


‘ Black hole binaries

* High mass (few)
» Low-mass (maijority)
* 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)




New estimates of BH+PSR systems

Survey = AD327
Survey = GENCC
Survey = HTRU low
- Survey = HTRU_ mid
Survey = PALFA
Survey = PMSURY
Survey = DSA-2000
Survey = FAST
Survey = MeerKAT
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<10 detectable systems in the Galaxy are expected.
New survey might discover at least one with ~100% probability.

2109.04512



X-ray observations: Cyg X-1

: .« . " ..« “Inthe case of Cyg X-1
" e %W ot -« % plack hole — Is the most
3 RN . 9:. . -+ conservative hypothesis™
: AABE S a0 i via Edwin Salpeter
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- " 1 b 30y P S The history of exploration
Wy S8 500 T P Ehe 3 ¢ i | | "~ + of binary systems with BHs
o e . oot .. . started about 40 years ago...
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NS T P e .+ . Recent mass measurement
- - ' ; ; , for Cyg X-1 can be found in

arXiv:1106.3689




X-ray novae
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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.
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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”.



New mass and spin estimates for Cyg X-1

New distant measurements (VLBA)

a=>0.9987

0.9984 0.9986 0.9988 0.9990 0.9992 0.9994 0.9996 0.9998 1.0000
ax

2102.09091-2102.09093



The first Be-BH binary: MWC 656

Compact object has a mass
3.8 — 6.9 Msolar.

X-ray luminosity is low
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X-rays from MWCG656
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XMM-Newton

MWC 656
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BH /Be are fainter than NS/ Be

36 or
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BH systems are fainter even for the same efficiency ot P
due to truncation of a disc around the Be-star. os
Lower efficiency can help to Ll
explain better why BH/Be systems are rarer than NS/Be. SRS

1804.05749




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

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

1
Lot

10

Period (d)

Orosz 2002, see also Psaltis astro-ph/0410536

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

New technics are used to determine
BH masses in binaries.

For example, reverberation mapping
was used for Cyg X-1 (1906.08266).
The result (16+/-5 Msun)

IS compatible with dynamical
measurements.



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
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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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Population synthesis of PSR+BH binaries

radio(BHNS)
radio(NSBH)

radio(BHNS)
observed SKA(BHNS)
radio(NSBH}
observed SKA(NSBH)

Normalized to 10 Milky Ways

-1 0
l0gypa (AU)

2011.13503



Black Holes of Known Mass
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X-Ray Studies
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Jet from 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




T~10" K M-14 —
last stable orbit
temperature at
Eddington luminosity
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Jet-luminosity relation
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Jets behaviour in BH binaries

500
MJD 50000

o

X-ray luminosity

32

GX339-4

1]

Va4 Cya
H1743-322

log(GHz radio luminosity)
bl F) 29 30

26

Disc with wind

lag(1=10 keV X=ray luminosity)

A large review can be found in 1407.3674




States (luminosity+spectrum+jet+variability)

, The understanding that BH binaries
can pass through different “states”
(characterized by luminosity, spectrum,

I and other features, like radio emission)
High State  se—" S—— appeared in 1972 when Cyg X-1

LT suddenly showed a drop in soft X-ray flux,

- ’ rise in hard X-ray flux,
Intermediate State s ws frm and the radio source was turned on.

Very Hizh State — _

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 reviewed in details 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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and photon paths at
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kT ,~50-100 keV —
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Three-state classification

O 1165540

Table 2: Outburst states of black holes: nomenclature and definitions
New State Name Definition of X-ray State®
(Old State Name)
Thermal Disk fraction f° > 75%
(High/Soft) QPOs absent or very weak: af . < 0.005
Power continuum level r¢ < 0.075¢

3
E
!

Hard Disk fraction f* < 20% (i.e., Power-law fraction > 80%)

(Low/Hard) 147 <T < 21

Power continuum level % > 0.1

Steep Power Law (SPL) Presence of power-law component with I' > 2.4

(Very high) Power continuum level % < 0.15
Either f* < 0.8 and 0.1-30 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.

10 100
Energy (keV)

(Remillard, McClintock astro-ph/0606352)



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.

2 =
B B
N -
g :
= 8
.q =]

(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 " fl 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

e GX 339-4 {é kpc) !
A V404 Cyg (2.39 kpc)

GRO J1635-40 (3.2 kpo)
— IGR J17177-3858 FE kEc}
« IGR J17091-3624 (20 kpc)

IGR J17497-28B21 (8 kpe)
ADG20-00 (1.2 kpc)
4U 1543-47 (7.5 kpe)
— GRO J0422+32 (2.5 kpe)
# GS 1354-64 EEE kpe)
OGS 2000+25 (2.7 kpe)

1E 1740.7-2942 (B.5 kpe)
& Neulron stars

T
N
L=11]
1=
L2

L
-

et
7
o]
=
= |
o |
Qo
=]
=)
o
£

|
1(}33

X-ray (1-10 keV) Luminosity (erg s ')

1603.07872

e H 1743-322 (8 kpe)
GRS 19154105 (11 kpe)
Swift J1753.5-0127 (8 kpc)
¢ XTE J1118+480 FI 7 kpci
XTE J1720-318 (6.5 kpe
XTE J1550-564 (5.3 kpe

# XTE J1859+226 (6.3 kpc)

XTE J1808+094 (8.5 kpo]
B XTE J1650-500 (2.6 kpc

A XTE J1752-223 (B kEC]
® GRS 1758-258 (B.5 kpe)
* V4641 Sgr (9.6 kpc)

® MAXI J1859-152 (8 kpe)

QM

|
10

LHS

Quiescence




Jet variation in Cyg V404 during outburst

Rapid jet direction variability
during an outburst can be due to
Lense-Thirring precession

of the inner disc.

June 27, 09:21

June 22 14:26 June 26, 14:04

June 22 13:21

June 22 12:22

rd -

June 17, 11:06

@

8185 20:24:03.8180 03.8185 2
RA (J2000) RA (J2

+33:52:01.835

14.6-GHz radio 3_1p keV
flux density (Jv) count r
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Time (MJD-57190)
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Time
(UT hrs on June 22)
)

®

PA (degrees)

Dec (mas)

4 6 8 10 12
Time since 2015 June 17th, 00:00 UT (days)
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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 was measured
thanks to the iron line data.

=
=
=
=4
U
=
=
=
-~
—
=
—
=
=

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.

0.01
Luminosity (fraction of L;,,)

0911.2240 GX 3394



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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open circles, 4U 1728-34;
filled squares, MXB 1730-335;
open squares, Agl X-1;
filled circles, 4U 0614+091;
Open star, Ser X-1;
filled star, 4U 1820-30;
filled triangles are Z sources;
open diamonds, SAX J1808.4-3658;
open crosses are IGR J00291+5934;
stars of David, XTE J0929-314.
Colors:
red, atolls in hard state or

in outburst, up to the peak;
blue, atolls in steady soft state;
green, Zsources; magenta, AMXPs.



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



Radio census ot accreting NSs

36 sources observed
with VLA or ATCA.

13 sources detected.

2107.05286
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1408.4145

Spins: NSs vs. BHs

They nearly do not loose
angular momentum.

S
Q@
L
£
-
<

log,, L (10*% g cm? s71)

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



Origin of BH spin

1.0

RLO XRBs
Wind-fed XHBs

10.0 100.0

Binary Orbital Period (days)

High spin estimate
for EXO 1846-031

excludes a NS as an

accretor.
a=0.995-0.998
(2007.04324).

1408.2661

Source

GRS 1915+105
Cyg X-1

LMC X-1

M33 X7

4U 154347
GRO J1655-40
XTE J1550-564
LMC X-3
A0620-00

MT Type®

RLO
Wind
Wind
Wind
RLO
RLO
RLO

RLO
RELO

Poppy (days)®

33.5
5.6

4.23
3.45
1.15
1.54

1.7
0.33

Spin is due to accretion.

Spin a.

= (.98

> 0.95
o+ 05
DHE—I}.;T
0.84 £ 0.05
0.80 = 0.05
0.70 £ 0.05

3 4020
0.34102

< 0.3"

0.12 1+ 0.18

BHs accrete (on average)
~1.5 solar mass

Reference

MecClhintock et al. (2006)
Gou et al. (2011)

Gou et al. (2009)

Liu et al. (2008, 2010)
Shafee et al. (2006)
Shafee et al. (2006)
Steiner et al. (2011)
Davis et al. (2006)

Gou et al. (2010)

New measurements for 4U1543 are consistent with the value above: 2002.11922



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
BH,init ™ BHEI'

10
Period (days)

1408.2661



2109.07511

Misalignment

0.00 0.02 004 0.06

For MAXI J1820 recently the spin was
estimated as a=0.8 (2109.14371)

Also huge data set on misalignment is available due to GW observations.

2107.02810



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: Ingram, Motta 2001.08758

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

About NS QPOs see a review in 2010.08291



Low-trequency QPO

Type-A ] Disc instabilities ?
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Frequency (Hz)

1603.07885






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 Irequ

(Remillard, McClintock astro-ph/0606352)




QPO at high (for BHs) trequency
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Power Density

og

T =2 !

GRS51815 (w) 1

100G 10

Frequency (Hz)

(Remillard, McClintock astro-ph/0606352)
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M XTEIIBHG+226
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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|

Ve — Ke!olerian fre.quency
v, — radial epicyclic
v, — vertical epicyclic Ty

a

L= GM o a=Jc/GM*

Frequency (Hz)

periastron precession
frequency v,— v,
nodal precession
frequency v, - vg

f A e I T
o= NGM I [ 2ail+alr, ir)™)

1
2 2 PRI BN s (r) 3 . &2
v, =v [l=6(r /ri+8alr [r}y" =3a (r, (r¥]

i =vo[l=dair, /ry? +3a’(r, /7))

1407.7373



Radius [rg]
20

Correlations

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

Frequency [Hz]
=

GRO J1655-40

Radius [Rg]

@ Simultaneous QPOs
m Low freq (C-type) QPOs
® PBK broad components

A A a s aal
10° 10'
Nodal Precession Frequency [Hz]: V, 4

GRO J1550-40

Frequency at B

Freguency [Hz]

1SC0
__ Frequency at RH:-riznn

- - Keplerian Frequency
- - -Periastron precession Frequency
Nodal Frequency
* Simultaneous QPOs
* Observed PEBK broad components

10
Modal Frequency [Hz]

1902.06586




Rotation and ISCO

(3 FZy F (3~ Z1)(3 + Z1 + 242))?

b — (2 :F L + 2 W 1 :F (1-:) T'EJ':I

Tph = 2 (1 + cos :J [:ua_l{: Fa)
)

o n 1/2 ,
1 — - ([l — \/"l —(LE] —I—rf) ] Me™,

-

Radius, r (GM/c?)

Inside the event horizon

0
Spin parameter, a

2011.08948

62



QPOs and BH masses
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(Remillard, McClintock astro-ph/0606352)

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

1406.6091
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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.

Resent reviews:

1702.05508 - short

1703.10728 — long

1907.08213 — catalogue of candidates
2008.10572 — new census

2105.10537 — all areas

2110.07625, 2110.14562 - catalogue




ULXs in NGC 4490 and 4485

Six marked sources are ULXs




Spectrum of the ULX in NGC 1313

1
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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 — irreqgular, 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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Properties of galaxies with ULXs

The authors used Chandra data to make a census of ULXs in galaxies at d<40 Mpc.
They present statistical properties of the galaxies with ULXs:
629 sources in 309 galaxies.

Numbers in boxes denote the number of
galaxies in each bin.

A

Fraction of hosts
—
b

&
o
X

Morphological type

et

P
=
&0
fd
T,
ot
:ﬁ
2 3
—
.
]
—i
L,
B
.
4

=

ng M., “M O] ]

2008.10572



The source X-1 1n M82

QPO was recently detected (1309.6101).
Scaling points to masses 104-10° solar masses.

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.

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 in the galaxy ESO 243-49,

i L>10%2 erg/s
N M~500M,

b
;
P — o
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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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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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Obs1 was brighter, but all difference
IS due to soft (disc) component.
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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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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)

400 &
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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: eight NS ULXs

1410.3590



http://arxiv.org/abs/1410.7264

Recent results on NSs 1n ULXs

In 2021 already eight ULXs with NSs are known, see the list and
a new candidate (the eighth source) in 2103.11650.

* 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
» Diffuse X-ray emission in NGC 5907 ULX-1. 1910.11876

It was suggested that significant fraction of ULXs (even non-pulsating) are
systems with NSs. The critical parameter is the inclination of NS spin axis
relative to the disc (2003.14019).



Cyclotron line in ULLX 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 G008 Donor star discovered
(1909.02171)!
It is a red supergiant.

-1000 -100 -10
MJD - 58161.7

Torque reversal in 20147

1811.11907



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.

o=

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]
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