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A histogram of the X-ray luminosities of bright X-ray sources in the 1-10 keV energy band in the Galaxy and the
Magellanic Clouds. The key to the shading is shown on the diagram. The Eddington limiting luminosity fora 1 M,
objectis 1.3 x 10*" W (Margon and Ostriker, 1973).



Black holes in X ray binaries and active galactic nuclei
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Examples of the “flickering’ of the X-ray emission of compact Galactic and extragalactic X-ray sources. (a) The X-ray
binary source Cyg X-1 as observed by the Rossi X-ray Timing Explorer satellite showing the X-ray variability from 780 to
1100 days (top) and from 0 to 200 seconds (bottom). Variations on time-scales very much less than one second are
observed. (Courtesy of James Lochner, NASA Goddard Space Flight Center.) (b) The active galaxies MCG—6-30-15
(top) and NGC 5506 (bottom) as observed in long exposures by the EXOSAT X-ray telescope showing variability on time
scales ranging from minutes to hours (Seward and Charles, 2010).
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(a) Comparison of mass estimates of active galactic nuclei from the variability of their X-ray emission and from
dynamical estimates. The filled circles are quasars and Type | Seyfert galaxies and the open circles are Type Il Seyfert
galaxies. (b) Comparison of the inferred masses and luminosities with the Eddington limiting luminosity,

s = 1.3 x 10*"(M/ M). All the active galactic nuclei lie well below the Eddington limit (Wandel and Mushotzky,
1986).



Active galactic nucleus
Reflecting
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Seyfert 1 o o G 1”e  Seyfert 1
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torus

m (a) A schematic diagram illustrating the unified picture for Seyfert 1 and Seyfert 2 galaxies. The nuclear regions
contain the source of continuum radiation and the broad-line regions which can be observed in scattered light, if the
axis of the torus is observed at a large angle to the line of sight. The reflecting clouds occupy more or less the same
volume as the clouds responsible for the narrow-line emission. (b) lllustrating the unified model for radio galaxies and
radio quasars observed in samples of bright radio sources. Radio quasars are observed when the axis of the radio
source lies within about 45° of the line of sight. When observations are made almost along the axis of the radio jet,
superluminal radio sources and blazars are observed.
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The optical-ultraviolet spectrum of the quasar 3C 273. The continuum has been decomposed into a ‘power-law’
component, a component associated with recombination radiation and a ‘blue-bump’ component which has been
represented by a black-body curve. The prominent Balmer series in the optical waveband which led to the discovery of

the large redshift of 3C 273 can be seen (Malkan and Sargent, 1982).
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(b)

A schematic diagram illustrating the geometry of a thin accretion disc. (a) A side view and (b) a view from above the
disc.



Condition for thin accretion disk
dp/oz ~ p/H
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Rotation velocity should be much greater than the
local sound speed

i.e. cool gas in our spiral galaxy plane



Shear stress or viscosity
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fluid rotates as solid body if (0(r) is constant

Exercise: Show this relation
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G = nr*Q2rrH) — SR Torque acting on the inner edge of the annulus at r

G(r+dr)=G(r)+ %dr

L =2nr’Hpvydr <——  Angular momentum of the annulus
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Lis length, Tis time, Vis velocity of flow,
v is kinematic viscosity

Kinematic viscosity v=n/p Reynolds number R8s L2 1oT 5 VL fye 1012

vy v a| ;0 (v¢) Find this number using Longair 3™ edition, page 454
ot r2 or or \r

R > 103, the flow becomes turbulent

Shakura & Sunyaev (1973) solves the problem v =av H
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Landau and Lifshiftz (1987), Fluid Mechanics



Keplerian orbit

Q* =GM,/r

Energy per rate per unit area

Exercise: Show that
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Temperature distribution and emission of thin discs
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A schematic representation of the emission spectrum of an optically thick accretion disc. The exponential cut-off at
high energies occurs at frequency v = KT,/ h, where T, is the temperature of the innermost layers of the thin
accretion disc. At frequencies less than that corresponding to the temperature of the disc at 7,4, the spectrum tends

towards a Rayleigh—Jeans spectrum /, o< v2.



Mass on the ring
Frank, King & Raine 2002

r > R

%(% RARY) = wg(R,t)2rRE(R,t) — vgp(R + AR, 1)
x2m(R + AR) (R+ AR,t)

12

AR s 0 —27rAR—(REvR)

Mass conservation equation
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Angular momentum
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diffusion eq.

If viscosity v
constant

Use separation of

0 3V o\’ variables for solution
_(RI/QE) — R1/2_ (Rl/QE) -

Ot R OR Frank, King, Raine 2002.
pg. 82
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Fig. 5.1. A ring of matter of mass m placed in a Kepler orbit at R = Ro spreads out under
the action of viscous torques. The surface density X, given by equation (5.10), is shown as a
function of = R/Ro and the dimensionless time variable 7 = 12vtR; *, with v the constant

kinematic viscosity.

2.0

tvisc ~ Rz/V
spreading the ring time scale
T ~ t/tvisc (RO)

tvisc ~ R/ VR
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Frank, King, Raine, 2002
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Rosseland mean opacity is well
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Shakura-Sunyaev



Typical Roche
Typical Roche lobe size,

Radius of neutron star, lobe size, massive
last stable orbit around Radius of cataclysmic X-ray
black hole white dwarf variable binary
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Mgq4q4 neutron star,
18 black hole
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The physical regimes for steady cz-discs about 1 M, objects as a function of the mass accretion rate (Frank et al.,
2002). The radii of solar mass white dwarfs, neutron stars and black holes are indicated, as well as the dimensions of
the Roche lobes of the binary star systems involved in massive X-ray binaries and symbiotic stars. The regions of the
discs in which gas or radiation pressure dominate are shown, as well as those regions in which Kramers opacity and
electron scattering are dominant. The horizontal line shows the accretion rate for a solar mass neutron star or black
hole radiating at the Eddington limit.

Explain the figure

Kramers opacity,
bound-free and
free-free absorption

Electron scattering opacity
Thomson scattering



outer disc / inner disc
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The spectra of the radiation emitted by an accretion disc about a spherical, non-rotating black hole (Shakura and
Sunyaev, 1973). In model (), the black hole mass is 1 M, the accretion rate 10~8 M, year—" and the accretion takes
place at the Eddington limiting luminosity. In model (b), the mass accretion rate is lower, 10~° Mo year~' and the
luminosity is 102 W. The radiation generated in the outer cool regions of the disc result in a power-law spectrum

I(v) oc v'/3.In the inner regions, electron scattering is the dominant source of opacity and the spectrum is
approximately independent of frequency. The temperature of the exponential tail corresponds to the surface

temperature of the inner regions of the disc modified by the effects of electron scattering (Shapiro and Teukolsky,
1983).



( is the albedo (i.e. the effective fraction of incident radiation scattered from

. ) the surface without absorption
130 Accretion discs ption)

L
F = 4#22(1_’8) cos Y
T
b=5-0+¢

central Ly, = 4wR20T7

source

Fig. 5.16. Irradiated disc geometry. The unit vector k indicates the direction of propagation
of the radiation incident on the disc and n is the local inward-directed normal vector.

Frank, King, Raine 2002



Thick accretion disc A
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Qadv = OV, T — =q4 — q_

g+ = Qvr \ —|—

qg_ = neniA(Ty)

A perspective view of a Newtonian vorticity-free torus for which €2(r) o< r—2. The toroidal lines are equipotential
surfaces. The diagram shows the axial ‘funnels’ which may be associated with the collimation of jets from compact

sources. R is the radius at which the angular velocity attains the Keplerian velocity about the compact object (Frank
etal., 2002).



M = -27R>wv, mass conservation

M = 3nvXg /f« angular momentum conservation
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Q+ =Q_ 4+ Qagvy energy conservation
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Exercise: Show one of the slopes using
Frank, King, Raine 2002

lﬂg (M/M Edd)

log (M/M ru)
‘\

Type I1I l

logX

logZ
(a) A plot of the accretion rate in terms of the critical Eddington rate against the surface density of the disc showing
the loci of solutions of the equations of gas dynamics for accretion discs. (b) Possible local disc solutions at some radius
rfora < ogi (left) and @ > g (right). The thick lines indicate those branches which are thermally and viscously
stable. The arrows show the direction of evolution of the disc annuli which are not on the local equilibrium curve

(Frank et al., 2002).



log (M/M :.)

log

Fig. 11.3. Accretion disc solutions shown schematically on a local (M /Mgaa, X)-plane. A

typical dwarf nova or X-ray transient cycle is shown here spanning two equilibrium curves
labelled agicu and arow.
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Fig. 5.13. Observed visual light curve of SS Cygni, the brightest dwarf nova, showing out-
bursts. Typical rise times are ~ 1 day, the outbursts last for ~ week or two, and are
separated by ~ weeks to months of quiescence. The outburst decay time is typically longer
than the rise time. (This figure was generated using the AAVSO light curve generator at
http://www.aavso.org/adata/curvegenerator.shtml).



log (M/M )

log 2

Fig. 11.4. Accretion disc solutions shown schematically on a local (M / MEdd, Y))-plane. The
shaded region corresponds to the two-temperature, optically thin, Compton cooled, gas pres-

sure dominated SLE solutions.
Shapiro, Lightman and Eardley (1976)
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Illustrating the equipotential surfaces of a binary star system in the rotating frame of reference. The equipotential
surfaces shown correspond to the sum of the equipotential surfaces for each star plus a centrifugal potential term to
take account of the rotation of the stars about their common centre of momentum (CM). In this example, the mass
ratio of the stars is 10:1. These surfaces define the shapes of the stars in the binary system. The equipotential surface
which connects both stars is known as the Roche lobe of the system, shown by the dashed line, and the point at whi
the two lobes touch is called the inner Lagrangian point L;. Other turning points in the value of the potential are
labelled L,, L3, etc. In dose binary stars, the common surface of the stars may lie outside the Roche lobe (Shapiro ani
Teukolsky, 1983).



Examples of the evolution of stars in binary systems:

(a) A low mass binary. The stages of evolution are as follows. (i) Both stars on the main sequence; (i) mass transfer
from the more massive of the stars to the lighter once the fomer becomes a red giant; (iii) formation of a light subgiant
and a more massive main sequence companion; (iv) formation of a white dwarf and a main sequence stars; (v) mass
transfer onto the white dwarf when the second star becomes a giant; (vi) the white dwarf exceeds the Chandrasekhar

08 L S22 mass and explodes as a Type la supernova.

RN - (b) A massive binary. (i) Main sequence phase; (ii) the more massive star fills the Roche lobe as it becomes a red giant
. V O \: and mass transfer begins; (iii) end of the first mass transfer phase; the first Wolf—Rayet phase begins; (iv) the helium
NPT star has exploded leaving 2 M, remnant which may be a neutron star or a black hole; (v) the massive star becomes a

06 RS giant star and mass is transferred onto the compact star which becomes a strong X-ray source; (vi) large scale

mass-loss onto the secondary star begins; (vii) the second Wolf—Rayet phase in which the more massive star has lost
its envelope leaving a roughly 6 M, helium star ; (viii) the 6 M, star explodes as a supernova. The binary may or may
not be disrupted in the explosion depending upon the mass of the remnant (Karttunen et al., 2007)
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(a) | / P
S i Illustrating two ways in which accretion onto stars in binary systems may take place. In (a), the massive star has a

strong stellar wind and the compact star is embedded in the outflow from it. In (b), the normal star expands to fill its
Roche lobe and matter passes through the Lagrangian point ; onto the compact star. An accretion disc is formed
about the compact star (Shapiro and Teukolsky, 1983).

Normal star
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lllustrating the accretion of matter from an accretion disc onto the polar caps of a magnetised neutron star or white
dwarf (Frank et al., 2002). Within the magnetically dominated region, the matter is channelled down the magnetic
field lines onto the magnetic poles of the neutron star where its binding enerqy is released, resulting in strong heating
of the plasma. A hot accretion column is formed above the magnetic poles from which intense X-radiation is emitted.
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log, (F) = —4.4 + log,, (PL%7) Exercise: Show that
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The relation between luminosity and rotational frequency for two X-ray binary sources observed by the BATSE
instrument of the Compton Gamma-ray Observatory (Bildsten et al., 1997). (a) The spin rate of A0535+-262 during the
1994 giant outburst versus the flux density in the 20-100 keV energy band. (b) The spin-rate of GRO J1744-28 during
the December 1995—March 1996 outburst versus the flux density in the 2050 keV waveband. Square symbols refer to
the outburst rise, and the diamond symbols to the outburst decline. The dotted curves are power laws with slope 6/7,
while the dashed curves are best-fit powers laws. The best fit index for A0535+262 is 0.951(26) and for GRO J1744—28
is 0.957(26).
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Fig. 13. Schematic picture of a possible configuration of an accretion disk around a magnetic
neutron star [adopted from Ghosh and Lamb (1979b)]. In this picture the magnetic field is
not completely screened by currents in the magnetospheric boundary and hence the field lines
may thread the disk. The transition region is divided into two parts, an outer transition zone
of width d where viscous stresses dominate magnetic stresses, and a boundary layer of width
0 «<r, where magnetic stresses dominate. Two cases of corotation radius are indicated for
“slow™ rotators (case A: r,>»r,) and for “fast’ rotators (case B: r_~r_).
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Figure 5. X-ray flux and pulse frequency correlations, the best fit denotes
Ghosh-Lamb model. Points denoted by triangles correspond to previous
outburst’s values found by Baykal et al. (2002).
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Exercise: Show that
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Fig. 14. Schematic two-dimensional picture of possible mass flow onto a neutron star in wind-
fed pulsars. An accretion disk is expected to be formed near the neutron star behind the
shock front of the stellar wind, but this disk is presumably unstable and may sporadically

change its configuration, resulting in the large fluctuations of accretion torque on the neutron
star.
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lllustrating the process of accretion by a star of mass My in a stellar wind of velocity v;.
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(a)

i ‘ ~60°
3 1‘;;3%%5)",":22,33;wpses Low Mass X-ray Binary

4o B 80
3 NO DIPS, PARTIAL ECLIPSES
~ _ ¢ 'CORONAL’ SOURCES

-~ ———

(b)

(a) A schematic diagram illustrating the necessity of incorporating a thick absorbing screen in the structure of the
accretion disc in low mass X-ray binaries. In this sketch, absorption features are only observed at angles of inclination
greater than about 60°. It is assumed that the ‘accretion disc corona’ observed in X-rays fills a large fraction of the
Roche lobe of the neutron star (Frank et al., 2002). (b) A schematic perspective view of the model for a low mass X-ray
binary with penetrating gas streams (Frank et al., 1987).
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m Examples of the X-ray light curves of two low-mass X-ray binary systems illustrating a number of eclipse and
absorption features. (a) The light curve of the 5.57 hour binary system X1822—371 determined by the EXOSAT X-ray
telescope in 1983, 1984 and 1985. The upper panel shows the hardness ratio of the X-ray spectrum. (b) The light curve
of the 3.83 hour period binary XBT0748—676. (Watson and King, 1991).



MXB 1636 - 53 MXB (726 - 34 MXB 1735 - 44 MXB 1733 -29 MXB 1906 + 00
T T T T T T I ]

T T T I T

0
1.3-3 keV - B
cis/0.4 5 20 - ] 57
5-.
S Al 2]
3-6 keV

e ] e b siqt«ﬂw

c1s/08 s i 60 7]
— ] D“

T I I

Eacc < nmpcz
Ene ~ 0.007mc?

E-19 keV 60: [ 60 - 07

cs/D8 s "‘O*mj\mww m:w‘lﬂ“—u 10 iw
0 Loy 8

i dal Y ) C
gty kbl

Tirme in Seconds

LB S Examples of Type | X-ray bursts from five different sources. The light curves are shown in five different energy ranges
and it can be seen that the gradual decay persists longer at the low energies than it does at high energies, indicating
that the source cools as the source fades away (Frank et al., 2002, courtesy of Waller Lewin).
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(a) The X-ray colour—colour diagram for the low mass X-ray binary (yg X-2, showing the various branches identified by
Hasinger and van der Kris. The colours are ratios of flux densities in the soft (3—4.5 keV : 1-3 keV) and hard X-ray
(6—20 keV : 4.5—6 keV) wavebands. (b) The power spectra of intensity variations for the three branches identified in
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(a), showing the presence of quasi-periodic oscillations (Hasinger and van der Klis, 1989). The abscissa is the

frequency in Hz.

Low-mass X-ray
binary

QPO: «beats»
between the
rotation frequency
and Keplerian disk
frequency at the
inner edge of the
disc

milliseconds



100 F———mm T T T 3 T T T T T

: = —;0.1
10 & — F ]

F ] SPL  F +0.01

'E _§ August 1, ;_ 109
. . . r ] 1996 E ]

Black Holes in X ray Binarie: [ ] - ipe

: I;IHHIIE RIS ' %&—HM—;—HHMHHHHHHHHHH%

i - 301
A E i ] %
& . + 1 Thermal g 3001 &
E E ] 3
o 3
= TF i I 2
i 1111 March 24, g ?p
= 1997 F 9
- S
Woo1g - B =

10 3 L
F Hard E
e E i
E 1 August 14, £
i 1997
01 = L
1 11 '-I LTS 1 | 1 1 1 IIIIII| 11 IIIIII| 11 IIIIII| 11 IIIIII| IERi
1 10 100 0.01 041 1 10 10 10°
Energy (keV) Frequency (Hz)

|llustrating sample X-ray spectra and power density spectra for the X-ray nova GRO J1655—40 in three different
outburst states (Remillard and McClintock, 2006). The spectra have been decomposed into a thermal component (solid
line), a power-law component (dashed line) and the relativistically broadened iron Kex line (dotted line). The power
spectra are plotted as v log P,.



Table 14.1 Outburst states of black hole binaries (after Remillard and McClintock 2006).

State name Definitions of X-ray state

Thermal Disc fraction f > 75%
QPOs absent or very weak: QPO amplitude a < 0.005
Power continuum level » < 0.075

Hard Disc fraction f < 20%
1.4 <T < 2.1
Power continuum level » < 0.1

Steep power law (SPL) Presence of steep power-law component with I' > 2.4
Power continuum level » < 0.15
Either f < 0.8 and 0.1—30 Hz QPOs present with a > 0.01
or disc fraction f < 50% with no QPOs
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The estimated thermal luminosity Ly, of LMCX-3 plotted against the observed temperature T;,. The distance and
inclination are assumed to be D = 50 kpcand i = 66°. The solid line is the relation Lgy o< T* (Kubota and
Makishima, 2005).
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The broad asymmetric iron fluorescence line at 6.4 keV in the black hole X-ray binary XTE J1650—500 (Miller et al.,
2002). A thermal disc component and power-law spectrum have been used to remove the underlying continuum.
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High frequency quasi-periodic oscillations observed in black hole binary and black hole candidate systems. Where two
power density spectra are shown for a source, the right-hand trace is for the range 13—30 keV; the left-hand trace is
fora broader eneray ranae, which may be either 2—30 or 6—30 keV (Remillard and McClintock, 2006).



(@) Magnetic field lines

Cataclysmic Binary

Companion star White dwarf

(b)

Bright
spot

(a) lllustrating the accretion of matter in a ‘polar’ or AM Herculis system. The magnetic field is very strong in these
systems (B > 10° T) and the rotation of the white dwarf is locked to the rotation of the binary system as a whole. No
accretion disc forms and the matter streams more or less directly onto the surface of the white dwarf. () lllustrating
the formation of a ‘hot-spot’ at the outer boundary of an accretion discin a cataclysmic binary system (Frank et al.,

2002)
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The results of eclipse mapping to determine the temperature distribution in the accretion disc in the dwarf nova Z Cha.
The observations were made during an outburst so that the emission from the disc dominates the optical light. The
lines show the expected temperature distributions for optically thick steady-state discs with different accretion rates
(Horne and Marsh, 1986; Frank et al., 2002).
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Doppler tomography of the emission lines of HB and HB in the dwarf nova system U Gem during its quiescent phase.
The top panels show the observed spectra as a function of orbital phase while the central panels show the
reconstructed Doppler images fitted to these observations. The lower panels show the computed velocity-phase data
expected from the model-fits. The gaps in the lowest panels correspond to the eclipses which were not included in the
fits. The reference circles have radii corresponding to 600 km s—' (Marsh et al., 1990).
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Illustrating the geometry of the accretion coloumn at the poles of a strongly magnetised white dwarf (Frank et al.,

2002).

~ 50 keV



Be X-ray Binaries (BeXB)

* A sub-type of high mass X-ray
binaries

 Be type donor star:
circumstellar equatorial disk

e Occasional accretion disk
formation around the
neutron star — outbursts!

 Often peaking at periastron
passages

‘. pr -
2 _
- - —
F

A transient accretion disk is formed

Orellana & Romero ‘05




Be X-ray Binaries (BeXB)

EXO 20304375 |

» Qutbursts:
» Type I: <1037 erg/s
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period, random & rare of

[
o
I

20

I

RXTE ASM c/s

10~  Typel

I 1 I 1 L
53500 54000 54500 55000
MJID

Reig ‘11



Be X-ray Binaries (BeXB)

* Spin vs. orbital period:
The Corbet diagram

 BeXBs: Positive correlation

 Suggests disk-fed angular
momentum transfer

« Whereas: Supergiant systems,
wind-accretion, no strong trend
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The Corbet diagram. Fortin+ 23




Pencil and Fan Beams

Liu+ 22
Occurs at lower luminosities Occurs at much higher luminosities
The radiation escapes from the top of the The radiation primarily escapes through
accretion column (pavidson 73) the column walls in the sinking region

(Burnard+ ‘91, Nelson+ ‘93)




Subcritical vs. Supercritical Accretion

Accretion dynamics near the stellar surface is dominated by gas ...by radiation pressure
shock/Coulomb interactions

Pencil beam, or pencil & fan beams mixed Fan beam

Emission height decreases with increasing luminosity (at only higher ...increases with increasing luminosity
luminosities)

Photon index & cut-off energy decreases with increasing luminosity ...increases with increasing luminosity

Cyclotron energy increases with increasing luminosity ...decreases with increasing luminosity
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Super-Eddington Accretion

* I—Eddington ~1.3x10% (M/MQ) erg/S

« Mass transfer rate exceeds the Eddington limit!

« Beamed emission: from the sides of the accretion columns
* An “accretion curtain” around the neutron star

 Presence of strong multipole components dominating the area close
to the surface of the neutron star suggested (Doroshenko+ 20, Kong+ 22)

Optically thick envelope:

Black-body with lower

kT and larger area from
"the envelope

| | \Freg-falling plasma
Radiation shock

Fan surface

’
o)
-/ [
-
-
v -

v

v Radiation braking:
The height of the

» accretion column
increases with
increasing Luminosity.

v
The surface heating by
accretion column

(Kong+ 20) Polar Cap



Swift J0243.6+6124

e Discovered in 2017. BeXB (kouroubatzakis+ “17)

«~9.86s spin period (Kennea+ ‘17, Jenke & Wilson-Hodge ‘17),
~28 d orbital period with e ~ 0.1 (poroshenko+ ‘18; Jenke+ '18)

* Loeak > 1039 erg/s — First ULX* discovered in Milky Way

sygankov+ ‘18)
* d ~ 5.2 kpc by the new Gaia EDR3 catalogue (Bailer-jones+ 21)
* Previously, d ~ 6.8 kpc (EDR2) (ailer-jones+ ‘18

 Spectra typically fitted by
blackbody + cut-off power law + Fe line @ 6.4 keV

« Another minor outburstin 2023

*ultraluminous X-ray source



Swift |0243.6+6124: Pulse Profiles
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Swift J0243.6+6124: Pulse Profiles
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Hot disc of the Swift J0243.6+6124 1865

Figure 8. The suggested geometry of the accretion disc and the emission
region for respective states is also sketched for illustration.

Doroshenko 2019



Swift J0243.6+6124: Torque-luminosity analysis
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Swift J0243.6+6124: Torque-luminosity analysis
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MXB 0656-072

e Discovered in 1975 (clark+ 75)

* In quiescence, until 2003...

* A pulsar with 160.7 s spin period (Morgan+ ‘03)

 Be star counterpart found: A BeXB system (Pakull+ 03)
 Type II outburst

« CRSFat~33keV = B=3.7x1012G (McBride+ ‘06)
+ Estimated distance: 3.9 kpc

« “Saturation flux” (vespoli+ ‘12)




MXB 0656-072

* Discovered in 1975 (clark+ 75)
» In quiescence, until 2003...
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MXB 0656-072: Torque-luminosity modelling
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MXB 0656-072: Torque-luminosity modelling
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GRO J1008-57

« Discovered in 1993 with CGRO/BATSE '], ~93.5 s spin period

 Neutron star with a B1-B2 Ve type companion [21 — Be type XRB

« Spectra generally modelled by an exponential cutoff power law +
blackbody + Fe line @ 6.4 keV

« + One of the highest ever CRSF measurements: ~78-90 keV BI4]
— B~7-8x1012G
* P,,, = 249.48 days, e = 0.68 15!
« Distance: 5:8+0.5kpe [¢], but 3.6 + 0.2 kpc by Gaia EDR3 (2021)
« X-ray polarimetry by IXPE*
« Magnetic obliquity ~75° — “a nearly orthogonal rotator” [’]

[1] Stollberg+ ‘93, [2] Coe+ ‘07, [3] Ge+ ‘20, [4] Bellms+ ‘14, [5] Kuhnel+ ‘13, [6] Riquelme+ ‘13, [7]
Tsygankov+ ‘23

*Imaging X-ray Polarimetry Explorer



GRO J1008-57

GRO J1008-57 2020 2025

 Regular Type-I outbursts at OME 2000 2015 I LR

orbit periastrons : L | -

5 10721~ ‘v, 4 -

 Type-II outbursts in 2012, s | ! :
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Image: https://gammaray.nsstc.nasa.gov/gbm/science/pulsars/lightcurves/qroj1008.html



GRO J1008-57: Timing Analysis

GRO J1008-57

» NICER/XTI data: 59
observations, ~160 ks

 NICER data:
Barycenter-corrected
light curve with 0.125 s

binning -
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GRO J1008-57: Torque-Luminosity Correlation
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GRO J1008-57: Torque-Luminosity Correlation

« v o L~6/7
« NICER/XTI frequencies

« a=6/7 gives almost a
perfect fit

Dénmez et al. 2026, in preparation
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GRO J1008-57: Pulse Profiles
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