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Plan of the lecture

1. General information about SMBHS.

2. “Our” certain black hole: Sgr A*.

3. SMBHs: from radio to gamma. AGNSs.
4. Mass measurements

 arxiv: 1609.03562 Observations of AGNs

* astro-ph/0512194 Constraints on Alternatives to Supermassive Black Holes

« arXiv: 0904.2615, 1001.3675, 1108.5102 Mass estimates (methods)

e arXiv: 1302.2643 The Mass of Quasars

« arXiv: 1504.03330 Elliptical Galaxies and Bulges of Disk Galaxies:
Summary of Progress and Outstanding Issues

« arXiv: 1501.02171 The Galactic Center Black Hole Laboratory

« arXiv: 1501.02937 Galaxy bulges and their massive black holes

e arXiv: 1911.09678, 2311.12118 Intermediate-Mass Black Holes

« arXiv: 1707.07134 AGN

e arXiv: 1911.12176 Unification model

« arXiv: 2302.02431 Sgr A*

 arXiv: 1906.00873, 2108.03966 Black hole shadow



Some history

The story starts in 60-s when the first quasars have been identified (Schmidt 1963).
Immediately the hypothesis about accretion onto supermassive BHs was formulated
(Salpeter, Zeldovich, Novikov, Linden-Bell).




(General info

* All galaxies with significant bulges should have a SMBH in the center.
« SMBH are observed already at redshifts z ~ 10 and even further
« Several percent of galaxies have active nuclei
* Now we know tens of thousands of quasars and AGNSs,
all of them can be considered objects with SMBHs
» Measured masses of SMBHSs are in the range ~10° — 101° solar masses.
» Masses are well-measured for many tens of objects.
* The most clear case of an SMBH is Sgr A*.
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The case of Sgr A* is unique.
Thanks to direct measurements of
several stellar orbits it is possible
to get a very precise value for

the mass of the central object.

Also, there are very strict limits
on the size of the central object.
This is very important taking into
account alternatives to a BH.

The star SO-2 has the orbital

period 15.2 yrs and the semimajor
axis about 0.005 pc.
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The region around Sgr A*

. - The result of summation of 11 expositions
- by Chandra (590 ksec).

Red 1.5-4.5 keV,
Green 4.5-6 keV,
Blue 6-8 keV.

The field is 17 to 17 arcminutes
(approximatelly 40 to 40 pc).

Multiwavelength observations of Sgr A*
are summarized in 1501.02164.
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(Park et al.; Chandra data)
astro-ph/0311460

Areview: arxiv:1311.1841 Towards the event horizon —
the supermassive black hole in the Galactic Center !



http://arxiv.org/abs/1311.1841

A closer look

Chandra. 2-10 keV
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Stellar dynamics around Sgr A*

. w®  With high precision we know
L™ . stellar dynamics inside
» the central arcsecond
' ’ (astro-ph/0306214)
* ., 0.’ N
The BH mass estimate is
) 1
[ ] . . ® ~410° M,
» v
.

4
® » ® 5 - ' It would be great to discover

' o ‘ ® radio pulsars around Sgr A*

r EY . (astro-ph/0309744).
!5 . L4 - h .

(APOD A. Eckart & R. Genzel )

See more data in 0810.4674
Stars-star interactions can be important: arXiv 0911.4718



mailto: eckart at eckart.ph1.uni-koeln.de
mailto: genzel at mpe.mpg.de

S62. Just ten years.

2 solar masses.

Porb=9.9 years

e=0.976
a,=215 Rsh
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4-year orbit
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1512.03818

Angular Diameter of Ring (parcsec)

General relativity test, EH'T, etc.

1.0

Black Hole Quadrupole Moment

" Pulsars

6

10” 10
Distance (pc)

0.6
Black Hole Spin

In the very near future Sgr A* might be the best laboratory to study GR.
EHT observations and identifications of PSRs in the vicinity of the BH
might help to probe the no-hair theorem and determine the main properties
of the BH with high precision.

About EHT see 1410.2899

1510.00394
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SO02 orbit and tests of gravity
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Observations aboard Integral

(Revnivtsev et al.)

The galactic center region
Is regularly monitored
by Integral.

At present “our” black hole is not active.
However, it was not so in the past.

It is suspected that about 350 years ago
Sgr A* was in a “high state”.

Now the hard emission generated by Sgr A*
at this time reached Sgr B2.

Sgr B2 is visible due to fluorescence

of iron.

See more data in 1211.4529, 1612.00180.

Probably, there have been several strong
flares in the past 1307.3954.

Confirmed by polarization measurements: 2304.06967
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More Integral data

IGR J17475-2822 1E 17439y
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Ser A* and H.E.S.S.

. @ ©

See astro-ph/0503354, 0709.3729

Still, resolution is not good enough
to exclude the contribution of some
near-by (to Sgr A*) sources.

(Aharonian et al. 2005)
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X-ray bursts from Sgr A*

Bursts can happen about once in a day.
The flux is increased by a factor of a few
(sometimes even stronger).

counlis/s

A bright burst was observed on Oct. 3, 2002
( et al. astro-ph/0307110).
Duration: 2.7 ksec.

The fluxed increased by a factor ~160.
Luminosity: 3.6 103> erg/s.

In one of the bursts, on Aug. 31,2004,
QPOs have been discovered.

The characteristic time: 22.2 minutes
(astro-ph/0604337).

In the framework of a simple model
this means that a=0.22.

hardness ratio
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http://ru.arxiv.org/find/astro-ph/1/au:+Porquet_D/0/1/0/all/0/1

SWIFT monitoring of Sgr A*
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1210.7237, see more recent results on long-term variability in 2111.10451

See 1501.02171 about accretion physics around Sgr A*




XMM-Newton and Chandra
monitoring ot Sgr A*

~11 Plenty of data during
G2 Pericenter all time of Chandra
| and XMM-Newton

observations.
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Chandra monitoring
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IR burst of Sgr A*

Observations on Keck, VLT.

The scale of variability was
about 30 minutes.

This is similar to variability
observed in X-rays.

The flux changed by a factor 2-5.

Synchrotron-self-Compton (SSC)
model for the %R and X-ray flares
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for the quiescent state
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Non-thermal synchrotron?

astro-ph/0401429)
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http://ru.arxiv.org/find/astro-ph/1/au:+Yuan_F/0/1/0/all/0/1
http://ru.arxiv.org/find/astro-ph/1/au:+Quataert_E/0/1/0/all/0/1
http://ru.arxiv.org/find/astro-ph/1/au:+Narayan_R/0/1/0/all/0/1

Record: high NIR flux 1n 2019
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Twice higher than the previous record.
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Multiwavelength data

Submillimeter variations i s
tend to lag those in the
NIR by~30 minutes. “

iné_-.c.
| r | |
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Less power at short timescales
in the X-rays than in the NIR.

7000

2011.09582
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Ser A* spectrum

radio spectral SgrA* spectrum

index = +0.3 — -
optically thin optically thin
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See areview in 1806.00284 and 2004.07185



Constraints on the size of Sgr A*

Using VLBI observations a very strict limit was obtained for the size
of the source Sgr A*: 1. a.e.

S
%
g
o
D
&

Right ascension (mas)

VLBI observations demonstrate variability at 1.3mm from the region
about few Schwarzschild radii. arXiv: 1011.2472

Strict limits on the size and luminosity with known accretion rate

provides arguments in favor of BH interpretation (arXiv: 0903.1105) %



Structure at 3 Rg 1n Sgr A*

Model B

EHT 2013
VLBI 1.3 mm
30 parcsec

1805.09223
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Orbital motion near ISCO in Sgr A*

Jul 22 2018 flare, MUD=58321.9954 R=7 R, a=0 i=160° 0=160° y2=1.2

— Centroid motion
d during a flare.

polarization periods
0, 1ISCO)

Period (mins)

omnfal penods

P/P(a

flux density (in units of S2)

40

time (mins) R{uarcsec)

1810.12641




10 GRAVITY

Flares from 9 R, fares T, o

NIR+polarimetric data
VLTI+GRAVITY

RA[uas]
Time [minutes]

20
tlmin]

2307.11821
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Cool disc in Sgr A*

The main structures in the Galactic Centre

S2 star orbit i ) Circumnuclear disk

Bondi radius J P e Nuclear star cluster

Keplerian fall-off
_radius

~ Sgr A* black hole (*)

Clockwise stellar
system

West

G2 object orbit

The10*K disk

detected in H30« Mini-spiral

1 arcsec=0.04 pc ~—
8 arcsec=0.3 pc w—w Galactic plane

Rotation markers:

® Toward us 26 arcsec=1
® Away from us

1906.08289




Cool disc in Sgr A*
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ALMA observations.
H30a line

10* K disc at ~10* R,

Off-set between

red and blue shifted
components respect to
the continuum Sgr A*
postion is:

0.11 arcsec = 0.004 pc
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Bubbles in the center of the Galaxy

Fermi data reveal giant gamma-ray bubbles

S | S U0 Ay

3
<
g
*
@

- Credit: NASA/DOE/Fermi LAT/D. Finkbeiner et al.

Structures have been already detected in
microwaves (WMAP) and in soft X-rays (ROSAT)

arXiv: 1005.5480
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Detailed structure of Fermi bubbles
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2012.05840
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Simulations of the Fermi bubbles

2203.02526
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The central SMBH

was active ~ 2.6 Myr ago,
Injecting a pair of bipolar
jets in mostly kinetic forms
for a duration of ~ 0.1 Myr.
After taking into

account uncertainties in the
initial conditions,

the Sgr A* was estimated
to be accreting

at ~ 0.1 - 1 the Eddington
rate during the active
phase, corresponding to a
consumption

of ~ 103 — 104 solar
masses within ~ 0.1 Myr.
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New structures: galactic chimney

w7 Galactic latitude 1

= & S8 : 3
TGN N

% . Galactic plane -

1

% «smmGalactic longitude

1904.05969

Through these “chimneys”
energy from episodically active
central engine is channeled

to Fermi Bubbles.
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M31

Probably, thanks to
observations on
Chandra and HST

the central SMBH

was discovered in M31
(astro-ph/0412350).

M~(1-2) 10° Mgyqr
Lx ~ 103 erg/s

See recent data in
arXiv: 0907.4977
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Activity of the M31 SMBH

SMBH with 100-200 million solar masses.

Mostly in the quiescent state.
Luminosity is billions of times
less than the Eddington.

Recently, bursts similar to the

activity of Sgr A* has been
detected from the SMBH in M31.

arXiv: 1011.1224
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Fermi bubbles analogues in M31?

Using Fermi data

the authors demonstrated
that the shape of
gamma-ray image

IS more consistent

with a structure

similar to Fermi bubbles
in our Galaxy.

1603.07245



Milky way and M31 SMBHs will coalesce
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After the merging event is completed
two SMBHSs coalesce relatively
rapidly: in <17 Myrs.
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A “large” BH 1n M31

eNGC5128

NGC821
@

NGC1553

eNGC4261
NGC4438e @eM32

NGC1291
9, /C4296
NGC1316e % NGC4594

NGC4697 ®

@ ® eM87
NGC4636 IC1459

For M, =1.4 108 M,

NGC4472%® ¢NGC1399

NGC4649
8

o205 A*

0.1 1
I:{Bondi ( arc-s eC)

0907.4977
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ALMA+mm-VLBI

Observational projects: horizon

About future plans and developments see 2304.11188
About interferometric observations of BHs: 2404.03522
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SMBH 1n M&7

MS8T* April 11, 2017 | EHT 2017

Announced April 10, 2019
Structure, mass measurements,
spin orientation

SANE, a, = -0.94, Ry, = 80 s Ryign MAD, a, = 0.94, Ryjg, = 10

Apl’il 10 Simulated EHT observations

Brightness Temperature (10° K)

https://iopscience.iop.org/article/10.3847/2041-8213/ab0ec?



M37

data strongly constrain GRMHD models.
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Photon ring in M87*

(3 401) 7
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<

2208.09004
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‘ Photon ring in Sgr A*

' SANE a=0.94

Sgr A* April 7, 2017

fited torus a=0.94

50 pas ~ 10 6,

o) p .

https://iopscience.iop.org/article/10.3847/2041-8213/ac6674

https://iopscience.iop.org/article/10.3847/2041-8213/ac6672




Flat uniform screen behind a BH

Observational appearance of a
Schwarzschild black hole

that is backlit by a large,
distant screen of uniform,
Isotropic emission.

The brightness (beige color)

IS uniform where it is non-zero.

The large dark area has radius 6.17M,
and the thin ring has radius 5.20M
and thickness 0.03M .

Inside of this ring

IS an infinite sequence

of tinier and tinier rings,

which are far too thin

to display in this figure.

1906.00873
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The shadow and the bright ring

R, =R/\1-r,/R

optically and geometrically
thin accretion disk, viewed face-on

photon ring

IobSHU

1906.00873



Shadow 1n the case of optically thin
but geometrically thick emitters

2108.03966




What do we see: ring or disc, ofr ...:

— Spherical, infalling
("BH shadow™)

— Equatorial, orbiting
("wedding cake")

— GRMHD
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0
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Active galactic nuclet and quasars

The classification is not very clear

* Quasars
a) radio quiet (two types are distinguished)
b) radio loud
c) OVV (Optically Violently Variable)

* Active galaxies
a) Seyfert galaxies (types 1 and 2)

b) radio galaxies
c) LINERs
d) BL Lac objects

» Radio quiet
a) radio quiet quasars, i.e. QSO (types 1 and 2)
b) Seyfert galaxies
c) LINERs

* Radio loud

. a) quasars

b) radio galaxies

c) blazars (BL Lacs n OVV)

(see, for example, astro-ph/0312545)
A popular review can be found in arXiv: 0906.2119
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http://en.wikipedia.org/wiki/OVV_quasar

Spectra of AGNs

3cm 0.3um 400keV

cm/mm MIR-NIR X-ray

PEDECDECDEC—E ><

" Radio Sub-mm/FIR  Optical-UV

—
o
2
—
=,
o
-

~
a
L
S

o
e,

—..—..= Accretion disc
=== NoOn-jetted AGN Hot corona

—Jet (HSP) Reflection

- === "Soft excess”
Jet (LSP) — — — - Dusty torus

20 25
logv (Hz)

1707.07134 — detailed review on different types of AGNs




X-ray observations

® log L, = 42-43 [
log L, = 43—44
* log Ly = 44-45

log Ly = 45-47

log Emissivity [erg s~! Mped]

Comoving number density vs. redshift Comoving bolometric luminosity

for AGNSs, selected from multiple X-ray density vs. redshift for the same AGN
surveys, in four rest-frame 2-10 keV sample in six bolometric luminosity
luminosity classes. classes.

1501.01982




(Quasars spectra
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Spectra ot BL. Lacs

Mkn 421 @ @ NG
: ‘? ©1994 flare
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In the framework of the unifiedmodel BL Lacs (and blazars, in general)
are explained as AGNs with jets pointing towards us.

Ghisellini (1998)
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Fermi observations of blazars:
Huge set of data

In the third Fermi catalogue
(1501.02003)
>1100 AGNSs

The q

1ival me

0912.2040
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AGN 1n the forth Fermi catalogue

>2000 AGN

PO
7__-_._I~L:_'$._.:th_.la. ﬂﬂ

:"‘l" :"'.""((..‘ 1.:1 "';F'
}-:. m.. Uit g s
2 1:*\ &

* other AGN

1905.10771
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Background radiation

Y
71 e
”

W e
Photons from a distant source of gamma-emission
can interact on their way with background UV and
optical photons producing e*-e- pairs.
As a result, we observe a deficit of gamma photons
in the spectrum.
It is challenging to detect it in the case of a
single source.
The authors used Fermi data on ~150 blazars
to identify a joint effect.

10°

Energy [GeV]

1211.1671 57



Unified model

In the framework of the unified model

° Narrow Line _ _
. Region properties of different types of AGNs
. are explained by properties of a torus
° Broad Line around a BH and its orientation

Region : : :
: with respect to the line of sight.

S?SGIEEﬁDn Antonucci 1993 ARAA 31, 473

o
e s The model can be unapplicable
® . to merging systems, see 1505.00811

Obscuring
Torus a ¢ .
o ®
™ * o
]
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IR data for unification

.

dust disk\

(9))
o

extended dust
(~ 300K)

HZO maser disk
1pc

-100 =50 0 50
offset 5RA [mas]

1911.12176

Seyfert type 2 galaxy
Circinus (~4 Mpc)
VLTI data, mid-IR
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Accretion on different scales

v - 3 . ; ; .' ¢ <X SALE ! M3 ' ‘\-.I /
Gt ()«
: ol 7 : ’ . g /

~ “.accretion towards the bulge .

accretion
disk

1712.06915
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Unified model and population synthesis

X-ray background is dominated by AGNSs.
Discussion of the nature and properties of the background resulted
In population synthesis studies of AGNSs.

Ueda et al. astro-ph/0308140
Franceschini et al. astro-ph/0205529
Ballantyne et al. astro-ph/0609002

What should be taken into account

* Relative fracton of nuclei obscured by toruses
» Luminosity distribution of nuclei

» Spectral energy distribution

 Evolution of all these parameters
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Mass determination in the case of SMBHs

« Measurements of orbits of stars and masers around a BH.

 Gas kinematics.

« Stellar density profile.

* Reverberation mapping.

* Relation between a BH mass and a bulge mass (velocity dispersion).

Also, always a simple upper limit can be put based on the fact that
the total luminosity cannot be higher than the Eddington value.

See a short review by Vestergaard "4

in astro-ph/0401436 shin_ - e
«Black-Hole Mass Measurements» i ?
See also reviews in 0904.2615, _

and 1001.3675

- Radial Velocity +

Radial Velocities near the Nucleus of M84

62


http://ru.arxiv.org/find/astro-ph/1/au:+Vestergaard_M/0/1/0/all/0/1
http://arxiv.org/abs/0904.2615

Different methods

Measurement of Central Black Hole Masses

Phenomenon: Quiescent Type 2 Type 1
Galaxies AGNs

| }

Direct Stellar, gas Megamasers
Methods: dynamics

|

Fundamental Mz, — o (SN M., —o.

Empirical
Relationships: /
Indirect Fundamental [O 1] line width Broad-line width

Methods: plane: AV = 6.2 Mg, AV _
D = & size scaling with

el e

luMminosi
— Mgy, R

h 4

Re L2 = Mg,
v 3

Application: BL Lac < - I
objects| | Low-zAGNs | | High-z AGNs

1001.3675




Comparison

Method NGC 4258 NGC 3227 NGC 4151
(Units 10° Mg)

Direct methods:

Megamasers 38.2 + (.11 N/A N/A
Stellar dynamics 33 + 202 7208 < 7041
(GGas dynamics 25-2601°] 2[]4:310 [6] 30“:;‘95 [6]
Reverberation N/A 7.631192 746 + 58

Indirect methods:
[9]

Mpy—o 13 - 6.1
R—L scaling!!"! - 1! 20-120

1001.3675




BH mass vs. bulge mass

According to the standard picture every galaxy with a significant bulge has
a SMBH in the center.

~ 1.12+/-0.06
W BH I\/Ibulge

( : astro-ph/0402376)

BH mass usually is about from
0.1% up to several tenth of percent
of the bulge mass.

However, the situation is a little bit

more complicated. BH mass correlates
differently with different components of

a galaxy (see 1304.7762 and 1308.6483).

100 10"

M (M)

Dulge

www.mpia.de o


http://ru.arxiv.org/find/astro-ph/1/au:+Haering_N/0/1/0/all/0/1
http://ru.arxiv.org/find/astro-ph/1/au:+Rix_H/0/1/0/all/0/1

Exceptions: M33 and others

— Greene el al, (2019) all galesies, wf limiks
— Greene et al, (2019) late-Lype, wi limits
IC 750, upper limit (this work)

IC 750 (this work)

et al. 20149, early-type

re et al. 2019, late-type

GCreene et al 2009, late type upper limit
Woo el al, 2013

Xiao el al, 2011

POX 52 (Barth et al. 2004)

RGG 118 (Baldassare et al. 2015)

MGE 4395 (Woo et al, 2019)

AV A+ o *xENENS

log(Mgn/M o )

104 E

1000
| || | |

40 60 80100 <00 400 10 15 20 30 40 60 80100 200 300 500
o (km s™1) o, (kms™1)

2006.01114

The upper limit on the BH mass |IC 750

in M33 is an order of magnitude Accreting SMBHSs in a galaxy
lower than it should be with a massive buldge.
according to the standard relation.

Combes astro-ph/0505463




Light SMBH

dwarf galaxy RGG 118 BH 50 000 solar masses

]

Gultekin et al. 2009
MeConnell & Ma 2013
Kormendy & Ho 2013

= == Kormendy & Ho 2013

T T T
T LILLLL
11 1 Ld

T ||||
L II|.|
T ||||

1 |||||||
- |II||J|
() |||||||

UL
LILLLI T

LLIL

f RGG 118

80 100 10°

III|.|I|
|||||||

RTTTIT

a,(km s 1)

1506.07531




More data. Various galaxies.

L1aM

Elliptical
Lenticular

Spiral
Barred

50 100 200
o, [km s71]

1007.3834




IMBHs in low luminosity AGNs

WHMyg,, /10% km s~ 1)%-06

Lia ;" 1042 erg s 1 ] 0.47

Galaxy with an AGN — narrow line region BLR — broad line

0 5 10 15 20kpc ~ " 7 0 20 40 60 80 100 pc ' 0 0.002 0.0068 0.01pc > 002 06 Tlauw

region Black hole

|

Accretion

< 7

X¥-Ray

An optical spectrum of and the galaxy starlight model Hg + [N emission lines

i i Gausslan broad line model
- 40, Flux, 107 erg cms* &7 20
1 -5
-0 -10
UL D AR s S
- 00 4500 5000 5500 6000 6500 e T T -

Restframe gth, A 8540 6560 6580
An optical spectrum of the galaxy centre with the galaxy starlight model subtracted @~ — ” Narrow + Broad line model
= | Observations
-20,|Flux, 107 erg cm 57 A7 | | | l - |
- | | |
-10 I | [ - -10 .
i ; _ i
'wlllﬁMum LMWM'WWM\-‘I'w.w'W-«Ww.-‘:&whm-mwwmvww«-—wf.mw.\-m-wum- et =5 fj '1
-0 —~— -0 . = LN
- 4000 4500 5000 5500 6000 6500 ~——_ 5540 6560 6580
1 1 1 1 1 1 I n

Restframe Wavelength, A

1805.01467
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IMBHs in low lum1nos1ty AGNs

IMBH (FourStar + HST)
IMBH (literature)

IMBH candidates (FourStar)
Graham et al. 2015
Graham & Scott 2015

Object

Mgn

(10°Mg)

J122732.184075747.7

43 + 101
36 + 72

J134244.414-053056.1

65 4+ 7
096 + 132

J171409.044-584906.2

115 + 24!

J111552.01-000436.1

115 + 38!

J110731.234-134712.8

122 4 18'
71+ 10°

J152304.97+114553.6"

70 + 20!

J153425.584-040806.7"

111+ 7

J160531.84+174826.1"

116 + 117

J112333.56+671109.9°

157 + 361

1805.01467

J022849.51-090153.8°

202 4+ 13!
367 4 272




Dwart galaxies with IMBHs

NGE 4395

n. -
o

3 :
v 5 PP
i - b ,-E‘,o

RGG 118

1705.09667 - review

.| POX 52

NGC 4861

NGC 404

UGC 06728
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A SMBH 1n a compact dwarf galaxy

The lightest
galaxy with a BH

Black Hole mass (log M)

2 4 6 8
Mass-to-Light ratio (M/L,)

1409.4769
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Black holes in dwarf galaxies

Galaxies have masses
this sample About a few billion solar masses.
[T BGHOS Their sizes are about a few kpc.

AGNSs

Fraction

lo g { M ﬂ'dr.:'_g] ]

BH,min/

1408.4451
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SMBH in Fornax UCD3

Lt ) I " NGC1399 3
. j
+ . 3.5 million Mg,
o| BSTF606W SINFONI
e
ucD 3 . '.-- 2
- 4 I

1804.02938
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Massive BHs 1s small galaxies

’ Median 4 1.5 dex
, , ¥, Median + 1.2 dex
CID-947 = Median
NGC l_liff ' A MM 13

constant Mgp/M .

5)

s

@®g Mpy—outliers

Mpgp—=outliers, obs

[=

—
e
=
z
=
——
—
0

log

--_—--'

Number of galaxies

-
= - =

Centrals
10 . .
ng 1 ”{1"1! *Jil\"l C.l ll__]g ] []{1'1"; *,"NI o) ]

EAGLE modeling vs. observations.
Outliers are mainly due to tidal stripping.

1602.04819
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B023-GO78 cluster properties

Central V RMBS

V/o

Cluster mass

BH Mass

BH mass fraction
Half-mass relaxation time
[Fe/H)|

Assumed E(B-V)

2111.08720

37.240.6 km/s
0.8
6.2 3-'—_::;1:3; x10°Mg
x10" Mg
1.5%
14 Gyr
-0.65 (center) to -0.80 (at 17)
10.54+0.5 Gyr
0.23

log(Mgy) = 4.96*

log(Mgy)

0.11
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1308.2869

log Lx = A log Lp + Blog Mgy + C //,

154
NGC 2808
T GC 6388
Cen-

* 3o upper limits
- Strader et al. (2012)
- 4=0.1

§=0.001

M~-Ly, relation, with outflow

-+ M-Ly relation, no outflow

3.0 3.5
log Myy[M ]

Radio luminosity limits cannot exclude
proposed IMBHs in GCs

Limits from dynamics: 1404.2781

BHs in globular clusters

Radio pulsar observations in NGC 6624
suggest that there is an IMBH with
M>7500 solar masses. 1705.01612

Also radio pulsar data favours an IMBH
in the globular cluster M62 (1909.11091).

~15 candidates (see 1705.09667)
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No BHs in GCs???

10% BH relt. fraction
T5% BH ret. fraction
M=47500 M, IMBH

Ob=zervations (Bellini

et al. 2017)

E-"J
—
]
i
i
By
]
i
- H
o
[
iy
=
=
=

NGC 6624
IS also

in doubt.
40 B0

Velocity [km,/sec]

In w Cen for an IMBH model it is predicted that many high-velocity
low-mass stars might be observed. However, none are found.

1907.10845
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Ultra compact galaxies vs. globular clusters

® Mieske+2013 predictions
A UCDs

W GCs

m This work

1803.09750,

see a large review on IMBHs in GC and dwarf galaxies in 2311.12118 h



Maveric survey: no accreting IMBHs in GCs

VLA + ATCA
50 globular clusters
No detections.

log Mpr = 0.743 log d + 0.372 log S + 2.134

Distance (kpc)

<
b
E
P
(]
o
o
3
w0
un
m
=
5 0
a8
=

6 8 10 1.
3 o radio flux density upper limit (uJy)

1806.00259
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Limits for a BH in 47 Tucanae

M, < 578 Mg,

i

—

N
[

s

ek
9
e

-

Qo

- —

-4_'1

E I

= Q

Z =

- p— _i L

— 10 o
~

- =

i

_ .

e =

B =

s

5._4

A

A central X-ray source was found recently: 2401.09692.
Potentially, it can be an IMBH consistent with the limits shown in the figure.

2310.15221




TDE 1n an extragalactic GC

20|06 20|08 20|10 20|12 20|‘I4 20|16 20|18

1 045

) IlIIIIII

stream

10" (10.7 kpc)

Lasc (erg s™)

1 042

HST/ACS/F775W

2000 3000 4000 5000
MJD—52930 (day)

1 043

Lais (erg s™)

1 042

10710310

E Fe (keV cm™s™)

10 1
Energy (keV)

BH mass ~few 104 solar masses

1806.05692, see modeling of such events in 1904.06353




IMBHS arOund Sgr A* ? ((_‘,(:S)J;-?—g 1'5[Jy3bea:rf‘l0:§‘]

Hypothesis: some of high-velocity compact clouds

(HVCC) can contain IMBHs. L
T2

Z [pC] lonized gas
4

Al

= g Antennae
~. B : ]
T ring \ / () 0 2,4 6 8%,
T— ® Continuum [ mJy beam™]
P, (354.5 GH2)
\

-0.085

Galactic Latitude [deg]

-0.09

-0.095

-0.08 -0.085
Galactic Longitude [deg]

2002.05173, see however 2303.04067 for limits on IMBHSs from S02 orbit



40-billion solar mass SMBH

Holm 15As
the brightest cluster galaxy (BCG)
of the galaxy cluster Abell 85.

Stellar kinematics used.

| — Cores, Saglia et al. 2016 — Cores, Saglia et al. 2016
= Cores, McConnell & Ma 2013 = (Cores, McConnell & Ma 2013
== BCGs, Bogddan et al. 2018 ] == BCGs, Bogdan et al. 2018 e ,
- ETGs, Kormendy & Ho 2013
——

200 250 Z 10t 10
o |km/s| L utge (L.l

1907.10608




Overmassive black holes in dwarf galaxies

z=0.35-0.93
broad-line AGNSs

2212.14057

o)

=
=
= o
[aa)
=
(@)
e

— Suh+2020 (local + high-z AGN)
BLAGN RV2015, z<0.05
BLAGN Suh+2020,z=04

® Thiswork,z=0.4

10.0 10.5 11.0 11.5 12.0
log(M«/Mg)
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A SMBH where it should not be

Observations of the galaxy NGC 4561 with XMM-Newton demonstrated
that there is an AGN, i.e. there is an accreting SMBH.
However, this galaxy is bulgeless

Black hole mass >20000 M,

1209.1354
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A too massive black hole

NGC1277

M-L
o Sani et al (2011)
= Greene et al (2010) NGC1277
4 McConnell et al (2011) '

NGC4486B

A compact lenticular galaxy.
It “must’ have a BH with M~ 108 M,
However, it has a BH with M >1019 M,!

2
=3
w
w
(1M
E
@
(=]
-
[
8
m

10° 100 10" 10
Bulge |Umin05ity (Lbulge@)

87

1211.6429



11 billion solar masses BH at z>5

SDSS J013127.34-032100.1
Mass determined via spectral fitting.

L, from Mgll & Lya

0131-0321 z=5.18

[erg s-!
S
<2

[N

—
A
=11}
Q

—

14 14.5 15 15.5
Log v [Hz, rest frame]

1501.07269

0131-0321
z=5.18

—
T
W
o
£
Q
o
o
o
[I—

s
o
Log vL, [erg s!]

3

Log vF
|
~

e

o

|
=t
(9]

More recently, a 34-billion solar mass SMBH
in the most luminous quasar at z=4.7
has been reported in 2005.06868.
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Very distant AGN

CEERS_1019
z =8.679

log (Mg/M,,,) = 6.95 = 0.37
~Eddington accretion rate
galaxy: log M/M,, ~9.5
SFR ~ 30 M, yr’

Stellar + Eddington

Stellar + Super-Eddington
Small DCBH + Eddington
Large DCBH + Eddington

Direct Collapsa
Black Hole Seed

Dense Star

Cluster Sead | 7% | his Work

z=7 05035
Z=6-7 505

73]
73]
4]
=
@
o
L
X
@)
i
oM
)
o

. {_i:"i_, - Pop Il Stellar Remnant Seed
Stellar Remnant Seed

12 10 9
Redshift

2303.08918

89



Even more dlstant'

Simulations

B23 - Heavy seed o=

Z23 - Interm. seed =

523 - Heavy seed e A Z:10-6

523 - Light seed

o
=

T

o0
=
o
o

Star Clusters

Local —R15

QSOs z~ 6.5 (dyn.)—119
JWST—z~4-8

GN -2z11

Stellar Remnants
15 13121110 9
5 Eddington luminosities

|og Mstar [MO]

2305.12492
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'Too masstve BH 1n a starforming galaxy

z=3.3

Due to large SFR
in a time the BH
E | might become
O - Q.- O o “ . ”
M M1/10 o~ o more typical
| ) “ respect to the galaxy.

1100

O local Ellipticals
= O local Spirals
11000 ® M37
- B NGC 1277
Y& CID—947 — This work

black hole mass, Mgy (M)

10 11

10" 10 10"

galaxy stellar mass, M, (M)

1507.02290
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Expected mass growth for high-z SMBHs

Bulge mass [M_,]

m 11:II1
T T I'I

L) L) '!ll'llll L) L) Illllll rlflllllll

"
n

X "L Lovanl

=
k-

L | . I.I.I.IJI.

-
o
L]

&
=

I

==
=
o
L=

Black hole mass [M_ ]

L1 .I.III.JJI.

local ellipticals (KH13)
r=4 B FIR Taint quasars
=4 B FIR-brigh! guasars
11447 2o detection
Bright quasar Average
Faint guasar Average 5
Lo wananal Lo el el L = L - il

10w 1ot e 10" 10"
|Dg {Mw"M@} Host galaxy dynamical mass [M, ]

1 i I.IIIJI.I

New ALMA data help to establish the growth rate expectations.

2002.00972




Overmassive BH at z~7

Z=6.68

Mgy~3 108 M, o AN e
L~0.02L ¢y .

SFR~1M, . /yr < x

Mg /Mg, ~0.4 ; N

Carnall+23

UHZ-1

Q50s (z=5=7)
XOR30

Ding+23

=
T
-
=
o
(=]

Tue+23

Local scaling
9 10 6 7 8 9 10 Reines+Volanteri 15

log M ] - 0 ctar [Ma
0g Man [Mo] 109 Mtar [Mo] Simulations (z=7)

Schneider+23 Super-Edd.
Schneider+23 Edd. limited

Can be the first representative of a larger population.
Intensive episodes of super-Eddington accretion can
increase the BH mass.

2403.03872
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There are other correlations

p4R |n the figure the following correlation

. Zi?;ff;‘:qls "IVl is shown: absolute magnitude of the
o | bulge (in V filter) vs. BH mass.

BH masses are obtained by

reverberation mapping.

*® Galaxies

Other correlations are discussed
in the literature.

m
af
]
=
A
p—
-
=

N4486B

Wu, Han A&A 380, 31-39, 2001
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Origin of black hole mass —
bulge magnitude correlation apossivte evolutionary

scenario in the BH
mass - bulge luminosity
diagram. Accretion of
matter onto the central
region results into
enhanced star
formation and BH
growth. Young stellar
populations cause
overluminous bulges
compared to inactive
galaxies on the
relation. BH growth and
aging of the stellar
populations then move

g R = = =D = the objects back onto
bulge magnitude M. the relation.

1712.06915
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BH mass vs stellar mass

Broad-line AGN (this work)

RGG118

Reverberation-mapped AGN

Elliptical galaxies

— — — Kormendy &
— — Kormendy &

013
—---— Haring & Rix 2004

90 95 100 105 11.0 115 12.0
Iog (Mste\lar/M@)

Red points — 244 AGNSs.

log (Mgy/Mg)

85 90 95 100 105 110 115 120
|Dg (Mstellar;MEJ

1508.06274
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Numerical modeling

Illustris TNG 100 TNG 300 Horizon-AGN SIMBA Observations

Number of BHs

' LN U b 1 1 LN 1 1 [ | -y 1 1 K 87 1 LR > % .1" 1 1
10 11 12 10 11 12 10 11 12 10 11 '12 10 11 12 10 11 12 10 11 12

lg M. (Mg) Ig M. (My) Ig M, (Mg) lg M. (Mg) lg M. (Mg) Ig M. (My) Ig M. (Mg)

Ilustris TNG 100 TNG 300 Horizon-AGN Observations
] 1 ] || 1

Terrazas+17 _ | g

logig SSFR (yr—1)

. L 1 ] L ] ] g KIS oy L T o A% ™S, ] L L
10 11 12 10 11 12 10 11 12 10 11 12 10 11 12 10 11 12 10: 11 12
lg10 M. (Mg) 1910 M. (Mg)  1g10 M. (Mg) 110 M. (Mg)  Ig10 M. (Mg) 1910 M. (Mg)  1g10 M. (Mp)

2006.10094




Different mass growth of SMBHs

1015

Observations (z ~ 0)

TNG

Illustris

In TNG initial mass
of a BH is larger,
and SN feedback
IS stronger.

5
107 5758

2006.10094 o8



Evolution 1in different models

Illustris TNG 100 TNG 300 Horizon-AGN EAGLE
1 1 1 1 1

z=4

o
=
I
o
=
o
—
2!

Observations
T T T
Terrazas+17 ) -

-

lg10 Mgx (Mo)

1 ‘I 1 1 1 L 1 1 1 '.Al L 1 i 1 1L_K£ ‘a.;:.l 1 1 1 L
1011 12 1011 12 101112 10 11 12 1011 12 10:'11 1 10 11 12
lg M. (Mg) IgM. (Mp) IgM. (Mg) IgM. (Mg) IgM. (Mg) IgM. (Mg) IgM. (Mg)

2006.10094




BH and stellar mass growth

L R R AL R LN The authors studied 11500 AGNs
Evolution toward z=0 at z<0.35.

[
o

The authors suggest that feedback
from an AGN does not expel

. o -
==-G20 early-type __ ¢ the gas preventlng starformation.
-=- G20 Iate—type__ :

—G20 early+late

w

[ | T T T T | T T T T
- z=<0.35 AGNs
| ==G20 early-type
- ==-G20 late-type
 —G20 early+late
« Early-type
* Late-type
L ——Early-type fit ° *s_-
— - --Late-type fit ", 33 4

[}
(]

oo

w
T

~J

log (Mgy / Mo)

log (Mgy / M)

~l
T LI

v

‘,f"i\learby NL

| L | 1
10

log (Mx /| M)

2308.08603




Scaling relations for early type galaxies

. n1316* w— SEISIC
.

w— (Core-Sersic w— (Core-Sersic

log(Mgn/Mo)

s Sersic
Core-Sersic

Pec.Sersic

A
¥
% Pec.Core-Sersic |l
*

Excluded

105 11.0 115 120 . 10.5 11.0 11.5
|Og(M',sph/Mo) IOQ(M',gaI/Mo)

The authors studies correlations for different subsamples of early type galaxies.

1903.04/738
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M,,-M

vs. redshift

stellar

Local AGNs (Reines & Volonteri 2015)

Local Early—types (Reines & Volonteri 2015

This gyork

LI

l!IIrIlIIIIIFI

‘|

LI

1912.02824

10 15 20 25

Number




: Observing movements of masers in NGC 4258
?L ”~,% it became possible to determine the mass
= || / inside 0.2 pc.
IE' The obtained value is 35-40 million solar masses.
0.2 pa
R
‘\‘;‘g . This is the most precise method of
,f" : mass determination.
,

2 Kpc
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Several Mofre megamaser measurements

log (Mg, / Mg)

Circles — new measurements, / -
stars — from the literature. A

« / km s71)

1007.2851




(Gas kinematics

(Macchetto et al. astro-ph/9706252)

For M87 gas velocities
were measure inside
one milliarcsecond (5pc).

The mass is 3 10° M,.

It is one of the heaviest BHs.

New measurements (2304.11264)
suggest the disc inclination

25 degrees rather than 42 degrees
and higher mass ~6 10° M,
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Masses determined by gas kinematics

Masses determined
by observing gas
kinematics are in
good correspondence
with value obtained
by reverberation
mapping technique.

Ark120

Mgy (10" M,) Gas Dynamics

arXiv: 0707.0611

See a review in 1406.2555
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Molecular

3

200 F
NGC 1574

AR A AR AE A SRS EEAS A SRS

Velocity (km/s

l)
Yinis

Ruffa et al. (2023) v

= Ol) =

120

2() mas

10 kms™!

0aS measurements

Position (pc
0

Position (")

SMBH is responsible for the rapid
growth of velocity at the very center.

2404.16345

NGC 4429
Davis et al. (2018)

Riin = 550 £ 100 mas

Vi = 170 £ 10 kms™

No SMBH

-2
Position (")




Comparison of the two methods

Masers vs. molecular gas

Masers provide a

“gold standard” but in a
narrow range of masses
|\/Ibhm:l-o7 Mgun

(as they usually are related

to a particular type of galaxies)

In some cases (nearby
galaxies with massive BHS)
molecular gas measurements
can as precise as masers.

2404.16345

Molecular gas Sersicn=1
Maser Sersic n=2
Sgr A* (52) Sersicn=13
Sersicn=4

—— Sersicn=>5

Sersic profile assumptions:

.Inl"?. = 1011 M.:-l:u

.I’L"F|3|- =5 x 1[:"3 M.:;
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Broad line region kinematics at z~2

SDSS J092034.17+065718.0
VLTI+GRAVITY

Spatially resolved broad line region.
Shift between red and blue in Halpha.
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Mass via hot gas observations

Giant elliptical galaxy NGC4649.
Chandra observations.

Temperature peaks at ~1.1keV within the innermost 200pc.

Under the assumption of hydrostatic equilibrium it is demonstrate that
the central temperature spike arises due to the gravitational influence
of a quiescent central super-massive black hole.
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Stellar density profiles

T Ty

llnlm] lllnm] LERRLRLL | lllllmrllln

10~° 0.01

Combes astro-ph/0505463

-
~
-t
-4
-
-
-
-t
-4
3
-
-
-
-
-
-
~
-
3

Fokker—Planck

=
p=
-
-
-t
=
=
-
-
-
=
=
-
-t
-t
=
=
-
-t
~
-
=
-
-t
-

7o=1,
—a—=p=1,

—_— 'ro= 1,

— — t=0 (King, ¥ _=9

'“t,o=o

V0= VK
vt,o=0‘5vK T
Ut,o=0-25vx—




Gravitational lensing on a SMBH

A background galaxy is lensed by a massive galaxy.

Analysis of images suggests that some features are |

generated by a point mass.

Fits with an off-center SMBHSs are the best.

Other explanations (a compact galaxy)

are still possible.

SMBH mass estimate is ~7-12 billion solar masses.

Sp3 & Spa . sp2 ®

L3

1805.05051

Sp1

ib Sp4
o4 .

Sp2 «

L4
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Reverberation mapping

The method is based on measuring the response of irradiated gas to changes
In the luminosity of a central sources emitting is continuum.

Initially, the method was proposed and used to study novae and SN la.

In the field of AGN was used for the first time in 1972 (Bahcall et al.)

An important early paper: Blandford, McKee 1982.

What is measured is the delay between changes in the light curve in continuum
and in spectral lines. From this delay the size of BLR is determined.
To apply this method it is necessary to monitor a source.

dimensionless factor, clouds velocities in BLR
depending on the geometry of BLR

and kinematics in BLR

The method is not good for very bright and very weak AGNSs.
( For details see arxiv:0705.1722)

See a detailed recent example in 1104.4794 13



General scheme

Dusty
Molecular
Torus

Accretion
Disc

1811.04326 — this paper is a review on AGN accretion




SMBH mass measurement with lensing

Two images, three lines used.
BH mass is measure with the reverberation mapping technique
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Why distances are important for mass measurements

intensity

(a) brightness
distribution

angular radius

amplitude

(b) delay signal

time

a = -2.5 (steep)

intensity

angular radius

>

Tin

amplitude

time

a = -0.5 (shallow)

1411.7032

Galaxy NGC 4151

IS used for calibration

of SMBH masses as the
mass is measured by
several methods
(reverberation mapping,
stellar and gas
dynamics.).

Re-determination

of its distance resulted
In re-determination

of the mass.

Thus, for many SMBHSs
mass measurements
are enhanced by

the factor ~1.4.




Mass and distance measurement
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Population synthesis in astrophysics

A population synthesis is a method
of a direct modeling of
relatively large populations of
weakly interacting objects
with non-trivial evolution.

As a rule, the evolution of the objects
Is followed from their birth
up to the present moment.

(see astro-ph/0411792)



Two variants

1. Evolutionary PS.
The evolution is followed from some early stage.
Typically, an artificial population is formed
(especially, in Monte Carlo simulations)

2. Empirical PS.
It is used, for example, to study integral properties
(spectra) of unresolved populations.
A library of spectra is used to predict integral properties.




Origin of SMBHs

© = /
Pop il & ' i Nuclear cluster »/

stellar seeds , * in protogalaxy

Nuclear cluster of
1 0 2nd generation stars

Direct collapse

Mergers of
protogalaxies

[

SMBHs

leftover:!IMBHs .
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X-ray background and pop. synthesis
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Predicted
Log N—-Log S
distributions.

Red: different z:

solid: z<1,
long-dashed:
z=1-2,
short-dashed:
z=2-3,
dot-dashed
z=3-5
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X-ray spectra of AGNs

New population synthesis
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Illustris calculations
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[Hustris simulations
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BH accretion rate evolution
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