

Lowest Pop Il mass Individual mergers Highest Pop Ill mass

LISA SNR LISA SNR
103 | 103

e e
LI B

—
W
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Observed redshift, z,pq
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Bhattachar Doliva, Laha
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SMBH mass function:

t94 Mathee 24 (4.0 < z < 6. ¢ Kokorev 24 (4.5 < 2 < 6.5)

% Taylor ’24 (3. - < 6. 4 Wu ’22 (z ~ 6.0)
M, - Mgy
r ~ BH \)
i O — = X Xof
: . SMBH hal
i - dIn MBH alo 5 MS norm
i IS a product of -
i * DM halo may not be follow NFW
my = 200 GeV * Pop III star may not be at central region

oD — 9 x 1074 ¢m?

b . * SMBH may not be in active phase
7 8 9
BH mass, log;, (Mﬁlﬁs [MO])

* Seed black hole may not accrete efficiently

Bhattacharya, DB, Dasgupta, Doliya, Laha ( )
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