Magnetars: SGRs and AXPs




‘ Magnetic field distribution
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‘ Magnetars in the Galaxy

s ~24 SGRs and AXPs, plus 6 candidates, plus radio

pulsars with high magnetic fields (about them see
arXiv: 1010.4592)...

= Young objects (about 103 year).

Catalogue: http://www.physics.mcgill.ca/~pulsar/magnetar/main.html
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(see a recent review in arXiv:1503.06313 and the catalogue description in 1309.4167 )



Birth rate of magnetars

Fraction of magnetars among NSs is uncertain.

Typically, the value ~10% is quoted (e.g. 0910.2190).
This is supported observationally and theoretically.

Recent modeling favours somehow larger values: 1903.06718.
However, the result is model dependent.
In particular, it depends on the model of field decay.




Several of magnetars
are related to SNRs.

Many of magnetars

show glitches.
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Spatial distribution

Scale height ~20 pc
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Soft Gamma Repeaters: main properties

= Energetic “Giant Flares”
(GFs, L = 10%°-10%7 erg/s)
detected from 3 (47?)
sources

= No evidence for a binary
companion, association with
a SNR at least in one case

= Persistent X-ray emitters,
L= 103> - 103¢ erg/s

= Pulsations discovered both
In GFs tails and persistent
emission, P=5-10 s

= Huge spindown rates,
P/P = 101051

Saturation
of detectors

Ulysses
20—150 keV

150 200 250 300

Time (s)




'SGRs: periods and giant tlares

- 8.0 5 March 1979

~ 2.6 18 June 1998 (?)
N 7.5 27 Dec 2004

B W 27 Aug 1998

SGR 1900+ 14

See reviews in Turolla et al. arXiv: 1507.02924
Beloborodov, Kaspi arXiv: 1703.00068



Soft Gamma Repeaters

s Rare class of sources, ~12 confirmed
= Frequent bursts of soft y-/hard X-rays:
L < 10% erg/s, duration< 1 s

Burst num. 4 — 10-06T18:51:27 - Tot. Cts: 85 Burst num. 5 — 10-08T03:27:03 — Tot. Cts: 770

Bursts from SGR 1806-20 (INTEGRAL/IBIS, G6tz et al 2004)




Historical notes

= 05 March 1979. The "Konus” experiment & Co.
Venera-11,12 (Mazets et al., Vedrenne et al.)

= Events in the LMC. SGR 0520-66.

= Fluence: about 10-3 erg/cm?
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N49 — supernova
remnant in the
Large Magellanic
cloud

(e.g. G. Vedrenne
et al. 1979)




‘ Main types ot activity of SGRs

= Weak bursts. L<10% erg/s

= Intermediate. L~10%°-10%3 erg/s
= Giant. L<10% erg/s

= Hyperflares. L>104° erg/s

Power distribution Is similar
to the distribution of earthquakes

IN magnitude -
,, See the review in
Rea, Esposito

1101.4472




‘ Normal bursts of SGRs and AXPs

= Typical weak bursts of
SGR 1806-29,
SGR 1900+14 and of

AXP 1E 2259+586
detected by RXTE

(from Woods, Thompson 2004)



Intermediate SGR bursts

SGR 1900+14 SGR 1900+14

Examples of intermediate
bursts.

The forth (bottom right) Is
sometimes defined as a | | 1
giant burst (for example by e TR

Time (sec)

Mazets et al.).

Konus
50—150 keV

(from Woods, Thompson 2004)



Giant flare of the SGR 1900+14

(27 August 1998)

= Ulysses observations
(figure from Hurley et al.)

= Initial spike 0.35 s
= P=5.165s

= >3 104 erg/s

= Erora>10% erg

Ulysses

20—150 keV

106 150 200 250 300
Time (s}

Hurley et al. 1999



 Anomalous X-ray pulsars

Identified as a separate group in 1995.
(Mereghetti, Stella 1995 Van Paradijs et al.1995)

 Similar periods (5-10 sec)

» Constant spin down

» Absence of optical companions
* Relatively weak luminosity

» Constant luminosity




Anomalous X-ray Pulsars: main properties

= Twelve sources known:
1E 1048.1-5937, 1E 2259+586, 4U 0142+614,
1 RXS J170849-4009, 1E 1841-045,
CXOU 010043-721134, AX J1845-0258,
CXOU J164710-455216, XTE J1810-197,
1E 1547.0-5408, PSR J1622-4950, CXOU J171405.7-381031
= Persistent X-ray emitters, L = 1034 -103° erg/s
= Pulsations with P = 2 -10 s (0.33 sec for PSR 1846)
= Large spindown rates, P/P = 101t st

= No evidence for a binary companion, association with a SNR In
several cases




‘ Known AXPs

CXO 010043-7211 8.0
4U 0142+61 8.7
1E 1048.1-5937 6.4
1E 1547.0-5408 2.1
CXOU J164710-4552 10.6
1RXS J170849-40 11.0
XTE J1810-197 5.5
1E 1841-045 11.8
AX J1845-0258 7.0
PSR J1622-4950 4.3
CXOU J171405.7-381031 3.8
1E 2259+586 7.0

http://www.physics.mcgill.ca/~pulsar/magnetar/main.html



‘ Are SGRs and AXPs brothers?

= Bursts of AXPs
(more than half burst)

= Spectral properties

= Quiescent periods of
SGRs (0525-66 since
1983)
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Bursts of the AXP 1E1547.0-5408
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Bursts of the AXP 1E1547.0-5408

Some bursts have pulsating tails with spin period.

0903.1974
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A Tale of Two Populations ?

A Magnetar
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‘ Hard X-ray Emission

INTEGRAL revealed
substantial emission in
the 20 -100 keV band
from SGRs and APXs

Hard power law tails
with [ = 1-3

(see 1712.09643 about
spectral modeling)

Hard emission pulse
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SGRs and AXPs
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'SGRs and AXPs soft X-ray Spectra

= 0.5 -10 keV emission is well represented by
a blackbody plus a power law

SGR 1806-20 (Mereghetti et al 2005)

0.5

utikov & Gavriil 2005)
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See also discussions in:
arXiv: 1001.3847, 1009.2810




SGRs and AXPs soft X-ray Spectra

» kTgz5~ 0.5 keV, does not change much in
different sources

= Photonindexl =1 -4,
AXPs tend to be softer

= SGRs and AXPs persistent emission Is
variable (months/years)

= Variability is mostly associated with
the non-thermal component




Magnetar spectra 1n comparison
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Hard tails can be due to upscattering of
thermal photons from the surface in the magnetosphere.




‘ And what about AXPs and PSRs?

1E1547.0-5408 — the most rapidly rotating AXP (2.1 sec)
The highest rotation energy losses among SGRs and AXPs.
Bursting activity.
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See 1902.10712 about radio observations of magnetars.



Postburst propert1es of PSR]1846 -0258

2000 2002 2005 2006 2000 2010 IR T he pulsar showed a glitch.
' A period of magnetar-like
activity was started.

After the burst parameters
of the pulsar changed.
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‘Galactic center magnetar

SGR/PSR J1745-2900 Radio pulsations detection in 2013
The largest dispersion measure

Chandra HRC-I: 2005-2008 (25ks) Chandra HRC-5: 29/04/2013 (10ks) .
and rotation measure among PSRs.
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‘ Generation of the magnetic field

The mechanism of the magnetic

field generation is still unknown. Making a magnetar

Hot, newborn star
churns and mixes

Turbulent dynamo

a-Q dynamo (Duncan,Thompson)
a? dynamo (Bonanno et al.)
or their combination

Internal convection
carrios off heat

If spinning faster than
200 revolutions/second,
the dynamo action quickly

In any case, initial rotation of a | inifichs wp the magnaito i

protoNS is the critical parameter.

Dave Dooling, NASA Marshall Space Flight Centear




‘ Strong field via flux conservation

There are reasons to suspect that the magnetic fields of magnetars
are not due to any kind of dynamo mechanism, but just due to
flux conservation:

1. Study of SNRs with magnetars (Vink and Kuiper 2006, see also 1708.01626).
If there was a rapidly rotating magnetar then a huge
energy release is inevitable. No traces of such energy
injections are found.

2. There are few examples of massive stars with field
strong enough to produce a magnetars due to flux
conservation (Ferrario and Wickramasinghe 2006)




‘Altematlve theory
= Remnant fallback disc
= Mereghetti, Stella 1995
= Van Paradijs et al.1995
= Alpar 2001 ~
= Marsden et al. 2001 ‘
= Problems .....
= How to generate strong bursts?
= Discovery of a passive

disc in one of AXPs

(Wang et al. 2006).

A new burst of interest

to this model.

= Timing noise analysis
contradicts accretion (1806.00401)




‘ Magnetic field estimates

= Spin down
= Long spin periods

= Energy to support
bursts

= Field to confine a
fireball (tails)

= Duration of spikes
CUVEIREVES)
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= Direct measurements
of magnetic field

(cyclotron lines) Ibrahim et al. 2002




‘ Spectral lines claims

All claims were done for RXTE observations (there are few other candidates).
All detections were done during bursts.

_1)

-
g3
3

>
@
i
Ll
|
7
w
-
=
~
L
o
o
S
)
-
©
(0 4

Residuals
(sigma)

1E 1048.1-5937 Gauvriil et al. (2002, 2004) 4U 0142+61 Gauvriil et al. (2007)




Hyperflare of SGR 1806-20

m 27 December 2004 A
giant flare from SGR
1806-20 was detected
by many satellites:
Swift, RHESSI, Konus-
Wind, Coronas-F,
Integral, HEND, ...

= 100 times brighter than
any other!

Palmer et al.
astro-ph/0503030
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27 Dec 2004
Giant flare of the SGR 1806'—2})

\ e, \(M“
= Spike 0.2 s “SNalge
= Fluence 1 erg/cm? .

= E(spike)=3.5 10%% erg
= L(spike)=1.8 104’ erg/s =1
= Long «tail» (400 s)

= P=7/.65s

= E(tail) 1.6 10** erg

= Distance 15 kpc — see the latest
data in arXiv: 1103.0006




Konus observations
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‘The myth about Medusa




‘ QPO in tails of giant tflares of SGRs

A kind of quasi

periodic oscillations
have been found

in tail of two events
(aug. 1998, dec. 2004). -
They are supposed 0000 g |

to be torsional . [' || || |‘| | |‘| “ “ ﬁ
oscillations of NSs, E |I L 1 | 1
however, it is not clear, | l' l' ||J M ” ‘
yet_ 000 I

I1r| H

il \wny

it 'H
f\|| | l| |' IU l] |‘J Hw ;HJ.,

(Israel et al. 2005 astro-ph/0505255,
Watts and Strohmayer 2005 astro-ph/0608463)



'QPO in SGR 1806-20 giant flare

Power spectrum made by averaging nine 3 s segments from the time interval
marked by dashed lines in the top left panel. The 92 Hz and 625 Hz QPQOs are
clearly visible, and the inset illustrates the significance of the 625 Hz feature
(from Strohmayer & Watts, 2006)
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See fresh analysis in 1808.09483

1507.02924



'SGR 1806-20 - 1

SGR 1806-20 displayed a gradual
Increase In the level of activity during

2003-2004 (Woods et al 2004; Mereghetti et al
Z005)

20-60 keV flux (INTEGRAL IBIS)

Autumn Spring
2003 2004 Autumn

2004

+

Mereghetti et al 2005




'SGR 1806-20 - 11

49000 50000 51000 52000 53000
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Twisted Magnetospheres — 1

= The magnetic field inside cuaeNVE
“wound up”

= The presence of a toroidal
Induces a rotation of the s

= The crust tensile strength

= A gradual (quasi-plastic ?) s
crust

= The external field twists up
(Thompson, Lyutikov & Kulkarni 2002 Thompson & Duncan 2001




‘ Growing twist

Photon Index
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Bursts per 10 days

(images from Mereghetti arXiv: 0804.0250)

Year




A Growing Twist in SGR 1806-20 ¢

1,5

= Evidence for spectral :
hardening AND S
enhanced spin-down o]

= [-Pdotand I'-L -
correlations AT e

= Growth of bursting JERLRE. .
activity 1 e

MID {d+45000) MID (d+48000)

= Possible presence of
proton cyclotron line
only during bursts




Twisted magnetospheres

= Twisted magnetosphere model, within magnetar
scenario, in general agreement with observations

= Resonant scattering of thermal, surface photons
produces spectra with right properties

= Many issues need to be investigated further
Twist of more general external fields
Detailed models for magnetospheric currents

More accurate treatment of cross section including QED
effects and electron recoill

10-100 keV tails: up-scattering by (ultra)relativistic (e?)
particles ?

Create an archive to fit model spectra to observations

See, for example, arXiv: 1008.4388 and references therein
and more recent studies in 1201.3635



‘ Non-global twist model

Energy in the twist: ~I?R</c?
Twist decay time ~1 yr for typical parms

1306.4335




Numerical simulation of the twist

— M/R =0.2, stopped at Vi = 3.8
. M/R=0.2, stopped at y_. = 3.0

imj
- = M/R =0.2, continuous injection
- =+ M/R =0.0, continuous injection

1901.08889
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Low-tield magnetars

SGR 0418+5729 and Swift J1822.3-160
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See a review in


http://arxiv.org/abs/1303.6052

‘ The first low-field magnetar

e Swift
¢ RXTE

o XMM-Newton
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Only after ~3 years of observations
it was possible to detect spin-down.

The dipolar field is ~6 102 G.

Loa(Age [yr])

The dipolar field could decay, and
activity is due to the toroidal field.

1303.5579



‘ Large field (at last) ... But multipoles!

XMM-Newton observations allowed to detect a spectral line
which is variable with phase.

If the line is interpreted as a proton cyclotron line,

then the field in the absorbing region is 2 1014 - 101> G
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1308.4987 SGR 0418+5729
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‘ Another low-field magnetar
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3XMM J185246.6+003317

P=11.5 s No spin-down detected after 7 months
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‘More lines in low-field magentars

phase-dependent absorption line

Line energy (keV)
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‘ Old evolved sources?
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How many magnetars?

[ ] X I"u’q I"\"’1
AChandra

Filled symbols:
A — )

0.7

Mrms —

<540 barely-detectable (L=3 1033 A,,;=15%)
59+92 _, easily detectable (L=10% A, ,.=70%)

Muno et al. arXiv: 0711.0988



‘ Extragalactic giant tlares

Initial enthusiasm that most of short GRBs can be explained
as giant flares of extraG SGRs disappeared.

At the moment, we have a definite deficit of extraG SGR bursts,
especially in the direction of Virgo cluster
(Popov, Stern 2006; Lazzatti et al. 2006).

However, there are several good candidates.




‘ Extragalactic SGRs

{ltwas suggested long ago (Mazets et al. 1982)
1 that present-day detectors could alredy detect
| giant flares from extragalactic magnetars.

‘: However, all searches in, for example,
-| BATSE database did not provide clear candidates
- (Lazzati et al. 2006, Popov & Stern 2006, etc.).

g
=
=
4
a

1 Finally, recently several good candidates

1 have been proposed by different groups

1 (Mazets et al., Frederiks et al., Golenetskii et al.,
] Ofek et al, Crider ....).

108" B" 4~ Z* 10" 58" S5B" 54" 52 S0 48" guE”

Right ascension (JZ000)

[D. Frederiks et al. ]


http://arxiv.org/abs/astro-ph/0609544

‘ Magnetars and supernovae

With large field and short spin a newborn NS
can contribute a lot to the luminosity of a SN.
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KASEN & BILDSTEN (2010)




Parameters needed

For short initial spin periods it is not even necessary to have magnetar scale B.
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‘ Magnetars and GRBs

GRB060614 [1.0-10000.0 keV]

e data
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What is spectal about magnetars?

There are reasons to suspect
that magnetars are connected :* : e
to massive stars
(astro-ph/0611589, but see % e o S
1708.01626). s T

There is a hypothesis that

magnetars are formed in close
binary systems 1R e by
(astro-ph/0505406, o

0905. 3238). AXP in Westerlund 1 most probably has

a very massive progenitor >40 Msolar.




Are there magnetars in binaries?

At the moment all known SGRs and AXPs are isolated objects.
About 10% of NSs are expected to be in binaries.

The fact that all known magnetars are isolated can be related
to their origin, but this is unclear.

If a magnetar appears in a
very close binary system, then
an analogue of a polar can be
formed.

The secondary star is inside
the huge magnetosphere of a
magnetar.

This can lead to interesting
observational manifestations.

Magnetor

Few candidates have been proposed based on long spin periods and large Pdots:
1203.1490, 1208.4487, 1210.7680, 1303.5507



http://ru.arxiv.org/abs/0803.1373

‘ Conclusions

» Two classes of magnetars: SGRs and AXPs
 Similar properties (but no giant flare in AXPs, yet?)
» Hyperflares (27 Dec 2004)

 Transient magnetars

» About 10% of newborn NSs

* Links to PSRs (and others?)

» Twisted magnetospheres




‘ Papers to read

» Woods, Thompson astro-ph/0406133 — old classical review
* Mereghetti arXiv: 0804.0250

* Rea, Esposito arXiv: 1101.4472 - bursts

* Turolla, Esposito arXiv: 1303.6052 - Low-field magnetars

* Mereghetti et al. arXiv: 1503.06313

* Turolla, Zane, Watts arXiv: 1507.02924 — Big general review
» Beloborodov, Kaspi arXiv: 1703.00068

* Esposito et al. arXiv: 1803.05716

 Coti Zelati et al. arXiv: 1710.04671 — outbursts

» Gourgouliatos, Esposito 1805.01680 — magnetic fields




Black holes: Introduction




The authors studied collapse from NS to BH.
Calculations were done for two cases:

with and without massive (7%) disc.

If a disc is present then such objects

can appear as sGRB.

GW signal is weak, and so they are

a subject for the third generation of detectors.

1209.0783



‘ Main general surveys
» astro-ph/0610657 Neven Bilic BH phenomenology

 astro-ph/0604304 Thomas W. Baumgarte BHs: from speculations to observations

* hep-ph/0511217 Scott A. Hughes Trust but verify: the case for astrophysical BHs

« arXiv: 0907.3602 Josep M. Paredes Black holes in the Galaxy

« arXiv: 1003.0291 S.-N. Zhang Astrophysical Black Holes in the Physical Universe

e arXiv: 1312.6698 Narayan, McClintock Observational Evidence for Black Holes

e arXiv: 1711.10256,1810.07032, 1810.07041 C. Bambi
Astrophysical black holes: several reviews
« arXiv: 1808.01507 Eric Curiel The Many Definitions of a Black Hole

« arXiv: 1809.09130 Michela Mapelli Astrophysics of stellar black holes




‘ BHs as astronomical sources

 Primordial BHs.
Not discovered, yet. Only upper limits (mostly from gamma-ray observations).
« Stellar mass BHs.
There are more than twenty good candidates in close binary systems.
Accretion, jets. Observed at all wavelenghts.
Isolated stellar mass BHs are not discovered up to now.
But there are interesting candidates among microlensing events.
* Intermediate mass BHs.
Their existence is uncertain, but there are good candidates among ULX.
Observed in radio, x-rays, and optics.
« Supermassive BHs.
There are many (dozens) good candidates with mass estimates.
In the center of our Galaxy with extremely high certainty there is supermassive BH.
Accretion, jets, tidal discruptions of normal stars.
Observed at all wavelenghts.







Yo Takoe uyepHasa AbIpar

s pusuka /s acrpoHoma
OOnagaet onpeaereHHbIMA Oo6nanaer onpeaeaeHHbIMU
BHYTPEHHHMU CBOMCTBAMU BHEITHUMHU IIPOSIBICHUSIMU
OOBEKT, 00JIaAAFOIIHI TOPU30HTOM. KomnaxrHoe (pasmep ropu3oHTa)
MAaCCHUBHOE€ TEJ0, HE MPOABJIISAIOIICE
MIPU3HAKOB HAJIWYHUS IIOBEPXHOCTH,
Y YbU HEJIpa HEAOCTYIIHBI JJIs1 HAOIIOCHUH.
See 1808.01507
for different definitions of a BH °



‘ KoaAaaric ooAaka

MpI Bcerga BUAUM 4achl B LIEHTPE,
HO OHM BCE KPACHEE U KpacCHeEe. ..




1804.03909, see also 1902.11196



‘ BH virtual reality

Observers at 10 Rg.
ft: at rest.
ASan -
Right (bottom): free-falling.
EEEN
] ]

N\ _ /s
i\

A .".’l"l.
Ny

1811.08369



Video for Sgr A*

-~

—

https://www.youtube.com/watch?v=SXN4hpv977s
https://blackholecam.org/
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https://vijayvarma392.github.io/binaryBHexp/

Binary BH wvisualization

g=2.00 NRSur7dqg2 + surfinBH7dqg2

xa=10.71, 0.30,0.00]
Xs=1[0.61, — 0.17,0.23]

-7.5 -50

-25 0.0 :
t= —4487.2M x, 25 g9

-4000 -3000 -2000
t(M)

-1000

The black holes are shown as
oblate spheres, with arrows
indicating their spins.

The orbital angular momentum is
indicated by the pink arrow at the
origin.

The colors in the bottom-plane
shows the value of the plus
polarization of the GW as seen by
an observer at that location;

red means positive and blue means
negative, notice the quadrupolar
pattern of the radiation.

In the subplot at the bottom, we
show the plus and cross
polarizations as seen from the
camera viewing angle.

1811.06552
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‘ 1 opusorThI

Teopema 00 OTCYTCTBHH BOJIOC:
«YepHble IBIPHI HE UMEIOT BOJIOCH.
YepHast 1bIpa MOTHOCTHIO ONMKUCHIBACTCS
MACCOU U BPAILICHHUEM.

12



Horizons appearance

L. Baiotti, Rezzollg et al.



Koaaaric

excised region
[T T 11

— — - apparent horizon

Apparent horizon position is calculated at every time step.
The event horizon (which is growing from zero to its final position and is always

outside the apparent horizon) is calculated a posteriory, i.e. after calculations
are finished.

L. Baiotti, Rezzolla et al.
gr-qc/0403029 B




Giacomazzo, Rezzolla et al.
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‘ Collapse of a rotating star
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— —- 1
= e .
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— :
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Giacomazzo, Rezzolla et al.
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‘ Collapse and GW emission

S
vava
avav
v
o — ~
, Qg
0.00 0.00 40.34

tiM: | |

' density:

-0.001 0 0.001
0 0.0015  0.003

/

Giacomazzo, Rezzolla et al.
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‘ The most certain BH — Sgr A*
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Stellar orbits from 1992 till 2007

arXiv: 0810.4674

(see the reference
In gr-qc/0506078)
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... and 1t becomes more and more certain

50-8
1995.50 -
80-18 P
S0-26 | e ©
S0-1
© ° 5
" 5015
0
.gg,
| ® oo
S-4 .
®
o t"”-' S0-20
o) ]
S0-6 keck/UCLA Galaclic
. Center Group

See the reference in gr-qc/0506078
New data in arXiv: 0810.4674
Recent review - 1311.1841

Observations are going on.
So, the number of stars with
well measured orbits grows.

IVIBH ~4-510° I\/Isolar
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‘ BH wvisualization

1804.03909, see also 1902.11196

20



‘ First calculations

Bardeen 1972

Both for an extremely rotating BH

Cunningham, Bardeen 1973
See a review in 1902.11196




‘ Supernovae

Schematic representation of the
evolutionary stages from stellar core
collapse through the onset

of the supernova explosion to

the neutrino-driven wind during
the neutrino-cooling phase of

the proto-neutron star.

The horizontal axis gives mass
information.

M, . is the mass of the subsonically
collapsing, homologous inner core.
The vertical axis shows
corresponding radii.

Re - Iron core radius;

R, - shock radius;

R, - gain radius;

R, - neutron star radius;

R, — neutrinosphere.

astro-ph/0612072
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Stellar mass BHss.
The case of solar metallicity.

i onse bk R BHs are formed by massive stars.
" The limiting mass separating BH
and NS progenitors is not well known.
In addition, there can be a range of
masses above this limit in which, agair

Typ2 Ib/c
supernova

very massive stars

G o NSs are formed (also, there can be
N a range in which both types of
v/ LA compact objects form).
, . » ¢, (orig IR ',

L4
: Sum? i

]
' supernova
‘l explosion 4

fallback
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E
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4 G neutron star blaclf hole
e (baryonic mass) (baryonic mass)

(neutron star ?) :
(black hole ?)

See 1011.0203 about progenitors

o
o

10 30
iritial mass (solar masses)

Woosley et al. 2002
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‘ Initial mass vs. final:
Z.AMS vs. compact object

In [I n BH range
*  Fallback from SN
“l Neutron Stars from SN

Myzans (M)

1904.01773
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‘ Supernova progenitors

Core-Collapse Supernova Progenitors: However. there are claims
Expectations on the Theoretical HRD ,
that most of stars >18M,

produce BHs
(see a review in Smartt
arXiv: 1504.02635)

1011.0203
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'No explosions for 13 solar mass?

500

—— 2D (thin) J
—— 3D (thick)
Probably non-rotating progenitors
with 12<M<14 solar mass
do not explode.

—— 2D (thin)
= 3D (thick)

[a—
o
=

Average shock radius [km

1 — tbounce [“]

0.6
t - tb«_u_mt_'.';? [S]

1902.00547
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‘ Which stars form BHs?

It is proposed that stars with compact internal structure (M~20-30 Msolar)
form BHs not NSs. This expains data on RGs and the SN rate.

. BSG problem

20 30 40 50 60 TORO
initial mass [Msun]

IO 0.1 02 0304 05 06 07

.
-
=)

0.6 0.8
failed fraction (> &, ,)

:5

1409.0006
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‘ Transients from BH formation

Supergiant progenitors of BHs can have huge convective envelopes.

Convective motions in the outer parts of supergiants generate mean horizontal
flows at a given radius with velocities of ~1 km/s.

Failed explosions of supergiants - in which the accretion shock onto the neutron
star does not revive, leading to black hole formation - may often produce accretion
discs that can power day-week (blue supergiants) or week-year (yellow and red
supergiants) non-thermal and thermal transients through winds and jets.

These transients will be especially time variable because the angular momentum of
the accreting material will vary substantially in time. Observed sources such as
Swift J1644+57, iPTF14hls, and SN 2018cow, as well as energetic Type Il
supernovae (OGLE-2014-SN-073) may be produced by this mechanism.

Jrand ™~ ~ 0 S E— —~
- Van 10°R; km s 1 0.3

V. (=10 km/s) — YR
OOl \VETI\VIRVICoIo I\l jisco = 1.15-3.5 — ~ 05— 1.5x 10" (—) em’ s
v, — horizontal velocity '

10M,

1811.12427
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Mass spectrum of compact objects

Results of numerical models

=

2

2 y 7 R ——
E | A Medium Energy High Mass Models -

TR ® Low Energy High Mass Models
14 1.6 18 2
Remnant Gravitational Mass (Mg)

o
;
5 -
g
2

2 25 3
Remnont Gravitational Mass (Mg)

Timmes et al. 1996, astro-ph/9510136
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BH mass function
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10 15
Black-Hole Mass (M,)

Likelihood based on 16 systems

1006.2834
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‘ BH mass distribution

Power Law Exponential Gaussian

—— .
.'f \
.": ] \
AN
yy VAN
s NS
10 20

Histogram (1 Bin)

Histogram (2 Bin)

13
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.-'. Il.fn - _\I I,I.
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A NS from a masstve progenitor

Anomalous X-ray pulsar in the cluster
Westerlundlmost probably has
a very massive progenitor, >40 M.

astro-ph/0611589
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Stellar mass BHss.
The case of zero metallicity

low -mass stars massive stars t very massive stars

Pop Il massive stars could
produce very massive BHs which
became seeds for formation

of supermassive BHSs.

zero metallicity

, baryoric)
puisational pair instability

nickel photodisintegrtion ™ £

supermassive stars ( > 50,000 solar masses)
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diract black-hole formation
direct black-hole formation

fallback

AGE mass loss .

a
o o
CO ' NeO

bleck hole

<,L_—l no remrant — complete disnuption

neutron star black hole

3 10 30 100 1000
initial mass (solar masses)

Woosley et al. 2002
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BHs and NSs in close binary systems

Studying close binaries with compact objects we can obtain
mass estimates for progenitors of NSs and BHs
(see, for example, Ergma, van den Heuvel 1998 A&A 331, L29).

An interesting result was obtained for the NS system GX 301-2.

The progenitor mass was found to be equal to 50 solar masses or more.
On the other hand, for many systems with BHs

estimates of progenitor masses are lower: 20-50 solar masses.

Finally, for the BH system LMC X-3 the mass of the progenitor
IS estimated as >60 solar masses.

So, the situation is rather complicated.
Most probably, in some range of masses, at least in binary systems
both variants are possible. '

34



Bmary evolution

A BH can be formed even from stars each below the limit.

35



Tz

“Scenario machine” calculations
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‘ Thorne-Zytkow candidates

Chemical composition anomalies.
Discussion:

1. Large proper motion — not in SMC
1601.05455

2. In SMC 1602.08479
Gaia DR2 confirms 1804.10192
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5 10
PM RA (mas yr')

1406.0001
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' GRBs and BHs

According to the standard modern model of long GRBs,
a BH is the main element of the “central engine”.

So, studying GRBs we can hope to get important information
about the first moments of BH's life.

See a very brief review In
arXiv:1302.6461
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‘ BHs trom GW signals

Solar Masses

40

a0
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GW150914
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LIGO measure signals
from compact object mergers.

® These signals are more powerful
for larger masses. So, even being

- rarer per unit volume,

. BH+BH mergers are more
frequent in the data.
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‘ NS and BH coalescence

Some numerical models show (astro-ph/0505007, 0505094) that such events
do not produce GRBs. Some show that they do.

log(density [g/(cem])]) at t= 18.39E ms

BH-NS mergers are still a popular subject of studies:
1105.3175, 1103.3526, 1210.8153, 1302.6297, 1301.5616, 1304.3384.
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‘ Magnetic field jet launch

Neutron star magnetic field helps to launch the jet. But disc is still necessary!

1410.7392




‘ Prompt mergers ot NSs with BHs

Coleman Miller

demonstrated that in NS-BH
coalescence most probably there is
no stable mass transfer and

an accretion disc is not formed.
This means — no GRB!

The top solid line is constructed

by assuming that the neutron star

will plunge when, in one full orbit,

it can reduce its angular momentum
below the ISCO value via emission of
gravitational radiation.

The next two solid lines reduce the
allowed time to 30 and 10% of an orbit
The bottom line ignores gravitational
radiation losses entirely.

astro-ph/0505094
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Extremal BH-NS mergers

-- ¥=0.97 (High)
—- %=0.97 (Med)
— =097 (Low) ™
— ¥=0.9 i
— ¥=0.5

-20 -10 0 10
t-1,5(ms)

x--x SpEC
+ UIUC
— Analytic prediction

It is possible to form

a massive disc

around a BH

during BH-NS merger.
However,

not for non-rotating BHs.

1302.6297
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‘ Supernovae

The neutrino signal during a (direct) BH formation must be significantly different
from the signal emitted during a NS formation. (arXiv: 0706.3762)

luminosity [erg's]

-
o

—

=
-
=
v
=
LF]
o
cu
-
P
4
-
L]

0.5 1.0 0.5 1.0

time after bounce [sec] time after bounce [sec]

Different curves are plotted for different types of neutrino:
electron — solid, electron anti-neutrino — dashed, mu and tau-neutrinos — dot dashed.

Constant growth of neutrino energy and a sharp cut-off indicate a BH formation.
Result depends on the EoS.

See some new results in: arXiv:0809.5129

BH formation in a PNS collapse and neutrino spectra ~ *



BH signatures in SN light curves

fy=0.01

I\

-— =0.25
— {=0.50
— £=0.75

Balberg, Shapiro astro-ph/0104215

For this plot no radioactive heating
IS taken into account.

An accreting BH can “emerge”
after ~few months-years.

(see also Zampieri et al., 1998, ApJ 505, 876)
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‘ New calculations

Several mechanisms of energy
release in a fall-back
are calculated:

* “accretion heating” (solid line)
* neutrino annihilation (dotted line)

 Blandford-Znajek emission
(dashed line).

Estimates show that fallback can
potentially lead to large amount of
energy deposition to the ejecta,
powering super-luminous
supernovae.

10° 10t 107 10°

t (sec)

1401.3032
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A BH birth???

EVIDENCE FOR A BLACK HOLE REMNANT IN THE TYPE IIL SUPERNOVA 1979C

D. J. PATNAUDE, ! OER

B

: of the Type
+0.1)

0912.1571
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‘ Disappearance of stars

HST/ACS HST/ACS HST/WFC3

NGCa021 41 © NGCa0zT#1 © Racaoz1#1 F606W F814W
s 4 4_;. A ‘ sk ’;. : " i A i,
P L A
- = m - - r ‘v \ " o
' Prpgenltor Progenitor

1507.05823

The event is consistent with the ejection of FGOGW : b F814W
the envelope of a red supergiant in

a failed supernova and the late-time
emission could be powered by fallback

accretion onto a newly-formed black hole.

.2015 .2015.
w
|=1iow . F160M/

2C.

: ‘2015, 2015

Progenitor mass ~23-28 solar.
Consistent with the missing RSG problem.

In 2018 ~30 examples of identified SN
progenitors are known, and there ~40
upper limits (1802.07870).

1609.01283
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‘ Conclusions

* There can be different kinds of BHs: PBH, stellar, IMBH, SMBH
 Stellar mass BHs can be observed due to

- accretion in binaries

- GRBs

- GW

- in SN
* Mass interval for stellar mass BH formation is not certain

49



Isolated BHs




‘ Farly works

«Halos around black holes»
Soviet Astronomy — Astronom. Zhurn (1971)

In this paper accretion onto isolated BHs from
the ISM was studied for different BH masses
(including intermediate).

Dynamics of accretion, the role of turbulence,
the role of magnetic fields in the ISM, spectrum.

Victorij Shvartsman

Synchrotron radiation of magnetized plasma,
which is heated during accretion up to 10'? K
(here the temperature means the average energy
of electrons motion perpendicular to magnetic
field lines).

(Development of this approach see in astro-ph/0403649)




‘ Basic formulae

2

C—

: M \° R V il
T4x108% g5 () () (o
‘ = (.\[.) 102 cm=/ \ 10 km s~}

. VI n V -
5.3 x 104 Mgaq | — ( S ) ToF
e HEE (.\[.) 102 cm =3 (10 km s—1 )

IR e SR \elocity of turbulent motions

Uturb

(M /M) 1%km s

The critical velocity corresponding to an accretion disc formation.
(Fujita et al. 1998) See also A&A 381, 1000 (2002)




Tsolated accreting BHs

ADAF

10 solar masses
ASTRO-E /

3

The objects mostly
emit in X-rays or IR.

/5.3.10°

— ___6710"
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Fujita et al. astro-ph/9712284



‘ The galactic population of
accreting 1solated BHs

The luminosity distribution
IS mostly determined by the
ISM distribution, then —

by the galactic potential.

It is important that maxima

of the ISM distribution and

distribution of compact objects

| . roughly coincide. This results

?Qgig.Qg- 4@®'®.®® 6@@2.2@ 80290.29 10220,20 12000, 20 ‘-’28@8.@.8 ﬁ@@(a_gg@ In relatlvely Sharp ma‘XImum In
R, pc the luminosity distribution.

astro-ph/9705236



‘ Searching in deep surveys

Agol, Kamionkowski
(astro-ph/0109539)
demonstrated that
satellites like XMM or
Chandra can discover
about few dozens of
such sources.

However, it is very
difficult to identify
isolated accreting BHSs.

28 30
log(L(erg/s))

astro-ph/0109539



Digging in the SDSS

ADAF IP CDAF

The idea is that the synchrotron
emission can appear in the
optical range and in X-rays.

Cross-correlation between SDSS
and ROSAT data resulted
in 57 candidates.

Regime of accretion and its
efficiency are poorly known

18 19

14 15 16 17

7
log,.lv/Hz]

Chisholm et al. astro-ph/0205138



‘ Radio emission from isolated BHs

The task for LOFAR?

Phase/type Mpn

GMC Core 10
GMC/cold neutral 10
warm [SM 10
hot ISM 10
GMC/cold, fast halo IMBH 2600
IMBH/disk pop/cold ISM 260
IMBH/disk pop/GMC 260
IMBH/disk pop/warm ISM 260

Maccarone astro-ph/0503097 .



Two isolated BHs in a globular cluster?

20
eVLA observations showed —— _——

two flat-spectrum sources
without X-ray or/and optical
identfications.

Most probably, they are
accreting BHs. Probably,
Isolated.

Numerical model for the

cluster evolution and the numbe
of BHs was calculated in the
paper 1211.6608.

1210.0901



‘ New calculations for radio IBHs

Large kick. 1=0.01

The authors calculate

if IBHs can be detected

by SKA and other future
survey if the accrete

from the ISM.

Different assumptions about
initial velocitites and
accretion efficiency

are made.

< - .-

- ", -
( ..;-‘"\ } LY

Flux density ( plv)

SKA will be effective in discovering
isolated accreting BHs due to their radio emission.

1301.1341
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Electron-positron jets from 1solated BHs

The magnetic flux, accumulated on the horizon of an IBH because of accretion of
interstellar matter, allows the Blandford—Znajeck mechanism to be activated.

So, electron—positron jets can be launched.

Such jets are feasible electron accelerator which, in molecular clouds,

allows electron energy to be boosted up to ~1 PeV.

These sources can contribute both to the population of unidentified point-like sources
and to the local cosmic-ray electron spectrum.

The inverse Compton emission of these locally generated cosmic rays may explain
the variety of gamma-ray spectra detected from nearby molecular clouds.

Barkov et al. 1209.0293

11



IBHs in molecular clouds as TeV sources

4 |
Stationary e~ accelerator

Curvature §f

.'\FS‘

b e o a5t i s - % 3
o {U" 3 i . [y |_":" -a-r'f
4 ! ')

o

b = ¥ |nverse-C
photon [ g Inverse-C

/ V. TeVphoton
y

Mo stationary
accelerators

Rotation axis

Ioree-Troe, FB=it
(i.c., no accelerators) *  Radiatively inefficient
accretion flow (RIAF)

g

3 4 Lquatorial plane
Log, [, (cm?)]

Rotation is important!

The black holes rotational energy is electromagnetically
extracted via the Blandford-Znajek process.

1808.03075

12



‘ Particle acceleration by rotating IBHs

E, (Magnetic-field-aligned electric field)
3 - The red dotted, blue dashed, black solid,
M=10M, vl and green dash-dottedcurves correspond to
a=0.99M the dimensionless accretion rate of 10735,

m=1.00x10-|[ 7 10000 375 ” e _
B 107375, 1074, and 107425, respectively.

-20000

The distance is assumed to be 1 kpc.

-25000

-30000

Rotation axis (GMc2)

Radiatively
inefficient -35000

accretion flow
-40000

0.5 1 1.5 2 2.5 statvolt cm™!

Equatorial plane (= GMc* unit)

The thin curves on the left denote
the input spectra of the ADAF.
Such soft photons illuminate the
accelerator in the polar funnel. | :
The thick lines denote the spectra of the “ , et
gamma-rays emitted from the accelerator. Photon energy

Photon energy flux (TeVZem®s?! TeV')

1808.03075 13



X-ray nova and accreting 1solated BHs

Bondi radius-,

Around accreting isolated BHs

iIn molecular clouds it is possible

to have conditions

Surface density (hydrogen-ionization disk instability)

. < >‘ < > i necessary for X-ray nova appearance.
Thin

Temperature

———

ADAF dlSk . Molecular cloud

Cold H,
warm H,

m dN/dm

Up to several event per year.
Then some of known X-ray nova = |y S Sy s
with unidentified companions,
can be due to isolated BHs. o W W

Luminosity Function

1704.05047
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‘ Detailed study of AIBHs

(GM)*p

M =A-4n

(2 +¢?)
1

=~3.T X l{.]lji-’_. S

" \ . : -3/2
(" A ] ( M ]“ P v+ cf /
0.1/110 Mg, 103 cm—3 mp | | (10 km s—1)2

[Trsm{ M/My) (when M < My) RIAF (radiatively-inefficient acgretipn flow).
= Below some threshold the luminosity
IS reduced.

- l Nstd (when My, < M < 2Mpg4q)-

L =nfﬁfr:""’
1 Most of AIBHs

=3.4x l[l:i'?erg 8 :
By arein the RIAF state.

) ( M ) 2 e II i'__.l'E + l‘.s
/ 10 Mg | 10° cm™3 mp | | (10 km s—1)2

L =9.0 x 10>%erg s~ RIAF L=34x10"ergs™! Standard
(‘ 2 ) 2 { M ] 3 p V[ 2+ | |
0.1] \10Me/ {10° ecm™3 mp | | (10 km s~1)2

1801.04667

_ 32
( A ) ( M - P v? + L‘f‘.’ '
\0.1/\10 Mg ) | 103 cm™3 mp | [ (10 km s71)2
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Spatial distribution

~

Ve = D0 KN & ! Upye = 400 km s !

~J

10 15 20 25 30 35 40
radial distance from Galactic Centre [kpc]

10 15 20 25 30 35 40
radial distance from Galactic Centre [kpc]

[
o
Y
Q
c
o
o
M
]
J
1o
[40]
O
=
o
—
L~
4
N
=
Q
-

height from Galactic Plane [kpc]

Many BHs leave the Galaxy
for average velocity >200 km/s

Uniorm Disk
Exp. Disk for IBH

Exp. Disk+50 km s ! Kick
Exp. Disk+400 km s ' Kick

5 10 15 20
radius r from Galactic Centre [kpc]

IBH surface num. density [kpc ?]

1801.04667
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Observability

dFph /deph o Ep,‘: Power-law spectrum in the RIAF regime (hard state)

Vayg [km s

A—0. 1(solid black),0.01(solid gray),0.001(dashed) | | S0 100 200 300 400
Uang = 50 km s ! (thin), 400 km s ! (thick) j bulge 0.018 1.4x103 0.067 3.7x103 9.1x107

i Newton : disc 32 4.5 0.79 0.19 0.086
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The authors focus on harder
X-ray emission than in ROSAT case
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1801.04667
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Properties of AIBHs ﬁ ey
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‘ Deep survey towards the Galactic center

A=10.1 (thin),0.01 (thick)
solid: FORCE (0.5 deg?)
dashed: FORCE (1.5 deg?)
dotted: NuSTAR

c
o
=
U
@
4=
b
O
I
m
L=
o
|
@
L
£
-
=

200 300
Average kick speed [km/s]

FORCE is a japanies project,
if approved — then to be launched in mid 2020s.

1801.04667
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‘ Gravitational microlensing - 1

Probability of microlensing is small.
For stars it is ~10° — 10 per year.

e = AU(D;! — D3l

‘ S, 4aGMn _, 4nGp_, GMy v
T = ] ffDLJT[DLHE :}LH{_DL ]' o P DL' = 3 f DL ~ D _t_?t ~—
r:l.-_. {-,‘.-_. ) |‘:"'." )

Andrew Gould (in Bozza et al. 2016)



‘ Gravitational microlensing - 2

(6 — Hs)Ds = a(Dg — Dy

[
T

Observer
U+ Ou+
"

u+ u*+ 4 ‘

UL =

Andrew Gould (in Bozza et al. 2016)



‘ Light curves for point lenses

. A t— 1 1
F(1) = fA(u(t: tg. up. 1g). p) + fo: fuisto.uo.1e) = t..rt..f.l-ﬁ.lz( r u)
__IE _.

Andrew Gould (in Bozza et al. 2016)



‘ Microlensing and isolated BHs

Event OGLE-1999-BUL-32

A very long event: 641 days.

e
7
L

~

Mass estimate for the lense >4 M,

Mao et al. astro-ph/0108312

23



‘ Microlensing — the MACHO project

MACHO—-96—-BLG—12 y2 = 5914 MACHO-96-BLG-6
t = 294 days 3-16 solar masses.

18 km /sec

Bennet et al. astro-ph/0109467

24



Again MACHO!

1 1¢
| L

o/
o
Se
-7
-
—
—

MACHO-98-BLG-6
3-13 solar masses.

Bennet et al. astro-ph/0109467
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More examples

OGLE-IIl data

Probability density

2000 2500 3000 3500 N 1500 5000

HJID — 2450000 [day

OGLE3-ULENS-PAR-02
8.7 solar masses at 1.8 kpc

Altogether 13 candidates
for WD, NS, or BH lensing.

1509.04899, see also 1601.02830
26



‘ Photometric and astrometric

=
ca
=1]

=
oo
|

Dec. (mas)
ADec. (mas)

=)
©
£
e
o
c
©
o
1

=
o
o

0.5 00 -05 -1.0

1000 10 0 -10
AR.A. (mas)

-1000 —500 0 500
R.A. (mas)

t—tp (days)

Photometry and astrometry for a black hole at 3 kpc
lensing a background star at 6 kpc with a relative proper motion of 8 mas yr.

Left: Photometric light-curve.
Center: Astrometry of the lens and source, with parallax, as would be seen on the sky.

Right: Astrometry of the lensed source after the propermotion is removed.

1904.01773 -



‘ Probabilities of lensing

30-40% of events with >100 days
are due to black holes

4 6
Radius [kpc]

l.o.s. _ [ star {EE ) star ) ['ns (te)Ns A ['pm
(1.b) [107 star ' yr!]  [days] [10®star!yr!] [days] [107%star™!yr!]

(0°,07) 2.67 16 1.47 25 0.38
(1%, -3°.9) 0.52 20 0.40 2 0.10

1009.0005 ”



Astrometric microlensing and BHs

A simulation of the 2D astrometric shift
due a 10 solar masses BH at 4 kpc
microlensing a background source at 8 kpc
with a relative proper motion of 7 mas/yr
and impact parameter u,=0.5.

Also Gaia can contribute.

20 15 10 05 0.0

Xg (mas)

1607.08284
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‘ Black holes around us

= Black holes are formed from There should be about several tens
very massive stars of million isolated BHs in the Galaxy

= Itis very difficult to see
an Isolated black hole:

MlcrOIenSIng T 0. — 00l TOH c5p — bl

Accretion B

= [tis very improtant to have 1 . , : * ;
even a very approximate T L .
idea where to serach. AT @
Let us look at our -
neighbouhood....

30



‘ The Solar proxmnty

The solar vicinity Is not just
an average “standard” region

= The Gould Belt

= R=300-500 pc

= Age: 30-50 mill. years

m 20-30 SN in a Myr (Grenier 2000)
The Local Bubble

= Up 6 SN in several Myrs

31



The Gould Belt

= Poppel (1997)
= R=300 - 500 pc

= The age Is about 30-50
million years

= A disc-like structure with
a center 100-150 pc
from the Sun

= Inclined respect to the
galactic plane by ~20°

= 2/3 of massive stars
In 600 pc from the Sun
belong to the Belt

32



‘ Close-by BHs and runaway stars

= 56 runaway stars |Star Mass |Velocit |Age,
inside 750 pc y km/s | Myr
(Hoogerwerfetal. [€ Per |33 65 1
2001)
= Four of them have|HD 25-35 |31 6
M > 30 M5 64760
¢ Pup |67 62 2
ACep |40-65 |74 4.5

Prokhorov, Popov (2002)
[astro-ph/0511224] 33



‘ SN explosion 1n a binary

Normal stars

()—>

Center of mass of the system

]
1
Envelope

i

Black Hole N,
\

1
|
1
Y

Black hole J,f"

Pre-supernova




‘gPup

= Distance: 404-519 pc
= Velocity: 33-58 km/s
= Error box: 12°x 12°

" Negper- 1

35



‘EPer

= Distance: 537-611 pc
= Velocity: 19-70 km/s
= Error box: 7° x 7°

160
Galactic Longitude

" Negper- 1

160 162
Galactic Longitude

36



Gamma-ray emission from isolated BHs

Kerr-Newman isolated BH.
Magnetosphere. B ~ 10 ¢
Jets.

See details about this theory
in Punsly 1998, 1999.

) lerg /5]

>
s |
-

o)
(@]
-l

—— SED with annihilation
SED without annihilation

astro-ph/0007464, 0007465 — application to EGRET sources

37



Runaway BHs

= Approximate positions of
young close-by BHs can be
estimated basing on data
on massive runaway stars

= For two cases we obtained s
relatively small error boxes | S i

= For HD 64760 and for
A Cep we obtained very
large error boxes
(40-500°)

s Several EGRET sources
Inside

38



Resume

1. Accreting stellar mass isolated BHs

They should be! And the number is huge!

But sources are very weak.

Electron-positron jets and/or radio sources

Problems with identification, if there are no data in several wavelengths

2. Microlensing on isolated stellar mass BHs
 There are several good candidates
« Butitis necessary to find the black hole ITSELF!

3. Exotic emission mechanisms
» As all other exotics: interesting, but not very probable
 |f it works, then GLAST will show us isolated BHs

4. Runaway stars

» Arare case to make even rough estimates of parameters

» Error-boxes too large for any band except gamma-rays

« All hope on the exotic mechanisms (Torres et al. astro-ph/0007465)

39






‘ Black hole binaries

* High mass (few)
» Low-mass (majority)
» ULX — ultraluminous X-ray sources

Most of low-mass are transients.

Microquasars.

A hope for PSR+BH binary
« Either due to evolution

(one per several thousand normal PSRs)
* Either due to capture

(then — few in the central pc,

see arXiv: 1012.0573)




X-ray observations: Cyg X-1

: . - . " ... “Inthe case of Cyg X-1
" e %W ot -« % plack hole — Is the most
i RN . 9:. . -+ conservative hypothesis™
: AABE S a0 i via Edwin Salpeter
o W i . v L
: . o APEy N )
e AR g
- " 1 b 30y P S The history of exploration
Wy S8 500 T’ P Ehe 3 ¢ i | | "~ +  of binary systems with BHs
o el e, SR T & N started about 40 years ago...
... ;.. -. . . | ”.0 R .. '.
LN Vi ¥ s .+ . Recent mass measurement
- - ' ; ; , for Cyg X-1 can be found in

arXiv:1106.3689




X-ray novae

~

[
E
:
a
Q
~—
=y
172}
=
2
=
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§

X-ray Nova
GS 2000 + 25

Low-mass binaries
with BHs

One of the best candidates

In the minimum it is
possible to see the
secondary companion,
and so to get a good mass
estimate for a BH.



BH candidates

Black Hole Binaries in the Milky Way  ANgalolgle[2d0Ns[oJeo NoF:1F= 1o [olor=1g[0 [l =TS
e 17 are X-ray novae.

star

accretion : 3 be|0ng tO HMXBS

diskk and

black hole (Cyg X-1, LMC X-3, GRS 1915+105).

New candidates still appear.

GRS 19215+105

XTE J1118+480 XTE J1859+226 e ()

M . o oy DAY J1819.3-2525
GRS 1009—-45 GRS 1124-683

we - e e <
19200 25 S—25
GS 2000+25 H1705—-250 GRO 11655—40

e =
A0B20—00  GRO J0422+32 $ O

4U 1543-47
3 @ e @
GX 339-4 202343 XTE J1550—564

"r..s‘" st e
55200 55250
MJD, day

J. Orosz, from astro-ph/0606352



Candidates properties

Table 1: Twenty confirmed black holes and twenty black hole candidates®

Coordinate
Name
0422432
0538-641
0540-697
0620-003
100945
11184480
1124-684
1354649
1543-475
1550-564
1650-500"
165540
1659487
1705-250
1819.3-2525
18594226
19154105
19564-350
20004251
20234338

Common"
Name/Prefix
(GRO 1J)
LMC X-3
LMC X-1
(A)

(GRS)

(XTE J)
Nova Mus 91
(GS)

(4U)

(XTE J)
(XTE J)
(GRO IJ)

+X 339-4
Nova Oph 77
V4641 Segr
(XTE J)
(GRS)
Cyg X-1
(GS)
V404 Cyg

1975/11
1993/1
2000/2
1991/1
1987/2
1971/4
1998/5
2001 /1
1994/3
1972/10¢
1977/1
1999/4
1999/1
1992/(?
1988/
1089/1f

B3V
O7III
K4V
K7/MOV
K5,/MOV
K3/K5V
GIV
A2V

G8/KSIV

K4V
F3/F5IV
K3/7V
BOIII

K /MIII
09.71ab
K3/K7V
KOIII

Porb
(hr)
5.1
40.9
03.8¢
7.8
6.8
4.1
104
61.19
26.8
37.0

i d

(N

62.0

42.13%

12.5

67.6

0.2:¢
804.0
134.4

8.3
155.3

£ M)
(Mg)
1.1940.02
2.31+0.3
0.13+0.05¢
2.7240.06
3.1710.12
6.1+0.3
3.01+0.15
5.754+0.30
0.25+0.01
6.86+0.71
2.73+0.56
2.731+0.09
5.84+0.5
4.86+0.13
3.13+0.13
AL1.1:5
9.5+3.0
0.244+0.005
5.01+0.12
6.08+0.06

5.9-9.2
4.0-10.0:=
8.7-12.9
3.6-4.7:°
6.5-7.2
6.5-8.2
8.4-10.4
8.4-10.8

6.0-6.6

5.6-8.3
6.8-7.4
7.6-12.0:=
10.0-18.0
6.8-13.3
7.1-7.8
10.1-13.4

(astro-ph/0606352)

Detector MAXI recently added several new BH candidates

Also there are about 20 “candidates to candidates”.



The first Be-BH binary in MWC 656

Compact object has a mass
3.8 — 6.9 Msolar.

X-ray luminosity is low
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1401.3711



X-rays from MWCG656

'II||[||||1|I|||IIIIIII i ]

XMM-Newton

MWC 656

Dec (J2000)

=

iy i g | S e 5 8 | 5
43m00° 57T 545 9oliygomrnE
RA (J2000)

102 103 10% 10% 1037 10¥ 10%
Li—soiv [erg s ']

1404.0901



BH /Be are fainter than NS/

36

simulation

B 8 10
compact object mass (M)

BH systems are fainter even for the same efficiency
due to disc truncation. Lower efficiency can help to
explain better why BH/Be systems are rarer than NS/Be.

1804.05749
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10
Period (hr)

Open symbols — neutron stars
black symbols — black holes.

Quescent luminosity vs. Orbital period

35 GS 1354-64

lal Kpc
25 kpe

EXO 0748-676
o :
GX 339'4' —15.6 kpc

H 1608-52
o

H 1705-250
4U 2129+47 v
= Agl X1

Q
MXB 1659-298 oCen X4 XTE J1550-564
v °
XTE |2123-058
)

log,L. [ergs™ ]

XTE J1859+226 V4641 Sar
SAX JLBOB.4-3658 [ ] ®GS 1124-683 41 1543-47 [ ]
o] v .GRO J1655-40

GRS 1003-45
v

GRO J0422 +3.2

XTE J1118+480 XTE |1650-500
® 652000425
AD620-00

Red — NS systems.
Blue — BHs.
arXiv: 1105.0883

Garcia et al. 2001, see Psaltis astro-ph/0410536

G5 2023+338
L]



Distance to V404 Cyg

The parallax was measured.

i e The new distance estimate is
. 2.25-2.53 kpc.

It is smaller than before.

Correspondently,

flares luminosity is lower,

54436.84 "% and so they are subEddington.
" ~a 54618.42

54787.98 %, arXiv:0910.5253

x 54877.76

s
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un
n
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3.8220 3.8215 3.8210
RA (20 24 s.s555)

Parallax is also measured for Cyg X-1 (arXiv:1106.3688 )



Mass determination

3
fulm) =Sy 03810 TKIP(1 - eB)2,

(g + My )?

here m,, m, - masses of a compact object and of a norma

(in solar units), K, — observed semi-amplitude of the line of sight velocity of

the normal star (in km/s), P — orbital period (in days),

e — orbital eccentricity, i — orbital inclination (the angle between the line of sight
and the normal to the orbital plane).

As one can see, the mass function of the normal star is the absolute lower limit
for the mass of the compact object.

The mass of the compact object can be calculated as:

( mi)ﬂ 1
my = fulm) |1+ — —

sin %

My

So, to derive the mass of the compact object in addition to the line of sight velocity
it is necessary to know independently two more parameters:
the mass ratio g=m,/m,, and the orbital inclination i.

Mass estimates for BHs (including IMBHS) are well reviewed recently in 1311.5118



Black hole masses

The horizontal line corresponds to
the mass equal to 3.2 solar.

1
Lot

10

Period (d)

Orosz 2002, see also Psaltis astro-ph/0410536



Paredes
Some more results on masses Paedes

Svstern P f(M) Donor (lassification
|days]| |Mga)| Spect. Type

GRS 1915 105 A0 0.5 £ 4.0 N LT LAMXNDB ransient

VAadd Cyvg 6.471 6.09 = 0.04 KO TV ;

Cve N-1 2.600  0.244 £ 0.005 (9.7 lab HMXD Persistent

MA3 N-TE 3.453 07 111

LAC X-1 1.229 07 111 ..

NTE JIRID-25H4 E.Hl{i B9 [11 INMXDB ransient

GRO J1655-40 Fa/o v ..

BW Cir GH IV LMXND Mransient

GX 339-1

LM N-3

NTE JLHH0-564

1C 10 X-1°
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HI705-250
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(3820001250

A0620-003
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GRO J0422 1 32
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M33 X-7 15.65+/-1.45 M, (Orosz et al. 2007).
Eclipsing binary IC10 X-1 32+/- 2.6 (Silverman and Filippenko 2008)




Systems BH + radio pulsar: a Holy Grail

The discovery of a BH in pair with a radio pulsar can provide

the most direct proof of the very existence of BHSs.

Especially, it would be great to find a system with a millisecond pulsar

observed close to the orbital plane.

Computer models provide different estimates of the abundance of such systems.

Lipunov et al (1994) give an estimate about
one system (with a PSR of any type)
per 1000 isolated PSRs.

Pfahl et al. (astro-ph/0502122) give much
lower estimate for systems BH+mPSR:
about 0.1-1% of the number of binary NSs.
This is understandable, as a BH should be
born by the secondary (i.e. initially less
massive) component of a binary system.
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What can be done with such systems if they are detected by SKA was studied
recently in 1409.3882. Mainly related to gravity tests.



BH+pulsar binaries and FAST
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Birth rate of NS+BH binaries ~0.6-13 Myr- |- lARE L
Thus, ~10%-10° in the Galaxy. :

Difficult to have a msecPSR.

Thus, typical spin periods ~1 s.

3-80 BH+PSR binaries.

~10% of them can be detected by FAST.
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Black Holes of Known Mass
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Jet trom GRS 1915+105

VLA data. Wavelength 3.5 cm.

Mirabel, Rodrigez 1994, see Psaltis astro-ph/0410536



MICROQUASAR

See a brief review in 1106.2059
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Jet-luminosity relation

7 Cyg X-
2 a0 Cyg IEI

/s

/ /
RS1915+105 y,
('—.é.lS /
/

/7

J

Log P, {erg/s}

| |
40 42 44 46 7
Log L, (erg/s) Log L _(erg/s)

1705.09191
Blazars




Large review on jets from binaries
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A large recent review can be found in 1407.3674




States (luminosity+spectrum+jet+variability)

m

The understanding that BH binaries
can pass through different “states”
(characterized by luminosity, spectrum,
I and other features, like radio emission)
High State _ appeared in 1972 when Cyg X-1
LT suddenly showed a drop in soft X-ray flux,
rise in hard X-ray flux,
and the radio source was turned on.

Low State

Quicscont State s < 6 . Now there are several classifications
LT of states of BH binaries.

astro-ph/0306213 McClintock, Remillard
Black holes on binary systems

Accretion onto BHs was recently reviewd in 1304.4879


http://ru.arxiv.org/abs/astro-ph/0306213

Spectra of BH candidates
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Different components of a BH spectrum
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Three-state classification

GRO 11655—-40
New State Name

(High/Soft)

vl nund

hug 1

189896
Hard

(Low/Hard)

Steep Power Law (SPL)
(Very high)

Energy (keV)

(Remillard, McClintock astro-ph/0606352)

Table 2: Outburst states of black holes: nomenclature and definitions

Definition o

Disk fraction f° > 75%
QPOs absent or very weak: af . < 0.005
Power continuum level ¢ < 0.075¢

Disk fraction f* < 20% (i.e., Power-law fraction > 80%)
14 <T <21
Power continuum level 7% > 0.1

Presence of power-law component with I > 2.4

Power continuum level 7¢ < 0.15

Either f* < 0.8 and 0 Hz QPOs present with a® > 0.01
or disk fraction f® < 50% with no QPOs

In this classification the luminosity is
not used as one of parameters.



Discs and jets

VHS/IS The model for systems
mat__tad LS [l ith radio jets

LS — low/hard state
HS — high/soft state
VHS/IS —very high and
intermediate states

The shown data are
for the source GX 339-4.
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(Fender et al. 2004, Remillard, McClintock astro-ph/0606352)




Hardness vs. flux: state evolution
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GRO J1655-40 during a burst

# Red crosses — thermal state,
8909 " @l Green triangles — steep power-law (SPL),
‘ # Blue squares — hard state.
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4U 1543-47 and H1743-322
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XTE J1550-564 and XTE ]1859-226
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Recent large set of data
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Hardness Intensity Diagram (HID) and Disc
Fraction Lummosny Dlagram (DFLD)

LEFT: HID with specific
disc fractions
highlighted

RIGHT: DFLD with
specific X-ray colours
highlighted.

The highlighted disc
fractions are red 0.3,
orange 0.1, yellow
0.03; and the
highlighted X-ray
colours are cyan 0.3,
green 0.2, blue 0.1.
TOP: GX 339-4,
DOWN: GRO 1655-40




HIMS

-4
HIMS-SIMS
Rapid transitions

"+ *® with radio flares

0.01 Lesg See p.17-19 for
: a very clear
description.

Hardness

1603.07872




X-ray — radio correlation
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Summary of states with jets in BH binaries

JET LINE AREA: HIMS

= 2 - 50% Lgga. i = Dizk starts near ISCO.
= High-frequency QPOs (after) . = Transition starts around 2 - 50% Lgyaq-
= Type A & B QPOs (after). r = Type C QPOs.
= See radio ejecta (fast) each "crossing” of jet line. = IR drops.
= RMS drop ("The Zone™) associated with ~0.2 Hz = Radio starts going optically thin !
F =2

lowest freqency Lorentzian, close to ejecta time. and variable (new ejecta’?).

SOFT STATE: ;
rd 1

=Optically nuclear thin jet
radio emission observed
initially, but quenched by
at least 20-50x by full
transition.
(111 P
\7

HARD STATE: !
= Disk moves in to ~few Ry by

10% Lggy-

3 = Lorentzian/broad noise
A components,
' = High RMS variability.

=Type C QPOs. » " ) rnl*:';sf“tr”m Jetupto
= Nﬁ"'th'ﬁrmal X Intermediate = Compact jet

power law ' - sometimes resolved.

extending to ~MeV. 3 = Radio/IR/X-ray
= Thin disk ~0.1-1.0 Lggy at correlations.

ISCO. So Hard ! = Reflection "bump”.

Spectral Hardness

(spectral slope, soft=steep, hard=flat)
T. Belloni D. Maitra . .
A. Celotti 5. Markoff —HIMS' Q—U IESCENCE:
§. Corbal | McHardy Same as upper branch but: =Thin disk recessed to > 102 R,,.
R.Fander M. Nowak = Mo optically thin radic flare. =BE component seen in U".I’J'Uputical.

E. Gall P.-Ch Patr i - . R
M. H:“‘:m K PutI:nhun?i;ﬂt = Radio recovers close to hard state. «+Disk 10-100x more luminous than

E. Kalemei ). Wilms = Lower flux level (hysteresis). LX. By ~10™ Lgga,
= Mo iron lines?

Detected radio
flux not nuclear? “

X-ray Luminosity

W % Probing the Accretion/Outflow Connection in
= ¥-Ray Binaries and Active Galactic Muclel

http://www.issibern.ch/teams/proaccretion/Images/newcomplete_72dpi.png




Inner disk boundary

In BH binaries there are

different spectral and luminosity states.
It was suggested that the inner disk
boundary moves significantly

from stage to stage.

For the first time the effect is measured
thanks to iron line data.
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At low luminosity the inner disk
boundary is far from the BH.

Energy (keV)

0911.2240



Inner disc boundary

Position of the inner disc boundary
is clearly different at different
luminosities: from 0.1 to 0.001 L.

In a separate paper another group
of scientists put constraints on the
spin rate of the BH in this system.
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Disc truncation or corona expansion?

corona
evolves
with time

In the case of MAXI J1820+070 observations suggest that

changes are mostly not due to modification of the inner disc radius,
but due to changes in the hot corona size.

The result is based on time lags between corona and disc emission.

1901.03877



Scheme of time lags

Low-frequency hard lags (soft before hard)
IS due to propagation of disturbances in the disc

High-frequency soft lag (hard before soft) is due to irradiation of the disc by corona
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A jet from normally magnetized NS

—— VLA detection of emission from
O sarwa Swift J0243.6+6124.
Spin period ~10 sec.
Before jets have been detected
from rapidly spinning NSs.
Blandford-Znajek, not Blandford-Payne.

=N

BAT count rate [cts/s]
VLA flux density [uJy]

LN L) S NN
H SwJ0243
A GX1+4
V¥ Her X1
—-= Neutron star Lgyy

©  Neutron stars
*  Black holes

1.
0O 10 20 30 40 50 60 70 80 90 100 110
Days since outburst start

6 GHz radio luminosity [erg/s]

LR o LK 0.54£0.16

0.5-10 keV X-ray luminosity [erg/s]

1809.10204



Spin NS and BH

«arxiv:1106.3690 1308.4760
The Extreme Spin of the Black Hole in Cygnus X-1

«arXiv:1109.6008
Suzaku Observations of 4U 1957+11.:
Potentially the Most Rapidly Spinning Black Hole in (the Halo of) the Galaxy

«arXiv:1112.0569
Observational Evidence for a Correlation Between Jet Power and Black Hole Spin

«arXiv:1204.5854
On the determination of the spin of the black hole in Cyg X-1
from X-ray reflection spectra

earXiv:1211.5379
Jet Power and Black Hole Spin:
Testing an Empirical Relationship and Using it to Predict the Spins of Six Black Holes

«arXiv:1303.1583
Black Hole Spin via Continuum Fitting and the Role of Spin in Powering Transient Je

» 1309.3652 Precise mass and spin measurements for a stellar-mass black hole
through X-ray timing: the case of GRO J1655-40

Mass and spin determinations are reviewed in 1408.4145 and spin in 1507.06153



NSs vs. BHs

They do not loose momentum.
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Origin of BH spin
Spin is due to accretion.

BHs accrete (on average)
~1.5 solar mass

RLO XRBs
Wind-fed XHBs

1.0 10.0 100.0
Binary Orbital Period (days)

Source P {da:,.r!;]b Spin a. Reference

GRS 1915+105 33.5 > 0.98 McClintock et al. (2006)
Cyg X-1 5.6 =095 Gou et al. (2011)

LMC X-1 4.23 0927003 Gouet al. (2009)

M33 X-7 345 0.84+0.05 Liuetal. (2008, 2010)

4U 154347 A5 0.80 £ 0.05 Shafee et al. (2006)
GRO J1655-40 2.62 0.70 £ 0,05 Shafee et al. (2006)

XTE J1550-564 1.54 0.34%)3%  Steiner etal. (2011)
LMC X-3 1.7 < 0.3 Davis et al. (2006)

ADG20-00 0.33 0,12+ 0.1%8  Gou et al. (2010)

1408.2661



Spin (and mass) growth due to accretion

=" Initial Mgy
::]'Ml'.-':l
- — = M,

— - = 11Mg
— — 13Mg

Fay'd
J

The hypothesis is that
spin is gained

due to accretion (at birth a=0).
""" Mg, ini=5Me

B init= ¢ Mg

piinit= Mg

10
Period (days)

1408.2661



QPO

BH candidates demonstrate two main types of QPOs:
Low-frequency (0.1-30 Hz) and high-frequency (40-450 Hz).

Low-frequency QPOs are found in 14 out of 18 objects.
They are observed during different states of sources.
Probably, in different states different mechanisms of QPO are working.

High-frequency QPOs are known in a smaller number of sources.
It is supposed that frequencies of these QPOs correspond to the ISCO.

Recent reviews:
arxXiv:1207.2311
High-Frequency Quasi-Periodic Oscillations in black-hole binaries
and 1603.07885

Different types of variability in BH sources are also discussed in 1407.7373
and 1603.07872



Low-trequency QPO

Type-A ] Disc instabilities ?
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GRS 1915+105

100

Low-frequency QPO

e E————

Frequency (Hz)

1902.06586



GRS 1915+105

High-frequency QPO

Leahy Power

___________

50 60 70
Frequency (Hz)

1902.06586



QPO and flux from a disc

SPL — green triangles
Hard — blue squares
Intermediate states — black circles

QPO Frequency (Hz)

Low-frequency QPOs

(their frequency and amplitude)
Sk Fhiix (1068 e a1y correlate with spectral parameters.

N
-
-
—
~r
)
“

Probably, QPO mechanisms
in the hard state

and in the SPL state are different.

PO Frequ

(Remillard, McClintock astro-ph/0606352)




QPO at high (for BHs) trequency
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All QPO at >100 Hz
are observed only
in the SPL state.

Blue curves: for

the range 13-30 keV.
Red curves: for a
wider range (towards
lower energies).



Possible interpretations

} AB orbital cycle Juy|
i
|

AC vertical epicycle [ve]
BC nodal precession [ug-va|

B

AB orbital cycle [vg
AC radial epicycele [ur]
BC periastron precession Jve-ur|

Vi — Kepleria_n fre.quency
v, — radial epicyclic
v, — vertical epicyclic MTATTTLT

a

L= GM o a=Jc/GM*

Frequency (Hz)

perianstron precession
frequency Vo= Vr
nodal precession
frequency v, - vg

f A e I T
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1407.7373



Radius [rg]
20

Correlations

{(M=9.1+/-01M,}
a=0.34 +/-0.01

Frequency [Hz]

GRO J1655-40
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QPOs and BH masses
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XTE J1550-564,
GRO J1655-40,
GRS 1915+105

Dashed line is plotted
for the relation

Vo =931 Hz (M/M)?
The ordinate shows 2v,



Extragalactlc BHS the case of M31

Chandra identification of 26
new black hole candidates
in the central region of M31

arxXiv:1304.7780



http://arxiv.org/abs/1304.7780

50 BHCs in M31
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‘ Ultraluminous X-ray sources

ULXs are sources with fluxes which
correspond to an isotropic luminosity
larger than the Eddington limit

for a 10 solar mass object.

Now many sources of this type are
known. Their nature is unclear.
Probably, the population contains both:
stellar mass BHs with anisotropic
emission and intermediate mass BHSs.

! ;e Resent reviews:
. - 1702.05508 - short
1703.10728 - long




ULXs in NGC 4490 and 4485

Six marked sources are ULXs




Spectrum of the ULX in NGC 1313
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(arXiv 0706.2562)

Energy (keV)

NGC 1313 X-1

Green line —
the IMBH model.

Red — power-law.

Blue — multi-color disc.



ULX 1in galaxies of different types

In the following two slides there are images of
several galaxies from the SDSS in which positions of ULXs are marked.

Crosses (x) mark sources with luminosities >103° erg/s.
Pluses (+) mark sources with luminosities >5 1038 erg/s.

The size of one square element of the grid is 1.2 arcminute
(except IZW 18, in which case the size is 0.24 arcminute in right ascension
and 0.18 in declination).

Galaxies NGC 4636, NGC 1132, NGC 4697, NGC 1399 are ellipticals,
|IZW 18 —irregular, the rest are spiral galaxies.

Ellipses mark the 25-th magnitude isophotes

(this a typical way to mark the size of a galaxy).



‘ ULX 1n galaxies of different types
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ULX in oalaxies of different types
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The source X-1 1n M82

¢ b,

[02-100]keY [‘_.r 2.0 ::l,(ﬂu

QPO was recently detected (1309.6101).

The source M82 X-1 is one of the most
luminous, and so it is the best candidate
to be an intermediate mass BH.

QPOs are observed in this source.
Their properties support the hypothesis
of an intermediate mass BH.

Scaling points to masses 104-10° solar masses.

Pasham et al. (2014) estimated the mass to be 400 Msolar

Nature 513, 74-76 (04 September 2014)



‘ MS82, stellar clusters and ULXs

M82 MGG11 .
A Intermediate mass BHs can be

. formed in dense stellar clusters.
See, however, 0710.1181 where
the authors show that for

— solar metallicity even

very massive stars most

O O O " probably cannot produce BHs
. a0 massive enough.

STAR CLUSTERS

MGGY

McCrady et al (2003)

http://www.nature.com/nature/journal/v428/n6984/full/nature02448.html



X41.4+60 1n M32

79-day burst. Isotropic luminosity ~5 104° erg/s

Hard state. Usually L~0.3 L., here there are

Indications (photon index '= 1.6) that it is even ~0.1 L 4.
QPOs.

Altogether: mass ~ few 1000 Solar.

Flux (10" erg cm™s™)

7
6
5
4
35
2
1
0
2

RXTE + Chandra observations MJD - 54000

(Kaaret et al. 0810.5134)



The most luminous ULX:
HILX-1 1n the galaxy ESO 243-49,

- L>10% erg/s
N M~500M,,

b
;
P — o
. '
he i
) X N -
o R N »
. —~ A
=
(2

1011.1254, 1104.2614

New data about this source: 1108.4405; 1203.4237; 1210.4169; 1210.4924



Origin of IMBHs

V SN
SROgeaxy
. - .
Pop il & X % Nuclearcluster/ »/
-

stellar seeds , = In protogalaxy @ m

Nuclear cluster of

protogalaxies

108 2 generation stars % w - ct .
- irect collapse
C Mergers of

leftover:IMBHs
' .
®
e @O

105 106 107 108

1705.09667 See also a review in 1801.01095



State transitions in ESO 243-49 HI.X-1

Mass is estimated to be 104-10° Msolar
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More mass estimates for HI.X-1

Taking into account all uncertainties the mass is still large

—k— Chandra
—— Swift
—4— XMM

o Davis et al. 2011
@ Godetetal 2012

30 40 50 &0 70
inclination [deg] inclination [deg]

Accretion model for this source was presented in 1402.4863

1403.6407



Heavy BH in M32
Pasham et al. (Nature 2014)
AAaroT OUeHKY macchbl gna X-1

okono 400 macc ConHua.

>
[

M82

X1

1501.03180



http://arxiv.org/abs/1501.03180

IMBH in an ULXs

Evidence for an Intermediate Mass Black Hole in NGC 5408 X-1

Tod E. Strohmayer' & Richard F. Mushotzky!

For the first time for one ABSTRACT
source there are both —
spectral and timing — data

med mn Jamary
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I'he energy
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om Gierlinsk et
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0911.1076



Low-trequency QPO (2008 data)

NGC 5408 X-1 behaves very much like a
Galactic stellar-mass BH

system with the exception that

its characteristic X-ray time-scales are
100 times longer,

and its luminosity is greater by a roughly
similar factor.

(0.010 0.100
Frequency (Hz)

E>1 keV

0911.1076



Comparison of two observations

Obs1 — 2006
Obs2 — 2008
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Energy (keV)

Obs1 was brighter, but all difference
IS due to soft (disc) component.

0911.1076
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Y|/
M ll‘.l L

“r Ui g

I ]l MJID 53748.79518 (TT)

Ngop)
N L hl u']
|l||.' -.I.,L .| i
[ IRy i

0.010 0.100 L.000
Frequency (Hz)




Jet trom an ULX in NGC 2276

650 pc radio lobes
Scaling from usual BHs
gives the mass estimate
4.7103<M < 8.5 10°

5
5
E
:

07"26M54* 50° 48% 48° 44  42*  40°
J2000 Right Ascension

1309.5721



Jet from ULX Holmberg IT X-1

Mass limits are poor:
M> 25 Msolar

g
:
x
:

os8"19M29% 4 29°1 289 287 28'5
J2000 Right Ascension

1311.4867



Strange accretion 1n the ULX 1n M101

O ULXs
@ MIOIULX1
* GHBHXRB
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B IC10X1
H NGC300X1

disk temperature (keV)

1312.0337

The authors determined the
orbital period and determined
properties of the companion.

The BH mass is estimated
to be ~20-30 Msolar.

However, soft X-ray spectra
IS unexpected for such low mass.



Normal BH 1n an ULX
P13 in the galaxy NGC 7793

BH mass 7-15 Msolar

(depending on rotation)
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1410.4250



‘A NS in an ULX

Persistent Emi?lon

!
!
!
1
1
1
\

Pulsations with 1.37 s period found!
New search through archive data for
other examples of pulsars in ULX
failed to find any (1410.7264)

3 B L4 v
= ; d
BNpoL | 8 | SN GELEL - {5} powag

Now: three NS ULXs

1410.3590



http://arxiv.org/abs/1410.7264

Recent results on NSs 1n ULXs

In 2018 already four ULXs with NSs are known.

* Outflow (0.24c) in ULX NGC300. 1803.02367

« Cyclotron resonance line in ULX NGC300. 1803.07571

* Cyclotron line in ULX M51. 1803.02376

* New indirect arguments in favour of NSs in ULXs. 1803.04424



Cyclotron line in ULX Mb51

~10'2 G dipolar field.
Strong dipole field is excluded,
but strong multipoles are still possible.

E Fg (keV cm~2 s71)

A big question: are there magnetars in ULX?

Recent studies suggest that — no (see 1903.03624).

Energy (keV)

1902.04058



Fantastic spin evolution of the ULX
in NGC 300

About SN2010da see
1605.07245.

This might be not a

core collapse, but

an eruption on a massive
evolved star.

200 400 600
MJD - 53161.7

-1000 -100 -10
MJD - 58161.7

Torque reversal in 20147

1811.11907



4.
5.

The population of ULXs

Most probably, the population of ULXs in not uniform.

Intermediate mass BHs
Collimated emission from normal stellar mass BHs

Accreting neutron stars
Different types of sources (pulsars, SNR, contamination)

Background sources.

The population can grow significantly (~500-600 new candidates)
due to new surveys, like 2XMM slew survey (arXiv: 1011.0398),
and some other projects (arXiv: 1002.4299).

Mass estimates for BHs (including IMBHS) are well reviewed recently in 1311.5118



‘ Background sources

Three out of four studied objects appeared to be background AGNSs.
The only true ULX is in a spiral galaxy. Two out of false — in ellipticals.

1305.0821



IMBH in 47 Tuc?

Projected distance from the cluster core [pc]
===+ nolMBH model 107 10° 10t

Cluster dynamiCS . ?imgsm ' ——~ 1.0% IMBH model
was probed with
radio pulsars.

—— 0.5% IMBH model
no IMBH model
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List of reviews

» Catalogue of LMXBs. Li et al. arXiv:0707.0544

» Catalogue of HMXBs. Li et al. arXiv: 0707.0549

» Modeling accretion: Done et al. arXiv:0708.0148

* Accretion discs: Lasota 1505.02172

» Galactic BH binaries: Paredes arXiv: 0907.3602 D EEE—

» BH states: Belloni arXiv: 0909.2474; Dunn et al. arXiv: 0912.0142
« X-ray BH binaries: Gilfanov arXiv: 0909.2567

« X-ray observations of ULXs: Roberts. arXiv:0706.2562

* BH binaries and microquasars: Zhang. arXiv: 1302.5485

» BH transients: Belloni. arXiv:1109.3388, 1603.07872

« ULXs: Kaaret et al. 1703.10728, Fabrika 1702.005508

* QPO: Motta 1603.07885

* BH spin: Middleton 1507.06153

* IMBHSs: Koliapanos 1801.01095, Mezcua 1705.09667

* BH coalescence: Schutz 1804.06308

« BH-BH binaries (stellar and supermassive): Celoria et al. 1807.11489



New mass estimate for LMC X-3

6.98+/-0.56 Msolar

1402.0085

In addition, new data on the spin
of the BH in LMC X-3
IS given in 1402.0148/
Spin is low: 0.2+/-0.2.






Rocket experiments. Sco X-1

Giacconi et al. 1962

Max-Planck-Institut fiir @:’

ROSAT Ja"uar 2003 extratesrestrische Physik C




‘ Binaries are important and different!

Wealth of observational manifestations:
Visual binaries =» orbits, masses

Close binaries =» effects of mass transfer
Binaries with compact stars =

X-ray binaries, X-ray transients,

cataclysmic variables, binary pulsars,
black hole candidates, microquasars...
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Roche lobes and Lagrange points

Three-dimensional
representation of the
gravitational potential
of a binary star (in a
corotating frame) and
several cross
sections of the
equipotential surfaces
by the orbital plane.
The Roche lobe is
shown by the

thick line




Inner

Roche . .
surface Sl ?'an
poin L,
~
’
Ly Lo

Orbital plane

© 2002 Brooks Cole Pudiahing - a dvision of Thomson Laaning




Roche Potential

Assumes:

synchronous rotation
circular orbit

2 point masses
rotating frame




Dimensionless Roche Potential

dimensionless Roche Potential:

Dy (x.p.2) = 2 ~l+ 2g~1+|(x— 1 + 37
(1+q)n (l+g)r | (1+q ),

Describes shape of potential
surfaces independently of the
mass and size of the system.

single parameter: q
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Binaries in Roche-Lobes

detached

semi-detached
(Algol)

close to contact contact (W UMa)




eclipses




Proximity Effects

ellipsoidal variations

Orbital period

¢ Tidal distortion Time =—p

heating effects

Orbital period

d Hot-spot Time —»




GS 2000425 and Nova Oph 1997

On the left — Ha spectrum,
On the right — the Doppler image

04 06

Binary phase
0.2

= GS 2000+25

0

0.6

== Nova Oph 1997

0.4

Binary phase
0.2

See a review in Harlaftis 2001
(astro-ph/0012513)

—1000 0 1000 —1000 0 1000

Velocity (km,/s) Velocity (km,/s) (Psaltis astro-ph/0410536)

There are eclipse mapping, doppler tomography (shown in the figure),
and echo tomography (see 0709.3500).



Models for the XRB structure

(astro-ph/0012513)

Heating of the donor star
and irradiation.

Analysis of time delays
between X-ray and optics
allows to derive the structure
of the system.



The tlghtest binary

. Two white dwarfs.
;. Orbital period 321 seconds!
" Distance between stars: <100 000 km.
. Orbital velocity > 1 000 000 km per hour!
- Masses: 0.27 and 0.55 colar
Gravitational wave emission

772 He | + modulated optical
— He ll
® X-ray

. N

© 2005 Tony Piro

HM Cancri

arXiv: 1003.0658



How IS 1t measuredD
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1T 1.2 —2000 Q 2000 —2000 0 2000 —2000 0 2000 —2000 G 2000 —2000 0

Norm. Flux Line velocity (km s~ ') Line velocity (km s™') Line velocity (km s™')

Specta obtained by the Keck telescope.

Due to orbital motion spectral lines are shifted:
one star — blueshifted, another — redshifted.
The effect is periodic with the orbital period.

Doppler tomograms of He | 4471 (gray-scale) and

He Il 4686 (contours).
The (assumed) irradiation-induced He |1 4471
emission from the secondary star has been aligned

with the positive K, -axis.

arXiv: 1003.0658



Evolution of normal stars

e Evolutionary tracks of single stars with
masses from 0.8 to 150M. The slowest
evolution is in the hatched regions
(Lejeune T, Schaerer D Astron. Astrophys.
366 538 (2001))




A track for a normal 5 solar mass star

l
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Fig. 2.—The track in the H-R diagram of a theoretical model star of mass 3 M and of Population [ composition. Text beside various portions of the track
describe an important physical process occurring within the star at the indicated position. From [ben ( 1967 ¢).




Mass transfer and loss




How often do binaries interact?
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Progenitors and descendants

Descendants of components of
close binaries depending on the
radius of the star at RLOF.

WIDE BINARIES
CO WD NS

|
g The boundary between progenitors
g of He and CO-WDs is uncertain by
} several 0.1M,.
E BH The boundary between WDs and
i g | NSs by ~ 1M, while for the
S formation of BHs the lower mass
limit may be even by ~ 10Mg higher
than indicated.

e

-

[Postnov, Yungelson 2007]

log(M/Mg)



Mass loss and evolution
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Fig, 5. —Tracksin the H-R diagram of theoretical model stars of low ( |
Mz ), intermediate (5 M), and high (25 M) mass. Nuclear burning on a
ong time scale occurs along the heavy portions of each track, The places

Mass loss depends on
which stage of evolution
the star fills its Roche lobe

If a star is isentropic

(e.g. deep convective envelope - RG stage),
mass loss tends to increase R with
decreasing M which generally leads to
unstable mass transfer.



Evolution of a 5M star in a close binary

Mass loss stages

T AL, SR

Initial Mass =5Me

Final Mass =0.752 Me
o—o 10%yr

-—a 3)(]_05 yr

—_ 107yr

+ Models of Helium Stars

| 1 |l | M [
54 5.2 5.0 X . 44 4.2 4.0 38 3.6
L.Og Te

FiG. 1.—Evclution in the H-R diagram of a binary component of initial mass 5 M. Initial compaosition parameters are X=0.7, Z=0.02. The
positions of helium model stars are given by the filled, five-pointed “stars” (Paczyhski 1971). Lines of constant orbital period and Roche-lobe radius for a

34

sterm consisting of two 5 My, unevolved stars are also shown. The temperature of the CO shell reaches & maximum at the point @ along the track, The
main parame

ters of the stellar model at other labeled points (A, B,...) are presented in Table 1. Mass loss occurs along dashed portions of the track (E 1o
F; J to K). Time evolution is measured by tick marks (107 yr), filled eircles (3 x10° yr), and open circles {104 ¥r).




Different cases for Roche lobe overflow

PACZYNSKI

TIME /107 yaars/

'kE 1. The time variation of the radius of a 5 Mg star. The ranges of orbital
corresponding to the evolution with mass exchange in cases A, B, and C are
d. A mass ratio of M1/ Ms=2 is adopted.

Three cases of
mass transfer loss
by the primary star
(after R.Kippenhahn)

In most important case B
mass transfer occurs on
thermal time scale:

In case A: on nuclear time
scale;:

dM/dt~M/t, .

t ..~ 1/M?

nuc



Close binaries with accreting compact objects

\

LMXBSs L

Roche lobe overflow. IMXBs HMXBs

Very compact systems. Very rare. Accretion from
Rapid NS rotation. Roche lobe overflow. the stellar wind.
Produce mPSRs. Produce LMXBs(?) Mainly Be/X-ray.

Wide systems.
Long NS spin periods.
Produce DNS.

Among binaries ~ 40% are close and ~96% are low and intermediate mass ones.



HMXBs

CENTAURUS X-3: A HIGH MASS X-RAY BINARY Differen'[ types:

» Be/Xray binaries

* SEXT

* “Normal” supergiants
- disc-fed
- wind-fed

SFXT
& Winq,-fed
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SDany Page
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Be/X-ray binaries

Very numerous. . 5 .
] e star with

|\/|OSt|y tranS|ent " circumstellar disk

Eccentric orbits. Neutron
star's “: ‘
orhit
through
circumstellar &
disk *

Drawing not to scale
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Intermediate mass X-ray binaries

Most of the evolution time
systems spend as

an X-ray binary occurs after
the mass of the donor star
has been reduced to <1Mg,

Otherwise, more massive
systems experiencing
dynamical mass transfer
and spiral-in.

The color of the tracks
Indicates how much time
systems spend in a
particular rectangular pixel
In the diagrams

(from short to long: yellow,
orange, red, green, blue,
magenta, cyan).

1
Secondary Mass (M)

(Podsiadlowski et al., ApJ 2002)
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-1.5 -0.5
log Secondary Mass (M,)

EE = 9 -8 -12  -11  -10 -9
log Accretion Rate (Mg yr!) log Accretion Rate (Mg yr-!)

The hatched regions indicate persistent (+45) and transient (-45) X-ray sources,

and the enclosing solid histogram gives the sum of these two populations.

Overlaid (dotted histogram) on the theoretical period distribution in the figure on the right
IS the rescaled distribution of 37 measured periods (Liu et al. 2001)

among 140 observed LMXBs in the Galactic plane.

(Pfahl et al. 2003 ApJ)



Low mass X-ray binaries

NSs as accretors

X-ray pulsars

Millisecond X-ray pulsars
Bursters

Atoll sources

Z-type sources

WDs as accretors
Cataclysmic variables

* Novae

* Dwarf novae

 Polars

* Intermediate polars
Supersoft sources (SSS)

BHs as accretors

X-ray novae
Microquasars
Massive X-ray binaries



L.MXBs with NSs or BHs

The latest large catalogue (Li et al. arXiv: 0707.0544) includes 187 galactic
and Magellanic Clouds LMXBs with NSs and BHs as accreting components.
Donors can be WDs, or normal low-mass stars (main sequence or sub-giants).
Many sources are found in globular clusters.

Also there are more and more LMXBs found in more distant galaxies.

In optics the emission is dominated by an accretion disc around a compact object.
Clear classification is based on optical data

or on mass function derived from X-ray observations.

If a source is unidentified in optics, but exhibits Type | X-ray bursts,

or just has a small (<0.5 days) orbital period, then it can be classified

as a LMXB with a NS.

In addition, spectral similarities with known LMXBs can result in classification.



A Low Mass X-Ray Binary: 4U 1820-30

#-Ray Emission: BURSTS

Earth
le 130,000 km =] 0 seconds 30
White
Dwarf
= Accretion
Disk
Neutron Star
\i 1,200 km/sec
S SUN

askronom ia g DBIIY Page '-:t--" S - *




Evolution of low-mass systems

Semidetached binary systems
of small and intermediate masses

Vl's or Giant

A small part of the evolutionary
scenario of close binary systems

[Yungelson L R, in Interacting Binaries:
Accretion, Evolution, Out-Comes 2005]



Evolution of close binaries
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type Ib Supernova and
becomes a neutron star
or black hole

Secondary is close to Roche Iobe.
Accretion of stellar wind results n
powerful X-ray emission

Helium core of the secondary
with compact companion inside
mass-losing common envelope

Components merge.

Red (super)gant with nenon
star or black hole core
(Thome-Zytkow object)

T~10Gyr, N~10°
% Single neutron star
or black hole

Supemova explosion
disrupts the system.
Two single neutron
stars or black holes




First evolutionary “scenario” for the
formation of X-ray binary pulsar

B. t=6.85x10° yrs.
onset of first stage
of moss exchange

P30

. 1=6.87 :IO yrs.

en-d of first stoge
of rncrss exchonge

P= I 23

. t~B6 xi0® yrs.

The helium star
hos exploded aso
supernova.

pe2? 7

R L I.ﬁ:IOT:rrs.

onse! of second
stoge of mass
ex chunge

"0ld" neutron stor
becomes strong
X~ pulsar.

Van den Heuvel, Heise 1972



Common envelope

| c—
Problem: How to make close binaries
NS T with compact stars (CVs, XRBs)?
; ‘ '5 Most angular momentum from the
\ system should be lost.
| E s J Non-conservative evolution:
Common envelope stage
(B.Paczynski, 1976)
// \
\\ . COMMON ENVELOPE

(¢) Contact binary
Core of evolved star Main saquence star

Dynamical friction is important



Tidal effects on the orbit (zahn, 1977)

1. Circularization

tire ~(g(1+g)/2)~ Ha/R)®

~10°¢~ (1 +g)/2F* P1®?  years

2. Synchronization of component’s rotation

Lyne~4 *(a/R)® ~10%((1+¢)/2q)* P* years

Pt
SYOC




Conservative mass transfer

M=M, + M, = const
: \ M, M,
Assuming (B.Paczynski). J_,, = Y JaM = const

— Change of orbital parameters after mass transfer:
M,=M,—-AM, M, =M, +AM,

— =2AM
a MM,

Aa M, - M, {>0, T M,>M,

<0, if M,<M,




Non-conservative evolution

Massive binaries: stellar wind, supernova
explosions, common envelops

Low-massive binaries: common envelops,
magnetic stellar winds, gravitational wave
emission (CVs, LMXBs)

Stellar captures in dense clusters (LMXBs,
millisecond pulsars)



Binaries in globular clusters

TIDAL CAPTURE

EXCHAMGE COLLISION /v
a6

..--""'/

HARDENING

&sip o a0
47.TUC W—>my

Formation of close low-mass
binaries is favored in

dense stellar systems due to
various dynamical processes




Isotropic wind mass loss

Effective for massive early-type stars on main
sequence or WR-stars

Assuming the wind carrying out specific
orbital angular momentum yields:

a(M;+M,)=const =>»

Aa/a=-AM/M > 0O



Supernova explosion

First SN in a close binary occurs in almost circular
orbit =» AM=M; — M, , M. is the mass of compact

remnant

Assume SN to be instantaneous and symmetric
Energy-momentum conservation =

= If more than half of
the total mass is lost,
the system becomes unbound

BUT: Strong complication and uncertainty: Kick velocities of NS!




Angular momentum loss

MAGHE TIC
STELLAR
'H'l:ulb

TIDAL
TORQUES

GRAYITATIONAL
WavE
RADIATION

.I:I.| -“-t

I ] \ ‘ MAGNE TIC
o N J‘Z_’ FIELD
9 L L
%
& F

-

‘n IOMIZED
“~PARTICLE
QUTFLOW

.Pth é rfj “ GRAVITONS

o)
N

« Magnetic stellar wind.
Effective for main
sequence stars with
convective envelopes
0.3<M<1.5 M,

 Gravitational radiation.
Drives evolution of binaries
with P<15 hrs




Mass loss due to MSW and GW

Axial rotation braking of single G-dwarfs (Skumanich, 1972)

[ GW-~-a*

V ~t2, wheret is the age

Physics: stellar wind plasma " “streams" along magnetic field lines
until pv* ~ B*(r)/ 4z, so carries away much larger specific
angular momentum (Mestel).

Assume the secondary star in a low-mass binary
(0.4<M, <1.5M ) experiences m.s.w. Tidal forces tend > H
to keep the star in corotation with orbital revolution: @, = .

Angular momentum conservation then leads to: MSW is more effective at

larger orbital periods, but
dL, dJ, GW always wins at shorter
dt dt periods! Moreover, MSW
stops when M, ~0.3-0.4 Mg
where star becomes fully
dnl,,  R* GM? convective and dynamo
T M, @ switches off.

dL,

Recolling that: L, = uwa® and using Kepler's 3d law we get
orb




Binary evolution: Major uncertainties

All uncertainties in stellar evolution (convection treatment, rotation,
magnetic fields...)

Limitations of the Roche approximation (synchronous rotation, central
density concentration, orbital circularity)

Non-conservative evolution (stellar winds, common envelope treatment,
magnetic braking...)

For binaries with NS (and probably BH): effects of supernova asymmetry

(natal kicks of compact objects), rotational evolution of magnetized compact
stars (WD, NS)



& 2 — 0o <4 m

P O

NSs can become very massive during
their evolution due to accretion.




Population synthesis of binary systems

Interacting binaries are ideal subject for population synthesis studies:

* The are many of them observed

» Observed sources are very different

» However, they come from the same population of progenitors...
* ... who's evolution is non-trivial, but not too complicated.

* There are many uncertainties in evolution ...

e ... and in initial parameter

» \We expect to discover more systems

« ... and more types of systems

» With new satellites it really happens!

See a review on binary popsynthesis in 1808.06883



Scenario machine

Initial distributions:

ooy ~1fo,  Abt & Levy (1976)
o(M)~M"". Salpeter's law
P@) ~d oy~

Pl ~ L,

Evolution scenario

of normal stars

(Lipunov et al.)

Spin evolution
of magnetized
compact stars

Artificial Galaxy

There are several groups
in the world which study
evolution of close binaries
using population synthesis
approach.

Examples of topics
» Estimates of the rate of
coalescence of NSs and BHs
» X-ray luminosities of galaxies
« Calculation of mass spectra of
NSERI N EUES
» Calculations of SN rates
 Calculations of the rate of
short GRBs




Evolution of close binaries




(“Scenario Machine” calculations)

http://xray.sai.msu.ru/sciwork/




The role of binaries in the propertles of galaxies

The authors use the code by Hurley et al.
to model X-ray luminosity of a late-type galaxy.

cumulative X-ray luminosity function

Log ( Ly 0.5-8 keV)

1103.2199



‘ Extragalactic binaries

It is possible to study galactic-like binaries up to 20-30 Mpc.
For example, in NGC 4697 80 sources are known thanks to Chandra
(this is an early type galaxy, so most of the sources are LMXBS).

astro-ph/0511481



S
134 148
"‘,7 139




[LMXBs luminosity function

0.0001 0.001
Count Rate (ent/sec)

1036 1037 1038
luminosity [ergs/s]

LMXB Galactic luminosity function LMXB luminosity function for NGC 1316
(Grimm et al. 2002) (Kim and Fabbiano 2003)



[LMXBs luminosity function

10
L, (10% erg sec~!)

Cumulated XLF for 14 early-type galaxies.

(see Fabbianno astro-ph/0511481)




List of reviews

» Catalogue of LMXBs. Li et al. arXiv:0707.0544
» Catalogue of HMXBs. Li et al. arXiv: 0707.0549
 Evolution of binaries. Postnov & Yungelson. astro-ph/0701059
 Extragalactic XRBs. Fabbiano. astro-ph/0511481, 1903.01970
» General review on accreting NSs and BHs. Psaltis. astro-ph/0410536
N OAVES
- Evolution. Ritter. arXiv:0809.1800
- General features. Smith. astro-ph/0701564
* Modeling accretion: Done et al. arXiv:0708.0148
* NS binaries: Sudip Bhattacharyya arXiv: 1002.4480
» Be/X-ray binaries: Pablo Reig arXiv: 1101.5036
* Population synthesis. Popov & Prokhorov. Physics Uspekhi (2007)
« X-ray emission from black-hole and neutron-star binaries Belloni 1803.03641




Supermassive black holes



Black hole masses

pair instability gap

—
L
L
—
=
=
=
o
5
4+
-
W

GW151226
——GW150914 RGGI118 50014+813

6
log(Mpy /M )

1807.11489



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

e arxiv: 1609.03562, 0907.5213 Supermassive Black Holes

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

* astro-ph/0411247 Supermassive Black Holes in Galactic Nuclei:
Past, Present and Future Research

« 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

* IMBHs: Koliapanos 1801.01095, Mezcua 1705.09667

e arXiv: 1707.07134 AGN




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 ~ 6 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 SMBHs
» Measured masses of SMBHs are in the range 10° — 10'° solar masses.
» Masses are well-measured for tens of objects.
» The most clear case of a SMBH is Sgr A*,




0.4

ADec from Sgr A* (arcsec)
: o
o

-0.4

Areview: arXiv: 1501.02171 The Galactic Center Black Hole Laboratory

O
N
) L

ot
N
L

S0-2
2 N
S0-1
)
B
é

A Ll L

SgrA
SO-
L?)’ ® 1996 —
® 1997
.,g‘ @ ] 49
A l A A A l 'S A A l ' L A l A A A l 'S
0.4 0.2 0.0 -0.2 -0.4

ARA from Sgr A* (arcsec)

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.

See astro-ph/0309716 for some details
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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.

4

(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

2.4 pc 20 pc

B 4174540.9-290014 J174538.0-290022
\

J174539.7-290020
\ . NW Clump
\ J174539.7-290022

g

e
/’/ T, e
/

IRS 16 SW?

-
(@]
o
(@)
o~
C
S
°
£
v
Q
o

Declination (2000)

-29° 00' 50" SE Clump
L ]

413 40° 395 170 45™M 38°
Right Ascension (2000)

555 505 455 40°5 355 30970 45M 255
Right Ascension (2000)

1007.4174



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

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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Observations aboard Integral

E 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.

Probably, there have been several strong

Revnivtsev et al. :
(Revnivtsev ) flares in the past 1307.3954.

The galactic center region
Is regularly monitored
by Integral.

11



More Integral data

IGR J17475-2822 1E 17439y

IGR J17497-2821 SAX J1747.0-2853

Q@
o
=
A
—
=
o
=
Qo
=
)
o

"~ 0.000

IGR J17456-2901

S 1741-29

1E 1740.7-2942

1A 1742-294

iLX 1744-299

359.500

Galactic longitude

1007.4174

359.000 358.500
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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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Year

1210.7237

See 1501.02171 about accretion physics around Sgr A*




XMM-Newton and Chandra
monitoring ot Sgr A*

-1 Plenty of data during
G2 Pericenter all time of Chandra
| and XMM-Newton

observations.

x 10

}Gz Pericenter

Very bright
SGR J1745-2900

Sgr A’2.10 kev (€rg em2 571)

Very detailed statistics.

. Maderate Brlghi
SGR J1745-2900

n”h“ihll Inu-m“i

5200 5400 5600 5

800 6000
Days since 1998-01-01 (MJD-50814)

Sgr A*z-1o keV (erg cm2 S'l)
Very bright

&

Moderate Bright

%
! f | i
. '- il 4
L E i i
1000 2000 3000 4000 5000 6000
Days since 1998-01-01 (MJD-50814)

1507.02690
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Chandra monitoring

1999-2012 relative probability (

N
o

%)
—
O
Py
-,
(@)
o

-
(o))

1709.03709

ACIS-S/HETGO

)

17



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.

l‘ﬁ

14

log[v(Hz)]
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" Jog[V(Hz)] : 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

Ser A* spectrum

radio spectral SgrA* spectrum

index = +0.3 - -
— optically thin

/ synchrotron
radiation

VL, (erg/s)

flaring

log
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radio infrared optical / UV X-ray/ —ray

16
frequency log v (Hz)

See a review in 1806.00284

optically thin
synchrotron or
SSC radiation
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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.

astro-ph/0512515
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o
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a1t}
=

[%
i
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0
@
=

Relati

ight ascension {mas) 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 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 222018 flare, MUD=58321.9954 R=7 Ry a=0 i=160° Q=160° x?=1.2

. d .
100

polarization periods
0, 1ISCO)

Period (mins)

omnfal penods

P/P(a

flux density (in units of S2)

40

time (mins) R(parcsec)

1810.12641




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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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

25



A “large” BH 1n M31

eNGC5128

NGC821
@

NGC1553

eNGC4261
NGC4438e @eM32

NGC1291
9, /C4296
NGC1316e % NGC4594

NGC4697 ®

@ ® eM87
NGC4636 IC1459

NGC4472%® ¢NGC1399
M31*
®

NGC4649
8

o205 A*

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

0907.4977

SRS T S I TY STV ST S e T S——

PN TOU——

I S ST Y S———
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ALMA+mm-VLBI

Observational projects: horizon

27
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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/ab0ec?



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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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 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
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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

1897, May -
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B &~ ¥
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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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COOTBETCTBEHHO, B CMEKTPE AANEKOro
raMMa-MCToYHUKA Mbl 6y1IEM BUAETb AEMNPECCUIO.
0N MHAMBUAYANbHOMO UCTOYHMKA YBUAETD 3TO
KpanHe TsKeno. ABTOPbI Xe UCMOoJIb30Baiv AHHbIE
HaboAeHU Ha crnyTHUKe depMu ANs NosyTopa :
coTeH 6na3apoBs, YTOObI BbIAEUTb e
CYMMapHbIN 3 dekKT. Energy [Gev]
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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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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

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

- Radial Velocity +

Radial Velocities near the Nucleus of M84

41


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 AGNSs

1 I -

Direct Stellar, gas Megamasersl -
Methods: dynamics :

Fundamental Mz, — o. AGN M, — o. |

Empirical
Relationships: /

Indirect Fundamental [O ] line width Broad-line width

Methods: plane: AV = 6.2 My, AV _
R =N & size scaling with

=L,

lUMIinosi|
— MBH ty

I Re L7 = My,
k 4

Application: BL Lac _ l’
objects Low-z AGNs | | 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.]

Bulge

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 400
o (km s-1)

Combes astro-ph/0505463
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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

L1aM

Elliptical
Lenticular

Spiral
Barred

1 |
)
c¢) Non—Barred AGN

URLULL BRLRRLL BRREUL B UL L B LD LR LU L B L IR R LERLL UL R BRR LD BLRLLL IR

cond ol vewed ol vowd v el v vod vl i oed e e vl

i
o

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




CBepxXMacCcuBHAA YE€PHAA ABIPA TAM,
TAE €€ HEe AOAKHO OBITPH

Habntogenus ranaktmkn NGC 4561 Ha cnyTHMke XMM-Newton nokasanu,
YTO B HEW €CTb aKTUBHOE AP0, T.e. — CBEPXMACCMBHAsa YepHas ablpa.
Ho npu 310 6bITb TaM 3TOW AbIPE HE MOMIOXKEHO: Y raNakTUKN HET banaxa.

Macca yYepHoun abipbl >20000 M,

1209.1354
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CAHMIIIKOM MaCCHUBHAA YePHAA ABIPA

NGC1277

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

NGC4486B

KoMnakTHas NMH30BMAHAs ranakTuka.
«[onoXxeHo» UMeTb YepHyto ablpy 108 M,
A npucytcTeyeT >1010 M|

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

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

W
=2

—
T
W
o
£
Q
e
o
[
[

[N

3

|
[
=Y

—
A
=11}
Q

—

Log vF

|
=t
(9]

14 14.5 15
Log v [Hz, rest frame]

1501.07269
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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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Dwart galaxies with IMBHs

NGE 4395

: :
ov"‘ .A
. 4 " ,IE".
& o
e

RGG 118

1705.09667

.| POX 52

NGC 4861

NGC 404

UGC 06728
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CeepxMaccuBHAA YepHAA AbIPA
B KapAHKOBoﬁ KOMITAKTHOM TIaAAKTUKE

Camasa nerkas
rarflakKTmkKa c
YepHoOM Ablipom

e
3
(2

=

o)
e
0
%)
©
=

Q@

)
I
x

O
v
m

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

1409.4769
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qCPHI)IC ,A,I)Ipr B KapAI/IKOBbIX TaAAKTHKAX

this sample
[ BGHOA

|
H
o
—
T
O
e
iy
=

CamMm ranakTmkm mmeror
MaccCbl nopagka
HEeCKONbKMX MUNNMapnos
macc ConHua, a pasmepbl
nopaakKka HEeCKONbKMX
KMnonapcek.

log (M, /M)

Y BH min’

1408.4451
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SMBH 1n Fornax UCD?3

3.5 million M

solar

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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1308.2869

BHs in globular clusters

® 3o upper limits
- Strader et al. (2012)

- d=0.1

5=0.001 Radio pulsar observations in NGC 6624
M—Ly relation, with outflow

- M—L“ relation, no outflow SUgg@St that there IS an IMBH Wlth
~ 8 M>7500 solar masses.

log My,[M ]

1705.01612
Radio luminosity limits cannot exclude

proposed IMBHs in GCs

~15 candidates now (see 1705.09667)
Limits from dynamics: 1404.2781
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Ultra compact galaxies vs. globular clusters

® Mieske+2013 predictions
A UCDs

W GCs

m This work

1803.09750
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Maveric survey: no accreting IMBHs in GCs

VLA + ATCA
50 globular clusters
No detections.

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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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




There are other correlations

p4R n the figure the following correlation

. Zi?;ff;‘:qls "IEYEN 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

=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

— — — 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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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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: 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




G

as kinematics

For M87 gas velocities
were measure inside
one milliarcsecond (5pc).
The mass is 3 10° M,.

It is one of the heaviest BHSs.

(Macchetto et al. astro-ph/9706252)
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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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Mass via hot gas observations

Giant elliptical galaxy NGC46409.
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 profiles

T Ty
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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 4



General scheme

Dusty
Molecular
Torus

Accretion
Disc

1811.04326 — this paper is a review on AGN accretion




Kaxk paCCTOHHI/IG ITOMOI'a€T MACCY I/ISMGPI/ITI)

intensity intensity

Yaanocb YTOUHMUTb

paccrosHue fo

BAa)XXHOM ranakTtmkKm

NGC 4151

C YepHOM AbIPOM.
Mo Hen kanubpyroT

Q MaccCbl Apyrumx

- YepHbIX AbIp.

amplitude amplitude B utore - maccesl
BO3pPOCIIM NOUTH
(b) delay signal B nMonrTopa pa3a.

in = FinfC time Tin = finfC time

(a) brightness
distribution

angular radius in = lin/Da angular radius

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

n = log Mgy

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 JWST

1704.00753
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X-ray background and pop. synthesis

[
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=
=

Number of Detection

n
[

18 14 12 . 0.0 0.10 0.50 1.00
log S (2-10 keV) [erg em™® s7!]

Observed histograms (thick, black) of flux (left) and redshift (right) of the authors
sample compared with model predictions (thin, red).

1402.1836




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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log S (10-40 keV) [ergs em ™2 s71]
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X-ray spectra of AGNs

New population synthesis

Spectral Set 4

“l(solid lines Fit to CXB
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—— Galaxy LF (Aird et. al

1810.02298
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Illustris calculations
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[Hustris simulations
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Stellar half-mass of all galaxies at z= 0 versus their central black hole mass

1408.6842
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BH accretion rate evolution

—he
o
r

fraction

—
o
L3

————————[——

Distribution of black hole Eddington ratios  Eddington ratios as a function of black hole
atz=4, 3, 2,1 and O. mass at z=4, 3, 2, 1 and 0.

1408.6842




High redshift AGNs

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

AGNs with moderate
luminosities at high z.

N,=10% cm-2

z=7

|
i
D

This will allow to probe
early evolution of SMBHSs.

|
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12 14
log Frequency (Hz)

1705.09667
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SMBH mass growth and

BH coalescence



Plan of the lecture

Hierarchical model of galaxy formation.
Gravitational wave rocket.

Black holes at large redshifts.
Coalescence of SMBHs.

BH coalescence in binaries.

Ol g e =

Reviews
arXiv: 1307.3542 Astrophysics of Super-massive Black Hole Mergers

arXiv:1103.4404 Formation of Supermassive Black Holes

astro-ph/0609741 Supermassive black hole mergers and
cosmological structure formation

arXiv: 1110.6445 A practical guide to the massive black hole cosmic history

arXiv:1112.0320 The Cosmic History of Black Hole Growth from
Deep Multiwavelength Surveys

arXiv:1203.6075 The Formation of the First Massive Black Holes

arXiv: 1407.3102 Massive binary black holes in galactic nuclei
and their path to coalescence

arXiv: 1307.4086 Gravitational wave emission from binary SMBHs

arXiv: 1807.11489 Lectures on Black hole binary astrophysics




Structure growth in the untverse

Today the standard model of the
structure formation is the
hierarchical one.

Numerical calculations of the
evolution of the large-scale structure
and single “blocks” reached

a very high level of precision
(arxiv:0706.1270).



http://arxiv.org/abs/0706.1270

‘ Large scale structure

£=28.62

Kravtsov et al.



‘ Formation of clusters of galaxies

>

In the process of structure growth numerous
coalescence of “building blocks” happen,
each of these blocks can contain a BH.

After a coalescence a new-formed BH slowly,
due to dynamical friction, moves towards
the center of the resulting structure.

Formation of large galaxies is finished as z~2,
after this no major mergers happen, only
small satellites are captured by big galaxies.

21x21 (Mpc/h)?® 35x35 (Mpc/h)3

Kauffmann, Colberg, Diaferio, and White



Growth of clusters of galaxies



Minihalos and the first stars

, Symbols indicate minihalos.

* critical tine
Open symbols —
Cooling is not effective enough.

The critical line corresponds to
equality between the cooling time
and dynamical evolution time scale
of a minihalo (free-fall time).

=
8
8]
a0
3=
o
3 B

This line separates dark halos and
halos that can produce stars.

In each minihalo a very small number
of stars in formed.

Volker Bromm astro-ph/0311292



http://ru.arxiv.org/abs/astro-ph/0311292

The first stars and mintihalos

In the standard ACDM model the first massive BHs are formed at z>15
in minihalos with M> 5 10°> M.

These BHs produce the first miniquasars, which contribute to the
reionization at z~10-12.

Such low mass of minihalos is explained by the role of molecular hydrogene
(Tegmark et al. 1997).

5x 10°[(1 4 2)/10]73/2 Mg

The first stars with masses 40-140 solar and >260 solar masses produce BHs.
A BH mass (in the case of the first stars) is typically >0.5 of the mass of a star.



‘ The first stars

Calculations have been done
in the ACDM model.

The picture is plotted for z=17.
The size is 50 kpc.
Stars are formed on the

cross-sections of filaments
(bright dots).

Yoshida et al. astro-ph/0301645



http://ru.arxiv.org/abs/astro-ph/0301645

A scheme for SMBH formation

Collapsing halo

720
' iﬂiﬂihalﬂ

PoplII star

Gas cooling -> disc formation

Dynamical
instability

40 M5 <M,<140 M Inflow
M.,>260 M©
MBH formation

Star
formation

Suppressed star
formation

‘ Strong inflow ‘ ‘Cluster fﬂrmatinn‘

l l

VMS/quasistar+ Runaway collisions
MBH formation VMS+MBH formation

1003.4404




CreHapuy 0Opa3oBaHUA U 9BOAIOITAN

MACCHUBHDBIX YCPHDBIX AbBIPD

Big Bang

Direct Collapse Death of Masslve‘ EcTb ABa OCHOBHbIX
oo @ @) . . @) s“"‘ Q cLueHapus:
- NepBble 3Be3bl

Track the growth of ‘ ‘ o
500 Myr @ . black holes and ' - N pﬂ MOWU KoJuaric
halos
Most halos are seeded but
seeds are ~100 solar masses
Few halos are seeded, but seeds

Halos grow
via merging.

. Some black holes are

ejected by gravitational
wave radiation.

| Gyr
are ~10* solar masses

Black holes grow
via accretion and

merging.

Today virtually all >10'° solar mass - -
- - ﬂ galaxies contain supermassive
o Ss

black holes ~90% of ~10? solar mass
Aol galaxies contain ~10* solar

galaxies contain >10° solar mass black holes
mass black holes -

1211.7082

13.6 Gyr

--Q—---P--*—--Q—--‘-—--@—
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Origin of SMBHs and IMBHs

IMBHSs:
e » Globular clusters
Pop Il & X b Nuclear cluster
stellar seeds , = @ in protogalaxy ° UI—XS

protogalax.es

Nuclear cluster of @1 - : C Dwal'f g al aX| es
108 274 generation stars % : ..
Dlrect collapse ° R e m a| n | n g
C seed BHs
Mergers of

leftover:IMBHs !

.
®
LI

10°

1705.09667
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Wandering BHs

—— Al MW-Mass Halos (26) Only masses >10° solar are considered.
=== No Recent Mergers (16)

— - Disk Morphology (12) Usually 2-8 inside 10 kpc,
and up to ~20 inside the virial radius.

> N

0.6

Al MW-Mass Halos (26)

== = No Recent Mergers (16)
=== Disk Morphology (12)
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Distance from Halo Center (kpc)

1802.06783
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‘ Examples tfrom simulations

100 km/s

1802.06783
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Modeling SMBH formation

(SPH+N-body code) + assumptions about BH seeds formation and growth.

Follow-up of three different halos: low-mass disc, MW-like, massive elliptical.

Redshift .
20151210 8 : 8l BH mass growth is not followed.

—
(=

Seeds can appear both:
Due to Pop Il massive stars, or

z
®
—
=,
=
]
=
o
a4
j=]
o
=
=
=
-
o
[
—
3
=
s}

# BHs Formed

02 04 06 08
Time (Gyr)

Gas metallicity is very important

1104.3858

Due to low-metallicity gas cloud collapse.
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The problem of the existence of
very massive BHs at high redshifts

At redshifts ~7 already there are SMBHs with masses ~10° M,
These redshifts correspond to the age of the universe <10° yrs.

It is necessary to have seed BHs
already at z>15 and to provide
their rapid growth

(note, that the accretion rate

IS limited by the Eddington rate).

See a brief review of
different scenarios of
seed formation

in arXiv: 0912.0525.

In the figure: seeds mass function for
three scenarios. Direct collapse,
runaway stellar mergers, Pop IlI

42 3
1g(Mpy/Mo)

0912.0525 16



Direct collapse of gas discs

Direct collapse of pre-galactic gas discs.
Seeds are already massive at formation:

Plots are done for different
M>10° Msolar (at z>15)

efficiencies and for two values
of the redshift: z=18 (dashed
and z=15 (solid).

In low-mass halos and in
rapidly rotating halos (later on,
probably, bulgeless galaxies)
there are no SMBHs

In this scenario.

In this model it is possible to
explain lack of correlation
between dark matter halo mass
and SMBH mass for galaxies with 0 0001

small bulges (1103.1644). 23456783456 78234°56

lg(Mgy/ M) lg(Mgy/ Mg) lg(Mgy/Mo)

BH/ BH/ BH/

1104.4797
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(OOpa3oBaHUE MACCUBHBIX YE€PHBIX ABIP

CeBepxmaccuBHbIEe YepHble AbIpbl MOXXHO o6pa3oBaTthb
B pe3ynbTaTte CJIMAHUMA KPYNHbIX ranakrtuk Ha z=8-10.

10 pe 2 pc

0.5 pe

1411.5683
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Formation via a supermassive star

34000 solar mass star 34000 solar mass BH at z~30

In regions with a large streaming velocity, gas condensation — and hence star

formation — is suppressed until a deep gravitational potential is generated by a
clump of dark matter with mass 107 solar masses.

=
e
0
0
(1]
£
ks
o
wl

1709.09863, see more recent calculations in 1901.07563
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Supermassive primordial stars

Internal structures of the models for the indicated
accretion rates. On each panel, the upper curve is
the stellar radius, the blue and green areas indicate
convective zones, and the grey areas indicate
radiative transport. The yellow hatched areas
correspond to D- and H-burning, and the red
hatched areas indicate the GR instability according
to the polytropic criterion with n=3.

'IIII'IIII'IIII'IIIIIII
IIIIIIIIIIIIIIIIIII

N I. | I —— I | I — I 111 | I -

-05 0 05 1
log( M [Mg yr-t])
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BH mass growth

]

My =150 M,

€=0.06,0.1,0.2

(Mo

r

0
v
©
c
=
o
C
i =
P
o
Pt
W
=
PR
(=11
C

10 12 14 16 18 20 22 24
redshift z

BH mass growth for different
accretion efficiency.

Madau astro-ph/0701394

log (M dN/dM)

i 1 1 ll
108 107
M [h-1 M]

Halo mass functions at different z.

These galaxies due to coalescence produce
at z,=0.8 a Milky Way-like galaxy

(10'2 solar masses, solid curves), or a slightly
smaller one at z,=3.5 (2 10%, dashed curves).
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Mass growth

tlgM At first the mass is growing rapidly
according to the Bondi formula.

Then, when the Eddington limit is reached,
the growth slows down.

~M (Eddington) The _so-c_alled _Salpeter time_:
the time in which the mass is doubled.

Accretion and coalescence are
both important for the mass growth.
~M?2 i
M= (Bond) Now SMBHSs in giant elliptical galaxies
increase their masses mostly due to
coalescence with satellites.

“Igt

Mass growth was recently reviewed in arXiv:1304.7762 and 1601.05473

22


http://arxiv.org/abs/1304.7762

Maximum mass

The most massive BHs are ~1019 solar masses.

The authors suggest that higher masses require very large accretion rate.
Such a rate requires massive dense accretion discs, and under such conditions
most of the gas is transformed into stars.

In addition, outflows can take away matter around very massive BHSs.

:

Mout = 103 Msun/yr -

e

MeH = 109 Msun

-
=

= =
= =
=5 c
1] ?
= =
= =
— 1]
® ™
C }
o |
= =
S ©
(%] [&]

[&]
© @

radius (pc)

Solid — accretion rate.
Dashed — star formation rate.

1601.02611
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‘ KBazap «3aayBaeT» raAaAKTHKY

AKTVMBHOCTb KBa3apa MOXET NPUBECTN K MOLLIHOMY OTTOKY BELLECTBa.
STOT NOTOK MOXET BbIMETATb a3 U3 ralakTUKW, YTO NPUBEAET K
BbIK/IHOUYEHUIO 3BE34006pa30BaHUs B HEW.

ObHapy>keH KBa3ap Ha z=6.4

B HEM OTTOK BewlecTBa COCTaBNSET
3500 macc ConHua B roa.

STOro A0CTAaTO4YHO, YTOObI
BO3/EMCTBOBAaTb Ha BCIO ranakTUKY.

1204.2904
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Starformation rate and black hole mass

o
o0

log (M, /M)

Under-massive
black hole galaxies -

o
'S

0 22 24 28 98
log(o/kms?)

Cumulative mass fraction

O
N

10 ; . 1.0
Look-back time [Gyr] Look-back time [Gyr]

Galaxies with different BH mass have different star formation histories.

Not the absolute BH mass is important, but if it is more or less massive than might be.
The authors suggest that more massive BHs form and evolve faster, and then quickly
guench star formation in their galaxies.

1801.00807

25



Mass growth, spin and activity

Some time ago it was noticed,
that radio emission from
elliptical galaxies is stronger,
than from disc galaxies.

It was proposed that this can be
related to faster rotation of
central BHs in elliptical galaxies.

Recent calculations (see the plot)
demonstrated that it can be true.
The reason is that the mass growth
of BHs in ellipticals happen via
more powerful episodes

of accretion.

arXiv: 0706.3900
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Evolution of SMBHs activity

The plot shows the redshift distribution of
AGNs detected by Chandra and XMM-Newton.

The top histogram: all sources from the
joint sample of Chandra and XMM.

Red hatched region:
sources identified in optics.

Solid curve: results of modeling.

The “cutoff” at high redshifts is not an artifact.

Comastri astro-ph/0307426
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http://ru.arxiv.org/abs/astro-ph/0307426

[ight echo from a dead quasar

Hanny's Voorwerp.
The source was discovered
by the Galaxy Zoo Project.

This is a gas cloud in 45-70 thousand 1.y. - Q
from the galaxy IC 2497

The galaxy is not active now,
but probably <70 000 years ago it was
and powered the gas cloud.

The alternative explanation

(a radiogalaxy with a jet and huge 5"
absorbtion in the nuclei) was proposed
in arXiv: 1101.2784

This was the closest QSO!

arXiv: 1011.0427



Evolution of quasars number

Very bright quasars are formed
very early, and then their number
IS decreasing.

For AGNSs with low luminosities
the evolution is not so
pronounced, but anyway

it is evident.

For luminosities 104%-10% erg/s
the maximum is at z~0.5-0.7,
for 104°-104% erg/s — at z~2.

Redshift

Combes astro-ph/0505463
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Mass and luminosity evolution

10°° 107 10°°

1078

T
2
=
S
3
"
i
3
2,
=
.

Oy, [Mpe™? Alog(Ly/Lyy)™']

107 10°® 10°% 107* 10°°

1077

Results of numerical simulations are shown (Merloni 2004).
Lifetime grows with decreasing z.

see Combes astro-ph/0505463
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Quasars and reionization

Mass function of MBHs

It is important that quasars at different cosmic times
have harder spectrum. i SRR EEAR 2 R o7 S AR =4 7

IIlI|Il|||l|||l|lll|llll|ll
LI L L LI LI L

Quasars dominate till z~8. o At easrisnssnt sy
Then — starforming galaxies dominate. : 1
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arxiv:0905.0144



http://arxiv.org/abs/0905.0144

(Galactic cannibalism

Results of calculations for the
evolution of galaxies in the center
of the cluster C0337-2522.

Simulation #7 Simulation #7

On the left the present day
(observed) configuration is shown.

On the right — results of calculations
Simulation #71 for tWO mOde|S.

Two variants of calcualtions differ by
the way the DM patrticles are treated.
The upper one seems to be

more realistic.

Dynamical friction is important.

C.Nipoti et al. astro-ph/0306082
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http://ru.arxiv.org/abs/astro-ph/0306082

Interacting galaxies

(Hibbard, Barnes)
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KyAa ABIDKETCH TyMAHHOCTE AHAPOMEABI?

1205.6863

Bnepsble yaanocb M3MepUTL COBCTBEHHOE ABMXXEHME

 6nvkanwwen KpyrnHoOW ranaktukm — M31.,

3TO NO3BONISIET ONPEAENUTb €€ TPEXMEPHYIO CKOPOCTb.

-100

-200

=300
-300 -200 -100 0 100 200
Wy (km/s)
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Kak Bce coApercs

-400-200 0 200 400

Hawa Nanaktnka n M31
COMbIOTCA Yepes3 5-7 Mnpa. NnerT.
[epBoe conmxeHue
npou3onaet Yyepe3 3.5-4 mnpa.
Ckopee Bcero, M33 Takxe
conbercs ¢ Munkomeaon.

35



Double quasar in a merger

For the first time a bright binary QSO is found in a clearly merging pair of galaxies.

Both QSOs are radioquiet. They form a physically bounded system at z=0.44.
In projection the separation is 21 kpc.

<200 kpc -

stars =

ife

AR,.= 12.8 kpe
Ly L1 '

arXiv: 1001.1783
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Triple BH system

J15025 J1502P

o

J15025E J15025W

JVLA 5 GHz original

JVLA 5 GHz residuals

VLBI 1.7 &5 GHz

1406.6365
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AGN pairs in SDSS

: w 1500 -....parent, scaled
1286 pairs out of >130 000 & . arr, observed
3.6% of AGNS. In 30% casiniiies A
merging features are visib| SN e Tl

108

80

. 60

0.15 0.200 500 1000

Redshift # of AGNs

1104.0950, 1104.0951 N



Nearly naked SMBH

Strong radio source 8.5 kpc from the BCG.
Likely an AGN in a small stripped galaxy.
Traces of interaction.
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1606.04067
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Gravitational wave rocket

In addition to energy and angular moment, gravitational waves also take away
the linear momentum. So, the object formed via a coalescence gets a kick.
The first estimate of the effect in the case of binaries was obtained in 1983 by Fitchett:

Vi = 1480 km/s

flq) (zaM,fc‘l ) i

Mterm

max

f(@)=02(1-9)/(1+q)®, f,,,,=0.38

Recently, this topic became very hot due to calculations in the framework of
the hierarchical model. Continuosly new results appear to improve the formula above

One of the first articles in the “new wave” was the paper by Favata et al.

astro-ph/0402056 “How black holes get their kicks?”
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Favata et al. (2004)

a/M=0.8, g=0.127
(rotation of the smaller BH
IS neglected)

The velocity is high enough to
escape from a not very massive halo,
or to “shake” a central SMBH.

41



Maximum kick

The velocity is strongly
dependent on the relative
orientation of BHs spins
prior to coalescence.

;
§

Campanelli et al. gr-qc/0702133
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Antikick

In all cases we found that the direction of the ringdown kick is approximately
opposite to that of the accumulated inspiral plus plunge kick.
|.e., ringdown radiation produces a signicant “anti-kick".

& 5]
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0910.4594 "



Antikick

1003.0873
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Recoiling BH

Among 1271 SDSS QSOs at z<0.25
the authors selected
26 recoiling SMBH candidates.

NN

Average velocity ~265 km/s.

:'__|
L
L
-
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ey
-
=,

—-100 —-150 —-200 —-250 -300
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£

See also 1409.3976

1604.05604
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Superkicks?

Large kicks (>2000 km/s) can eject SMBHs even from BCG.
As these galaxies have rich merging history, their SMBHs can be
at least significantly shifted, due to long returning time.

Dymamical Frietion
Bounce

Fiducial
Optimistic
Pessimistic

LT

105 107 ) 10002000 3000 4000
tr |Gyr| v |km/s]

70

1405.2072

5000




Stellar density profile evolution
in the case of two BHs

Flat profiles can be explained by an
existence of the second BH.

— — =0 (King, . =9
ro=1, 1“'t,0=0

—_— 7

0: _l > 1}t0=‘x,'K
To= 1. v o=0.5%

Combes astro-ph/0505463
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Binary supermassive BHs

Q
: :
£ 3

200 100 [ — z : 0 z Galaxy 0402+379

MilliARC SEC Milli ARC SEC

Total mass: 1.5 108 M,

Distance between
two BHs is 7.3 pc.

Rodriguez et al. astro-ph/0604042
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http://ru.arxiv.org/abs/astro-ph/0410364

Search for more binaries

Search for periodicities in AGN light curves.
Dozens of candidates.

: : : 17.6 : : : : : : . : : :
500 1000 1500 2500 LH 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500
Mo MD Mo

1507.07603
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Dual AGN observed by NuStar

SWIFT J2028.5+2543
NGC 6921 and MCG+04-48-00
First observations at E>10 keV

45'00.0"
.

30.0"E MCG+04-48-002

Dec (J2000)

-

- 2MASX J202837

NGC 6921

+25°42'30.0"8

griimage - 1 arcmin /*17 Kpc
© 36.005 33.00s 30.00s 20h28m27.00s
RA (J2000)

1708.06762

Galaxy merger
triggers AGN activity.
Separation ~25 kpc
4x108 and 7x107 Mg,
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EM signal during coalescence

t/M=-5038 Tmx=9 5x101K Be t/M=—12.3 Tmm=1 6x10"2K ) 60 t/M=315.4 Tmm=55x10"K
Ilv‘,"’r'1"-l)’t71 1" ‘ i;’IYI?]VI"]V"l‘I"V' T T
10 ™S \. ) S i $

]0'——~‘ N \‘ \ \,/l_--&—_l\"‘ ' /-
Es g ] g s (]

For M=10° solar mass binary in n=10 cm3 gas
AL~ 3 10%3 erg/s
Detectable by LSST from z~1

1
-600 -400 -200

0912.2096 -



Electromagnetic signals

(e) post-mergér max

{a) gauge peak
|
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Synchrotron Luminosity [10%? erg/s]
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Coalescence of BHs in binary systems

Unfortunately, at the moment we do not know
any systems with two compact objects, one of which is a BH.

It is very difficult to identify a system with two BHSs.
However, models of the stellar evolution show, that such systems
are quite natural result of binary evolution.

Also, systems BH+NS can exist.

Calculations show that systems BH+PSR should be relatively abundant
(one system per several thousand PSRs).

On one hand, systems with BHs are more rare than NS+NS systems,

on the other hand, due to larger masses GW signal is much more powerful.

So, coalescence of BHs can be observed from much larger distances.

Probably, the first events to be registered by GW detectors like VIRGO and LIGO

are coalescence in NS+BH systems.

(see, for example, Lipunov et al. 1996 http://xray.sai.msu.ru/~mystery/articles/review/)

See 1010.5260 for a review of BH-BH coalescence physics -



Last orbits of BHs

It is important to
calculate in advance
so-called waveforms.

Otherwise, it is very
difficult to identify
the signal.

Waveforms in the case
of BH coalescence
should be different from
NS+NS coalescence.

astro-ph/0305287

See 1010.5260 for a review =


http://ru.arxiv.org/abs/astro-ph/0305287

Fall-down of matter onto a BH
and GW emission

Accretion of a Quadrupolar Dust Shell onto a
Schwarzschild Black Hole and Emission of
Gravitational Radiation

Left: density evolution Right: waveform
Final time: 350M

Authors: Philippos Papadopoulos & Jose A. Font
Reference: Physical Review D, 1999, 59, 044014

See also gr-qc/0306082 An Effective Search Method for
Gravitational Ringing of Black Holes

In this paper the authors calculated a family of waveforms
for effective search for gravitational ringing of BHs.

57


http://ru.arxiv.org/abs/gr-qc/0306082

Frequency ranges and instruments

dynamical

Noradiation | requencies 1, Blue (massive seed) and
epected | 330NM yellow (Poplll seed):

—-—— 22 QNM c

- LSO BH powering a z=6 quasar.
ime o merge Red: typical elliptical.
Green: Milky way-like

............ 1 min

Frequency (Hz)

. ~ black hole - black hole mergers
Change in
frequency <1/10 years

100 10 10¢ 108 108
Mass (solar mass)

Redshift (z)

log(M/M¢g)

1307.4086
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Registration ot GW
| N ~ Since 2015 LIGO and VIRGO detect signals
from coalescing compact objects.

See https://gracedb.ligo.org/
https://stellarcollapse.org/

VIRGO
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Coalescence rate and background

3
— all BHs -
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Calculations made aiming to fit the sensitivity of the original LISA proposal.
The authors predicted LISA detection rates spanning two order of magnitude,
in the range 3-300 events per yeatr,

depending on the detail of the assumed massive black hole seed model

0810.5554




Main conclusions

The first massive BHs are formed from the first massive stars at redshifts >15
in minihalos with masses about 10° My,.

Halos (and BHs inside them) coalesce with each other in the process of
hierarchical merging.

Mass growth of BHs is due to accretion and coalescence.

Already at z>6 there are SMBHs with masses ~10° M.

The GW rocket effect is important, especially early in the merging history,

as at that time potentials were not so deep.

Observations of GW signals are possible with detectors like VIRGO and LIGO
(for stellar mass objects), and with LISA (in the case of SMBHS).
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Jets, tidal disruption and lenses




‘ Plan and reviews

Plan

1. Jets: AGNs and close binary systems
2. Tidal distruption of stars by SMBHs
3. Spectral lines and lensing

Reviews

 astro-ph/0611521 High-Energy Aspects of Astrophysical Jets

» astro-ph/0306429 Extreme blazars

» astro-ph/0312545 AGN Unification: An Update

* astro-ph/0212065 Fluorescent iron lines as a probe of
astrophysical black hole systems

« arXiv: 1104.0006 AGN jets

* astro-ph/0406319 Astrophysical Jets and Outflows

« arXiv: 1309.4772 Blazars: jets and discs

« arXiv: 1707.07134 AGNs of different types




Jets in AGN's and close binaries

AGN: MBH:108‘109 My Cocoon
L<~Lgy4q~10%2-10%" erg/s
< few Mpc
~5-50
At~ hours-years

CBS: Mg,~10 M,
L<~Lgy4q~1037-10% erg/s
~ peC
~1-10
At~ days

L J
L J o »

Surrounding matter

see astro-ph/0611521 .
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‘ Close-by and far-away jets

1% of SMBH are active. 10% out of them launch relativistic jets.
Jets are not magnetically dominated.

GB1508+5714 z=4.30 3C273

See a review in 1104.0006



‘ Classification of AGN radio jets

FR I. Two-sided jets.
Jets dominate in the emission.
Usually are found in rich clusters.

T bow
jet shock : shock

FR Class | source: radio galaxy 3C31

v

FR Class |l source: quasar 3C175

astro-ph/0406319

~ @ ambient
S medium

cocoon

FR Il. One-sided jets.
Radio lobes dominate over jets.
Mostly isolated galaxies
Or poor groups.

See a review on radio galaxies in arXiv: 1101.0837
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X-ray and radio properties

Low-Excitation Galaxies

14

Log Ly [erg/s]
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‘ Magnetic tield in a jet

Observations of M87 tell us that the magnetic field
in the jet is mostly parallel to the jet axis, but in
the emission regions (“knots”) it becomes
perpendicular (see astro-ph/0406319).

The same structure is observed in several jets
with radio lobes.

New RadioAstron data
give some new insights.

Extragalactic jet




‘ Magnetic field in the jet

Due to modern high resolution observations new important results on the
magnetic field in jets are obtained.

ALMA 0.01 pc scale
1050 GHz 875 GHz

A

Black hole

Accretion disc

350 GHz

Magnetic fields of at least tens of Gauss
(and possibly considerably higher)

on scales of the order of light days
(0.01 pc) from the black hole.

1604.01898



3084 jet

Jet followed down to >~100 R, i
BH mass ~2 10° A

20— % ' =

Jet from the disc, not from ergosphere?
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]

=
3
—_

10! 102 10°

50 0 50 100 -150 -200 -250
MicroArc seconds

Jet axial distance (de-projected): z {frg]

1804.02198
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‘Blobs in jets
—_— ¥ It is believed that bright features

w a in AGN jets can be results of the

YA, & Kelvin-Helmholtz instability.
This instability leads to a spiral
structure formation in a jet.

(see, for example, astro-ph/0103379)

1998.41

3C 120

However, in the case of 3C 120 the blobs appearence is due to
processes in the disc. Dips in X-rays (related to the disc)
appear before blobs ejection (Marscher et al. 2002).

2000.07

2000.26 (i

Marscher, A.P., et al., NATURE Vol 417 p. 625
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‘ Blazars

Narrow Line
Region

Broad Line
Region

Black R Accretion
“ Disk

Obscuring
Torus e .
L ®
e ®
®
e

If a jet is pointing towards us,
then we see a blazar.

A review on blazar jets 1010.2856
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Blazars at very high energies

Blazars are powerful gamma-ray sources. The most powerful of them have
equivalent isotropic luminosity 104 erg/s.

Collimation 82/2 ~ 102 — 10-3. 8 — jet opening angle.
EGRET detected 66 (+27) sources of this type.
New breakthrough is expected after the launch of GLAST.

Several sources have been detected in the TeV range by ground-based
gamma-ray telescopes. All of them, except M87, are BL Lacs at z<0.2
(more precisely, to high-frequency-peaked BL Lac — HBL).

Observations show that often (but not always)
after a gamma-ray bursts few weeks or months
later a burst happens also in the radio band.

(see astro-ph/0611521)
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Blazar spectra

-+ Rau 0.3<2z<z_,,
® Rau spec z

—
|
m
E:-_['l
5
[E—
—
o7}
]
—]

1 043 1 044 1 045 1 046 1 047 1 048 1 049
-1
L, [erg s7!]

1309.4772
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‘ Microquasars

GRS 1915

The correlation between X-ray and
synchrotron (i.e. between disc and

jet emission) is observed.

27-11I-159594

B3-IY-1234

as-Iv-1334

18-IM-1554

18,688 Al
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‘ Microquasars jets 1n radio

. . | LS 5039/RX J1826.2-1450 —

LS 5039 IS a galactic massive X-ray binary.

The jet length is ~1000 a.e.

N Probably, the source was
observed by EGRET
\J as 3EG J1824-1514.

HTLLTHZE SR

(Many examples of VLBI radio jets from different sources
can be found at the web-site http://www.evlbi.org/gallery/images.html)

16



‘ The role of a donor

An important difference between the microquasars case and AGNs is related

to the existence of a donor-star.
Especially, if it is a giant, then the star can inject matter and photons into the jet.

—— IC emission
— — seed photons
radio emission

~
=
po
pn
L
w
-
w
S
o
Lo

log {(Photon energy [eV] )

see Paredes astro-ph/0412057 -



Microquasars in gamma-rays: TeV range

HESS J1825-137
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18 2
Orbital phase

S | S5039
HESS J1826-148

F. Aharonian et al. y



ion from Cyg X-1

1SS

TeV em

sjun qeid

-1
09-24

Cygnus X
2006-

€0

&

20

0

20

40

o
-
T

sjueAe sseoxe pajybiop

arxiv:0706.1505

MJD-54000 [days]

MJD-54000 [days]
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See a review on jets in binaries in 1407.3674



Jet models

—— Jet of high-speed
YA particles

Magnetic field
lines

(the table is from astro-ph/0611521)

Table 1. Characteristic parameters of relativistic jet

sources.

L At

1047-1050 102 — 10®  millisec - min.
10%2:10% 5 - 50 hours - years
1037-1040 1-10 days
1043.1046 1 seconds

In all models jets are related to discs.
Velocity at the base of a jet is about the
parabolic (escape) velocity.

20



BL Lacs

Log Power [erg s ']

P

>2P ~2L/T?

jet

1104.0006

o
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—

0.1 1 10
Pjet/]“d

=

0.1 1 10 100

P_/L,




Jet and disc

L4 — disc luminosity.
Pjet:PB+Pp+Pe

In the gray stripes P, ~ Mdot and
at low accretion rates Ly ~ Mdot?, at large - Ly ~ Mdot.

& LT <1488

< BAT

® This paper

1104.0006 i



‘Jets are more powertul than discs

€ CIV & Mgll (z>1)
O Mgll (z>1)

# CIV (z>1)

Y¢BL Lacs

O HB & Mgll (z<1)
@ HB (z<1)
O Mgl (z<1)

1043 1044 1045 1046 1047 1048
Ly Lerg s']

1411.5368
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Displaced SMBH in M87

Projected displacement of 6.8+/-0.8 pc
consistent with the jet axis
displaced in the counter-jet direction

y offset (")

-02-01 0 0102402010 01090202010 0102-02-01 0 0.1 02
x offset (")

(=P
S
hrd
iy
K]
_-.—
-
~
o
fand
]
]

Semi-major axis length (")

1005.2173 Other explanations are possible
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Different accretion regimes in AGNs

-3-26

log ':-Lbc.f'LE. » )

-2

[- photon index

1104.4891

Anticorrelation for
low-luminosity AGNs
(LINERS).

Correlation for luminous AGNS.

In the critical point

the accretion regime

can be changed:

from a standard thin accretion disc
to RIAF (radiatively inefficient
accretion flow).
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BH mass determination

Accretion disc contribution is visible in opt-UV.

It allows to estimate the BH mass.

It can be compared with emission lines estimates.
Bars correspond to different lines used.

1[}1[!

—
1
]

oF
£
|'_;|
=14
|
w

o

i

Log vF

108 10°
BH Mass (SED)

1104.0006
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BH mass and jet properties in M87

Table 3. Predicted jet and BH parameters for M = 6.5x 10 M.

om 1'0; ¢ ax W;

(1042 erg/s)

n 2 63 @ (5)
10 0.062 3.2 0.003 1.9
20 0.063 3.3 0.144 4.7

Estimates are in correspondence with the EHT data on the BH mass.

If the mass is assumed to be known,
then the initial magnetization gy, can be determined.

1904.05665



“Tidal disruption
The Hills limit: 3 108 solar masses. A BH disrupts stars.
After a disruption in (to — tp) ~ 1_1]\[;""2 VT

happens a burst with T.g ~ (Lgqq/4mo ]?“; -) — 3.7 % 10%) [1 /12 K
the temperature ' " '

The maximum accretion rate [/ Uy ! \[1 - \[ SN

This rate corresponds to the moment [ SNy 5 ) ~ 1.5(tg—1p )

Then the rate can be described as

M(t) =03 Mg [(t —tp)/(to — tp)]™>* Mg
For a BH with M <107 M, the luminosity at maximum is:
7);"\.[5._1.1(32 > 1.3 x 10¥AMf; ergs s

Lare

(astro-ph/0402497)

See a review in 1505.01093
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General picture

Rate of TDE is ~1/100000 yrs
per galaxy (1407.6425).

reprocessing from

BN stellar matter & ISM

squeezing/
} disruption
of star

inspiral of
compact objects

interaction of
unbound gas

with ISM

accretion phase

- luminous flare, ROSAT TDEs:

NGC 5905 L
RXJ1420+53
RXJ1242-11 0O
RXJ1624+75

sometimes: jet
formation

artist's view; NASA/CXC/M. Weiss/ Komossa et al.

@
£
it
o
&
@
=
=
=
Q
o
o)
o

See a review in 1505.01093
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A burst in NGC 5905

A«
)

(@)
W
(N

4 The decay was well described

NGC 5905 by the relation:

o ROSAT
¢ (Chandra

AV

S
—
o)

?;,_

Two other bursts
discovered by ROSAT
and observed by

HST and Chandra:

—
Q
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1040
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High-energy transient Swift ]164449.3+573451

Time since trigger (days)

._.
o
@

Sw 1644+57 /é\
blazar
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shocked, ~circularized
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|
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1104.3257 1104.3356

Also known as GRB 110328A




A unique event
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The transient does not looks similar to GRBs, SN or any other type of event
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A tidal disruption event

-8

Flux {(erg em2 s~

Time (days since trigger) %‘

Light curve fits the prediction corona
for a tidal event.

The spectrum is blazar-like.

1104.4787

no pairs
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Optical observations of tidal disruptions

2006 2007 2008

In optics one can observe events far from the horizon.
Future surveys (like Pan-STARRYS)
can discover 20-30 events per year.

arxiv:0904.1596

® ROSAT
A XMM
B HST

0.010 0.100
kT,, (keV)

34


http://arxiv.org/abs/0904.1596

Two more examples of optical tlares
due to tidal disruption events

SDSS data

20 40 [:14] a0

Atypical flares

AB magnitude

Rate estimates:
~10-° per year per galaxy
or slightly more

0 200 400 600 800
MID — 53974

MID — 5435%

1009.1627 Dashed lines: -5/3

Solid lines: -5/9 »



Theoretical models

» X-rays. 1105.2060
* Radio. 1104.4105

Flows of hot X-ray emitting gas
have been identified after one
of tidal disruption events.
1510.06348

first pericentric passage after second pericentric passage

1104.2528
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Stellar masses

T T I'IIIII T T IIII'I| T 1_" T T | T T I'IIIII T l - _" T LI II| T T IIII'I| T l_" T T "'II'I T II'IIII| T l
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For not too massive BHs the main contribution is due to M-dwarfs (0.3Msolar).
For massive BHs contribution from massive and evolved stars grows.

1601.06787




Role of stellar spin

—— 0.002 prograde

non-rotating ——
parallel — —
anti-parallel

—.— no spin

1901.03717

10000 100000

1901.05644
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TDE and binary SMBHs

It has been predicted that after a TDE in a system of close SMBH binary
there might be particular drops in the light curve. S a Sep Ot Now D o e e e ey i st Mg
Such phenomena was observed. "

SDSS J120136.02+300305.5
XMM-Newton observations

L,(0.2—2keV)

Masses ~107 and 106 solar masses,
orbital separation ~10-2 pc
Eccentricity ~0.3

L,(0.2—2keV)

TDES in supermassive BH binaries
were recently modeled in 1802.07/850.

q=10 q=02

| = 0.01a

2
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‘ Mass determination from TDE

12 optically/UV selected TDE host galaxies
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“50 75 100 125150 200 250300
Velocity dispersion (km s )

10° 10’ Red- new data, lines — best fits,
BH mass (M) black — Ferrarese, Ford (2005).

1706.08965




Squeezars

The rate of

01 0.25 ; formation is lower
than the rate of
tidal disruption
events, but the
observable time
Is longer.

Graphs are plotted
for a solar-type
star orbiting

the BH in the
center of our
Galaxy.

(astro-ph/0305061)
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‘ CTPYyKTypa ACKA BOKPYT
CBEPXMACCUBHOU YEPHOU ABIPEI

HabntoaeHme MMKPOMH3MPOBaHUS NMO3BOJISET
BbISIBNIATb CTPYKTYPY aKKPELIMOHHOMO AMUCKA.
KpoMe 3Toro, Habnoganacb NMMH3MPOBaHHAS
NNHNA Xene3a. Yaanocb «yBUAETb» KOPOHY AMUCKA.

/ 1204.4480

| Doppler horns -~ '
‘ /
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=
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=
8,
>
w

gravitational redshift




Disc structure from microlensing

Using the data on microlensing

at wavelengths 0.4-8 microns

it was possible to derive the size

of the disc in the quasar HE1104-1805
at different wavelengths.

Vavelength (pm)

arXiv:0707.0003 Shawn Poindexter et al.
«The Spatial Structure of An Accretion Disk»
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Disc size — BH mass

Disc size can be
determined from
microlensing.

arXiv:0707.0305 Christopher W. Morgan et al.
«The Quasar Accretion Disk Size - Black Hole Mass Relation» a4



New data

IR and optics.

Chromatic microlensing:
blue light from

the inner regions

IS more strongly
microlensed than

red light from farther out

—
=
=
2

u

e

e
L.

Solid line is
the prediction
of the thin disk model.

1007.1665
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Standard disc properties

3G Mzym, frdd )'4 (o )/ Standard disc model
_— |_5‘: | 'i.ﬂ I:"I ) ¥

?:;:ﬁ'[,f'_] - ( A

2cogornr?

45G-Mzm, fEdd AT
-~ ~ " BH pJREACT V COS i

2.44 D
{ 4> hpc’orn

=1.68 x 10'°cm ( Mg ) ( Jedd ) ( _1‘ )

S pm

1007.1665
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SDSS J1330+1810

HE 0230-2130

]
(=

bog (r,re )

WFI J2026-4536 MG J0414+0534

WEFI J2033-4723 HE 0435-1223

1.0 ) 1.0
Eest Wavelength (microns)

Eest Wavelength (microns)

1007.1665




BX J0911+0551 PG 1113+080

SDSS J0924+0219 B J1131-1231

HE 1113-0641 SDSS J1138+0314

1.0 . 1.0
Fest Wavelength (microns) Best Wavelength (microns)

1007.1665




‘ Super-Eddington discs
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Super-Eddington accretion leads to formation of an optically-thick envelope

scattering the radiation formed in the disc.
This makes the apparent disc size larger and practically independent of wavelength

1208.1678
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Discs observed by VLTI

baseline The structure of the disc in Cen A
S — was studied in IR for scales <1 pc.

The data is consistent with a
geometrically thin disc
with diameter 0.6 pc.

Observations on VLTI.

arXiv:0707.0177 K. Meisenheimer et al.
«Resolving the innermost parsec of Centaurus A at mid-infrared wavelengths»
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Discs around black holes:
a look from aside

a) 6=5 d) 6=5

<

6=45°
0=85°
g=1.0

a=0 a=0.998M

vy 4

0 3E+4 5E+4 T=7E+4 9E+4 11E+4 14E+4

e)

Disc temperature

| | — |

0.0 05

Discs observed from infinity.
Left: non-rotating BH,
Right: rotating.

http://web.pd.astro.it/calvani/ .



from gr-qc/0506078



> e —_—

‘ Discs from Interstellar movie

1502.03808



F, [arb. units]

Ditferent effects i
GM ) 2 ( 7 )2] : : Doppler horns -~
2 - J_ ,g 0.6 |- : |
i o - a=0.998
For maximal rotation r,go=r, T o
‘ 9= Ve -
» Doppler effect
08 | * Relativistic beaming
* GR light bending
04 | * GR grav. redshift
: 12 arXiv: 0907.3602

9 = Vope/Yem
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Rotation direction

I
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Fluorescent lines

The Ka iron line observed by
ASCA (1994 r.).
Seyfert galaxy MCG-6-30-15

1.5x10%

Dashed line: the model with
non-rotating BH,
disc inclination 30 degrees.

19~

.I_T\
P>
)
L
T
n
o
|
£
3)
=
a,
S’
b
~
—
v
k=
i

Energy (keV)

astro-ph/0212065
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ILines and rotation of BHs

XMM-Newton data
(astro-ph/0206095)

The fact that the line

extends to the red side

below 4 keV is

interpreted as the sign

of rapid rotation

(the disc extends
inside 3R,).
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see astro-ph/0212065
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Suzaku spin measurements program

NGC 3783 z = 0.0097/3

A very complicated model.
a > 0.93 (90% confidence)

AGN

MCG-6-30-15¢
Fairall 9°
SWIFT J2127.4+5654¢  0.673
1HO707-495¢

Mrk 79¢
Mrk 3357/
NGC 7469
NGC 37839 > (.98

1104.1172

A little bit more data
in 1307.3246
and a big review in 1309.6334
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Relativistic retlection fitting of spectra

AGN a

6-30-15° >

SWIFT J212
1 HO7

9173}
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FT J0501.9-3

Mrk 8417
IRAS 1:

~+0.01
+0.977001

1309.6334
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Gravitational redshift of the S2 star
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The inner edge

The place where the fluorescent line is formed
IS not necessarily the standard ISCO.

Especially for large accretion rates
the situation is complicated.

10.0 Mgy,

1.0 Mgy,

0.1 M,

Edd

&
=

<
I~

chive

effer

1003.3887
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Measuring spins of stellar-mass BHs

Source

GRS 1915+105
LMC X1

M33 X7

AU 154347
GRO J1655-40
XTE J1550-564
LMC X3
A0620-00

Spin a,

> (.98

J£_0.07
0.84 4 0.05
0.80 £ 0.05
0.70 £ 0.05

n 24+0.20
0.34+9:20

< (0.3P
0.124+0.18

Different methods used

1101.0811

See a review on BH spin

(both XRB and AGN) in
1507.06153
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‘Twisted light

If the source of the gravitational field also
rotates, it drags space-time with it.
Because of the rotation of the central
mass, each photon of a light beam
propagating along a null geodesic will
experience a well-defined phase variation.

20—

.....

.....

50

0

-50

e

0.15
2 010 |
0.05r-
0

RN | |Il-h L
-10 0 10

£

-100 .

This effect can be used 2100 -50 O 50 100
to learn about spin e

. 100
of accreting BHs. .
_ -50

-100

-100 -50 O 50 100
x/Rg

Power x 1074

1104.3099

See http://www.physics.gla.ac.uk/Optics/play/photonOAM/
and astro-ph/0307430 about orbital angular momentum of photons

63


http://www.physics.gla.ac.uk/Optics/play/photonOAM/

Horizon and exotics



Main reviews and articles

* gr-qc/0506078  Black Holes in Astrophysics

» astro-ph/0207270 No observational proof of the black-hole event-horizon

* gr-qc/0507101  Black holes and fundamental physics

* astro-ph/0401549 Constraining Alternate Models of Black Holes:
Type | X-ray Bursts on Accreting Fermion-Fermion and
Boson-Fermion Stars

« arXiv: 0903.1105 The Event Horizon of Sagittarius A*

e arXiv: 1312.6698 Observational evidence (review)

« arXiv: 1904.05363 Testing the nature of dark compact objects: a status report




The horizon problem

What can be a 100% proof that we observe a BH?

Of course, only a direct evidence for the horizon existence!
But it is very difficult to prove it!

One can try to follow three routes:

1. To look for direct evidence for the horizon.

2. Totry to prove the absence of a surface.
3. To falsify the alternative models.

The first approach is not very realistic (astro-ph/0207270 Abramowicz et al.)

We can hope to have direct images from the horizon vicinity

(for example, for Sgr A* the corresponding size is 0.02 milliarcseconds),
or to have data from BH coalescence via GW detection.

(see Narayan gr-qc/0506078)



Dreams about direct images

Ie1 % 1Pa1 170 thrl T e

(Narayan 2005)

Prototype: 100 microarcsecs
MAXIM: 100 nanoarcsecs
33 satellites with X-ray optics

The MAXIM Project (Cash 2002) and a detector in 500 km away.

http://beyondeinstein.nasa.gov/press/images/maxim/



Absence of surface

* Lack of pulsations
* No burster-like bursts
Nowhere to collect matter.
(however, see below about some alternatives)
 Low accretion efficiency (also for Sgr A*)
ADAF. Energy is taken under horizon.
» No boundary layer (Sunyaev, Revnivtsev 2000)
Analysis of power spectra.
Cut-off in BH candidates above 50 Hz.



‘ The case of Sgr A*

Recent millimeter and infrared
observations of Sagittarius A* (Sgr A*),
the supermassive black hole at

the center of the Milky Way,

all require the existence of a horizon.

Magnetic field observed ? /
around Sgr A* due to
faraday rotation of the

radio pulsar emission

can explain the energy

release in the flow:
1308.3147.

Now fields are observed

directly:

1512.01220. 0903.1105

See also 1503.03873 about M87 ;



Surface emission limits
Eew = Acgg me?
j——’\ — .AIE g i"l,_f_f'z

arXiv:0903.1105



Limits
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BH shadow and alternative theories

BSMEM (convolved, scattering)

Kerr BH Dilaton non-rotating Difference

AS [udy]
0

Dilaton Difference

Smax = 0.812 mJy Smax = 0.590 mJy
-100 -50 0 50 - -50 0 50 -50 0 50
Relative R.A. [pas] Relative R.A. [pas] Relative R.A. [pas]

Impossible to distinguish with present day technique.

1804.05812

DSSIM = 0.315
Smax = 0.94mJy

—50 0 50
RelativeR.A. [pas]
BSMEM (convolved, scattering)

Dilaton

DSSIM = 0.351
Shax = 0.94mJy

—100 —50 0 a0
RelativeR.A. [pas]
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BH shadow in different models

Kerr Black
Hole a=0.999
f = 60°

Supraspinning
Black Hole

y
8

a=1.001
6 R=0
4 6 = 60°

Kaluza-Klein Rotating Dilaton
Black Hole

Ya=05
i=290°
Q=0,0.5, 1.1298 (dotted)

1311.1841

-8

' I(-er'r-'llaljb-Nl'JT

Black Hole

| T
— =05
L - 0.0

T T T T T T T |
johannlsen & Psaltis
no-hair violation

|

a=>0

| i=90°

T52 & Kerr (dotted)

-5 0




Parameters of different models

Fermion stars:

M=223 MeV (non-interacting)

M .,=12.61 M,

R(M=10M,)= 252 km= 8.6 R,
Collapse after adding 0.782 M, of gas.

Bozon stars:

M,=2.4 10-1’"MeV, A=100

M .,=12.57 M,

R(M=10M,)= 153 km (99.9% of mass)
Collapse after adding 0.863 M, of gas.

Model parameters are constrained
by limits on the maximum size

of an object derived from QPOs
at 450 Hz

astro-ph/0401549

12



Stability respect to flares on a surface

Rmin:9/8 Rsh

Potentially, smaller radii are possible,
but such objects should be

unstable in GR.

Still, if they are possible,

then one can “hide” bursts due to
high redshift.

Solid dots — bursts.
Blanc field — stable burning.

For a 10 solar mass object with hard surface
astro-ph/0401549

13



Timing characteristics of surface bursts

lllll.lllllllll llllllllllllll
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For a 10 solar mass object with hard surface for R=2R,

astro-ph/0401549




Stability respect to flares inside an object

<: Fermion stars

<: Bozon stars

astro-ph/0401549

15



Timing characteristics of internal bursts

<: Fermion stars

-24 22 -2 -18 -16 -24 22 -2 -18 -16

<: Bozon stars

-24 22 -2 -18 -16 -24 22 -2 -18 -16

Mgas=0.3 solar mass

astro-ph/0401549
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‘ BHs and fundamental theories

1. Thermodynamics of BHs and Hawking radiation.
2. Testing alternative theories of gravity.

3. Black holes and extra dimensions

4. Accelerator experiments

Under some reasonable assumptions
astrophysical data can provide
strong and important constraints
on parameters of fundamental theories.

17



Brane worlds and black holes

In astro-ph/0612611 the author discuss
constraints on parameters of world on brane
basing on observations of XTE J1118+408.
The idea is the following. In many scenarios
of brane world BHs lifetimes are short.

An estimated of a lower limit on the age

of a BH can provide a stronger limit

than laboratory experiments.

—
.._‘0
~
——
wn
n
©
—
-

Age estimated by the time
of the last galactic crossing.

N
L
: yr
1 mm

L (mm)

(see also astro-ph/0401466)
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BH spin and testing the GR

Black Hole QPOs —

Hulse—Taylor Pulsar .

AN

Deflection of Light

Shapiro Delay NG N

Precession of Mercury .
Microlensing

Strong Lensing |
Galactic Rotation

Terrestrial Labs

astro-ph/0402213

N

l

(@A

log(Potential /c®)




QPO in GRO 1655-40

S— —— —
— — —
—_—

Radius (GM/c®)

astro-ph/0402213

If the interpretation of QPOSs in
this source is correct, than
we can “look inside” 3Rg.

The observed frequency is 450 Hz.
Uncertainties (dashed lines) are
due to uncertainty in the mass:
5.8-7.9 solar masses.

However, this conclusion crucially
depends on our understanding of
the QPO phenomenon.

Here it is assumed that
fopo<fazm=(GM)2/2TR3"

20



Testing no-hair theorem

It is possible to study and put limits for
the existence of quadrupole moments.

=

%' (M)
guadrupoles

Photon ring formation

1005.1931 21



Tidal disruption and horizons

- logy(M/Mg)=85 _
— 1091 (M/Mg)=95| " 2=

e logi(M/Mg)=7.5 |
201 pS]

logy,F, [yl

z=0.5
, : . Y L ruled out
) 0 S by PS1
10g 10 (7pn/7s — 1) R
10 el 1 1 1 1 I 1
-/ -6 -5 -4 -3 -2 -1 O
- logy(M/M;)=7.5 logy0(n—1) n:rsufr/rSh

If there is a hard surface, then a kind of
a photosphere might be formed above it.

No surface emission after tidal events.
Limit 1+1044 of the Schwarzschild radius.

1703.00023




Alternatives

Gravastar - GRAvitational VAcuum STAR (Mazur, Mottola gr-qc/0109035)
Dark energy stars (Chaplin astro-ph/0503200)

Boson stars (see, for example, Colpi et al. 1986 Phys. Rev. Lett.)

Fermion balls (see discussion in Yuan et al. astro-ph/0401549)
Evaporation before horizon formation (Vachaspati et al. gr-qc/0609024 )

abhowbdpE

Except general theoretical criticizm, some models are closed by absence
of burster-like flares (Yuan et al. astro-ph/0401549).

This is not the case for models like those proposed by Vachaspati et al.
However, they are activley critisized by theorists.

Problems with formation mechanisms and stabllity.
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Model Taxonomy Formation Stability EM signatures

Fluid stars UCOs X v v v
[18,}25((34/56-58] 18, 25,30, 56]

Anisotropic stars ClePhOs v v v
59-161] [62/63] 35,/61/64] 35/64]

ClePhOs?) v v v v
5179 687173 [75] 70,76 180] 8133 [24/50 55,84 /8]

Boson stars & UCOs, (
oscillatons 6

Gravastars COs — ClePhOs X v v ~ BUChdahl |Im|t In GR

489 [79) o0 92] |23 2433 [50/55,92 [97] r>9/8 R
sh

AdS bubbles UCOs — ClePhOs v X
o8] o8] od)

Valid for ordinary fluids.

Waormhaoles ClePhOs v v ~
|99+103] 104,105 [106-109] 23, /50/55]

Fuzzballs ClePhOs X X ~
5,|6] (but see [110-113]) (bul see [23)24,114])

Superspinars COs — ClePhOs v X N
115 37[116)  (but see [117)) 24J24]

2 — 2 holes ClePhOs X X -
L18| (but see [118]) (but see |L18]) 23,24|

Collapsed ClePhOs X X ~
polymers [119,120] (but sce [119,121]) 121]

Quantum bounces /| ECO — ClePhOs X X e
black stars T.8,1224125]  (but see [123)126]) 125]

Cuantum stars® UCOs  ClePhOs X X
127,128

Firc-walls* ClePhOs X ~
[129 [131) 24]1332)

1707.03021




BHs vs. boson stars

Density Magnetization

Kerr BH Boson star ‘ Boson star
t = 9500 M t = 9500 M

—4
-8 =6 -4 270

—-50 —40 =30 =20 —-10 0 y : ; —-50 —40 =30 =20 —-10 0
x [M] x [M]

1809.08682
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230 GHz images of BHs and boson stars

O/ Omax
0 0.2 0.4 0.6 0.8 1

GRRT GRRT (convolved) EHT2017 (6h, reconst., scatter)

sweea  POtENtIAllY, future imaging

(most probably with space based

millimeter range interferometers)

can distinguish between SMBHSs
N sw-ox8 @Nd boson stars due to differences

ccsssssscs . mununel 1) the appearance of the “shadow”.

U
L)

DSSIM = (.19
Seanx = 0.62 mJy § Smax = 0.61 mJy

.

DSSIM = 0.03
Smax = 1.48 mJy i Smax = 0.90 mJy

) 50 0 50 100 100 50 0 50 100 100 50 0 50 100
Relative R.A. [pas| Relative R.A. [pas) Relative R.A. [pas]

1809.08682
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GRAvitational VAcuum STAR

I. Interior:

II.  Shell :

III. Exterior :

Do not produce
Hawking radiation.

Can be distinguished
In coalescence.

See recent developments
in 1512.07659

Mazur, Mottola gr-qc/0109035

Vacuum outside,
Vacuum inside

Schwarzschild

De Sitter

27




Probing vicinity of a horizon

EM probes : spin distributions. shadows, accretion. tidal disruption
GWs : echoes, resonances. spin distributions. inspiral, merger ——»

4 1 0

ECO

boson star, fluid star

' UCO neutron star
ClePhO
highly — spinning

fuzzball, gravastar, wormhole, boson star, fluid star
2 — 2 hole, collapsed polymer.
guantum star/bounce/condensate, ....

Black hole limit

10733 10% 10° 107 (ro —rg) [cm]

Planck scale clean photosphere Buchdahl photosphere

ECO — more massive than a NS
UCO — have a photosphere (radius < photon sphere)
ClePhOs — have surface too close to the horizon

- < eerit ~ 0.0165

1707.03021 (see also a shorter version in 1709.01525)
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Emission propagation in the vicinity
ot a BH horizon

1707.03021

29



What can low luminosity rule out?

troundt rip ™ 8M IOP_'_Z({'-D ¢ (.'-E:"IT"J r"ll;g.})

ro =2M (1 + ¢€)

-. tHl.lhl,}]L‘: |
T
" 1n—17 € ' (..j' ﬂf
E ~ 10 (_1[_}—11‘1) ( M )

Thus, it is difficult to rule out

with electromagnetic observations.

1707.03021
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Echos in CLePhOs

Techo ™ 4M | li:lg r:'|

0.0 I M”“I r|||| |||||||I|fI I||||||||'| ||1||||"r’| 'I||n|,| I|II

600 800 1000

Tecto ~4M [log €]
— ClePhO

L.
0 100 200 300 400 500 600
t/M

1707.03021
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GWs: BHs vs. ECOs

GW cchoes v (only UCOs) V (Techo ~ M|loge|)
Modified prompt ringdown v X
FExtra modes v v

s
-
Q
T
1)}
=
-
|

Multipolar structure (2PN) oM; =65, =0 OM; # 0, 65; # 0 OM; ~ 0,065 ~0
Tidal heating (2.5 — 4PN) 4 X X
Tidal Love number (5PN) k=0 ; k ~ [loge] 1

Resonances X 301,[96 wM ~ [loge] !

inspiral

1707.03021
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Conclusions

It is very difficult to prove that a given object is a real BH with horizon,
or may be even impossible (see 1904.05363).
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Primordial BHs



= . astro-ph/0504034 Primordial Black Holes - Recent Developments
« astro-ph/0304478 Gamma Rays from Primordial Black Holes
In Supersymmetric Scenarios
» gr-qc/0304042 Do black holes radiate?
* gr-qc/0506078  Black Holes in Astrophysics
« arXiv: 0709.2380 Do evaporating BHs form magnetospheres?
« arXiv: 0912. 5297 New cosmological constraints on primordial black holes
« arXiv: 1403.1198 PBHSs (review)
 arXiv:1503.01166 PBHSs (review)
=+ arXiv:1510.04372 PBHs (very large review)



Introduction

The idea was proposed by Hawking (1971)

[however, some discussion appeared also before, see,

for example, Zeldovich & Novikov, 1966].

The idea is that at early times large-amplitude overdensities would
overcome internal pressure forces and collapse to form black holes.
The mass of a PBH is close to the Hubble horizon mass.

Of course, we are interested only in PBH formed after inflation.

PBHs may also form at the phase transitions expected in the early universe,
in particular, PBH formation can be related to topological defects.

PBH contribute not only to y-ray, but also to CR and v background.
Masses from 10-° g up to 10° solar masses.

See introductions in arXiv: 0709. 2380, 0910.1876, astro-ph/0304478



Primordial black holes

Primordial black holes (PBH)

are formed with masses about the mass
inside a horizon at the given moment
(particle horizon).

7_1(‘3 o =7 ' .:\[
S (_U—

The time for complete evaporation

astro-ph/0504034



Mass-spectrum

Mass function in the standard model
(Kim-Lee)

The case n = 1 corresponds to a scale-invariant (Harrison-Zel'dovich) spectrum
which yields a Carr initial mass function, dn/dM; ~ M52, .

As some authors realized, the n = 1 spectrum does not yield a significant PBH
abundance when normalized to COBE observations (astro-ph/0304478).

Evaporating PBH can be considered non-charged, non-rotating as both
(spin and charge) are rapidly emitted due to particle creating (Hawking radiation).

In different models of PBHs formation the spectrum can have different shape
(power law, log-normal, etc.).

astro-ph/0304478



Hawking spectrum

d*N B | I Hawking flux
dQdt o, (e}:p (ﬁ—) — f—l]ﬂ"‘) |

For non-rotating,
non-charged BH.

Horizontal axis ~Q/KT

T=T(M)

prary
el
o
o
_—
=z
]
=2
B
I
"‘1-
=
=)
o
o

Vertical — d*N/dQdt

Rem: Spectrum is

different in other models
of gravity. For example,
about BH evaporation | |
in loop quantum gravity "o . . 03
see 1808.08857. 2iMQG / he

astro-ph/0304478




EGRET and constraints on PBH

—-2.10
E

N i—
{

—3 r—1
cm “GeV

100M eV

Background radiation at energies:
30 MeV — 120 GeV.

The upper limit on the density of PBHs

—9

Qppa < (5.1 +1.3) x 107°R 72,

astro-ph/0504034



Constraints on cosmological parameters
from data on PBH

Data on PBHs in principle can provide constraints on different cosmological
parameters related to the density fluctuations.

M > ﬂ"irrrlirl — iTlhl(Ji'-" {TRH / TPE)_E

For example, on the parameter n,
characterizing the power spectrum
of fluctuations.

NI
i \

: . \
Deuterium

astro-ph/0504034

About other constraints see Carr (2005) astro-ph/0504034



Particle emission during PBH evaporation

o M\ ! M\t
d et ‘)..() 5 I~ ;,I If'.
e ( g ) % (1‘-'13!_/) Gel

3.[:—» x 102 I\f (/;_"fg’\[‘.us‘.

T(M) =6 x10"2"f(M)"Y(M/g)® s

When a BH mass is below 1014 g,
it starts to emit hadrons.

astro-ph/0504034



Particle spectrum for
uniform distribution of PBHs

BHs uniformly distributed
In the Universe.
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astro-ph/0504034
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Constraints from galactic y-ray background

The authors assume that PBHs

are broadly distributed like

dark matter in the halo of our Galaxy.
EGRET data

EGRET data

1. spacetime is 4D;

2. PBHs form through
a cosmological scenario;

3. most PBHs are presently neutral
and non-rotating;

4. being part of the dark matter,
PBHs are distributed alike.

Best fit model

The flux peaks at higher energy
(around 5 kT)

than for a pure blackbody at

the same temperature

(which flux is maximum at 1.59 kT)

Residuals

arxiv: 0906.1648
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The spectrum
Spectrum of a kT=20 MeV BH

Since the typical temperature

of PBHs born in the early Universe
and that end its life at present time
Is about 20 MeV,

a distinctive signature of

guantum black holes would be a
guasiplanckian spectrum at
unexpectedly high energy,

peaking at about 100 MeV

&
-

[
=
e

]
=
=2
-
n
L
=]
=

o

BH spectrum |
(MacGibbon&Webber 1990) 50 100 150 200 250

Photon energy (MeV)

Blackbody spectrum
with the same temperature

arXiv: 0906.1648, see a public code description in 1905.04268
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Density distribution

|3
()
>
©
&
e

arXiv: 0906.1648

—— NFW
—— NFW_

Moore

Isothermal

It was assumed that

PBH follow the DM distribution.

Several different variants
have been used.
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Results and limits

DM distribution Qpsr(M,)
Moore 6.04 £ 0.0510~ 1.3810 | 0.9810~
Moore, 1.07 = 0.07 1077 0.24107° | 0.17107%

NFW 6.70 £ 0.0510° | 1.53107 | 1.0810~"
NFW. 1.93 £ 0.08 1077 04410-° | 03110~
1sothermal 1162+00410° | 26510°° | 1.8710°7

Upper limits for the local PBH density are:
3.3 107 — 2.1 108 per pc3.
Explosion rate ~0.06 pc3 yr 1.

arXiv: 0906.1648

15



Spectra in different models

The spectrum can be non-thermal.

This is due to creation of particles

which then demonstrate series of
transformations (decays) and interactions;
only at the very end we have photons.
And their spectrum is different

from the thermal

(i.e. from the blackbody).

MacGibbon ,

Webber

1lg 4N, /dE, (GeV ' al)

However, the situation is not that clear
(see recent criticism in arXiv: 0709.2380).

Note, that y-ray limits are made for

PBH with T~20MeV, so effects of
photospheres are not important.

But they can be important for UHECRS.
Effects can be strong at Tg,;~A\qcp~300 MeV

E, ~m,o/2 ~ 68 MeV

arXiv: 0706.3778
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Emission rate ot photons

1 I 1 _ T
300 MeV
100 MeV

30 MeV secondary

primary

0912.5297




Gamma-ray background

HEAO-1+balloon
COMPTEL
EGRET *+-
Fermui LAT Ist-year +-

0912.5297




Constraints from H.E.S.S.

Nothing detected.

Upper limits can be derived.

At the moment these limits
are not very constraining.
At — However, with HESS-2

. . N it will be possible to obtain
Time before explosion . R
- more interesting limits.

N
o
L
I
=
=

107

1
Distance (pc)

th pnlumndrv upper limit on the explosion rate 1s
Prey < 1.4 x 1”41:]L 'vr— ! at the 95% CL for T = 30s.
1€ hﬂtlhllﬂi[} imit, defined in section [5.3] is 1.7 x

10*pc—yr~!. By comparison, the preliminary upperhmlt
obtained with the T = 1s search time-window 1s Pppy <
4.9 x 10*pcyr~! (95% CL).

1307.4898
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Milagro limits

See also
1507.01648

CYGMNUS Limit {1 sec), Whipple Limits (1, 3, 5 sec). about future
Alexandreas (1993) Linton (2006) ..
limits from HAWC.

1y
!

Tibet Air Shower Array Limit (1 sec),

Amenomor (1995)
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Limits from the Kepler data

Limits are based on lensing searches.
The idea was to put new limits on PBHs
as dark matter candidates looking for MACHOs.

Kepler is sensitive to PBHs in the mass range
2 1019 M, <Mg,<2 10° M

solar solar

Solid black is the new limit.
It excludes the mass range
10° |\/Isolar<|v|BH<:|-O_7 |\/Isolar
l.e., PBHs from this range
cannot explain halo DM.
The allowed range is
10 3M 5 <Mp<10° M

log,,(halo fraction)

solar solar

—10 —8

s(mass/M,)

lf}g 10l

1307.5798
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OGLE limits from lensing

Six “suspicious” ultrashort (few hours) events are detected.
They correspond to masses about an earth-like planet.
Potentially, they can be PBHs.

|

BH

1 I OGLE data = (Galactic bulge/disk models . .
(2622 events) o 10° 10! 10?
) SRS M [M,)]
PBH ” R
Mpgpy = 1073 M 4 \ MS : WD : NS : BH = 1:0.15 : 0.013 : 0.0068
/

feeu =1 +~0.1 free-floating Jupiter-mass
planet per MS star

Initial or final mass function: dn/dinM
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If 4 shortest
OGLE events
are excluded
from the
analysis.

Assuming
that no PBHs
were
detected

by OGLE




Limits on PBHs of different masses

1607.06077, see a review in 1901.07803

Three
“‘windows”
are marked.

All constraints
are for
monochromatic
mass functions
AM~M.
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Legend to the previous plot

The purple region on the left is excluded by evaporations,

the red region by femtolensing of gamma-ray bursts (FL),

the brown region by neutron star capture (NS) for different

values of the dark matter density in the cores of globular clusters,

the green region by white dwarf explosions (WD),

the blue, violet, yellow and purple regions by the microlensing results from
Subaru (HSC), Kepler (K), EROS and MACHO (M), respectively.

The dark blue, orange, red and green regions on the right are excluded by
Planck data, survival of stars in Segue | (Seg ) and Eridanus Il (Eri Il), and the
distribution of wide binaries (WB), respectively.

The black dashed and solid lines show, respectively, the combined constraint
with and without the constraints depicted by the colored dashed lines.

SE » . ) o I R
fopH = —28 — [ dM (M) . feeu [ log® (M /M, _})

S M
Qpm 952

1705.05567
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Searches W1th GRB network of detectors

With IPN the authors try to put limits
on the distance to short gamma-ray
bursts.

It is expected that PBHs evaporation
IS visible from short distances.

w

The are some (36) candidates
with possibly small distances (<1 pc).
But these are LOW limits.

l.e., it is still very uncertain if these
bursts are related to PBHSs.

M

Number of Bursts

2 3 4
log Minimum Distance (AU)

1512.01264
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Radio transients. BHs and extra dimensions

Low-frequency (8-meter wavelength) antenna — ETA.

According to Blandford (1977) low-frequency radio observations
can provide a limit much better than gamma-ray observations.
The limit strongly depends on the Lorentz factor of the fireball.

Depending on parameters a burst ~0.1s long can be detected from
the distance ~hundreds parsec.
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Fermi limits

LAT is sensitive to evaporating BHs within 0.03 pc with T~16 GeV (mass 6x10'! g).
Life time is months-years. Some must already disappear during Fermi observations.
Sources might show spectral and brightness evolution.

And they must move (as they are close)!

PBH lifetime
Fermi observation time

Time to appear as a PS
1

he? o M
Tpn = — - ~ 107 K
BT 8 G Mk (u) :

: t
M(t) =~ 10" S

10!
Ty (GeV)

1802.00100 .



Sensitivity of Fermi to PBHs

1802.00100

Differential b = 30°

1 GeV (1.5e+04 yr)
2 GeV (1.7e+03 yr)
4.3 GeV (1.92+02 yr)

8.8 GeV (22 yr)

18 GeV (2.4 yr)

38 GeV (0.28 yr)

79 GeV (0.03 yn)
I

Detectability distance (no proper motion)
Include proper motion

10!
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Calculations of the limit

ppBH = const.

lrﬁlj GeV

r—4 g
;F _ J16.4 GeV r dT
/ 60 GeV rrr 4 oo
j . 1 —4 rff '

5 GeV J"J’ F( R.. T) R

T3 dR dT

[[ & dRdT

o < 064
OPRH < .
PPBRS v

1 n3 -3 —
= 7.2 x 10° pc™° year .

- o —'—5_ Yo :_1- .—:j _
I ]J.: JII_;..F].I. ~ ( - —2 4, e ’ > :l:'."-_[

1802.00100
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Limits from accretion
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1812.07967, see also 1805.06513
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RRATs — Bpawatowmeca pagnoTpaH3nNeHThbl

Mynbcapel
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MunnucekyHOHble pagnoBCEeCKM HEUMTPOHHbIX 3BE3[.
Yoanocb n3amMepuTtb Neproa BpaLLEHUSA U ero NPoM3BOAHYIO.
[Mpr4YMHbI BCNNECKOB HE N3BECTHbI A0 CUX MOP.

OTkpbIThl B 2006 roay,
cM. astro-ph/0511587.



1212.1716

RRAT —3T0 nysbcapbl?

PSR
J1646-6831

J1647-36

J1226-32
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Cenyac cuurtaetcq, 4to Becnneckn RRATs — 910 doopma MarHUTocepHou
aKTUBHOCTU. [loxoXune BCNnecku ecTb y paguonysribCapos, U NPOBECTU
PE3KyL0 rpaHnuy Mexagy HUMKU oYeHb TPyaHO.



I\/ImnnmceKyH,u,Hble PaAVNOBCNAECKN
OTxkpbiThl B 2007 ropny.

MpoucxoxpeHue
HEeun3BeCTHO.
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OaHo 13 cambix l/IHTepeCHbIX OTKprTVIl/I 2007 .

B HarnpaBlieHUN BCIrJieCKa He Obinn BNOHO
BClbIWEK B APYIrMX Anana3oHax.

Bonblwasa mepa gucnepcun.

Ecnu gncnepcust Habupaetcs

Ha MeXrarnakTu4eckomn cpeae,

TO CBETUMOCTb B paano ~1043 apr/c

oeHTnguumposaTb MICTOYHUK HE yaOanoch.

[O TOM, Kak He nepenyTaTb RRAT n FRB,
cMm. 1512.02513]



[lepBbIV BCMNJ1€CK

J0045-7042_,_
(70)

OTkpbIT B [Napkce
[yHkaHom Jlopumepom un ap.

JO111-7131

\\(76) ~30-40 AH, < 5 mcek.

3 rpagyca ot Manoro
MarennaHoBoro Obnaka

Declination (J2000)

Science 318, 777 (2007)

1h45™ 1h3p™ 1P15™ 1too™ ot45™ ob30™
Right Ascension (J2000)

' Sy Av 0
s =1.3x 10Merg/s | —% ) 1.4 GHz ( )
L 3x 10M erg/s (1 Jy (1.-—‘1 GHZ) 1sr.

1511.02870

( D
1 Gpc



http://www.lanl.gov/about/history-
innovation/innovation-timeline.php

|/|CTOpl/IFI nosTopsaetca? GRB2.o?

B koHue 60 rT. ObIfin OTKPbLITbI KOCMUYECKNE raMMa-BCMNIIECKMN.
30 neT oHM ocTaBanuMcb 3aragkoun, T.K. B HanpaBieHUA
BCM/ieCka He yaaBanocb yBUOETb CUrHas B APYrom
cneKkTpanbHOM anana3soHe.

Tonbko B KoHUe 90-X IT.
yaarnocb OgHOBPEMEHHO
yBUAOETb BCMJIECKN U B
PEHTreHOBCKOM AuanasoHe. E—

brightness of gamma ray burst

i -

ATO NO3BOSINIIO HAKOHEL-TO

e s ——=
MaeHTUMLMpPOBaTh UX. 6 seconds

https://heasarc.gsfc.nasa.gov/docs/cgro/ep
o/vu/overview/bursts/firstbst/firstbst.html
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T.K. BCNsieck otTnu4yarncs oT JIOPpUMePOBCKOro, TO ACHOCTH

B CUTYyaLUIO C 6bICprIMVI paanoBcriyieCkaMmm 3To He BHECIJIO.

B nnockocTtu ManakTuku.

[MnoTesa:
ncnapeHue
YyepHoun ablpbl!

PagnoBscnnecku

OT ncnapsoLLnxXcs
YepPHbIX Ablp

ObINn NpeackasaHsbl
y>Xe OaBHO.

bonee Toro,

OJHON U3 MOoTMBaALUN
Yy4YeHOoro, co3gaBLuUero
KITHO4EBYHO TEXHOSOIMNIO
Wi-Fi, 6bIN0 OTKPbITb

B pagno Takue BCMbILLKWN.



1009.5392

Perytons

[TepuUTOHbI HaYann akTUBHO OBCYXAaTb HECKONbKO JIET Ha3aga.
x cBomncTBa cpasy roBopusiv 0 TOM, YTO 3TO AOSMKHbI ObITb
BCMNI1eckn rge-To Bonunam (Makcumym — 3eMHasi atmocdepa).

OagHako rno HEKOTOPbLIM NapaMeTpam OHU NoXoxu Ha BPB.

[NoaBNsANMCb OHM TOSMBKO B pa6oq|/|e YacCbl U1 MO BbIXOAHbIM,
YTO YKa3blBalio Ha MCKYCCTBEHHOE NPOUCXOXOEHNE.

Bcero Ha 2015 roa Obino 3aperncTpupoBaHo
OKOJS10 MOSYCOTHMN TaknUx COBbITUMN.
ST T WY  Bce Ha Teneckone Parkes.
/\/‘\/M'v‘(\’ i/ N’»’N\V“ NV \ “"\'V’A'/'A' WM Viamn/ l\j \
i : 2015/01/19 00: 39:05 2015/01/22 00: 28:33 2015/01/23 03: 48: 31
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PelueHne npobnemMbl NEPUTOHOB
oKa3anocb A0BOJTbHO HEOXMAAHHbLIM.
3aoecb noMorna yctaHoBKa HOBOW
CucteMbl MOHUTOPUHIA MOMEX.



CoMHeHUA

OTKpbITUE NEPUTOHOB 3aCTaBUIO YCOMHUTLCHA B pearnbHOCTU cobbiTus Jlopumepa.
BbicTpble pagnoBCnneckn OTKPbIBANMUCh TOMbKO MO apXUBHBLIM AAaHHbIM.

[Tonck B pa3HbIX apXuBax B TeHEHUE HECKOJIbKUX JNNET HE aBall pe3yribratoB —
HOBbIX NMPUMEPOB 6bICprIX paanoBCIiJfieCKkoBB HE Obino.

[axxe TeOpeTnKN NPUTUXIU .....

http://www.onex.in/images/doubts.jpg



MunnucekyHaHble paguOBCN/IECKN

B 2007 r. 6b1n obHapyXeH rnepsbI BCMECK.
Ho noka oH 6bin oanH — ObINIM COMHEHUS.
B 2012 — ewe ognH, HO COMHEHUSA OCTarnuch.

FRB 110220

B 2013 — comHeHus gonown! Ewe yetbipe!

FRB 110627

Temn ~ HeckK. TbicAY B JeHb Ha BCeM Hebe.

ATO ABHO HOBbIW Klacc codbITUN,
NPOUCXOXAEHNE KOTOPbIX HEN3BECTHO:

FRB 110703
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- MarHuTapsbl
- raMma-BCJ1eCKM

- CINIMSAHNA HEUTPOHHbIX 3BE3/
- CBEpPXHOBbIe ' 8 120197
- CNNAHNA BerbIX KapsiMKoB

- MacCUBHbIE HENTPOHHbIE 3Be3/bl

- BCMNbILLKM Ha OObIYHbIX 3Be3gax (?)

80
Time (ms)

[MosiBMNOCH ycTOsIBLUEECHA Ha3BaHME
Fast Radio Bursts 1307.1628



[lepUTOHbI — MUKPOBOJZIHOBKMU!

2015-01-19 2015-01-23
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Frequency (MHz)
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ccnepgoBaHue nokasarno, YTto
NEePUTOHbI BO3HMKAIOT NpU
NpeXaeBpeMEHHOM OTKPbITUN
OBepPLbl MUKPOBOSHOBKWU, €CIN
TEeneckon HaxoauTcsl B HEKOTOPOM
OCOOOM MOSNTOXKEHMNN.
oeHTuukayma UCToHHMKA 3TUX
nomex caenana ewe 6onee
HaAeXHbIM NPeaCTaBEHMNE O TOM,
4YTO caMu BbICTPbIE PagMOBCNIECKN —
Dr. Emily Petroff  Dr. Sarah Burke-Spolaor | 970 pearsnbHbIM aCTPOHOMNYECKUI
doeHOMEH.
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[lepBbIM BCN1IE€CK B peasibHOM BpeMeHM

B mae 2014 roga BnepBble yaanoch yBUOETb
|| ObICTPbIN PAANOBCNIIECK B pearibHOM BPEMEHMN.
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1412.0342

OTO NO3BOMNKUMO 3anyCcTUTbL NporpaMmmMy HabngeHnn
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K coxxaneHuto, HU4ero He 6bINo HangeHo.
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Jlokannsayus

Paguyc obnactn HeonpeneneHHOCcTN ~10 yrroBbIX MUHYT
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[TOBTOpHbIE BCNEeCKN

BriepBble yoanoch yBUAETb
NoBTOPHbIe Bcnneckn ot FRB 121102.

2012-11-02
MJD 56233

Obsarvation frequency (MHz)

HabntogeHus Ha Apacunbo.

2015-05-17
MJD 57159

10 coObITUN.
Temn ~ 3/4ac
Bcnnecku cnabble (<0.02-0.3 AH)

Obsanvation frequancy (MHz)

2015-06-02
MJD 57175

HekoTopble 13 BCnneckoB UMEKT
OBOWHYIO CTPYKTYPY.

=
= =4
=
=
g
2
g
-
c
8
'.i
2
2
O

SIN
40 80

[lepeMeHHbIN CnekTp.

OTO MOXET BbITb YHUKANbHbIN UCTOYHUK,
T.€. OH MOXET He ObITb TUMNYHbLIM
npeancrtasutenem nonynauum FRBs.

Obsarvation frequency (MHz)

dN/dF o JF—1.78%0.16

Obsanvation frequancy (MHz)

(Wang & Yu 2016) 0 R
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Time (ms) Time (ms) Time (ms)

1603.00581



VLA, Arecibo 1 Bce-Bce-Bce
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Temn BCNNeckoB — pa3 B HECKOSMbKO YacoB. HO OHM MOryT natu nadkamu.
OpHoBpeMeHHasa peructpauusa Ha VLA n Apecunbo.




[anakTmka FRB

[Ana nosTopHoro nctoyHnka FRB 121102 yganocsb
OTOXAECTBUTb MaTE€PUHCKYIO ranakTuKy.

OTO KapriMkoBas ranaktmka ¢ BbICOKMM TEMMOM
3Be3goobpasoBaHuns Ha z~0.2 (1 'nk).

De-dispersed Time Series

+33°08'52.53"”

+33:09:00

S8.701°  5"31Mm58.700°

58.703° 58.702°
a (J2000)

Declination

wnuoedg pessedsip-aq

0.05 0.10 0.15 0.20 50 5 10 15 20 25 30 35
; RA offset (arcsec) . SNR
..................... Time Offset (s)

5:32:00

Right Ascension 1701.01098, 1701.01099, 1701.01100
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N3nyuyeHnsa H-alpha B ranaktnke FRB 121102
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N3o0paxeHne Ha Keke.
[MpsaAMOYronbHMKN NoKasbiBaloT obnacTy,
HabntogasLwmeca Ha Cybapy.

CoBnageHue nonoxeHna FRB ¢
obnacTtbto H-alpha roBoput B nosnbay
Moaernen ¢ MonoabiMyU HEUTPOHHBLIMKU 3BE3aMMN.

O6nactb H-alpha moxeT gaBatb bonbLioOn BKNag
B Habntogaemyo Mepy AUCNEPCUN UCTOYHUKA.




KaTanor 6bICTpbIX paAMOBCMN/IECKOB

http://frbcat.org/

FRB Catalogue

This catalogue contains up to date information for the published population of Fast Radio Bursts (FRBs). This site is maintained by the FRBCAT team and is updated as
new sources are published or refined numbers become available. Sources can now be added to the FRBCAT automatically via the VOEvent Network, details of this process
are given in . FRBs confirmed via publication, or received with a high importance score over the VOEvent Network, are given "Verified' status and are
shown on the default homepage; to see all events (including unverified candidates received via the VOEvent Network) toggle the "Verified events/All events" button below.

Information for each burst is divided into two categories: observed parameters from the available data, and derived parameters produced using a model. Cosmological
values are obtained using the Cosmology Calculator ( ). The observed parameters are sometimes either lower or upper limits, due to the limitations of the data
acquisition systems. Where multiple fits or measurements of a burst have been made each one is provided as a separate sub-entry for the FRB.

You may use the data presented in this catalogue for publications; however, we ask that you cite the paper ( ) and provide the url (
Any issues relating to the use of the catalogue should be addressed to FRBCAT team (primary contact: Emily Petroff).

An up-to-date CSV file containing all parameters for all FRBs is available at the following stable link:

Visible columns 2 Export to CSV

FRB ~ uTC Telescope RAJ DM

FRB180817.J... 2018/0817 CHIME/FRB 5:33 5 54 1006.84+0.002
01:49:20.202

FRB180814.J... 2018/08/14 CHIME/FRB 5:54 3 238.32+0.01
14:20:14.440

FRB180814.J... 2018/08/14 CHIME/FRB 5 189.38+0.09
14:49:48.022

FRB180812.J... 2018/08/12 CHIME/FRB 2 802.57+0.04
11:45:32.872

FRB180810.J1...  2018/08/10 CHIME/FRB al? 25 34 169.13420.002




[MnoTe3bl, rMnoTes.bl ...
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Cenyac nassectHo bonee 20 BCnecKkos.

Ona nx obbacHeHnsa npunaymaHo okoso 20 cyulecTBEHHO pa3sHbIX moaesnen!

Marnutapbl

KocmMmunyeckue cTpyHsbl

[lepBUYHbIE YEPHbIE ObIPbI
CBepxHOBas B CUCTEME C NyNbCapoM
CnnsHne HENTPOHHbIX 3BE3[]
CnnsaHmne 6enbiX KapsiMKoB
CynpamaccuBHble HEUTPOH. 3Be3bl
Benbiwky 0ObIYHbIX 3BE34

Konnanc HeUTpoOHHOW 3Be3abl B AbIpy

10.
11.

12.
13.
14.
15.
16.
17.
18.
19.

baTtapes 4epHon Oblpbl

MTI ] npouecchbl Ha KOMMaHbLOHE

B TECHOMN ABOWMHOW CUCTEME

Benble gbipbl

CBepxruraHTCKne UMnNynbCbl NyribCapoBs
AKCUOHHbIE 3BEe3bl U TI.
[lekoHdanHMEHT

[MageHue acteponaoB U TMn. HA HEUTP.3B.
MwunnncekyHOHbIA MarHuTap

[xeThl

3apsiKeHHbIE YepHble Oblpbl

npl/l 3TOM MHOrmne ynoMaHyTble rmnoTe3bl MMEKOT Pa3Hbl€e BapWaHThbl,

CYLLLECTBEHHO OTNMYatoLLMecs apyr oT apyra.

Cenvac nybnumkyetcsa npumepHo 1-2 ctatbn B Hegento Ha Temy BPB.



HenTpoHHble 3Be34bl M IK30TUKA

Y HENTPOHHOW 3BE34bl Macca rnopsigka CosIHeYHOW
n paanyc nopsagka 10 km.

3710 Aaet ckopocTb nageHus v=(2GM/R)2 ~0.5 ¢
Bpemsa nageHus t=R/v< 0.1 msec

[ToaToMy nerko nosiydaTb KOPOTKNE COOLITUA.

To »Xe camoe ansa YepHbIX OabIp.

Kpome Toro, oTCyTCTBME COMYTCTBYIOLMX BCMbILLEK B APYIMX AnanasoHax,

M BOOBLLE HEOCTATOK AaHHbIX, MO3BOSAET NPUBMIEKATL BECbMa HeobbIuHbIe

CLEHap1M KOCMUYECKMX TPAH3NEHTOB.

’TE" ey Kpome Toro, y HEeNTPOHHbIX 3B€3 €CThb
CUINbHOE MarHUTHOE More, U OHW U3BECTHbI

KaK BCMbIXMBAKOLLME PAANONCTOUHUKA.

[ToaTomy mogenu FRB nerko ceectu K goopmyrne:
KOMMNaKTHblIE OOBLEKTHI UMK 3K30TUKA.




KocmMnyeckme CTpyHbl

CTpyHblI MOryT BeCTM cebsl 4OBOMNbHO
npuyyannebiM obpasom.

B yacTHOCTU, MOryT BO3HUKATb TOYKN CTPYHbI —
Kacnbl, - KOTOPblE Pa3roHsIlTCA

00 OKOJTIOCBETOBOW CKOPOCTMU.

Kacnbl cTaHOBATCS MOLLHBbIMU UCTOYHUKaAMMU
9NIEKTPOMArHUTHOIrO NU3ny4yeHus.

AMEHHO 3TO 1 NEXUT B OCHOBE MOLENM.

CBepxnpoBogsiLne CTPYHbI Takxke rmnoresa KOCMUYECKNX CTPYH B npunoxeHnn kK FRB
Vachaspati 0802.0711 paccmarpuBarnack B page gpyrux pabort: 1110.1631, 1409.5516, ....



Keane et al. 1206.4135
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[lepBUYHbIE YepHble Ablpbl
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MoryT conpoBoXXaaTbCs BCMINECKOM XECTKOro U3ny4yeHus
(ecnu BCnneck NpoucxoamT 4octaTovHO Brn3Ko).

He nogoxoauT B kKa4yecTBe BHErarnaktu4eckoro
MCTOYHUKA, T.K. MONHaa CBETUMOCTb Mana.
[lormkHbl ObITb BUAHBLI ¢ <200 K.

[asHo npenckasbiBanuck (Rees 1977).

O PeKTbI AONOMHUTESbHBIX U3MEPEHUN
MOrYT NPMBECTU K Bonee BbICOKOMY
9HEeproBbIAENIEHNI0, HO BCE paBHO peyb uaet
0 paccTtodaHuax nopaaka 300 nik.



CBepxHoOBasd M ny/bcap

~. YnapHas BornHa CBEpXHOBOA
________ / B MaCCMBHOW TECHOW OBOWHOM cucteme
{ SN MOXET NPOB3anMoenCcTBOBaThb C
MarHMTocepon HeNTPOHHOWU 3Be3Abl,
® Y\ % co3gaB MarHUTOCEPHbIN XBOCT.
. \;\ [lepecoeanHeHne B XBOCTE MOXET
, ,, SN NE% ] 1 NpvBecTV B MOSIBMEHVIO BCMNECKa.
N P “_/  (Eropos, MoctHoB 0810.2219)

T.0., pagnoscnneck BCEIA gomkeH conpoBoXxaaTbCA BCIbILLKOW CBEPXHOBOMN.



1701.04094

CpblB MarHuTocdepbl

Cosmic Comb
(AGN, GRB, SN, etc)

Mopgenb no3BonsaeT caenaTb BCMNecK
coBnagaroLwmm ¢ ApyrmMm MOLLHbIM
TpaH3neHTom (AAl, ramma-BCnneckom).



http://www.int.washington.edu/PROGRAMS/14-2a/

t=74ms

CANAHNA HEUTPOHHbLIX 3BE3A

[TpuaymaHoO HeCcKomnbKO CueHapues,

B KOTOPbIX B pe3yrbrate ClnaHus
HENTPOHHbIX 3B€3[ BO3HMKAET
pagnoncTtodHuk (JinnyHos, NaH4yeHKo;
Hansen, Lyutikov; NocTHOB, MNwmnpkoB.).

Ho B npunoxeHnn kK FRBs ocHoBHOM
aBngeTca pabota Totani (1307.4985).

B=—6.2x10¢ ( 10125 @ J ( 10 I-'.m.__,)

-4

/ P
b [ _ ) ergs= " .
ULD msec

D,OBOJ'IbHO J1erko noJiyvnTb 6bICTpOe BpaweHne n CUJiibHoe MarHMTHoe rorJie.
Ho no CbI/I3I/IKe €CTb MHOIo BOMpPOCOB, T.K. CUTyaunqa o4eHb HeCTaluMOHapHa4d
N NMNINOXo N3y4eHHas.

[10rmKHbI conpoBoXaaTbCA rpaBUMTalMOHHO-BOJTHOBbLIM BCIJ1ECKOM



http://cerncourier.com/cws/article/cern/31855

CanaHma 6enbix Kap/IMKoB

L, \-/Gllz
* Coherent patch e* X Neon

Curvature-radiation
emitting shell

Magnetic energy dissipation

"’ in the polar cap

Newly born
white dwarf pulsar

OcCHOBHbIE COOLITUA Pa3bIrpbIBAOTCA HA NOMSPHONM Wanke, YTo Heobxoanmo Ans
cornacoBaHust XxapakTepHOU ANMUTENBHOCTW BCMNecka ¢ BpEMEHaMU NPOLECCOB.

Kashiyama et al. 1307.7708

ConpoBoXaaeTcsi CBEPXHOBOW la 1, BO3MOXHO, PEHTIEHOBCKMM U3Ny4YeHUEM 3a cYeT

Bo3BpaTHou akkpeumn (fall-back).



CynpamMacCuBHble HEUTPOHHbIE 3BE3/bl

0/0,=0.24
. /e =087
0/0,=0.49

0/Q,=0.74

Falcke, Rezzola 1307.1409

0/0,=0.99

http://www.astro.ru.nl/~falcke/PR/blitzar/

HenTpoHHas 3Be3na MOXET ObITb YCTOMYNMBOM OTHOCUTESBHO Konarica ns-3a
oYeHb BbICTPOro BpawleHus. Takas cuTyaumsa MOXET BO3HUKATb NPU CIUSHUSX,
Npu akKkpeLnn B 4BOMHON USIN Xe MPAMO Npu POXOEHUMN.

Konnanc MoXeT Npon3onTn CnycTs Thica4n NET nocne obpasoBaHus H3.
MoryT conpoBoXXaaTbCs CBEPXHOBOU, KOPOTKMM raMmma BCMi1eCKOM Unu
BCMJ1IECKOM rpaBBofH. MoryTt faBaTtb 4BOWHbIE BCMIECKN.



http://www.nature.com/news/quantum-bounce-could-make-black-holes-explode-1.15573

besnble Abipbl (M3 YepPHbIX)

N3HayanbHblE pacyeTbl HE rnpegcKka3biBalrin

nosiBNeHne pagnonsnyyeHus.
Ho aBTopbl 1409.4031 nonarator,

YTO B MOJENM AOCTAaTOMHO HEONPeAEeneHHOCTEN,
4yTOObI NpeanonaraTb U NOABNEHNE PaAMOBOSIH.
[nnHa BOMHbI COOTBETCTBYET pasmepy

B3pblBaloOLLIENCA ObIPbI.

Mbl Nf10X0 3HaeM,

KaK MCrnapsitoTcs YepHble Oblpbl.
B HekoTOpbIX Mogensx

3TO COMpPOBOXOAeTCH
nosiBrieHMemM 6enon ablpol

(Npwn Konnarice KBaHTOBbIE METNU
Heslb34 ynakoBaTb

BGeCKOHEeYHO NII0THO).

AcnapeHnem YyepHbIX Oblp

y>e Oblf10 Ha3BaHO Kak
BO3MOXHasa npuynHa FRBs.

B aTtom cny4ae ygapHaga BonHa
B3aMMOAEeNCTBYET C BHELLHUM
MarHUTHbLIM MOSIEM.

Ho usny4eHue B crnyyae
nosiBneHust 6enbix Abip

MMEET COBCEM ApPYryto npupoay —
9TO yXe 3(PdeKT KBaHTOBOW
rpaBuTaLlmn. 1409.4031



1004.2803

CBepXruraHTCKue MMMnyabChbl
BHeras1akTMyeckmx paamonybCcapos

http://imww2011.mpe.mpg.de/363-heraeus-seminar/Contributions/OPoster/p6.pdf
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N3BeCTHbI rMraHTCKue NMMNYIbCbl NyNbCapoB.
Bo3MoOXxHO, pacnpeagerneHne TaHeTca garnblie,
N eCTb CyneprmraHTCkne nmMnyribcCol.

OHu MOryT ObITb BUOHbI U C BHENANMAaKTU4EeCKUX
190 pulse er:ngrgj? (Jy.us) paCCTOﬂHMVl-

B HEKOTOPbLIX MOAENAX BClbIXnBakoLWKUe NMyrsibCapbl HAXoOoOATCA B A4OCTATOYHO
MOJOoAdbIX U NMJTIOTHLIX OCTATKaxX CBEPXHOBLIX, YTO NMOMOraeT 0ObACHUTL

HEKOTOpble N3 CBOUCTB BCIIECKOB.
1501.00753, 1505.05535



AKCUOHBI

AKCUOHBbI — KaHAMAAaTbl B YacTULbl TEMHOIO BELLECTBA.
AKCUOHHbIE MUHMKNACTEPBI.

Bo3HukaoT B MOnogon BCENEHHOMWN.

Macca — KaK y KpyrnHoro actepounga.

Pa3mep — kak y 3Be3fbl.

OXET CTaHOBUTbCA B6onee KOMNakTHbIM M3-3a 0bpa3zoBaHMNA B603e-KoHOEH caTa.
Pasmep MOXeT BbITb Nopsaka COTEH KM, YTO COOTBETCTBYET OXmnaaemom obnactu
n3ny4yeHunst BbICTPOro pagmnoscnecka (4NMTENbHOCTb X CKOPOCTL CBETA).

Macca KOMNakTHOro Kractepa MOXET COCTaBMATb MPUMEPHO Maccy 3emnn!

BneTtaHne akCMOHHOrO Knacrtepa B MarHutTocdepy HeMTPOHHOM 3Be3bl
OOIMKHO NPUBOANTL K KOHBEPCUN aKCMOHOB B (DOTOHbLI, & 3HAYUT —

K BCMbILLUKE 3N1EKTPOMarHMTHOro U3ny4eHus.
1411.3900, 1410.4323, 1512.06245, 17/07.04827



/1eKOHPAUHMEHT —
pPOXAeHWe KBapKoBOW 3Be3/bl

Strange Quark Star Neutron Star

Surface
e Hydrogen/Helium plasma
® |ron nuclei

Surface b/ Outer Crust

e Degenerate ® |ons
electron layer, e Electron gas

\  Inner Crust
. e Heavy ions
e Relativistic electron gas
| ® Superfluid neutrons

' Outer Core
e Neutrons, protons
e Electrons, muons

" Inner Core
Neutrons
) Superconducting protons
Core Electrons, muons
e Electrons ) . Hyperons (2, A, E)
e u,d,s quarks Deltas (A)
(color-superconducting) Boson (w, K) condensates
Deconfined (u,d,s) quarks/color-
superconducting quark matter
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1506.08645

B npouecce cBoeun aBonoumnm

HEeUTPOHHas 3Be3da Unu ee YyacTtb

MOFYT UCNbITaTb JEKOH(PANHMEHT:

0Obl4YHOE BEeLLECTBO NPeBpPaTUTCH B KBAPKOBOE.
OTO COMPOBOXAAETCHA SHEPrOBbIAENEHNEM.




[lapeHne acTeponaoB

L CHENN [1n9 FRB akTMBHO npeanaratoT
Fa. MeXaHM3Mbl, KOTOPbIEe paHee
RGNl npeanaranuvce (et 30 Hasan)
N 0ns o6bsACHeHUs
Field N\ ramMma-BCrIIeCKOB.
lines A\ \ BOT 0auH U3 HUX.

Accretion
sheet

[leno B Tom, 4yTo Ana H3
XapakTepHoe BpeMs nageHus
BO6NM3N NOBEPXHOCTU

Neutron cocTaBngdeT MUNIIMCEKYHObI.

star MNoatomy no6oin eHoMeEH ¢
Takon OrMUTENbHOCTbIO
cobnasHnUTeENbHO OObACHUTL TaK.

1502.05171, cm. Takke 1512.06519

[Mocne nageHnst MaccuBHOro acteponaa BO3HUKAET
oTTekarouas 0borno4vka. 3aTemM 4YacTb BELLECTBA Pa3roHSIETCS,

U B pesynbrare reHepupyeTcs pagmo usnyyeHue.
MexaHn3m pagnounsny4yeHnsa He CrnKOM OYeBUaEH. O moamduKaLmm Mogenm
[omxHa BbITb cnabasa peHTreHoBcKas BCrbILLIKA. C NOBTOPHbLIMY BCTIIECKAMM

OG vcnapeHUn acTepouaoB nynbcapam cM. 1605.05746. M- 1603.08207



CynpamaccmBHble H3 M raMmmMa-BCn1eCKm

Mopaenb BKntovaeT B cebsi obpasoBaHue
MUINUCEKYHAHOro marHutapa (Ycos 1992).

[Mpn aToMm He Bce FRB gormkHbl conpoBoxgatbcss GRB, n Haobopor.
Torga Bo3HMKaKOT npobrnemsl ¢ Temnom FRB.

CtatucTtunka coBmecTHbIX AaHHbIX Mo FRB n GRB
(ecrnn aTa MoAenb BeEpHA) AacT BaXHble JaHHble NSl KOCMOSOrnu.

Zhang 1310.4893

1402.2498




[MnepBCNbIWKY MarHUTapoBs?

Cpaasy xe nocne nybnukaumm ‘ ;‘ 1
Lorimer et al. (2007) Mbl npeanoXxunm il '1||'”" ‘H |‘| ’“W ” ‘
momenk (0710.2006, 1307.4924), '” I ’\“ J H\J | Il
B KOTOPOW BCIbILLKN CBSA3aHbI |" |‘ ”‘ |" “‘ h \U
C runepscnyieckamm MarHMTapoB.

Temn, BpEMEHHbIE XapaKTEPUCTUKN U
OTCYTCTBME BCMIlecka B Apyrnx guarnasoHax .
Haxo4AaT NpekpacHoe ObbsACHEHNKE. FOpwuin ITrobapcknn B 2014 roay
OHepreTyKka Takke COOTBETCTBYET. NOCTPOUIST TEOPETUYECKYIO MOAENb,
KoTopasi NO3BOSIAET OOBbACHUTL
PadNOBCIIIIECKM B pamMKax
MarHMTapHoOM Moaernu.

[Moka mogernb He onpoBeprHyTa
HabnAeHUAMN.

[Ona nogTBepXaeHnst Heobxoanmo
OOHapPYXUTb MarHUTapHYO BCMbILLKY.
nn, uyto cnenyet n3 pacyeTtos
JTroBapckoro, nsny4yeHne Ha odeHb
BbICOKMX SHEPIUSIX.
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1401.6674 Mopenb Hano passmBaTth ....






1603.08875

3nydyeHre TYMAHHOCTU

" Wind zone 2bul: ' Il PaccMoTpeHn mogenwu
' Magnetosphere or A C n3ny4yeHmnem

current sheet of

NS or WD Aeteaion of W\ TYM@HHOCTY MOMYYMIIo

pre-existing

non-thermal e* . ) pa3B|/|T|/|e
E:> PaccmoTpeHbl TYMaHHOCTH
BOKpPYIr MarHMTapos.,
| i bbicTpo Bpawarwmxcs H3

Impulsive burst Highly relativistic “ .27‘ n 0enbix KapJIMKOB.
&FRB? magnetic outflow ‘ ;

5 g
o

[ T R O T R T R R R R T 7
o = M W Rk O O = W

T=1yr ——- ) - T=1 yr ———
T=10§r 44 T=10 yr
T=100 Y1 oo ag T=100 yr

T=00 YT oo

’-_i :
8 9 1011121314 1516 17 18 19 20 21 22 23 24 25 26 8 9 1011121314 15 16 17 18 1920 21 22 23 24 25 26 8 9 101112131415 16 17 18 19 20 21 22 23 24 25 26
log(v [Hz]) log{v [Hz]) log(v [Hz])




TymMaHHOCTM BOKPYr MarHUTapoB

T300y CowTe Tne T TRt T xmM{183335.3-084443

' ‘-@ A O reHepaL“/”/I Rotation-powered, B > 4x10"

o g X

= o Rotation-powered, B < 4x10" X' E 1547.0-5408 X
I S ' = - Anomalous X-ray PSRs e . n’jaaaft(g‘osfs
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Post-outburst 2011 - Obs. 2

XMMU J183435.3-084443

P |

ob ]183442.6-084501
J
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Swift ]1834.9-0846

Region A \

Period (sec)

1211.0852

Region B N ———

—
Pre-outburst 2005 - Obs. 1

XMMU j]183435.3-084443
|

¥ @Q ’ 10.0 15:51:00.0 50.0

Swift J1834.9-0846% / | 4. CXOQU J183442.6-084501
Region A \a‘ » / ' , Y HeVITpOHHbIX 3Be3 C CUJIbHbIMU MAarHUTHbIMW NOJTAMU
Region B N - (BKJ'IPOHaFI HOPpMarlibHblE MarHVITapr)

‘ HaGJ_ll'O,D,aK)T T.H. NynbCapHbl€ TYMaHHOCTW.

1206.3330. HoBble pesynsratbl B 1604.06472
0909.3843



Tekywmny penTUHr rmnoTes

« OOHapyXeHne NOBTOPHbIX BCMIECKOB C BbICOKMM TEMMOM
[aeT apryMeHTbl B MOSb3y CYNepruraHTCKMxX UMMynbCoB MynbCapoB
N1 aKTUBHOCTU MOFOA0ro MarHuTapa
*  MaoeHTuduKkaumsa maTepuHCKON KaprnnkoBOW ranakTukM ¢ BbICOKMM TEMIMOM
3Be300006pa3oBaHUA JaeT apryMmeHTbl B Nonb3y monoabix H3
 [1OBTOpPHbIA BCNNECK MOXET ObiTb HETUMUYHBIM
« Komnnekc AaHHbIX AaeT HECKOMbKO KOCBEHHbIX apryMeHToB
B MOS1b3y MarHUTapHOW rMNoTesbl.

BoiBoAb!:

* Ha cerogHAWHMM feHb eCTb ABe Xopolure paboune rmnoTessbi.
* BosmoxHo, nonynauunsa BPB He ogHOpoaHa,
T.e. 06e rmnoTesbl MOryT ObITb BEPHBbI.



FAST

Ey,u,ym,me Ha6mo,£|,eHMﬂ

bt A T T #7777 B Hepanekom byayliem 3apabotaroT
ey, e o ' HOBbl€ KpYMNHbI€ UHCTPYMEHTHI.
BO3MOXXHO, OHM MOMOTYT BHECTM SICHOCTb.
Kpome Toro, paboTtatoLime cuctemsl,
Takme kak LOFAR w© gpyrue, Takke Moryt

CbirpaTb CBO POfib.
XoT4a HabntoaaTth Nyylle Ha BbICOKMX YacToTax
(I'IOpFl,EI,Ka 11Tu), a He Ha HM3KuX (LOFAR).
FAST — SKA —
BCMNJ1ECK 3@ Heaerto BCNJ1ECK 3a 4ac
1602.06099 1602.05165,

1501.07535

SKA

[1o BCen BUOAMMOCTN, KakK K cnyqée ramma BCI'IJ'IeCKOB FIOHHLI,O6VITCF|
oaHOBpEMEHHOE 06Hapy>|<eHV|e 6bICTpOFO pagnoBcriyiecka n conyTcTByroLlero
N3ryvyeHund B 4pyroMm amanasoHe.



banxavwee byayuwee

[MpogomxkatotTca HabnoaeHns
Ha paguoTteneckone Parkes
C HOBOW CUCTEMOW

MOHUTOPUHIA TOMEX.

PaboTaet HoBaga cuctema ALFABURST
B Apecunbo (1511.04132)

oeTt noncku no apxmeam
pPa3HbIX paanoTENECKOMNOB.

KnroueBble MOMEHTbI:
- [loBTOpsiemocCTb
- Ob6HapyxeHue B A4pyrom AnanasoHe




CneywnanbHble NPoeKThl

CHIME

The Canadian Hydrogen Intensity Mapping Experiment

http://chime.phas.ubc.ca/
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FOxHbIM BapuaHT CHIME
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1802.01100

Multi-messenger searches

WIBWF

XMM-Newtor

DWF-Pacific
U Tokyo

2 simutaneous obs

# rapid response, ToO,
long~term follow up

8 proposad/upcoming/future

opposite side of Earth lceCube AST3—2H 3-3

Deeper Wider Faster

Parkes
AAT
’é’é,f,,' L;_VSJ 2dF+AAOmega
, £adKo
MLO, ATCA, 392 spectra

others

Molonglo

Subaru
Hyper
SuprimeCam

IO, e : SkyMapper

http://dwfprogram.altervista.org/




Realfast: new system on VLA

New system for rapid analysis : ;
of fast transients (not only FRBs). Single Dish
Installed in 2018

| % e \
Rapid localization.

Interferometer

f L i
P

1802.03084



ASKAP

Northern sky.

ASKAP and Apertif oot onire

identification — follow-up.
FRB per week.

Westerbork

Few bursts per week.
1709.02189

Dec (J2000)

[

11h00m

18m
RA (J2000)

1709.06104



HoBble AaHHble Mo FRB

|. laHHble MO NOBTOPHOMY UCTOYHUKY
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HoBble AaHHblIe No FRB

B 2018 . yxe 6blKn 3aperncTpmpoBaHbl
nepsble FRB Ha CHIME.

JomxHa 3apaboTaTb cuctema Apertif Ha
pagunoteneckonax WSRT B Hugepaanaax.
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GBT (800 MHz)
——
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UTMOST

Scattering Timescale (ms)

APERTIF

|
V-FASTR (VLBA L-Band)

107 10 107 10+ 107 1072 10 10° 10!

Bursts Per Hour (Courtesy P. Chawla)

https://chime-experiment.ca/



[lepBbint ypoxxan CHIME
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1901.04524, 1901.04525

12 HOBbIX FRB + NMCTOYHMK MOBTOPHbIX BCM/1ECKOB.
Pervcrpayma Ha HU3KMX YacToTax: BMAOTb 40 400 MIL,.



Perncrpaumsa BCnieckoB pa3HbIMU MHCTPYMEHTaMM

implied from a single detection of an extragalactic Crab-like pulse

Hall et al. (2012)

1073

Approximate limit on actual events hr

10°

' Mpc

10°

frequent weak events

100 beams

SKA1 core (125 antennas)

A

‘fast imaging'
VAN

| t=461 hr

Arecibo (PALFA)
7 beams

Mode (1 hr observation)
@ fly'seye

A coherent (1 km core)

B ncoherent (all antennas)
(O single dish

Survey time

| t=5000 hr ( ~200 days)
unless otherwise specified
Detection limits (10, At = 1 ms)
for extragalactic Crab-like pulses
homogeneous population

m—  targeted observation

frequent strong events

SKAR with PAF

SKA1 172 beaps, 2000 antennas

rare weak events

Single detection J
from Virgo Cluster
(16.5 Mpc)

Ny

250 antennas

i) progress

Parkes (HTRU)
13 beams

VLBA (VFASTR)
| t=245 hr

= ASKAP (CRAFT)

36 beams

ATA (fly's eye)
30 antennas

9 m dish (WATT-D) , ,
{ on-geing

T. Colegate, ICRAR - Curtin University, 2012
1 1 I 1 1

| t=450 hr

Single detection 7
from M33
(0:95 Mpc)

rare strong events
I
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field of view x time (deg® hr)
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VIToro

B 2007 r. 6bIn OTKPbIT HOBbLIX KMacCc TPaH3MEHTHbIX OOBbEKTOB

« Bcnneckn (noka?) BMaHbI TONBbKO B paano

*  W3BecTHO MeHee 20 BcnbILEK

* Yucno mogenen npeBoCXoguT YMCIO N3BECTHbLIX BCMMECKOB

« Celnyac ecTtb Tpu xopoLune mogenu, nogaepxmBaemMble gaHHbIMA

« Cutyauma noxoxa Ha npobrnemy ramma-scnneckoB net 40 Ha3ag

« Knoem, 4To HOBbIE HAbNAEHUS NO3BONAT BblbpaTb BEPHYH MOAENb

——

[
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Swinburne Astronomy Productions



