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Plan of the lecture

General information about SMBHSs.
“Our” certain black hole: Sgr A*.
SMBHSs: from radio to gamma. AGNSs.
Mass measurements

= O =

« arxiv: 1609.03562, 0907.5213 Supermassive Black Holes

* 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

e arXiv: 1501.02171 The Galactic Center Black Hole Laboratory

« arXiv: 1501.02937 Galaxy bulges and their massive black holes

e arXiv: 1911.09678 Intermediate-Mass Black Holes

« arXiv: 1707.07134 AGN

e arXiv: 1911.12176 Unification model




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 ~ 7 and even further
» Several percent of galaxies have active nuclei
* Now we know tens of thousand of quasars and AGNSs,
all of them can be considered as objects with SMBHSs
« Measured masses of SMBHSs are in the range 10® — 1010 solar masses.
» Masses are well-measured for tens of objects.
» The most clear case of a SMBH is Sgr A*,
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Thanks to direct measurements of
several stellar orbits it is possible
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| Also, there are very strict limits

- on the size of the central object.
o 1 This is very important taking into
/ | account alternatives to a BH.

o | The star SO-2 has the orbital
1 period 15.2 yrs and the semimajor
Q 1 axis about 0.005 pc.
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Areview: arXiv: 1501.02171 The Galactic Center Black Hole Laboratory



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 — i
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 : : .
- W  With high precision we know
® . stellar dynamics inside
» the central arcsecond
' ’ (astro-ph/0306214)
* ., 0.’ N
The BH mass estimate is
) |
[ ] . . ® ~410°M,
» A
L N

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

' o ‘ - radio pulsars around Sgr A*

r EY . (astro-ph/0309744).
!5 . L g 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.
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1512.03818

Angular Diameter of Ring (parcsec)

General relativity test, EHT, 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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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.
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More Integral data
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Ser A* and H.E.S.S.
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See astro-ph/0503354, 0709.3729

Still, resolution is not good enough
to exclude the contribution of some
near-by (to Sgr A*) sources.
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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 L o e T Tedmly T
. - a

(sometimes even stronger). i

|
|

Z 1

£
A bright burst was observed on Oct. 3, 2002 38 L R |
{ et al. astro-ph/0307110). *»m*»wgo;" 6}0: ;;k;" 1—;(1)071.000*?1:}0?
Duration: 2.7 ksec. | E:;:;dﬁ T
The fluxed increased by a factor ~160. & | , #\f‘ 3 :
Luminosity: 3.6 103° erg/s. = F oY
In one of the bursts, on Aug. 31,2004, +T | A ARS -
QPOs have been discovered. T i0s00 11000 1100 12000 12500

[N

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

In the framework of a simple model
this means that a=0.22.
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http://ru.arxiv.org/find/astro-ph/1/au:+Porquet_D/0/1/0/all/0/1

SWIEFT monitoring of Sgr A*
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See 1501.02171 about accretion physics around Sgr A*




XMM-Newton and Chandra
monitoring ot Sgr A*

Plenty of data during
G2 Pericenter all time of Chandra

' and XMM-Newton
observations.
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Very detailed statistics.
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Chandra monitoring
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Brightest X-ray flares JSE_.. S
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Since 2014 the rate of very bright flares increased (2003.06191)



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.
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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 in 2019
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Twice higher than the previous record.
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Ser A* spectrum

radio spectral SgrA* spectrum

index = +0.3 — -
optically thin optically thin
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See a review 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
%
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o
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D
(4 o

Right ascension (mas)

New 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 1in Sgr A*

Model B

EHT 2013
VLBI 1.3 mm
30 parcsec

1805.09223

24



Orbital motion near ISCO in Sgr A*

Jul 222018 flare, MJUD=58321.9954 R=7 R, a=0 i=160° Q=160° y?=1.2
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Cool disc in Sgr A*

The main structures in the Galactic Centre

S2 star orbit ' _ Circumnuclear disk

Bondi radius J P _— Nuclear star cluster

Keplerian fall-off
_radius

~ Sgr A* black hole (*)

Clockwise stellar
system

West

G2 object orbit

The 10*K disk

detected in H30« Mini-spiral

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

Rotation markers:

® Toward us 26 arcsec=1 pc
® Away from us South|

1906.08289




Cool disc in Sgr A*
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ALMA observations.
H30a line

104 K disc at ~10% Ry,

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

-
o
. <
3
o,
C

- 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 i



New structures: galactic chimney
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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) 108 Ivlsolar
Lx ~ 1036 erg/s

See recent data in
arXiv: 0907.4977
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A “large” BH 1n M31

e/NGC5128
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ALMA+mm-VLBI

Observational projects: horizon

32
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SMBH 1n M87

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/ab0ec7



Activity of the M31 SMBH

SMBH with 100-200 solar masses.

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

Recently, bursts similar to the

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

arXiv: 1011.1224
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before 2006
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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



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

20 25
logv (Hz)

1707.07134 — detailed review on different types of AGNs




X-ray observations

log I'hl:-l = 43—48

log Ly = 4243 [~ log Lyy = 43-44
log Ly = 43—44 log L, = -1--‘1. 45

* log Ly = 44—45 lag L, 15=d46

log Ly 45-47F

log Emissivity [erg s=!' Mpe™]

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 AGNs

grey poin
of the ¢

0912.2040
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AGN 1n the forth Fermi catalogue

>2000 AGN

_L_-'“_ -.\.—-..—-
- ';1‘“‘.;:' ek "?-
l‘;- 1-_1&. '.ﬁf s =
:__.1*_.'__.._*_.:.11__—

* other AGN

1905.10771
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TO raMMa-hOTOHbI MO JOpOre K HaM MoryT 0.2<2<05
B3aVMOAENCTBOBATb C ONTUYECKUM U YO U3NTyYeHneM -
oHa, AaBas 3NEeKTPOH-NMO3UTPOHHBIE Mapbl.
COOTBETCTBEHHO, B CMEKTpe Aanekoro
raMMa-uCcTo4YHMKa Mbl 6yeM BUAETb AEMPECCHIO.
Na MHAVBUAYANbHOrO UCTOYHUKA YBUAETb 3TO
KpanHe TsXeno. ABTOPbI XX UCMOb30Ban AaHHbIE
HabnoAeHN Ha crnyTHUKE OepMu Ans MosyTopa :
coTeH 6/1a3apoB, YTOObI BblAEUTD 0
CYMMapHbIi 3pdexT. gl

0.5<z<1.6

1211.1671 43



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
B Broad Line around a BH and its orientation

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

g?:kretiﬂn Antonucci 1993 ARAA 31, 473

[
» 5 The model can be unapplicable
/ ® e to merging systems, see 1505.00811
Obscuring e o g
Torus ] o .
. =
e * o
L]
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IR data for unification

]

dust disk\

(9))
o

extended dust
(~ 300K)

HZO maser disk
1 pc

-100 -50 0 50
offset ORA [mas]

1911.12176

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

. o . ’ 3 s - i d 7T IN /
X4 : 2 . s VA $ / \ ‘« |
o > % c 3 - ( |
S 3 . . A | \ /
a - ) S . = \ / \ /
. . 3 / —

- .

_ -.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

Relation between a BH mass and a bulge mass (velocity dispersion).
Measurements of orbits of stars and masers around a BH.

Gas kinematics.

Stellar density profile.

Reverberation mapping.

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 - .
«Black-Hole Mass Measurements» ; ?
See a more recent reviews in 0904.2615,
and 1001.3675

= Radial Velocity +

Radial Velocities near the Nucleus of M84
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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° M)

Direct methods:

Megamasers 38.2 + 0.1 N/A N/A
Stellar dynamics 33 + 202 ' < 7041
Gas dynamics 252600 207, 1 301755 6]
Reverberation 63772 46 £ 58
Indirect methods:

Mgy HLQ] 1. - 6.1
R-L scaling!"! 1! 29-120

1001.3675




BH mass vs. bulge mass

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

MBH ~ Mbulge 1.12+/-0.06
{ : 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).

10'.3 101! 1012

M, e (M)

I

www.mpia.de »


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

The upper limit on the BH mass
in M33 is an order of magnitude
lower than it should be

according to the standard relation.

1000

40 60 80100 200 400
o (km s1)

Combes astro-ph/0505463
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Light SMBH

dwarf galaxy RGG 118 BH 50 000 solar masses

]

—— Gultekin et al. 2009
— = McConnell & Ma 2013
= == Kormendy & Ho 2013

= == Kormendy & Ho 2013
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More data

a)

L1aM
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1 |
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Mg4-0 relation

;"Tl-"f]_.; 11 (_]-.H M :* ox {.T'H +cx 7y

In the plot only early type galaxies are shown
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IMBHs in low luminosity AGNs

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

Lia/10%2 ergs—1)047

Galaxy with an AGN — narrow line region BLR — broad line region Black hole
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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° M)

J122732.184075747.7

43 + 101
36 + 72

J134244.414-053056.1

65 4+ 7'
06 + 132

J171409.044-584906.2

115 + 24!

J111552.01-000436.1

115 + 38!

J110731.234-134712.8

122 4 18"
71 4+ 10°

J152304.97+114553.6"

70 + 20/

J153425.584-040806.7"

111 + 7!

J160531.84+174826.1"

116 + 111

~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 -
S

3 .
. PP
. o ‘-E‘,o

RGG 118

1705.09667 - review

.| POX 52

NGC 4861

NGC 404

UGC 06728
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CeepxMaccuBHAA YePHAA ABIPA
B KapAHKOBoﬁ KOMIIAKTHOHN IaAAKTHUKE

Camasa nerkasn
ranaKkTtvka c
YepHoOM Ablipom
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1409.4769
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q@prI@ AprbI B KapAI/IKOBbIX TraAaKTHKAX

this sample
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SMBH in Fornax UCD?3

L ad N °  NGC1399 ;
. -
- = e
- - P v . -
s % -
2| HsT Fé06W SINFONI

ucb 3

3.5 million Mg,

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
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—
e
=
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=
——
—
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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1308.2869

e 3o upper limits
- Strader et al. (2012)
- 8=0.1
§=0.001

M- Ly, relation, with outflow

-~ M-Ly relation, no outflow

30 35
log My [M ]

Radio luminosity limits cannot exclude
proposed IMBHSs 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 now (see 1705.09667)
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No BHs in GCs???

10% BH ret. fraction
T5% BH ret. fraction
M=47.500 M, IMBH

Obszervations (Bellini

et al. 2017)
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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

B GCs

m This work

1803.09750
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Maveric survey: no accreting IMBHSs 1n GCs

VLA + ATCA
50 globular clusters
No detections.

Distance (kpc)
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3 o radio flux density upper limit (uJy)

1806.00259

66



TDE 1n an extragalactic GC

20|06 20|08 20|1O 20|12 20|14 20|16 20|18

1 045

Lask (€rg s™')
T T T

1 042

10" (10.7 kpc)

HST/ACS/F775W

2000 3000 4000 5000
MJD—52930 (day)

1 043

Lais (erg s™)

1 042

10710 10

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 p

(HVCC) can contain IMBHs. L
T2

Z [pC] lonized gas
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= g Antennae
~. B : ]
T ring \ / () 0 2,4 6 8%,
T— ® Continuum [ mJy beam™]
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\
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Galactic Latitude [deg]
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-0.08 -0.085
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2002.05173
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40-billion solar mass SMBH

Holm 15Ais
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




CeepxXMaccuBHAA Y€pPHAA ABIPA TAM,
TA€ €€ He AOAYKHO OBITH

HabntogeHusa ranaktukn NGC 4561 Ha cnyTHMke XMM-Newton nokasanu,
4YTO B HEWN €CTb aKTUBHOE S4p0, T.e. — CBEPXMACCMBHasa YepHas aplpa.
Ho npu 310 6bITb TaM 3TON Ablpe HE MOMOXEHO: Y ranakTUKK HeT Ganaxa.

Macca yepHou Ablipbl >20000 M,

1209.1354
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CAHUIITKOM MAaCCHUBHAS yepHad AbIpa

NGC1277

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

NGC4486B

KoMnakTHasa NMH30BMAHAs rasakTuka.
«[oNoXXeHo» UMETb YepHyto abipy 108 M,
A npucytcteyeT >1010 M,!
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11 billion solar masses BH at z>5

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

0131-0321

L, from Mgll & Lya z=5.18

0131-0321 z=5.18

[erg s-!
-~
-7
[erg ecm2s-1]
=
2

e
(o))

[N

3

|
[
[icN

—
A
=11}
Q

—

Log vF
e
7

| |
1
n
=11}
.
18]
el
.J:l
=
[=T)]
Q
]

|
=t
(9]

14 14.5 15
Log v [Hz, rest frame]

1501.07269
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'Too massitve BH 1n a starforming galaxy

z=3.3

Due to large SFR
In a time the BH
r | might become
O .- Q.- O L “ . ”
My M=1/10. Q- o more typlCal
| ) “ respect to the galaxy.

1/100 .~ '

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
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New ALMA data help to establish the growth rate expectations.

2002.00972




There are other correlations

p4R |n the figure the following correlation

: Zeyfer'"- 1s Is shown: absolute magnitude of the
asars bulge (in V filter) vs. BH mass.

BH masses are obtained by

reverberation mapping.

® Galaxies

Other correlations are discussed
in the literature.
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—
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N4486B

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

=22 —-23 —-24 —-25 —26 —-27
bulge magnitude M,

nlge

1712.06915
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BH mass vs stellar mass

Broad-line AGN (this work)

RGG118

Reverberation-mapped AGN

Elliptical galaxies

—---= Haring & Rix 2004

90 95 100 105 110 115 120
|Og (Mste\lar/M@)

Red points — 244 AGNSs.

log (Mg/Mg)

85 90 95 100 105 11.0 115 120
|Dg {Mstellar;M@

1508.06274
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Scaling relations for eatly type galaxies

. n1316* w— SEISIC
.

w— (Core-Sersic w— (Core-Sersic

log(Mgn/Mo)

s Sersic = 8 Sersic
Core-Sersic
Pec.Sersic

A
r
% Pec.Core-Sersic Ll
*

Excluded

105 11.0 115 120 . 10.5 11.0 11.5
|Og(M‘,sph/Mo) IOg(M*,gal/Mo)

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

1903.04738
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M,,-M

stellar

vs. redshift

Local AGNs (Reines & Volonteri 2015)
Local Early—types (Reines & Volonteri 2015
This gyork
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Observing movements of masers in NGC 4258

it became possible to determine the mass

v inside 0.2 pc.
12 v The obtained value is 35-40 million solar masses.
0.2 pa
““;"3 . This is the most precise method of
?" ' mass determination.
X

2 Kpe

{0



Several

mMOrec megamascr measurements

9 -
Elliptical ——

log (Mnn / M@)

I
2.2 2.0
/

o
log (o, / km s1)

Circles — new measurements,
stars — from the literature.

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.
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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

\

M,) Gas Dynamics

arxXiv: 0707.0611

See a review in 1406.2555
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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.

arXiv: 0801.3461
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Stellar density protiles

T T 1Ty Trrm e e r llnlg

\

N—Body Fokker—Planck

T II T T T T T | L WL
— — t=0 (King, W _=9
'ro=1, ”t,o=o

=0 YoTVk
; "ut’o=0.:JvK 1
» Uy p=0.R5v

10™° 0.01

Combes astro-ph/0505463




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 SMBHs 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.

Mgy = fG YRgrpV?2.

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 -



(GGeneral scheme

Dusty
Molecular
Torus

Accretion
Disc

1811.04326 — this paper is a review on AGN accretion




Kak paccrofHne ITOMOraeT MacCy U3MEPHUTD

intensity intensity
Ypanocb YTOUHMTDb

(a) brightness
paccTtoasHMe A0

distribution -
BA>XHOM raJfiakKtmuKkKm
_ , | NGC 4151
angular radius in = fin/Ua angular radius - -
C YepHOM AbIPpON.
Mo Hem kanubpyroT
Q MacCChbl ApPpyrux

Tin

YepHbIX AbIP.

amplitude amplitude B utore — macchsl
BO3POCIIM NOYUTMU
(b) delay signal B nosiTopa pa3a.

in = FinlC time Tin = Fin/C time

a =-2.5 (steep) a = -0.5 (shallow)

1411.7032
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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 .

1705.09667
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Population synthesis of SMBHs

QSOs

High accretion rate

Massive BH (relative
to the galaxy mass)

10-510-410-30.010.1 1 10 102 108
LAGH/Lgal

Predictions for JIWST

1704.00753
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X-ray background and pop. synthesis
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Observed histograms (thick, black) of flux (left) and redshift (right) of the authors
sample compared with model predictions (thin, red).
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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

1402.1836
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X-ray spectra of AGNs

New population synthesis

~(solid lines
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Ilustris calculations
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Ilustris simulations
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BH accretion rate evolution
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Distribution of black hole Eddington ratios ~ Eddington ratios as a function of black hole
atz=4, 3, 2,1 and 0. mass at z=4, 3, 2, 1 and 0.
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High redshift AGNs

Future observations L,=3x10% erg s-!
might reveal many

AGNSs with moderate
luminosities at high z.

N,=10% cm2

z=7

|
i
(o2}

This will allow to probe
early evolution of SMBHSs.
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