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Abstract

This thesis investigates the spectral and temporal properties of accreting
black holes, with the main emphasis on optical and X-ray wavelengths. The

topic is interesting thanks to the recent discovery of the complex interconnec-
tion of the light-curves in these two far-separated energy bands. Advances
in optical instruments, which now can resolve light-curve fluctuations on

sub-second time-scales, were not followed by the progress of understand-
ing the principle mechanisms responsible for this connection. Motivated by
these exciting findings, we investigate possible origins of the optical/X-ray

relation. We suggest that the information contained at optical and infrared
wavelengths can be used to probe the accretion flow physics.

We propose that the vicinity of the hard-state black holes is occupied
by some type of hot geometrically thick, optically thin accretion flow with
hybrid (thermal/non-thermal) electrons. In the presence of various accel-

eration mechanisms, the particle distribution tends to become a power-law.
However, the electrons at lower energies efficiently thermalise. The over-

all steady-state distribution, which we call hybrid, generally resembles a
Maxwellian at lower electron energies plus a high-energy power-law-like tail.

What are the advantages of the proposed hot flow scenario compared to

the entirely thermal case? It was realized already a decade ago that even
a tiny non-thermal tail results in a dramatic increase of the lower-energy
synchrotron emission. We show that this emission can quantitatively explain

observational characteristics of the optical/infrared wavelengths and their
complex relation to the X-rays.

What are the disadvantages of considering hybrid particles? In the purely
thermal case, the emergent spectra can be easily calculated once the electron
temperature is known. In our studies, the spectra have to be obtained self-

consistently with the electron distribution, which in turn is not known in
advance. For this, the system of coupled kinetic equations for photons and
electrons (and positrons) is being solved until the steady-state solution is

found. Whilst the spectral calculations are rather complex, the results are
quite promising. We show that a little twist to the well-established hot flow

scenario allows the understanding of the whole set of observational data,
like in no other model.
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Chapter 1

Accreting black holes

1.1 Subject of study

The present dissertation is devoted to the observational signatures and

theoretical interpretation of probably the most exotic objects in the Universe,
the black holes (BHs hereafter). These objects come in at least two different

flavours: stellar-mass BHs in binary systems and supermassive BHs in the
innermost regions of active galaxies. Whether there exists the intermediate-
mass BH class, which fills the mass gap between the two major classes, is

currently debated.

BHs are observable due to accretion of the surrounding matter. They are
among the brightest X-ray emitters on the sky. In radio, the objects are seen
due to outflowing material, the jet. The first extragalactic BHs – the quasars

– were noticed thanks to these outflows. Stellar-mass BHs are predominantly
discovered by the X-ray satellites. Support monitoring is also performed in

the ultraviolet (UV), optical, infrared and radio bands. It has lately become
evident that the information contained in these longer wavelengths is of prin-
cipal importance when trying to judge the nature of radiation from BHs. The

present thesis investigates mechanisms of the broadband spectral formation,
covering the infrared to X-ray/γ-ray energies. We find that the multiwave-
length and temporal properties require the presence of non-thermal particles

close to the compact object. They constrain the global accretion picture, lim-
iting its possible geometry, heating mechanisms and physical conditions in

the vicinity of the BH.

1.2 Some history

The first documented suggestion of the existence of stars so massive that

the escape velocity from their surface is equal to the speed of light belongs to
John Mitchell (see Pounds, 2014, and references therein) and is dated back
to year 1783. However, the idea did not excite any interest in the scientific
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community at that time since the fundamental significance of light speed was

understood only more than a century later. The fact that such objects are very
different from normal stars was emphasised by John Wheeler (1968), who
proposed to call them “black holes”. In the nowadays understanding, the BHs

are specific solutions (Schwarzschild 1916; English translation by S. Antoci
and A. Loinger of the original work can be found as Schwarzschild 1999; Kerr
1963) of the equations of General Relativity (Einstein, 1915, 1916). A char-

acteristic feature of BHs is the event horizon – an imaginary surface beyond
which events cannot affect an outside observer. The search of BHs began

only after their precise mathematical formulation. An object is classified as a
BH if the measured size is close to its Schwarzschild radius RS = 2GMBH/c

2.
Two independent estimates are therefore required: mass and radius. The

size estimations of compact objects in binary systems are based on the ob-
servations of rapid irregular flickering. The lower limit on the mass of the
compact object can be obtained from the velocity curve of the companion

star. It provides two independent parameters: the orbital period P and the
semi-amplitude of the companion velocity K. They define the mass function

as

f(M) =
PK3

2πG
=

MBH sin3 i

(1 + q)2
, (1.1)

where q is the ratio of the companion star mass to the BH mass and i is the
binary inclination. As can be seen from the formula, the mass function gives
an absolute minimum value for the mass of the compact object. If its inferred

mass is too high for a neutron star, i.e. f(M) & 3M⊙, it is conventionally
considered to be a BH. This does not mean, however, that an object with
M < 3M⊙ cannot be a BH.

As the material is captured by the gravitational field of the BH, it starts
to orbit around the compact object and soon forms an accretion disc (Frank

et al., 2002). As the matter approaches the compact object, it looses grav-
itational energy due to the viscous forces, which heat the material giving
rise to the observed radiation. The Eddington limit is an upper limit on

its luminosity, above which the accretion will be stopped by radiation pres-
sure. If the accreting matter is composed of pure hydrogen and the radi-
ation pressure is due to Thomson scattering, the Eddington luminosity is

LEdd ≃ 1.3 × 1038(M/M⊙) erg s−1. This limit can be used to estimate the
spectral range of major energy release. A lower limit can be set on the fre-

quency of the observed emission by assuming that the infalling matter is op-
tically thick and is in thermal equilibrium with the radiation. In this case the
characteristic temperature is set by the blackbody temperature of a sphere

of a few RS emitting at luminosity LEdd, from which we derive Tbb ∼ 1 keV.
An upper limit can be obtained from the concept of the virial temperature

which gives Tvir ∼ 20 MeV. Thus, the BH binaries are expected to be X-ray
and, possibly, γ-ray emitters. Indeed, these are well-known to be powerful
X-ray sources.
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Figure 1.1. Schematic diagram of 20 dynamically confirmed black hole binaries.

By J. Orosz, http://mintaka.sdsu.edu/faculty/orosz/web.
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Altogether 25 confirmed BH binaries have been discovered since the be-

ginning of the X-ray era (see reviews by Narayan and McClintock 2014;
Casares and Jonker 2014 and recent measurements in Casares et al. 2014;
Corral-Santana et al. 2013). Some of them are sketched in Figure 1.1. In

addition, there are about 40 BH candidates, which show spectral and tem-
poral properties typical for BH binaries, but their masses have not been dy-
namically measured. Masses of BHs used to be comfortably above the con-

ventional limit 3M⊙; however, recent measurements suggest there exists a
population of BHs very close to or even below this limit. Two sources are

currently not included into the “confirmed BH list”, yet their X-ray proper-
ties leave no doubts in their origin: the compact object in the binary Cyg X-3
has M = 2.4+2.1

−1.1M⊙ (Zdziarski et al., 2013), and in the SWIFT J1753.5–0127

with M < 4.5M⊙ (Neustroev et al., MNRAS submitted, Paper VIII hereafter).
It becomes evident that the firm classification based on the compact object
mass estimate alone is becoming less and less reliable, and other diagnostic

methods should be agreed on to serve as a criterion to distinguish between
BHs and neutron stars. Such a technique will likely be based on observa-

tional appearances of objects with and without a solid surface. The most
promising methods are based on the X-ray colour evolution as a function
of flux (Done and Gierliński, 2003) and on the properties of the broadband

noise (Sunyaev and Revnivtsev, 2000).

Half a century after the discovery, BHs are still fascinating for a number
of reasons. First, BHs are unique objects for testing predictions of one of
the most fundamental theories, General Relativity. Second, the compactness

of the object along with its high mass result in high efficiency of energy
extraction, much higher than in nuclear reactions, which allows us to explore

the physical properties of matter at extreme conditions. Finally, probing the
presence of BH’s event horizon remains a challenge.

1.3 Main observables and their interpretation

This section briefly describes our current knowledge about observational
properties and physical mechanisms operating in BH binaries and super-
massive BHs, with the main stress on their X-ray and optical radiation. A

somewhat more detailed discussion is presented in the review by Poutanen
and Veledina (2014, hereafter Paper VII) and the comprehensive reviews by

Zdziarski and Gierliński (2004); Remillard and McClintock (2006); McClin-
tock and Remillard (2006); Charles and Coe (2006); Done et al. (2007);
Done (2010); Gilfanov (2010); Yuan and Narayan (2014).
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Figure 1.2. Left: examples of X-ray spectral states observed in LMXB XTE J1550–

564 (from Zdziarski and Gierliński, 2004). The high state (green) corresponds to

the soft state introduced in the text. Right: states of the HMXB Cyg X-1 (from

Zdziarski et al., 2002). Soft state (red and magenta), hard state (black and blue)

and intermediate states (cyan and green) are observed in this object.

1.3.1 Galactic black hole binaries

There are two major classes of Galactic BH binaries: high-mass and low-
mass X-ray binaries (HMXBs and LMXBs), determined on the basis of the

mass of the companion (Charles and Coe, 2006). In HMXBs, the secondary
star is &3M⊙. Accretion here proceeds through the capture of material from
the companion wind. There are 7 such objects known to date, all of them

except for one are persistent X-ray sources. The well-studied X-ray binary
Cyg X-1 is a prototype for this class. LMXBs are transient sources, which are

typically active for several months and then become quiescent for years to
decades. The companions are stars with masses up to a few solar masses,
normally below one solar mass, but the key property here is that the accre-

tion proceeds through the Roche lobe overflow. There are 18 such sources,
including the prototype 1A 0620–00 which underwent an outburst in 1975.
The thesis mainly concerns LMXBs, where the companion is typically so small

that the observed optical, infrared and UV radiation is due to the proceeding
accretion processes.

Though the structure of the binary along with optical emission mecha-

nisms are completely different in these two classes of sources, they possess
common X-ray properties. Both classes exhibit two major states defined ac-

cording to the shape of their X-ray spectrum (Zdziarski and Gierliński, 2004).
The soft state is characterized by the presence of the thermal component in
the soft X-rays, which is commonly accepted to be coming from the stan-
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dard geometrically thin, optically thick accretion disc (Shakura and Sunyaev,

1973). More often the objects are found in the hard state, characterized by a
power-law spectral shape in the 2–10 keV band of typical index α = −0.6 to
−0.8 (F

ν
∝ να). A Compton reflection feature is often detected atop of the

power-law continuum. The underlying continuum is found to peak at ener-
gies ∼50–200 keV whenever the high-energy data are available (the reflec-
tion feature can shift the overall peak towards lower energies). In addition,

a γ-ray tail going up to MeV energies was detected in several objects. This
tail is due to emission of non-thermal particles (Poutanen and Vurm, 2009;

Malzac and Belmont, 2009; Zdziarski et al., 2012; Malyshev et al., 2013).
In addition to these canonical states, the nowadays phenomenology intro-
duces the quiescent state (when the object is very dim/undetectable in the

X-rays), the intermediate states (effectively, these states are characterized
by the spectral indexes between those of the hard and the soft states), the
ultrasoft state (when the soft X-rays can be fully described by the blackbody-

like component) and the very high state (resembles the soft state, but with a
more prominent hard X-ray power-law). Characteristic spectra for different

states are presented in Figure 1.2.

Most BH binaries show transitions between these states. Generally, the

hard state is found at lower X-ray luminosity than the soft state, however, as
the outburst proceeds, the object makes a hysteresis loop, commonly known

as the “q-track” (hard-soft-hard) as seen in the colour-luminosity diagram
(Homan et al., 2001). It is also worth noticing that if the binary demon-
strates several outbursts, the transition occurs at different X-ray luminosities

(see the compilation of a number of outbursts in Muñoz-Darias et al., 2013,
and Figure 1.3). From Figure 1.3, one can notice spectral softening at lu-
minosities below about 10−2LEdd (see also Sobolewska et al., 2011). This

property became crucial for understanding the mechanisms responsible for
the state transition. Unlike the soft state, the hard state is characterized by

high-amplitude broadband variability and the presence of different classes
of low-frequency quasi-periodic oscillations (QPOs hereafter, classification
can be found in Casella et al., 2005, see Figure 1.4). These features became

defining properties, allowing the new X-ray transient to be considered as a
BH candidate.

Though BHs in the hard state are broader studied, geometry and emission
mechanisms in this state are more debated. Probable geometries include a

truncated cold disc with a hot inner flow and a hot corona above the cold
disc, which is not truncated (Done et al., 2007). The truncated disc scenario
is, perhaps, the most promising nowadays. It involves evaporation of the

inner part of the standard accretion disc into some hot geometrically thick,
optically thin (Thomson optical depth τ ∼ 1) flow as the object makes a

soft-to-hard state transition (Meyer et al., 2000). Dynamical and spectral
properties of such flows are well studied with numerical experiments (e.g.,
reviews by Blaes, 2014; Yuan and Narayan, 2014). Due to its complexity,
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Figure 1.3. Hardness (colour) – luminosity diagrams plotted for eight BH binaries.

The objects make the famous “q-loop” as the outbursts proceed. If the observations

happen to catch the very beginning of the outburst, the loop starts with the hard

spectrum at low luminosity (lower right parts of each panel). Then the luminosity

grows, but the hardness stays (almost) the same, until the highest luminosity for

such hardness is reached. At this point the state transition occurs: as the object goes

through the intermediate states, the spectra soften at roughly constant luminosity,

until the softest spectrum is reached. Then the luminosity decreases with the soft

spectra, until the reverse transition takes place. Slight softening is again seen at

luminosities below ∼ 10
−2

LEdd. From Muñoz-Darias et al. (2013).
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10
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0.1 1 10
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Figure 1.4. Appearance of different classes of QPOs, type A–C, in the X-ray power

spectral density of BH binary XTE J1859+226. From Casella et al. (2004).

the task is usually simplified to consider purely thermal particles. However a
small fraction of non-thermal electrons should be present in the medium as

suggested by the observed MeV tails. Under the conditions relevant to the BH
vicinity (electron number density and temperature) and with reasonable as-

sumptions of the magnetic field energy density (of the order of or below that
of radiation energy density), these non-thermal electrons can play a funda-
mental role in spectral formation (Wardziński and Zdziarski, 2001; Poutanen

and Vurm, 2009; Malzac and Belmont, 2009). Not only do they contribute to
the γ-ray energies, but also can produce radiation which dominates the low-
energy part of the spectrum (UV, optical and even infrared). The primary

aim of the thesis is to investigate how these electrons manifest themselves in
the temporal and broadband spectral data. We propose a phenomenological

model of the hot accretion flow with hybrid (thermal/non-thermal) electrons
(Veledina et al., 2013, Paper I hereafter). In this model, the hot flow domi-
nates in X-rays and also significantly contributes to longer wavelengths.

Observations of many sources, including XTE J1118+480 (Hannikainen
et al., 2000; Esin et al., 2001), XTE J1859+226 (Hynes et al., 2002), A0620–

00 (Gallo et al., 2007), V404 Cyg (Hynes et al., 2009), GX 339–4 (e.g.,
Gandhi et al., 2011; Shidatsu et al., 2011) and SWIFT J1753.5–0127 (Du-
rant et al., 2009; Chiang et al., 2010), in the UV, optical and infrared wave-
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Figure 1.5. Spectral energy distribution of BH binary XTE J1118+480. Different

colours correspond to different epochs of observations. Solid lines represent the ac-

cretion disc and the double-broken power-law model. The lower curve corresponds

to blackbody emission, likely from the companion star. The infrared data cannot be

described by thermal emission from the accretion disc. An additional non-thermal

component is required. From Chaty et al. (2003).
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Figure 1.6. Optical/X-ray cross-correlation function observed in XTE J1118+480.

The so-called precognition dip (anti-correlation at negative lags) can be noticed.

From Kanbach et al. (2001).

lengths revealed emission in excess of that expected from the standard accre-

tion disc. The observations of continuous outburst state in GX 339–4 (Buxton
et al., 2012) and SWIFT J1753.5–0127 (Chiang et al., 2010) and of the re-

peated mini-outburst of XTE J1118+480 (Hynes et al., 2000) confirm that
the excess is a permanent attribute of the hard state. Two possible sources of
this excess were considered. The first is the irradiated accretion disc (Cun-

ningham, 1976; Gierliński et al., 2009), which was shown to successfully
work in a number of BH binaries. But sometimes the inferred optical lumi-
nosity is too high to originate from thermal emission for any reasonable size

of the emitter (e.g., in BH binary XTE J1118+480, see Figure 1.5 and Chaty
et al., 2003). In these cases the emission was routinely attributed to a jet.

The distinctive signature of the jet is non-thermal radio emission. In

order to trace its formation and evolution, the BH binaries are actively mon-
itored in radio bands during the outbursts. When the contemporaneous ra-

dio/optical data are obtained, the optical points appear to be lying on the
continuation of the rather flat (α = 0) radio continuum (e.g., Gallo et al.,
2007). However, the large error bars in radio lead to the large uncertainty

of the extrapolated continuum, thus it is possible to explain optical points
anywhere within a couple of orders of magnitude. Whenever the additional

contemporaneous sub-mm data is available, a significantly harder radio spec-
trum (with spectral index α ∼ 0.5) is required in order to fit the overall spec-
trum. The optical/infrared excess, though, remained rather flat, even after
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Figure 1.7. X-ray (black line) and optical (green, red and blue lines correspond

to different filters) power spectral densities observed in BH binary GX 339–4. A

prominent QPO at frequency ∼0.05 Hz is present in the optical, but not in the X-

rays. From Gandhi et al. (2010).

subtraction of possible irradiated disc contribution (Chaty et al., 2003; Cor-
bel et al., 2013), thus questioning the jet contribution at these wavelengths.

Moreover, the faint radio fluxes measured from the binary SWIFT J1753–
0127 do not allow the jet model to fit the high optical emission in this ob-
ject. We propose that optical/infrared excess is instead attributed to a hot

accretion flow (Paper I).

With the advances of the UV, optical and infrared instruments, it became
possible to probe temporal characteristics of the BH binaries at a subsecond

time-resolution. This led to a discovery of a number of peculiar temporal
properties, which are difficult to explain in terms of either irradiated disc
or jet scenario. A complex optical/X-ray correlation was reported for three

sources, GX 339–4, XTE J1118+480 and SWIFT J1753.5–0127 (Motch et al.,
1983; Kanbach et al., 2001; Durant et al., 2008; Gandhi et al., 2010, Fig-

ure 1.6). These studies revealed that optical leads the X-rays with negative
correlation together with positive correlation lagging the X-rays. In addi-
tion, the variability power at optical wavelengths seemed to be peaking at

higher Fourier frequencies, compared to the X-rays, suggesting optical pho-
tons are coming from a more compact region. A number of models were

proposed to explain these complex properties, most of them, however, did
not address the problem quantitatively. Detailed calculations were made in
the so-called reservoir model (Malzac et al., 2004), which attributes the op-
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tical emission to jet. Their comparison with the data from XTE J1118+480

showed an overall quantitative agreement. This model, however, fails to ex-
plain the new data from SWIFT J1753.5–0127 showing very faint jet (radio)
emission, but at the same time demonstrating the most pronounced anti-

correlation dip. On the other hand, the hot flow scenario can easily account
for the dip by the overall spectral pivoting (Veledina et al., 2011, hereafter
Paper II). The irradiated disc adds the correlation at positive lags. Joint con-

tribution of these two components to the optical emission reproduces the
observed complex cross-correlation. The interplay of the two optical compo-

nents also naturally explains the optical power spectral density peaking at
frequencies higher than the X-rays (for details see Paper I).

Another intriguing discovery, the low-frequency optical QPOs (see Fig-
ure 1.7), further constrains possible models. The QPOs were detected in
the same three objects where the complex cross-correlation behaviour was

found (Motch et al., 1983, 1985; Imamura et al., 1990; Steiman-Cameron
et al., 1997; Hynes et al., 2003; Durant et al., 2009; Gandhi et al., 2010).

When both optical(/UV) and X-ray QPOs were observed, they shared a com-
mon characteristic frequency, which evolved with time (Hynes et al., 2003).
Apart from this property, little is known about the optical QPOs. We propose

two scenarios explaining them. The irradiated accretion disc is the first nat-
ural candidate to produce the optical QPOs. Following the model of Ingram

et al. (2009) and Fragile et al. (2007), we assumed that the X-ray QPOs are
produced by the hot flow, which is subject to Lense-Thirring (solid-body)
precession. The oscillations in our model are produced because the X-ray

emissivity function depends on the hot flow viewing angle, which, in turn,
depends on the precession phase. This quasi-periodic X-ray signal is inter-
cepted by the disc and is reprocessed into optical emission to produce the

QPOs. This scenario predicts that the oscillation variability amplitude is a
specific function of the QPO frequency and wavelength (see Paper IV). Al-

ternatively, the optical QPOs could be produced by the outer parts of the hot
flow itself (Veledina et al., 2013, Paper III hereafter). In this case, we find
a certain phase shift between optical and X-rays, either 0 or π, depending

on the observer’s position relative to the BH spin. Optical QPOs could, in
principle, be produced in the jet as well. In general, all three components
(irradiated disc, hot flow and jet) can contribute to the optical spectrum,

making it very difficult to distinguish between them.

Interestingly, the contributions of thermal and non-thermal spectral com-
ponents can be separated using the outburst light-curves in several opti-
cal/infrared filters. The whole outburst of the BH binary XTE J1550–564

in 2000 was monitored by the Yale 1 m telescope at CTIO in V, I and H filters
(Jain et al., 2001). The light-curves cannot be simply described by the fast-

rise exponential-decay pattern, which is expected if the optical wavelengths
are dominated by the irradiated disc. An additional component, manifest-
ing itself as flares at times of the X-ray spectral transition, is required. By
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fitting the exponential-decay profile to the soft-state optical data and ex-

trapolating it further to the hard state, it is feasible to obtain the thermal
(disc) component during the flare and thus to extract the contribution of the
non-thermal component. We find that the spectrum of the non-thermal com-

ponent changes during the flare, starting with hard, α ∼ 1, then softening
down to α ∼ 0 and then hardening again to α ∼ 1 (see Paper V). We argue
that the behaviour is inconsistent with the jet, but can be explained in terms

of the hot flow scenario.
Numerous evidence show the accretion disc contribution is insufficient to

explain the data in the optical. Non-thermal processes have been suggested
to shape the spectrum at these wavelengths for long ago. The major efforts,
however, aimed to attribute these processes to the outflow. Our findings sug-

gest that they are rather originating from the inflow, instead. We show that
the broadband spectral shape, both short-term and long-timescale variability
can be explained in terms of the hybrid hot flow scenario.

1.3.2 Supermassive black holes

The accretion onto a supermassive BH (106 to 1010M⊙) was proposed to
be the engine powering active galactic nuclei independently by Zel’dovich
(1964) and Salpeter (1964). Similarities in the X-ray spectral properties

indeed suggest these objects are larger analogues of BH binaries. Our stud-
ies mainly concern a subclass of Seyfert 1 galaxies, which demonstrate the

power-law spectrum of typical index α = −0.9 to −1.0 in the X-ray band,
somewhat softer than a typical spectrum of an X-ray binary. The γ-ray data of
these objects are substantially poorer compared to the Galactic sources, how-

ever, the existing upper limits on the average flux above 100 keV are com-
patible with the presence of weak non-thermal tails (Gondek et al., 1996;
Johnson et al., 1997; Lubiński et al., 2010). The non-detection of high-

energy tails can be interpreted in terms of purely thermal Comptonization
models, but it then becomes difficult to explain why the objects demon-

strate a preferential slope. We investigated whether the spectra of super-
massive BHs can be explained by the synchrotron self-Compton mechanism
(Veledina et al., 2011, Paper VI hereafter), previously shown to give stable

slopes in the case of X-ray binaries (Poutanen and Vurm, 2009). We find that
the mechanism not only successfully explains the commonly-observed X-ray
spectra of Seyfert 1s, but also accounts for the somewhat softer spectra of

low-luminosity active galactic nuclei (which resemble BH binaries at lumi-
nosities below 10−2LEdd, see review Ho 2008) and can easily be extended to

explain spectra of narrow-line Seyfert 1s. This implies that the same hybrid
hot accretion flow is present both in the vicinity of stellar-mass BHs and of
their supermassive analogs.
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Chapter 2

Summary of the original

publications

2.1 Paper I – Hot accretion flow in black hole binaries: a

link connecting X-rays to the infrared

Here we propose the original idea of the extended hot accretion flow
with hybrid electrons. We first consider an analytical model of an extended

inhomogeneous synchrotron source with purely non-thermal (power-law)
electrons. Under the conditions relevant to the BH vicinity such a source
radiates in the optical/infrared wavelengths. On the other hand, Compton

up-scattering of these low-energy photons results in an X-ray continuum. The
cooling processes and interactions with the locally emitted photons lead to
deviations of the electron distribution from the power-law shape. To obtain

the resulting spectrum we compute the photon and electron distributions
of such a source self-consistently, accounting for all relevant radiative and

cooling/heating processes. We attribute such source to the earlier-studied
hot geometrically thick flow (previously, only with thermal electrons). We
investigate its temporal properties under changing mass accretion rate. We

find that, unlike in the purely thermal case, the model can quantitatively ac-
count for the observed optical/infrared emission, its behaviour at state tran-

sition and complex relation to the X-rays. We discuss that the model is also
consistent with a number of other X-ray spectral and temporal properties,
explained earlier.
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2.2 Paper II – A synchrotron self-Compton-disk

reprocessing model for optical/X-ray correlation in

black hole X-ray binaries

Physical picture of the emission mechanisms operating in the X-ray bina-

ries was put under question by the simultaneous optical/X-ray observations
with high time resolution. The light curves of the two energy bands appeared
to be connected and the cross-correlation functions observed in three black

hole binaries exhibited a complicated shape. The optical emission leads the
X-rays and anti-correlated with them, together with a positive correlation
lagging the X-rays. This behaviour could not be explained in terms of stan-

dard optical emission candidates (e.g., emission from the cold accretion disk
or a jet). We presented a novel model, which explains the broadband optical

to the X-ray spectra and the variability properties. We suggested that the op-
tical emission consists of two components: synchrotron radiation from the
non-thermal electrons in the hot accretion flow and the emission produced

by reprocessing of the X-rays in the outer part of the accretion disk. The first
component is anti-correlated with the X-rays, while the second one is corre-
lated, but delayed and smeared relative to the X-rays. The interplay of the

components explains the complex shape of the cross-correlation function,
the features in the optical power spectral density as well as the time lags.

2.3 Paper III – A unified Lense-Thirring precession model

for optical and X-ray quasi-periodic oscillations in

black hole binaries

Recent observations of accreting black holes reveal the presence of the
QPOs both in the optical and X-ray power density spectra at the same fre-
quencies. Among the numerous suggested X-ray QPO mechanisms some may

also work in the optical. However, their relevance to the broadband – optical
through X-ray – spectral properties have not been investigated. For the first
time, we discuss the QPO mechanism in the context of the self-consistent

spectral model. We proposed that the QPOs are produced by Lense-Thirring
(solid body) precession of the whole hot accretion flow, whose outer parts

radiate in the optical wavelengths. At the same time, its innermost parts
are emitting the X-rays, explaining the observed connection of QPO periods.
We predicted that the X-ray and optical QPOs should be either in phase or

shifted by half a period, depending on the observer position. We investi-
gated the QPO harmonic content and found that the variability amplitudes

at the fundamental frequency are larger in the optical, while the X-rays are
expected to have strong harmonics. We then discuss the QPO spectral de-
pendence and compare the expectations to the existing data.
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2.4 Paper IV – Reprocessing model for the optical

quasi-periodic oscillations in black hole binaries

In this paper we develop an alternative model for the optical QPOs, which

are arising from the modulation by the oscillating X-ray flux. Similarly to the
previous paper, we assume that the X-ray QPOs are due to the precessing

hot flow. This precession results in varying irradiation condition at the outer
parts of the accretion disc. We find that the X-ray and optical profiles cannot
be connected through the disc transfer function as the observer sees differ-

ent X-ray signal from those seen from the disc. We propose two ways of
recognising this type of QPOs from others: by the dependence of the QPO
rms on the Fourier frequency and by its dependence on the wavelength of

the observed radiation.

2.5 Paper V – Colours of black holes: infrared flares

from the hot accretion disc in XTE J1550–564

Outbursts of the BH binaries are detected by the X-ray telescopes and

often monitored at longer wavelengths. In the optical/infrared, a typical fast
rise exponential decay profile is usually accompanied by two strong flares.
They likely originate from non-thermal processes. We accurately analysed

the X-ray and optical/infrared light-curves and colour-magnitude diagrams
of the BH binary XTE J1550–564 during its 2000 outburst. We put strong
constraints on the extinction towards the source from the extreme colours

observed and from the characteristic decay timescales at different energies.
This allowed us to relate the observed colours to the slopes of the intrinsic

spectrum. We further extracted the non-thermal component and showed that
its spectral shape and evolution during the outburst are naturally explained
in terms of the hot flow scenario.

2.6 Paper VI – A self-consistent hybrid Comptonization

model for broad-band spectra of accreting

supermassive black holes

In this work we investigate the broadband spectral properties of accret-

ing supermassive BHs produced by the synchrotron-self Compton mechanism
from hybrid particles. Such a mechanism can operate in the hot accretion

flow close to the compact object. We find that, similarly to the hard-state
BH binaries, it well reproduces the spectra of AGNs. Under a very broad
range of parameters the model predicts a rather narrow distribution of spec-
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tral indexes consistent with that observed from Seyferts. The softer X-ray

spectra observed in narrow-line Seyfert galaxies may correspond to non-
thermal Comptonization of the disc photons, predicting that no cutoff should
be observed up to MeV energies in these sources, similarly to the soft-state

X-ray binaries. The model predicts a slight spectral softening towards low-
luminosity (in Eddington units) AGNs, consistent with the data. This feature
cannot be accounted for in the standard disc-corona scenario. Finally, we

show that the entire infrared to X-ray spectrum of these objects can be de-
scribed in terms of synchrotron self-Compton mechanism from the hot flow,

suggesting a tight correlation between these two energy bands.

2.7 Paper VII – Modelling spectral and timing properties

of accreting black holes: the hybrid hot flow

paradigm

The review covers current observational properties of accreting BH bina-
ries in the infrared, optical, UV and X-ray/γ-ray energies and their interpre-

tation in terms of the developed hot flow model with hybrid electrons. The
following observational facts are naturally accounted for by the model:

1. presence of the MeV tail in the hard state,

2. stability of the hard-state spectra and the cutoff at ∼100 keV,

3. concave X-ray spectrum,

4. X-ray spectral softening with decreasing luminosity below ∼10−2LEdd,

5. weakness of the cold accretion disc component in the hard state,

6. correlation between the spectral index, the reflection amplitude, the
width of the iron line and the frequency of the quasi-periodic oscilla-

tions,

7. hard X-ray lags with logarithmic energy dependence,

8. low level of the X-ray and OIR polarization,

9. non-thermal excesses and flat spectra at the optical/infrared wave-

lengths,

10. strong correlation between optical/infrared and X-ray emission and a
complicated shape of the cross-correlation function,

11. optical/infrared flares and fast colour changes near the times of X-ray
state transitions,
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12. quasi-periodic oscillations at the same frequency in the X-ray and opti-

cal bands.

We argue that only the hot flow model is capable of explaining the whole set

of these observational properties.

2.8 Paper VIII – Spectroscopic evidence for a low-mass

black hole in SWIFT J1753.5–0127

We report the results of the spectroscopic observations of the BH binary
SWIFT J1753.5–0127, supported by the photometric monitoring. We use

these data to determine the system parameters. Our main conclusion con-
cerns the mass of the primary in this system, which appears to be a low-mass
BH, with an upper limit for the mass of about 4M⊙. This result supports the

possibility of existence of compact objects with mass in the range 2–5M⊙, the
so-called mass gap, strongly limiting the formation scenarios. We also per-
formed time-series analysis of our photometric and spectroscopic data and

confirm that SWIFT J1753.5-0127 is one of the shortest-period X-ray bina-
ries. We find the orbital period of 2.85 h, in contrast to the 3.24 h, suggested

earlier.

2.9 The author’s contribution to the thesis

The idea of the extended hot disc discussed in Paper I appeared in the
discussion of J. Poutanen and the author of the thesis. Simulations, most of

the formulae, figures (except for figure 2) and the applications to the data
were made by the author of the thesis, who also wrote the main body of the
manuscript.

The original idea of Paper II belongs to the author of the thesis, who also
made the simulations, figures and wrote most of the text. The formalism was

proposed by J. Poutanen and developed by the author of the thesis.

In Paper III, the original idea belongs to the author of the thesis, who also
wrote most of the text and described applications of the model.

In Paper IV, the author of the thesis adapted the formalism, previously
developed by J. Poutanen, to the case of reprocessed quasi-periodic signals
from the accretion disc. All figures and the main body of the manuscript

were prepared by the author of the thesis.

In Paper V, the author of the thesis proposed the idea to explain the fast

change of the observed colours during the state transitions and wrote Sec-
tion 4.

In Paper VI the author of the thesis included the description of brems-
strahlung processes into the spectral code, made the simulations and wrote



20 CHAPTER 2. SUMMARY OF THE ORIGINAL PUBLICATIONS

the main body of the manuscript.

The text for Paper VII was jointly written by J. Poutanen and the author
of the thesis. Figures 3, 5 and 12 were plotted using the simulations made
by the author of the thesis.

In Paper VIII, the author of the thesis wrote the Discussion section and
significantly contributed to the rest of the text. The author of the thesis was
the proposal PI of the HST data, used in the article.
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Main results and outlook

Black hole accretion discs are among the most efficient energy convert-
ers. Transformation of the gravitational energy into radiation proceeds here

via sheer viscosity, which arises from the differential rotation. Interestingly,
it is relatively easier to put plausible limits on the magnitude of the viscosity,
than to understand its origin. A substantial progress in accretion disc mod-

elling was achieved after the work of Shakura and Sunyaev (1973), which
connected the angular momentum transporting stress to the disc proper-
ties through the famous α-parameter. This is, however, only a prescription,

which does not address the question about the nature of viscosity. A number
of physical mechanisms responsible for the extraction of the angular mo-

mentum were proposed afterwords (see review in Blaes, 2014), but only
the magnetorotational turbulence (Balbus and Hawley, 1991) might be de-
scribed by the α prescription. The value of α-parameter can be obtained with

numerical simulations (Brandenburg et al., 1996; Stone et al., 1996).

The accretion picture in BH X-ray binaries was lately advanced by con-

sideration of radiatively inefficient accretion regimes, beginning with pio-
neering works by Shapiro et al. (1976) and Ichimaru (1977), later being

developed and improved by Narayan and Yi (1994, 1995). An extensive re-
view on the more recent advances and the inclusion of relativistic outflow/jet
models (the modern jet simulations are mostly based on the mechanism orig-

inally proposed by Blandford and Znajek 1977) is given by Yuan and Narayan
(2014). Similar mechanisms operate in active galactic nuclei, in the vicinity

of supermassive black holes (Zdziarski et al., 1997). The properties of ra-
diatively inefficient flows are mainly probed by the magnetohydrodynamic
simulations, but the main difficulty here is that the gas densities are often so

low that the plasma becomes collisionless. The (more sophisticated) kinetic
treatment is then required to check that the relevant physics is captured.

Another class of problems concerns the radiation processes in BH bina-
ries. Despite of our knowledge about principle emission components, the

details of their manifestation and possible interaction are still being actively
debated. Current challenges include the hard-state accretion/ejection geom-
etry, the physics of state transitions and the nature of MeV emission. The
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wide span of related problems can be reduced to the following questions:

• What are the processes shaping the broadband spectrum from radio to

γ-rays? What is the relative role of the jet versus the hot accretion flow
at these energies?

• What is the nature of variability in BH binaries? How are the variability
spectra formed at different wavelengths?

• How is the gravitational energy transformed to relativistic electrons
and what is the efficiency of this process? What are the resulting par-

ticle distributions? How do relativistic particles affect the dynamical
structure of the inner flow?

• Which processes trigger state transitions? How do the transitions pro-
ceed and why do some BH binaries show the transitions, while others

do not?

In the framework of this list, the present thesis deals with the following
sub-problems: the origin of the UV/optical/infrared emission, broadband

noise and QPOs at these wavelengths and their relation to the X-ray tem-
poral properties. We considered them through the prism of the hot accre-

tion flow scenario. The key ingredient which distinguishes our model from
other radiatively inefficient accretion flows, is presence of a small amount
of non-thermal particles. These particles give rise to the MeV radiation, but

at the same time substantially contribute to the emission at longer wave-
lengths (optical, infrared), complementing here the disc/jet radiation. We
investigated the temporal properties of such a flow with the main stress

on the multiwavelength interconnection, specifically the optical/X-ray cross-
correlation and common QPO mechanisms. We found that they can ade-

quately describe the observed characteristics. The proposed model, however,
is not constructed from the first principles and thus cannot be claimed to be
a unique solution for the aforementioned questions. Its main weakness is the

phenomenological prescription of the acceleration mechanism. It is not clear
whether a high efficiency of this mechanism can be maintained in a physi-
cally realistic situation. Another important issue is how much the hot flow

structure will change under the influence of non-thermal particles, which
trigger faster cooling, thus likely changing the geometrical thickness of the

flow.
My future research will be devoted to development of the first-principle

accretion flow model with a fraction of non-thermal electrons. The first

step in this direction will be to include the description of dynamical quan-
tities (such as electron density, ion temperature and velocity) by perform-

ing magnetohydrodynamic simulations with hybrid particles. The equations
describing the system are the same as in other radiatively inefficient accre-
tion flows, with the main difference being that the electrons are not thermal
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anymore. The electron distribution will be computed self-consistently with

the emitted spectrum at each radius accounting for all relevant processes:
acceleration, heating, cooling (by Compton scattering, synchrotron emis-
sion and bremsstrahlung) and thermalization (by Coulomb collisions, syn-

chrotron self-absorption, and Compton scattering). The emitted spectra will
be computed by solving two-dimensional radiation transport equations in a
realistic flow geometry using electron distributions computed at a previous

step. The solution for equations for electrons and photons will be iterated
until a self-consistent solution is found. The next step will be to accurately

calculate the electron acceleration. An important role here can be played by
the cross-scale phenomena (such as magnetic field reconnection) and colli-
sionless plasma effects, which cannot be probed by fluid simulations. Using

the knowledge of the macroscopic hot flow structure obtained from the pre-
vious step, we can then check its microscopic conditions using particle-in-cell
simulations.

The development of such a model will allow us to address the questions
uncovered in the PhD studies, such as, how the non-thermal particles in BH

binaries are accelerated and what is the geometry of the inner part of the
accretion flow and how it evolves during state transitions. I also plan to
organize a systematic study of the optical, infrared, UV and X-ray variability

of BH binaries, which seems to be a clue to the accretion/ejection enigma.
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J. Casares, I. Negueruela, M. Ribó, I. Ribas, J.M. Paredes, A. Herrero, S. Simón-

D́ıaz, A Be-type star with a black-hole companion. Nature 505, 378–381 (2014).

doi:10.1038/nature12916

P. Casella, T. Belloni, L. Stella, The ABC of Low-Frequency Quasi-periodic Oscil-

lations in Black Hole Candidates: Analogies with Z Sources. ApJ 629, 403–407

(2005). doi:10.1086/431174

P. Casella, T. Belloni, J. Homan, L. Stella, A study of the low-frequency quasi-

periodic oscillations in the X-ray light curves of the black hole candidate XTE

J1859+226. A&A 426, 587–600 (2004). doi:10.1051/0004-6361:20041231

P.A. Charles, M.J. Coe, Optical, Ultraviolet and Infrared Observations of X-ray Bina-

ries, in Compact stellar X-ray sources, Cambridge Astrophysics Series, No. 39, ed. by

W.H.G. Lewin, M. van der Klis (Cambridge University Press, Cambridge, 2006),

pp. 215–265

S. Chaty, C.A. Haswell, J. Malzac, R.I. Hynes, C.R. Shrader, W. Cui, Multi-

wavelength observations revealing the evolution of the outburst of the black

hole XTE J1118+480. MNRAS 346, 689–703 (2003). doi:10.1111/j.1365-

2966.2003.07115.x

C.Y. Chiang, C. Done, M. Still, O. Godet, An additional soft X-ray component in

the dim low/hard state of black hole binaries. MNRAS 403, 1102–1112 (2010).

doi:10.1111/j.1365-2966.2009.16129.x

S. Corbel, H. Aussel, J.W. Broderick, P. Chanial, M. Coriat, et al., Formation of

the compact jets in the black hole GX 339–4. MNRAS 431, 107–111 (2013).



26 BIBLIOGRAPHY

doi:10.1093/mnrasl/slt018

J.M. Corral-Santana, J. Casares, T. Muñoz-Darias, P. Rodŕıguez-Gil, T. Shahbaz,
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ABSTRACT
Multiwavelength observations of Galactic black hole transients have opened a new path to
understanding the physics of the innermost parts of the accretion flows. While the processes
giving rise to their X-ray continuum have been studied extensively, the emission in the optical
and infrared (OIR) energy bands was less investigated and remains poorly understood. The
standard accretion disc, which may contribute to the flux at these wavelengths, is not capable
of explaining a number of observables: the infrared excesses, fast OIR variability and a com-
plicated correlation with the X-rays. It was suggested that these energy bands are dominated
by the jet emission; however, this scenario does not work in a number of cases. We propose
here an alternative, namely that most of the OIR emission is produced by the extended hot
accretion flow. In this scenario, the OIR bands are dominated by the synchrotron radiation
from the non-thermal electrons. An additional contribution is expected from the outer irradi-
ated part of the accretion disc heated by the X-rays. We discuss the properties of the model
and compare them to the data. We show that the hot-flow scenario is consistent with many of
the observed spectral data, at the same time naturally explaining X-ray timing properties, fast
OIR variability and its correlation with the X-rays.

Key words: accretion, accretion discs – black hole physics – radiation mechanisms: non-
thermal – X-rays: binaries.

1 IN T RO D U C T I O N

Although the black hole X-ray binaries (BHBs) have been inten-
sively studied for over four decades, many problems remain un-
solved. Among the most debated topics are the physics of state
transitions, the interplay between the cold accretion disc and the
hot medium, the role of the jet, the source of rapid variability, radia-
tive processes shaping the broad-band spectrum and, specifically,
the nature of various components contributing to its different parts.
When addressing the latter problem, three distinct components are
usually considered: the standard (or irradiated) cool accretion disc,
the hot inner flow (or corona) and the jet. Their relative contribution
depends on the spectral energy range and varies with time and can
be assessed by performing (quasi-) simultaneous multiwavelength
observations.

Over the past decade, numerous multiwavelength campaigns have
resulted in a significant progress in the field. Broad-band radio-to-
X-ray spectral energy distributions for many black hole (BH) low-
mass X-ray binaries (LMXBs) were constructed (e.g. Hynes et al.

� E-mail: alexandra.veledina@oulu.fi

2000; McClintock et al. 2001; Chaty et al. 2003; Cadolle Bel et al.
2007, 2011; Durant et al. 2009). In addition to the spectral infor-
mation, data on the fast variability are now available in the X-rays
as well as at lower energies. The light curves in the optical/infrared
(OIR) and ultraviolet (UV) bands are significantly correlated with
the X-rays (Kanbach et al. 2001; Hynes et al. 2003, 2006, 2009b;
Durant et al. 2008, 2011; Gandhi et al. 2010) showing a complex
shape of the cross-correlation function (CCF). It provides an impor-
tant information on the interrelation between various components
and gives clues to their physical origin.

The radio emission in BHBs is likely dominated by the jet as
supported by the observed linear polarization at a 1–3 per cent
level in the hard state (Corbel et al. 2000) and up to 10 per cent in
spatially resolved components during the transient events (Fender
et al. 1999; Hannikainen et al. 2000). In addition, a relatively high
luminosity, requiring the size exceeding the typical binary separa-
tion (Fender 2006), as well as the detection of superluminal motion
(Mirabel & Rodrı́guez 1994) leans towards this interpretation. The
power-law-like radio spectrum is often attributed to synchrotron
emission of an inhomogeneous source in analogy with the ex-
tragalactic jets (Blandford & Königl 1979). In blazars, the jet is
also responsible for the X-ray and γ -ray production (Königl 1981;

C© 2013 The Authors
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Dermer & Schlickeiser 1993; Sikora, Begelman & Rees 1994; Stern
& Poutanen 2006). On the contrary, the jets in BHBs are unlikely
to be responsible for bulk of the X-ray photons (for comprehensive
discussion, see Poutanen & Zdziarski 2003; Zdziarski et al. 2003).
Furthermore, the medium producing the X-ray radiation can neither
form the base of the jet (Malzac, Belmont & Fabian 2009) nor be a
jet-dominated accretion flow (Maccarone 2005).

The spectra of hard-state BHBs constitute a power law in the
X-ray band with a stable spectral slope and ubiquitous sharp cutoff
at ∼100 keV (Gierlinski et al. 1997; Zdziarski et al. 1998; Ibrag-
imov et al. 2005). It is broadly accepted to be produced by ther-
mal Comptonization (e.g. Poutanen 1998; Zdziarski & Gierliński
2004). Additionally, a Compton reflection feature originating from
cool opaque matter (likely the cool accretion disc) is often detected.
Its strength is correlated with the X-ray slope (Zdziarski, Lubinski
& Smith 1999; Zdziarski et al. 2003), with the width of the iron
line as well as with the quasi-periodic oscillation (QPO) frequency
(Gilfanov, Churazov & Revnivtsev 1999; Revnivtsev, Gilfanov &
Churazov 2001; Gilfanov 2010). These observations support a view
that the X-rays are produced in the very vicinity of the BH, in a hot
flow surrounded by the cold disc. In this scenario, variations in the
mass accretion rate are correlated with the cool disc truncation ra-
dius (Esin, McClintock & Narayan 1997; Poutanen, Krolik & Ryde
1997), with the flux of soft seed photons that determines the spectral
slope and with the reflection amplitude that scales with the solid
angle at which the cold disc is seen from the hot flow. Correlations
with the QPO frequency are also naturally explained if the oscil-
lations are produced in the innermost part of the accretion flow by
Lense–Thirring precession (Ingram & Done 2011). Such a scenario
would favour models where seed photons for Comptonization are
provided by the standard Shakura & Sunyaev (1973) accretion disc.
However, the hot flow itself also produces synchrotron radiation that
can contribute or even dominate the seed photon flux to the Comp-
tonizing medium (Ghisellini, Haardt & Svensson 1998; Wardziński
& Zdziarski 2000, 2001; Malzac & Belmont 2009; Poutanen &
Vurm 2009; Sobolewska et al. 2011; Veledina, Vurm & Poutanen
2011b).

Discovery of the high-energy (MeV) tails in the hard-state accret-
ing BHBs (McConnell et al. 1994, 2002; Ling et al. 1997; Droulans
et al. 2010; Jourdain, Roques & Malzac 2012b) suggests the pres-
ence of non-thermal particles in these systems. Such particles may
be produced in a hot inner flow or a jet. Their association with the
jet, however, is inconsistent with detections of even more promi-
nent high-energy non-thermal tails in the soft state of BHBs (Grove
et al. 1998; Gierliński et al. 1999; Zdziarski et al. 2001; McConnell
et al. 2002; Gierliński & Done 2003), when the jet is quenched
(Fender, Belloni & Gallo 2004). In this state the inner flow is likely
to be replaced by a corona, which remains here the only alterna-
tive. In the hard state, the entire X/γ -ray spectra can be produced
by hybrid (thermal plus non-thermal) electrons via the synchrotron
self-Compton (SSC) mechanism (Malzac & Belmont 2009; Pouta-
nen & Vurm 2009). The thermal part of the particle distribution
is responsible for the power-law-like Comptonization continuum
with the sharp cutoff, while the non-thermal particles both pro-
duce seed synchrotron photons for Comptonization and contribute
to the MeV energies via inverse Compton process. Transition to the
soft state can then be associated with the rising role of the disc as
a source of seed photons, which increases Compton cooling and
causes changes in the electron distribution from mostly thermal to
nearly non-thermal (Poutanen & Coppi 1998; Poutanen & Vurm
2009; Veledina et al. 2011b). The SSC mechanism was also shown
to be consistent with the peculiar optical variability, which in a

number of BHBs is partially anticorrelated with the X-ray emis-
sion (Kanbach et al. 2001; Durant et al. 2008; Gandhi et al. 2008).
Namely, the increasing mass accretion rate results in a higher X-ray
and a lower synchrotron OIR emission, because of an increasing
role of synchrotron self-absorption within the source (Veledina,
Poutanen & Vurm 2011a).

The OIR spectra of LMXBs often show an excess above the stan-
dard accretion disc (e.g. Hynes et al. 2000, 2002; Gelino, Gelino &
Harrison 2010). In some cases, the spectrum can be described by
a power law of index close to zero (i.e. Fν ∝ ν0). Such data were
previously explained by additional contribution from the irradiated
disc (Gierliński, Done & Page 2009), dust heated by the secondary
star (Muno & Mauerhan 2006) or the jet (Hynes et al. 2002; Gallo
et al. 2007). We show that they can also be explained by the syn-
chrotron radiation from the non-thermal particles in the hot flow.
However, in some cases the OIR fluxes are higher than expected
from any candidate alone (Chaty et al. 2003; Gandhi et al. 2010),
suggesting contribution of at least two components simultaneously.
This can be a reason for the complex shape of the optical/X-ray
CCF (Veledina et al. 2011a).

The general shape of the time-averaged X/γ -ray spectrum of
BHB can be well explained in terms of a one-zone hybrid Comp-
tonization model. However, the short-term spectral variability, re-
flected in hard X-ray time-lags (Miyamoto & Kitamoto 1989;
Nowak et al. 1999a), and asymmetries of the CCF between hard
and soft X-ray energy bands (Priedhorsky et al. 1979; Nolan et al.
1981; Maccarone, Coppi & Poutanen 2000) suggest that a number
of regions simultaneously contribute to the total spectrum. The ob-
served logarithmic dependence of the time-lags on photon energy
can be phenomenologically explained by spectral pivoting (Pouta-
nen & Fabian 1999). Theoretical model capable of explaining the
observed timing properties was proposed by Kotov, Churazov & Gil-
fanov (2001) and further developed in Arévalo & Uttley (2006). It
assumes that the X-ray spectrum is produced in the hot flow/corona,
present in a range of radii, by Comptonization of the disc photons.
The power-law slope of the locally emitted spectrum depends on
the distance from the BH: the hardest spectra are produced in the
innermost region due to the lack of photons from the cold disc. The
main source of the short-term variability in BHs is believed to be
fluctuations in the mass accretion rate, propagating through the hot
accretion flow (Lyubarskii 1997). The hard time-lags thus naturally
appear from the perturbations propagating from the larger distances
to the vicinity of the BH. The model of Kotov et al. (2001) considers
thermal Comptonization of the disc photons, but as we show below
the results hold in the framework of hybrid Comptonization, with
the synchrotron mechanism as the major seed photon supplier.

It is clear that the complete description of the timing and spectral
properties of BHBs requires a multizone model. In this paper, we
construct such a model for the extended hot accretion flow. This
model is somewhat analogous to the inhomogeneous synchrotron
models developed for extragalactic jets (Marscher 1977; Blandford
& Königl 1979). The difference is that in our model the emis-
sion originates from an inflow, not an outflow. The advantage of
the hot-flow model is that the energy input can be estimated from
the available gravitational energy transferred to particles via some
mechanism, while in the jet scenario the energy release is an arbi-
trary function.

Similarly to the previously studied one-zone models (Malzac &
Belmont 2009; Poutanen & Vurm 2009; Veledina et al. 2011b),
we assume that gravitational energy is dissipated in the flow and
injected in the form of electrons having a power-law distribution
(while the steady-state electron distribution is mostly thermal).
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We compute the steady-state particle and photon distributions self-
consistently by solving corresponding kinetic equations. Our aim is
to understand the broad-band spectral properties of such a flow and
compare them to the BHB data.

In Section 2, we give constraints on the size of the hot accre-
tion flow that can be derived from the observed level of the OIR
emission. We first construct an analytical model for the hot flow
assuming power-law radial dependences of the main parameters.
We then proceed to the numerical model where the electron distri-
butions and the emitted spectra are computed self-consistently. In
Section 3, we present the results of simulations for the model corre-
sponding to the hard state of BHBs. We show that the multizone hot
disc model produces flat OIR spectra resulting from synchrotron
emission of non-thermal electrons at different radii. We then model
the state transitions by decreasing the truncation radius of the hot
flow. In Section 4, we provide a detailed analysis of the observa-
tional data and compare them to our model and to the jet scenario.
We summarize our finding in Section 5.

2 A NA LY T I C A L M O D E L

2.1 Geometry

Many observational properties suggest that the standard disc in
the hard state is truncated far away from the central object (for a
detailed description and challenges to the truncated disc scenario,
see the review by Done, Gierliński & Kubota 2007). The inner
part is probably occupied by some type of geometrically thick,
optically thin, hot accretion flow, which is responsible for the X-
ray Comptonization continuum, but also contributes to the longer
wavelengths.

One can roughly estimate the minimum size of the source that
is required to produce the observed OIR luminosity. Let us first
assume that OIR emission is produced by synchrotron radiation
from thermal particles (as for example was discussed earlier by
Fabian et al. 1982). The typical temperature of the electron gas
determined from the Comptonization cutoff is kTe∼100 keV and
the typical infrared (IR) luminosity at 1 eV can reach νLν,1 eV =
1036 erg s−1. Thus, we get the minimum size from the Rayleigh–
Jeans formula

R =
(

νLν

8π2ν(ν/c)2kTe

)1/2

≈ 2.3 × 109 cm. (1)

For a 10 M� BH, assumed in all calculations hereafter, this corre-
sponds to 750 RS (here RS = 2GM/c2 is the Schwarzschild radius).
However, many observed properties [e.g. iron line width, amplitude

of Compton reflection, drop of the iron line equivalent width with
the Fourier frequency, see Gilfanov (2010), as well as dependence
of the X-ray time-lags on energy below ∼1 keV, Uttley et al. (2011)]
suggest that the cold disc in the hard state is truncated at a smaller
radius. Moreover, in order to produce sufficient amount of seed
photons for Comptonization, an extremely high magnetic field is
required in addition to the large source size (see Appendix B1 and
also, e.g., Di Matteo, Celotti & Fabian 1999; Merloni, Di Matteo &
Fabian 2000). Thus, the thermal radiation of the hot flow is unlikely
to be a good candidate to produce enough OIR photons (see also
Wardziński & Zdziarski 2000).

However, even a weak, energetically unimportant non-thermal
tail, in addition to the mostly Maxwellian distribution, gives a
significant rise to the synchrotron luminosity (e.g. Wardziński &
Zdziarski 2001). For example, a tail containing only 1 per cent of
the total particle energy increases it by a factor of 100. Accurate cal-
culations (see below) show that the source size of R ≈ (30–50)RS,
an order magnitude smaller than given by equation (1), would in
principle be enough to radiate the observed OIR luminosity. Such a
size is consistent with the above estimates of the truncation radius
and with the typical size of the region of the gravitational energy
release. It is worth noticing that a strong synchrotron emission from
non-thermal particles makes it a good candidate for seed photons
for Comptonization (Malzac & Belmont 2009; Poutanen & Vurm
2009), which implies that the SSC spectrum extends from the X-
rays down to the OIR band with the low-energy turnover determined
by the maximum extent of the hot flow.

2.2 Hard-state OIR spectra

Spectral properties of the hot flow in the OIR band can be understood
from simple analytical considerations. Let us consider the flow with
a constant height-to-radius ratio H/R, extending between radii Rin

and Rout (see Fig. 1 for the geometry). In order to estimate the
synchrotron luminosity and spectra, we assume that the electrons
follow a power-law distribution in Lorentz factor ne(γ ) ≡ dne/dγ =
n0γ

−p, starting from γ le = 1 to infinity. Deviations from the power
law at low energies do not play any role, as the synchrotron emission
produced by these electrons is self-absorbed. The Thomson optical
depth across the disc is assumed to follow the power law τ (R) ∝
R−θ . For the constant H/R this is equivalent to n0(R) ∝ τ/R ∝
R−θ − 1. We further assume that the magnetic field depends on the
distance from the BH as B(R) ∝ R−β .

Our analytical model of the hot flow is analogous to the non-
uniform synchrotron source models, previously applied to the

Figure 1. Schematic picture of the accretion flow inner regions. The red outer component represents the multicolour cold accretion disc, truncated at 300
Schwarzschild radii (RS). The inner parts are occupied by a geometrically thick hot accretion flow. In our numerical model, we split the inner hot flow into
four zones with outer radii 10RS (violet), 30RS (blue), 100RS (green) and 300RS (yellow).
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Hot accretion flow in black hole binaries 3199

emission from extragalactic jets (Condon & Dressel 1973; de Bruyn
1976; Marscher 1977; Blandford & Königl 1979; Königl 1981;
Ghisellini, Maraschi & Treves 1985). For the parameters consid-
ered here, most of the luminosity is produced in the inner part of
the source, so that the OIR spectrum is composed of emission com-
ponents coming from different radii and is not dominated by the
radiation from the outer regions (these two cases are illustrated in
figs 2a and b in Ghisellini et al. 1985).

A region of the disc at a given radius emits synchrotron radia-
tion, which is self-absorbed below the turnover frequency ν t. For
power-law electrons, this frequency can be calculated as (Rybicki
& Lightman 1979; Wardziński & Zdziarski 2001)

νt = 3
p+1
p+4 2− 6

p+4 π
1

p+4 ν
p+2
p+4

L [G1(p)cRren0]
2

p+4 , (2)

where νL = eB/(2πmec) is the Larmor frequency, G1(p) � 1 is a
combination of Euler’s Gamma functions (due to averaging over
electron pitch angles) and re is the classical electron radius. Substi-
tuting the constants, we get

νt ≈ 3 × 1015B
p+2
p+4

6 (σTn0R)
2

p+4 Hz, (3)

where Q = 10xQx in cgs units. The term in brackets can also be
written as σTn0R = τ (γt)γ

p
t , with γ t being the Lorentz factor of the

electrons emitting at the turnover frequency and τ (γ t) = σ TRne(γ t)
being the Thomson optical depth per unit Lorentz factor at γ t. In the
latter representation, the equation is also valid for hybrid electrons
(e.g. Maxwellian with a power-law tail), as long as the electrons
emitting at the turnover frequency are in the power-law tail. The
low-frequency cutoff for a synchrotron spectrum from power-law
electrons scales as

νt ∝ R−[β(p+2)+2θ ]/(p+4). (4)

Again, for a hybrid electron distribution one should consider scal-
ing with radius of the power-law tail (parameter θ ), which can be
different from scaling of the total optical depth. As immediately fol-
lows from equation (3), the turnover frequency may fall to optical
and even IR wavelengths for sufficiently low magnetic field and/or
Thomson optical depth.

The emission at the turnover frequency is optically thick, so the
intensity is equal to the source function for the power-law electrons.
For isotropic electrons, the intensity is (averaged over pitch angles)

Iνt = meG2(p)

2
√

3
ν

−1/2
L ν

5/2
t , (5)

where G2(p) � 1 (again, coming from the angle averaging). At
each wavelength, there is a contribution from the optically thick
and optically thin emission from different radii. For simplicity,
we assume that emission from each radius contributes only to its
own turnover frequency;1 therefore, the resulting spectrum of an
inhomogeneous synchrotron source constitutes a power law

νLν = 4π2R2νIν ≈ 2 × 1036R2
8 B

−1/2
6 ν

7/2
15 erg s−1. (6)

Substituting the appropriate parameter scaling and using equation
(4), we get the spectral index

αOIR = 5θ + β(2p + 3) − 2p − 8

β(p + 2) + 2θ
, (7)

1 Precise calculations of additional contribution from optically thin parts
result in a slightly different normalization, while the spectral slope remains
the same (see Marscher 1977).

Figure 2. Contour plot of the constant index αOIR as a function of parame-
ters β and θ for three values of electron index p = 2 (solid black), 3 (dotted
red) and 4 (dashed blue).

where Lν ∝ να . In a wide range of parameters β ∈ [1, 2] and θ ∈
[0, 1] the resulting spectral slope lies between −0.5 and 0.5 (see
Fig. 2).

3 N U M E R I C A L M O D E L

The analytical model developed in Section 2.2 describes only the
OIR synchrotron spectra and is valid for purely power-law electrons.
Such distributions may result from various acceleration mechanisms
e.g. shock acceleration or magnetic reconnection. In the limit of
low optical depth and weak magnetic field, the electrons are unable
to cool and the shape of the distribution stays unchanged. These
conditions might be satisfied in quiescent state, for which the an-
alytical model can be applied. During the accretion outbursts, the
matter density in the hot flow increases and the energy exchange
and cooling processes become important; thus, the initial power-law
distribution evolves. The most important mechanisms operating in
the hot rarefied plasmas of the hot accretion flows are Compton
scattering, synchrotron emission and absorption, Coulomb colli-
sions, bremsstrahlung, and possibly photon–photon pair produc-
tion and annihilation. At high energies, for a continuously operat-
ing acceleration, the steady-state distribution remains a power law
like, but softens because of cooling by Compton, synchrotron and
bremsstrahlung. At lower energies, Coulomb collisions and syn-
chrotron self-absorption efficiently thermalize particles, forming a
Maxwellian distribution. The total particle distribution consists of a
low-energy Maxwellian plus a high-energy tail. Such a distribution
we call hybrid. The shape and energy content of the tail are fully
determined by the balance between acceleration and cooling pro-
cesses. It cannot be calculated analytically; therefore, we treat this
problem numerically. The photon spectrum emitted by the hot flow
is computed self-consistently with the particle distributions.

The time-scale of equilibration of electron and photon distribu-
tions for typical parameters of our model is smaller than the corre-
sponding advection time in the hot flow (see Appendix A). Thus,
we can use an assumption that the electron and photon distributions
are in a steady state. We obtain them by solving the relevant kinetic
equations.
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3.1 Model setup

We consider a geometrically thick optically thin inner accretion
flow, whose vertical extent is parametrized by the ratio H/R =
const. We assume that the hot flow corresponds to some type of
radiatively inefficient accretion flow (see the review in Kato, Fukue
& Mineshige 2008). In such flow, the radiative loss rate per unit
area scales with radius as Qrad ∝ R−5/2, and the electron number
density scales as ne(R) ∝ R−3/2. The Thomson optical depth along
the vertical direction τ = σ Tne(R)H ∝ R−1/2. The scaling of the
magnetic field with radius is model dependent (e.g. Meier 2005;
Shadmehri & Khajenabi 2005; Akizuki & Fukue 2006). Here we
assume that the magnetic pressure and the radiation pressure are
equal throughout the flow, from which we get B ∝ R−5/4. The latter
scaling is the same as in the accretion flow model of Shadmehri &
Khajenabi (2005). The hot flow extends from 3RS to the truncation
radius Rtr, where the cold disc with luminosity Ldisc and colour
temperature Tcol starts.

The energy transfer to electrons is simulated as a power-law
injection with slope 
inj, extending between the Lorentz factors 1
and 103.2 The model has seven parameters: (i) the total luminosity
L, (ii) the index of the electron power-law injection spectrum 
inj

(constant throughout the flow), (iii) the electron Thomson optical
depth τ 1 and (iv) the magnetic field B1 in the innermost regions,
(v,vi) indices of their power-law radial dependences θ and β, and
(vii) the hot-flow size Rtr.

The energy given to electrons is redistributed between the
particles (electrons and positrons) and photons in processes
of synchrotron emission and self-absorption, Compton scatter-
ing, Coulomb collisions, pair production and annihilation and
bremsstrahlung emission. The dominating cooling regime for a spe-
cific electron Lorentz factor depends on the luminosity, magnetic
field and the optical depth (relevant scaling is given in Appendix
A). In addition to the internally produced radiation, we also con-
sider soft photons from the cold outer accretion disc in the form of
the blackbody radiation injected homogeneously into the system.
The kinetic equations for electrons and photons describing relevant
radiative processes are solved using the code developed by Vurm &
Poutanen (2009).

To compute the radiative transfer in the hot flow, we divide it into
a number of separate regions/zones (Fig. 1). Each zone i has size
(in the radial direction) �Ri = Ri + 1 − Ri equal to its full height at
the zone centre 2Hi = 2Ri,c(H/R) (where Ri,c = (Ri + Ri+1)/2 is
the distance to the centre of ith zone), implying

Ri+1 = Ri

1 + H/R

1 − H/R
. (8)

The net energy input into the ith zone equals its luminosity:

Li = 2π

∫ Ri+1

Ri

Qrad(R)RdR ∝ 1√
Ri

− 1√
Ri+1

. (9)

The characteristic Thomson optical depth of the ith zone is associ-
ated with that in the vertical extension

τi = σTne(Ri,c)Hi. (10)

2 By using such an approximation, we implicitly assume that 100 per cent of
the dissipated energy is transported to particles by acceleration processes,
while in reality most of the energy is likely to be given to particles in terms
of heating by diffusive processes, e.g. Coulomb collisions with protons. In
Appendix B1, we discuss the validity of such an approximation and show
that the results hold due to efficient electron thermalization at low Lorentz
factors.

Additional soft photons from the outer cold disc are described by
the colour temperature Tcol and the disc luminosity coming to the
ith zone (�i/4π)Ldisc. Here the factor �i accounts for the fact that
only a part of the disc luminosity is entering the hot flow. It is fully
determined by the cold disc/hot-flow geometry and in our case can
be approximated as

�i

4π
≈ 1

4

(
Ri+1

Rtr

)3

, (11)

where π(Ri+1/Rtr)2 is the solid angle of the ith zone as seen from
the cold accretion disc, and another factor of Ri + 1/Rtr accounts for
anisotropy of the disc radiation. This formula is accurate for the
zone adjacent to the disc. It overestimates the contribution of disc
photons to the innermost zones, but in that case �i is very small
and the disc contribution is negligible.

Each zone represents a torus-like structure with the major radius
Ri,c and the minor radius Hi. The radiative transfer is handled under
the local approximation of homogeneous isotropic distributions in
a sphere with radius Hi, using the escape probability method (see
Vurm & Poutanen 2009). The power injected into the sphere is
scaled proportionally to the ratio of respective volumes of the sphere
and the torus:

Li,sph = Vi,sph

Vi

Li = 2

3π

H

R
Li, (12)

where Vi,sph = 4π
3 H 3

i is the sphere volume, Vi and Li are volume
and luminosity of the ith zone. This approach keeps the energy
density inside the sphere and the torus the same. After the spectrum
in a sphere is computed, we multiply it by the same factor Vi/Vi,sph

in order to account for the radiation from the entire torus. The total
spectrum of the flow is the sum of the spectra from each zone.

This local approach neglects the interaction between different
zones. The influence of the outer zones on the inner zone spectra is
negligible because of their lower luminosity as well as very small
solid angle occupied by the inner zones as seen from the outside.
Although the effect of the inner zones on the outer zone spectra is
more significant, the overall spectral properties are practically the
same because the X-ray spectrum is dominated by the inner zone
and the OIR spectral shape is determined by the parameter scaling
rather than their precise values. The radiative transfer effects are
considered in Appendix B2.

3.2 Hard state

In the hard state, the hot flow can extend to large radii � 100RS and
the role of the soft photons from outer cold accretion disc is negligi-
ble. Therefore, we neglect them in the simulations and consider only
the emission from the hot flow. We take the total luminosity of the
flow L = 10−2LEdd (LEdd is the Eddington luminosity), the Thomson
optical depth of the innermost zone i = 1 τ = 1.25, typically found
from the X-ray/γ -ray data (e.g. Zdziarski et al. 1998; Frontera et al.
2001b), the magnetic field in the innermost zone B = 106 G and
the height-to-radius ratio H/R = 0.5. The radial dependences of
the parameters are given in Section 3.1 and listed for each zone in
Table 1 (first five rows). The results of simulations are shown in
Fig. 3 for the injection slope 
inj = 2.5 and in Fig. 4 for 
inj = 3.0.

Simulations show that larger zones generally have softer spectra,
with difference in the X-ray spectral indices �αX ≈ 0.05–0.08.
The main reason is that the outer zones are more transparent to the
synchrotron radiation, which increases the ratio of the synchrotron
to the thermal Compton luminosities. At the same time we see
that the equilibrium electron temperature grows with radius from
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Table 1. Parameters of the multizone hot inner
flow model.

Parameter/zone 1 2 3 4

Ri/RS 3 10 30 100

Ri + 1/RS 10 30 100 300
τ i 1.25 0.65 0.4 0.2
Bi (106 G) 1 0.25 0.06 0.015
Li (1036 erg s−1) 6 3 2 1
kTcol

a (keV) 0.25 0.12 0.05 –

a kTcol is the colour temperature of radiation coming
into the hot flow from the inner edge of the cold
accretion disc extending down to Ri + 1.

Figure 3. Photon spectra (upper panel) and electron distributions (lower
panel) for the hard-state model with initial electron injection index 
inj =
2.5. Electron momenta z =

√
γ 2 − 1 are measured in units of mec. Other

parameters are listed in Table 1. The lines correspond to zone 1 (long-
dashed), zone 2 (dotted), zone 3 (dashed) and zone 4 (dot–dashed). Sum
of the components is shown with a solid line. The red short-dashed line
shows the slopes from an analytical approximation. For further details, see
Section 3.2.

approximately 70 up to 240 keV (Fig. 3). This is caused by a
significant drop of the optical depth τ in the outer zones, with a
relatively slow change of the Compton y-parameter, defined as y =
4(kTe/mec2)τ . The X-ray spectrum of the outer zones is dominated
by thermal bremsstrahlung, because its role relative to Compton
cooling ∝ τR/L grows linearly with radius (equation 22 in Veledina

Figure 4. Same as Fig. 3, but for the electron injection index 
inj = 3.0.
X-ray spectra are harder in this case, while the OIR spectrum is softer.

et al. 2011b). The combined spectrum of all zones has a concave
shape, exactly as observed (Ibragimov et al. 2005).

The high-energy tail above a few 100 keV is dominated by Comp-
tonization produced by the non-thermal electron tail. At a Lorentz
factor above 20, the tail has a power-law shape corresponding to
index p = 
inj + 1 due to synchrotron and Compton cooling. At
intermediate γ , the distribution is curved, because of the large role
of Coulomb collisions which produce an equilibrium distribution
with index p = 
inj − 1 (equation 12 in Veledina et al. 2011b).

The OIR spectrum is produced by a combination of synchrotron
self-absorption peaks from different zones. The outer zones dom-
inate at longer wavelengths. The low-energy cutoff is determined
by the size of the largest zone (equation 3), which for R = 300RS

and considered values of the parameters (in particular, the assumed
magnetic field in the outermost zone) is at 0.2 eV. At even lower
energies, the spectrum is Lν ∝ ν5/2. Above 10 eV, emission from all
zones is optically thin and is dominated by thermal Comptonization
of seed non-thermal synchrotron photons.

The X-ray spectra are harder for 
inj = 3.0. This is a direct
consequence of the softer equilibrium electron distribution, which
results in a lower synchrotron luminosity and larger Compton y-
parameter. The OIR spectra are, however, softer in this case, because
a different slope of the electron non-thermal tail results in a relatively
low normalization of the electron distribution and, respectively, in
the weaker synchrotron emission from the inner zones.

Many of the numerical results can be understood from the an-
alytical model if one approximates the electron distribution by a

 at O
ulu U

niversity L
ibrary on M

arch 26, 2013
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

https://vpn.oulu.fi/,DanaInfo=mnras.oxfordjournals.org+


3202 A. Veledina, J. Poutanen and I. Vurm

power law in the energy range where electrons emit close to the
self-absorption frequency. In our simulations these electrons have
Lorentz factors γ t ≈ 10.

In the case of injection slope 
inj = 2.5 the optical depth of
the power-law electrons scales the same way as the total optical
depth, with index θ = 1/2 (see Fig. 3b). The slope of the electron
distribution is approximately p = 2. Putting these parameters (with
β = 5/4) into equation (7), we get αOIR = −0.13, in good agreement
with the numerically computed slope (see Fig. 3a).

For softer electron injection 
inj = 3.0, we find that the optical
depth at the Lorentz factor γ t = 10 is nearly constant for every zone
(see Fig. 4b); thus, for an analytical approximation we take θ = 0.
The average electron slope at this Lorentz factor is p ≈ 3. Putting
these coefficients into equation (7), we get α = −0.44, also in good
agreement with the computed spectrum (Fig. 4a).

The turnover frequency of the synchrotron spectrum from each
radius is given by equations (3) and (4). For the case with 
inj = 2.5
we substitute parameters of zone 1: R = 10RS, B = 106 G, τ = 10−2

(Thomson optical depth of the high-energy tail), and power-law
slopes β = 5/4, θ = 1/2 and p = 2 to obtain the scaling

νt ≈ 1015

(
R

10RS

)−1

Hz. (13)

The similar scaling can be obtained for 
inj = 3.0. In order to
estimate the synchrotron luminosity we substitute the calculated
turnover frequency into equation (6)

νLν ≈ 2 × 1035

(
R

10RS

)−7/8

erg s−1, (14)

which is consistent (within a factor of 2) with the values obtained
in precise numerical calculations.

The main model parameters (see Section 3.1) can be constrained
by the data. The first four parameters (L, 
inj, τ 1 and B1) can be
obtained from the X-ray luminosity and spectral slope, the cutoff
temperature and the slope of the γ -ray tail. The other three param-
eters (θ , β and Rtr) can then be extracted from the OIR data: the
turnover frequency (equation 3), spectral slope (equation 7) and the
luminosity (equation 6).

The precise values of the minimum and maximum Lorentz factors
of the injected power-law electrons do not affect much the resulting
spectra as far as the electrons emitting at the self-absorption fre-
quency remain in a power law. We note that very similar results can
be obtained by assuming that most of the energy goes to heat the
thermal distribution and only a small fraction goes to the power-
law tail (see Appendix B1). At the same time, the spectra of fully
thermal hot flow with the same values of magnetic field are too
hard to match the observations in the hard state. Assuming B an
order of magnitude larger in every zone would produce the spectra
reasonably well describing the observed ones. OIR spectra in this
case can also be described by a power law; however, the turnover
frequency in every zone is higher compared to the case of hybrid
electrons (see Appendix B1 for details). Thus, in order to explain the
IR points, a much larger hot-flow size is required. We also note that
purely thermal models are not capable of reproducing the observed
non-thermal MeV tails.

The considered model qualitatively describes the spectral proper-
ties of the hot flow. On the quantitative level, the exact slope of the
X-ray spectrum and the relative OIR/X-ray luminosities may vary
depending on the details of calculations. For instance, the radiative
transfer effects (see Appendix B2) harden a bit the X-ray spectra
of the outer zones, while the OIR spectra are nearly unaffected.
Also reducing the H/R ratio leads to slightly harder X-ray spectra

(see Appendix B2), if other parameters (L, τ and B) are unchanged.
Again, the OIR slope remains the same. Thus, the model is rather
robust in its predicted spectral properties.

3.3 State transitions

A generally accepted scenario for the hard-to-soft state transition
involves the motion of the cold accretion disc towards the compact
object (Poutanen et al. 1997; Esin et al. 1997, 1998). In this case, the
role of the disc increases and it gradually replaces the synchrotron
as a source of seed photons for Comptonization. We simulate this
action by replacing the spectrum in the corresponding zone of the
hot flow with a multicolour blackbody disc (Shakura & Sunyaev
1973; Frank, King & Raine 2002) of an appropriate inner radius.
We take the disc truncation radius Rtr equal to the outer radius of
the largest zone of the hot flow and we keep the outer disc radius at
Rd, out = 3 × 104 RS.

The additional seed photons for Comptonization are modelled by
the injection of blackbody photons with temperature corresponding
to the colour temperature of disc inner radius:

kTcol = 2.3

(
L

LEdd

)1/4( 3RS

Rtr

)3/4
(

1 −
√

3RS

Rtr

)1/4

keV (15)

(see Table 1). Given that the transition occurs at almost constant
luminosity (see Done et al. 2007), we assume that the luminosity,
magnetic field and Thomson optical depth of each hot-flow zone
remain the same as in the hard state (see Table 1). The relative
contribution of the cold disc and the hot flow in the observed spec-
trum depends on the inclination, which we take equal to 60◦. The
resulting spectra are shown in Fig. 5.

The total spectrum is now composed of synchrotron and
bremsstrahlung photons, as well as Comptonized synchrotron and
disc radiation. The transition between the Comptonization continua
from the disc and synchrotron is reflected in the overall spectral
curvature at ∼0.1 keV in the spectra of the largest hot-flow zone
(e.g. Fig. 5a, short-dashed line). It is interesting to note that the
spectra of the zones closer to the BH remain almost unaffected by
the disc Comptonization (e.g. Fig. 5b, long-dashed line) due to a
small dilution factor of the disc, while in the outermost hot-flow
zone the cold disc is the dominant source of seed photons. The
cool disc luminosity grows when it moves towards the BH and
its photons are much more energetic than those provided by the
synchrotron mechanism; thus, the X-ray spectrum softens as the
transition proceeds. Once the truncation radius decreases to 10RS,
the disc becomes the dominant source of seed photons, resulting in
a softer spectrum with α ≈ −1.3 As the outburst proceeds, the outer
regions of the hot-flow collapse (hours to days before the noticeable
X-ray state transition) leading to a dramatic drop in luminosity at
∼0.1 eV. The turnover frequency increases and the OIR spectrum
becomes harder (see Fig. 6). Relatively small changes occur around
E ∼ 30 eV.

Hence, one would expect fast change in the luminosity at OIR
wavelengths with smaller changes in the UV. For instance, if one
observes the collapse of the 100RS zone while the 30RS zone is
still present, there will be huge changes at ∼0.5 eV, while not so
significant changes at ∼2 eV. The opposite is expected during the

3 Further softening of the spectrum is expected if the cold disc penetrates
into the hot flow forming a corona-like geometry (Poutanen et al. 1997).
This results in additional cooling by the disc photons and reduction of the
Compton y-parameter.
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Figure 5. Upper panels: geometrical evolution at state transition. Principal components are standard accretion disc (red) and inner hot flow: zone 1 (within
10RS, violet), zone 2 (within 30RS, blue) and zone 3 (within 100RS, green). Lower panels: spectral evolution at state transition. Contribution of different zones
are marked with lines: zone 1 (long-dashed), zone 2 (dotted), zone 3 (short-dashed) and thin accretion disc (three-dot–dashed). Colour coding is the same as
in the upper panels. The inner radius of the truncated accretion disc changes from (a) 100RS through (b) 30RS to (c) 10RS, replacing the corresponding zones
of the hot flow. Spectra are obtained for the case 
inj = 3.0.

Figure 6. Spectral evolution at state transition: the pure hot-flow spectrum (solid lines), and spectra of the hot flow with the cold disc truncated at 100RS

(short-dashed), 30RS (dotted), and 10RS (long-dashed). (a) Spectra in νLν units and (b) spectra in Lν units (note the different photon energy range). Here the
outer disc radius is Rd, out = 3 × 104 RS.

soft-to-hard state transition: when the disc recedes, the hot flow
occupies larger and larger radii and its synchrotron luminosity in-
creases earlier at shorter wavelengths.

Fig. 6(b) shows the Lν spectra in more detail. Here we see that
the pure hot-flow spectrum below the cutoff in the IR band is a
power law with index α = 5/2 corresponding to the optically thick
non-thermal synchrotron. We note that such a hard spectrum is
obtained under the assumption of an absence of the hot flow – disc
overlap, i.e. that at distances larger than the hot-flow outer radius,
the electron density is zero. In reality, a corona may exist atop of
the cold disc; thus, a gradual transition from the hot flow to the
cold accretion disc is expected leading to the much more gradual
turnover of the OIR spectrum.

Fig. 7 illustrates possible spectral features appearing for different
sizes of the outer disc radius. We see that the hot flow completely
dominates the spectrum below ∼10 eV if its size is larger than
100RS. In this case, the exact value of Rd, out does not play any
role (unless reprocessing in the outer disc starts to be important;
see Section 4.1.4). The largest changes occur for smaller truncation
radius and large Rd, out = 106RS. For such large discs (see Fig. 7a),
radiation in the far-IR is dominated by the Rayleigh–Jeans part of
the spectrum from the outer cold disc. The UV radiation is mostly

produced at the inner disc edge. Synchrotron from the hot flow is
still important in the optical.

4 C OMPARI SON W I TH O BSERVATI ONS

In the present work we considered an inhomogeneous hot accretion
flow model for the broad-band spectra of the accreting BHs. In the
hard state, when the standard cold disc is truncated at a large radius,
the central hot region is radiating mostly via thermal Comptoniza-
tion of the non-thermal synchrotron photons. Hot flow extending
over a large range of radii produces a power-law-like flat spectrum
in the OIR range.

In the soft state, the cold disc moves in, brightens and takes over
as a source of seed soft photons for Comptonization. This effectively
reduces the role of synchrotron radiation in electron cooling. At the
same time, the reduction of the size of the emitting region results
in an increase of the synchrotron self-absorption frequency, making
the synchrotron emission in the IR band negligible.

The scenario considered in this work is capable of reproduc-
ing the broad-band spectra from the IR to the γ -rays of BHs in
all spectral states. However, the spectral data alone are not capa-
ble of distinguishing among various models and they have to be

 at O
ulu U

niversity L
ibrary on M

arch 26, 2013
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

https://vpn.oulu.fi/,DanaInfo=mnras.oxfordjournals.org+


3204 A. Veledina, J. Poutanen and I. Vurm

Figure 7. Same as in Fig. 6b, but for outer disc radii (a) Rd, out = 106RS and (b) Rd, out = 300RS.

considered together with other sources of information (e.g. timing
and polarization). Below we will discuss in details various properties
of the developed hot-flow model and compare them to observations.
We also compare our model to the popular jet scenario.

4.1 Hard state

4.1.1 X-ray spectrum and variability

In our model the X-ray spectrum is dominated by the Comptoniza-
tion continuum from the innermost zone where most of the gravi-
tational energy is dissipated. In the X-ray range it can generally be
described by a power law. Outer zones of the hot flow have softer
spectra, because of a larger role of non-thermal synchrotron and the
increasing amount of the cold disc photons. The overall spectrum
is thus slightly concave. Such spectra are consistent with those ob-
served from the BHBs. For example, the best studied BH, Cyg X-1,
clearly has a concave spectrum (Frontera et al. 2001a) that can be
fitted with two Comptonization continua (Ibragimov et al. 2005).

A larger contribution from the outer zones to the soft X-rays
should be reflected in the variability properties. Assuming that vari-
ability is produced by propagation of fluctuations in the mass ac-
cretion rate through the disc (Lyubarskii 1997; Kotov et al. 2001),
we expect an increase in the variability amplitude for higher pho-
ton energies at higher Fourier frequencies, which is indeed observed
(Nowak et al. 1999a). The autocorrelation function of soft X-rays in
our model is expected to be wider than that of the hard X-rays, con-
sistent with what is measured in Cyg X-1 (Maccarone et al. 2000).
The same effect is more obviously seen in the Fourier-frequency-
resolved spectra (Revnivtsev, Gilfanov & Churazov 1999; Gilfanov,
Churazov & Revnivtsev 2000), which are softer and have a larger
reflection amplitude at low Fourier frequencies. This implies that
the outer zones of the hot flow (which are closer to the cold re-
flecting medium) give a relatively larger contribution to the soft
X-ray flux than to the hard X-rays. The reduction of the equivalent
width of the 6.4 keV Fe line in the frequency-resolved spectra above
1 Hz suggests that the cold disc truncation radius is of the order of
100 RS (Revnivtsev et al. 1999; Gilfanov et al. 2000), further
supporting our scenario. Similarly, even larger inner radii of the
cold disc were measured in the low-extinction BH transient XTE
J1118+480 (Esin et al. 2001; Chaty et al. 2003).

Another important finding is that the harder X-rays are delayed
with respect to the soft X-rays (Nowak et al. 1999a; Nowak, Wilms
& Dove 1999b). The large values of these hard time-lags and their
frequency dependence f−1 can naturally be explained by spectral
pivoting of a power-law-like spectrum (Poutanen & Fabian 1999;
Poutanen 2001). The spectral evolution can arise when the accretion

rate fluctuations propagate towards the BH into the zone with harder
spectra (Kotov et al. 2001), again consistent with our multizone hot-
flow model.

4.1.2 OIR excesses and flat spectra

The OIR excesses above the standard disc spectrum were reported
in a number of sources: XTE J1859+226 (Hynes et al. 2002), XTE
J1118+480 (Hannikainen et al. 2000; Esin et al. 2001; Chaty et al.
2003), GX 339−4 (e.g. Gandhi et al. 2011; Shidatsu et al. 2011),
A0620–00 (Gallo et al. 2007), SWIFT J1753.5–0127 (Chiang et al.
2010) and V404 Cyg (Hynes et al. 2009a). In our model, the OIR
spectrum consists of two components (Fig. 5): one comes from
the multicolour accretion disc and another from the hot flow. The
relative role of these components varies with the wavelength (Figs
6 and 7). The disc spectrum is hard in the OIR band, while the
non-thermal synchrotron from the hot flow is typically softer with
αOIR ∼ 0. The second component thus produces an excess emission.

In many cases the contribution of the non-thermal component is
rather small compared to the disc, and it can be seen only as the IR
excess. On the other hand, sometimes the synchrotron component
dominates, which results in an almost pure power-law OIR spec-
trum. A good example is XTE J1118+480, where the spectral index
αOIR = −0.15 was measured (Chaty et al. 2003). This spectral index
can be reproduced in our model, for example, with parameters θ =
0.5, p = 2.0 and β = 5/4 (Fig. 3 illustrates this case).

4.1.3 Optical/X-ray cross-correlation

In recent years, a number of simultaneous optical (IR,UV)/X-ray
observations with high time resolution were performed (Kanbach
et al. 2001; Hynes et al. 2003, 2009b; Gandhi et al. 2008; Durant
et al. 2011), all revealing the intrinsic connection of the two light
curves on subsecond time-scales. The computed CCF have a com-
plicated shape with a dip in the optical light curve preceding the
X-ray peak (the so-called precognition dip), together with an optical
peak lagging the X-rays.

The behaviour can be explained if the optical emission consists
of two components: one coming from the synchrotron in the hot
flow and another from reprocessed X-ray emission (Veledina et al.
2011a). Increase of the mass accretion rate causes an increase in the
X-ray luminosity and affects the parameters of the hot flow, leading
to a higher synchrotron self-absorption. The latter results in a drop
of the optical emission; therefore, these two energy bands appear
anticorrelated. This is reflected in the negative CCF with the shape
resembling that of the X-ray autocorrelation function. On the other
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Figure 8. Same as in Fig. 6, but with the additional contribution from the irradiated accretion disc.

hand, the reprocessed radiation is delayed and smeared, giving rise
to a CCF peaking at positive lags (optical delay). The combined
CCF has a complicated shape consistent with the data. From the
point of view of the multizone consideration, with a small increase
of the mass accretion rate the cool disc moves inwards and causes
the collapse of the hot flow at large radii. Thus, the suppression of
the OIR emission with increasing X-ray radiation is also expected
in this scenario.

A different, one-peak structure of the IR/X-ray CCF was found
in GX 339−4 (Casella et al. 2010), suggesting that the hot flow was
not the dominant source of the correlated variability during their
observations. However, it might still give significant contribution to
the constant flux component, but less to the varying component, and
therefore would not be detected in the timing analysis. As it can be
seen from Figs 3 and 4, the zones giving major contribution to the
IR wavelengths do not contribute much to the X-rays. Therefore, the
fraction of the correlated variability coming from these regions is
expected to be small, and another source (likely the jet emission, as
suggested in Casella et al. 2010) might be responsible for the shape
of the CCF. We also note that a large amplitude of fluctuations in
the IR light curve suggests that the source of correlated variability
is also dominating the constant flux component.

The optical correlation with the X-rays was also detected in the
quiescent state of V404 Cyg (Hynes et al. 2009a), while no clear
radio/X-ray (nor radio/optical) correlation was found on the time-
scales of hours, again suggesting that the radio and optical/X-ray
emission are produced by the different components.

4.1.4 Irradiation of the cold disc

The X-ray radiation from the hot flow can be intercepted and repro-
cessed in the cold disc. The irradiation strongly depends on the disc
outer radius and the disc shape. The larger is Rd, out, the cooler can
be this emission. The more flared is the disc, the larger is the re-
processed luminosity, which typically is expected to give significant
contribution to the OIR band, exceeding the viscous disc luminosity
at these energies (Shakura & Sunyaev 1973). Presence of the irradi-
ated disc can also be reflected in the X-ray time-lags (see Poutanen
2002, and reference therein) and in the optical/X-ray CCF (Veledina
et al. 2011a). Its signatures are also seen in the spectrum (e.g. Hynes
et al. 2002; Gierliński et al. 2009).

For typical parameters of LMXBs with the disc size of 1011 cm,
the X-ray luminosity of 1037 erg s−1 and 10 per cent reprocessing
efficiency, the temperature of the outer disc is about 1.2 eV. For an
illustration, we have added the emission from the irradiated discs
to our hot-flow spectra (see Fig. 8). Following Cunningham (1976),

we assumed the following dependence of the effective temperature
on radius

kTirr = 1.2

(
R

Rd,out

)−3/7

eV (16)

and the outer disc radius of Rd, out = 1011 cm.
As can be seen in Fig. 8, for typical parameters of the BHBs

the spectrum of the irradiated disc peaks around 5 eV and has
a Rayleigh–Jeans-like tail with α ∼ 2 in the OIR. If the inner
hot-flow size exceeds 30–100 RS, its synchrotron emission will
dominate the reprocessing below ∼1 eV. We do not expect much
of reprocessed emission below 0.5 eV, except for the large-period
systems (similar to V404 Cyg and GRS 1915+105). Therefore,
at sufficiently long wavelengths in the scenario of Veledina et al.
(2011a) we expect the IR/X-ray CCF to have only the dip, with
no peak. The overall spectral shape is complex, with a number of
bumps corresponding to the standard disc (above ∼100 eV), the
irradiated disc and synchrotron from the hot flow (in the 1–10 eV
range). A hardening of the spectrum observed in GX 339−4 at ∼2–
3 eV (Buxton et al. 2012; Dinçer et al. 2012; Rahoui et al. 2012)
can be due to a transition from the hot flow to the irradiated disc
spectrum.

4.2 State transition

4.2.1 Broad-band spectral evolution at state transition

During the hard-to-soft state transition the outer zones of the hot
flow gradually collapse. This leads to a drop in luminosity at longer
wavelengths preceding the subsequent drop at shorter wavelengths.
The corresponding time delay between sharp luminosity changes at
different wavelengths corresponds to the viscous time-scale of the
cold disc between the corresponding radii and, depending on the
separation of the wavelengths and accretion parameters, can be as
short as hours (e.g. if one observes in different optical filters) and
as long as a few days (e.g. IR and UV). The dramatic changes in
V, R and I bands were detected, e.g. in GX 339−4 during the rising
phase of the 2010 outburst (Cadolle Bel et al. 2011); however, the
time resolution of the light curves does not allow us to judge on the
exact time of flux quenching at different wavelengths. A much more
gradual decrease of the UV flux before the X-ray spectral transition
(Yan & Yu 2012) is in principle consistent with our model if one
also considers contribution from the irradiated disc (e.g. as in Fig. 8:
gradual decrease at ∼10 eV, with sharp drop at ∼1 eV). During
the reverse (soft-to-hard) transition, the fast luminosity increase
at shorter wavelengths is expected to occur earlier than at longer
wavelengths, and the corresponding time delays are expected to be
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larger than in the rising phase, as was seen in the 2005 outburst
decay of GX 339−4 (Coriat et al. 2009).

Recently, the entire transition of the BH transient XTE
J1550−564 from hard to the soft state and back was monitored
in the V, I and H filters (Russell et al. 2011). Just before the X-ray
spectral transition as well as after the reverse transition, significant
colour variations occurred, as indicated by the rapid changes in the
H band at an almost constant V magnitude. In terms of our model,
the observed colour change is related to the collapse/recover of a
zone in the hot flow that is responsible for the H-band emission (see
Section 3.3). As is known, the hard–soft and the soft–hard spectral
transitions occur at different X-ray luminosities (e.g. Zdziarski et al.
2004). This hysteresis most probably is related to the fact that at
the same luminosity the cold disc is further away from the central
source on the rising phase of the outburst than on the decline. Ac-
cording to our model, the hysteresis has to be reflected also in the
OIR spectra, namely the fast colour change should occur at a higher
X-ray luminosity on the rising phase than on the decline. This is
indeed observed (Russell et al. 2011).

In the soft state, the accretion disc extends to the last stable orbit,
leaving no possibility for the inner hot flow to exist. However, the
corona should still be present as supported by the existence of the
non-thermal tails (produced by the inverse Compton scattering of
the disc photons). It may also produce synchrotron radiation in the
OIR band, but at a much lower level.

4.2.2 Change of the X-ray radiation mechanism

At luminosities above a few per cent of Eddington, BHBs show
a strong correlation between spectral index and luminosity. At
lower luminosities the trend is reversed (Sobolewska et al. 2011).
Similarly, an indication of the reverse trend was detected in low-
luminosity AGNs (Constantin et al. 2009). This was interpreted as a
change of the source of seed photons for Comptonization from the
disc photons dominating at higher luminosities to the synchrotron
at lower luminosities. The anticorrelation at L/LEdd ∼ 10−3–10−2

can be reproduced within a two-temperature hot accretion flow
model (Niedźwiecki, Xie & Zdziarski 2012). The whole spectral
index–luminosity dependence is well explained by a one-zone hy-
brid Comptonization model (see figs 7 and 12 in Veledina et al.
2011b). The multizone consideration presented in the current paper
follows the same pattern as the one-zone model, because the X-ray
spectrum is dominated by radiation from the inner zone.

4.3 Polarization

The only indication of the X-ray polarization from BHB goes back to
the OSO-8 satellite (Weisskopf et al. 1977), which measured 3.1 ±
1.7 per cent linear polarization from Cyg X-1 at 2.6 keV. Such a
polarization can be produced by Compton scattering if the geometry
of the X-ray emitting region is a flattened disc-like structure (H/R ∼
0.2 according to the calculations of Lightman & Shapiro 1976). The
number of scatterings the X-ray photons undergo depends on the
electron and the seed photon temperatures. For a 100 keV plasma,
photons double their energy in each scattering; hence, the disc pho-
tons of a typical energy of 0.5 keV would reach 3 keV in only three
scatterings, while the synchrotron photons emitted at 10 eV re-
quire about eight scatterings. Thus, even if the synchrotron photons
are polarized, this information is forgotten, and the X-ray polar-
ization is completely determined by the geometry of the medium.
In our model, we considered the case of H/R = 0.5; however, the
spectral shape remains the same even for the flatter geometry (see

Appendix B2). Thus, the polarization measurements are consistent
with the hot-flow model.

Recently, strong linear polarization (
 = 67 ± 30 per cent) in
the soft γ -rays above 400 keV was detected in Cyg X-1 with the
IBIS instrument onboard INTEGRAL (Laurent et al. 2011). Similar
polarization (
 = 76 ± 15 per cent) was also observed with the
SPI spectrometer (Jourdain et al. 2012a). The polarization angle
of 40◦–42◦ is about 60◦ away from the radio jet axis at ≈−20◦

(Jourdain et al. 2012a; Zdziarski, Lubiński & Sikora 2012). Such
a large polarization degree in the MeV range is extremely difficult
to get in any scenario. Synchrotron jet emission from non-thermal
electrons in a highly ordered magnetic field can have a large po-
larization degree (up to ∼70 per cent) in the optically thin part
of the spectrum, and indeed a high polarization in the radio and
the optical bands reaching 30–50 per cent is observed from ex-
tragalactic relativistic jets (Impey, Lawrence & Tapia 1991; Wills
et al. 1992; Lister 2001; Marscher et al. 2002; Ikejiri et al. 2011).
However, this scenario also needs a very hard electron spectrum
as well as an extreme fine-tuning to reproduce the spectral cutoff
at a few MeV (Zdziarski et al. 2012). In the hot-flow scenario, the
MeV photons are produced by non-thermal Compton scattering of
the 100 keV photons by electrons with γ ∼ 2–4. These electrons
cannot be isotropic, because no significant polarization is expected
in that case (Poutanen 1994). This then implies that they must have
nearly one-dimensional motion, e.g. along the large-scale magnetic
field lines threading the flow. The 60◦ offset of the polarization
vector relative to the jet axis then implies the inclined field lines.
If the measured high polarization degree is indeed real, this would
put strong constraints on the physics of particle acceleration in the
hot flow and the magnetic field geometry.

The polarization degree of the hot-flow radiation in the OIR band
is strongly affected by the Faraday rotation. The rotation angle χF ∼
106τB||,6ν−2

15 exceeds 105 rad and the polarization degree is expected
to be essentially zero in the optically thin part of the spectrum. In the
optically thick regime, the intrinsic flow polarization (parallel to the
field lines) is not more than about 10 per cent even for the ordered
magnetic field and without Faraday rotation (Pacholczyk & Swihart
1967; Ginzburg & Syrovatskii 1969). Thus, the OIR polarization is
expected to be very low.

Optical and UV radiation from the cool accretion disc may also
be polarized up to ∼11.7 per cent (parallel to the disc plane) at large
inclinations, if the opacity is dominated by the electron scattering
(Chandrasekhar 1960; Sobolev 1963). At lower energies, absorption
in the atmospheric layers of the disc (Loskutov & Sobolev 1981,
1982) and the Faraday rotation reduce the polarization degree and
it can drop down to zero in the IR.

A detection of linear polarization at a few per cent level in the
OIR bands in BHBs (Schultz, Hakala & Huovelin 2004; Russell &
Fender 2008; Shahbaz et al. 2008; Chaty, Dubus & Raichoor 2011)
is consistent with being produced either by the jet synchrotron radi-
ation, extended photosphere of the hot flow, dust/electron scattering
in the source vicinity or by the interstellar dust.

4.4 Comparison with the jet paradigm

The simplest jet model has a conical geometry with all parameters
distributed as a power law with distance and with electrons having a
power-law distribution in Lorentz factor (Marscher 1977; Blandford
& Königl 1979). The magnetic field can be assumed ordered or
tangled, but this only influences the polarization properties. The
mathematical formulation of this model is identical to the analytical
model for the hot flow considered in Section 2. Such a simplified
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jet model was applied to the broad-band spectra of BHBs (Markoff,
Falcke & Fender 2001). In a more realistic situation, the electron
distribution would be subject to acceleration mechanisms, as well
as cooling processes such as Compton, synchrotron and adiabatic
(as e.g. in Pe’er & Casella 2009; Pe’er & Markoff 2012). However,
due to complicated physics, the energy input and the acceleration
efficiency throughout the jet are generally unknown, and in the
spectral models remain ad hoc functions. Thus, the shape of the
resulting spectra and its total energetics strongly depend on the
assumptions. This disadvantage is avoided in the hot-flow models:
the input energy here comes from the liberated gravitational energy,
which can be estimated analytically, and the acceleration efficiency
(as well as its role compared to other heating mechanisms) does
not significantly affect the final spectrum. Both scenarios, however,
suffer from a large number of parameters due to an absence of first
principle model.

Apart from the different physical assumptions, the jet and the
hot-flow models predict different spectral properties. In the simple
jet model, the synchrotron spectrum consists of the optically thin
part with spectral slope α = −(p − 1)/2 and the optically thick part
(sum of contribution from different zones) with the same slope as
given by equation (7). The low-energy cutoff is determined by the jet
extension and falls in the radio wavelengths. In contrast, the cutoff
of the hot-flow spectrum is related to the truncation radius of the disc
and likely falls in the OIR band. The break energy to the optically
thin part of the jet is determined by the extension of the injection
zone and for X-ray binaries is expected to fall in the IR wavelengths
(Heinz & Sunyaev 2003), while in the hot-flow model the break is
in the UV/optical band as determined by the size of the inner region.
The jet optically thin synchrotron is sometimes claimed to extend to
the X-rays, while in the hot-flow model radiation at these energies
is produced in the Comptonization processes.

Let us now assess possible contribution of the jet and the hot flow
to various wavelengths relying on the observed spectral properties.
The X-ray spectra of BHBs have sharp cutoffs at about 100 keV
that are impossible to produce by non-thermal synchrotron even if
the electron distribution has an abrupt cutoff (Zdziarski et al. 2003).
The hard spectra are also difficult to produce by optically thin syn-
chrotron as this requires a very hard injection. Another question is
then about the observed low level of the X-ray polarization, which is
in contradiction with the theoretical expectations from the optically
thin synchrotron, as well as with the levels measured in extragalac-
tic sources. On the other hand, the X-ray spectral properties are well
explained by the (nearly) thermal Comptonization in the hot flow
(see Section 4.1.1).

Atop of the X-ray power law, the Compton reflection and the
iron line are rather often detected features. Their amplitude and
its correlation with the underlying spectral shape strongly argue in
favour of the small X-ray emission region and against any beamed-
away radiation from the jet. The analysis of the hard-state X-ray
spectra of the BHB Cyg X-1 revealed that the spectra pivot at
energies of 10–50 keV (Zdziarski et al. 2002). If the entire IR-to-X-
ray continuum is produced by the same region (as proposed in the
jet model), such pivoting would predict two orders of magnitude
variations at 1 eV in the hard state, which are not observed. On the
contrary, X-ray pivoting can be easily understood in the hot-flow
model, where it can be produced by small variations of the cold disc
radius and varying injection rate of the disc photons (see Fig. 8).

The observed fast X-ray variability and hard time-lags can natu-
rally be understood in the hot-flow model where the X-ray emitting
region is small, and the lags are related to the viscous time-scale
of propagating fluctuations (Kotov et al. 2001). At the same time,

the lags can occur from Compton scattering delays within the jet
(Kylafis et al. 2008); however, this model contradicts the observed
narrowing of the autocorrelation function with energy (Maccarone
et al. 2000).

The MeV tails detected in the spectra of a number of hard-state
BHBs are likely produced by the non-thermal electrons, either by the
optically thin synchrotron emission (as in the jet) or by the inverse
Compton scattering (as in the hot flow). The detailed investigation
of this tail showed that it can be explained by the high-energy end
of the jet synchrotron emission; however, in this case one needs to
assume a very hard index of the electron power-law distribution p =
1.3–1.6, which is in conflict with standard acceleration models and
observations (see Zdziarski et al. 2012, and references therein). At
the same time, the hot flow easily accounts for the MeV tails in the
hard state as well as in the soft state (where it can be replaced by a
corona), when the jet is quenched.

The non-thermal OIR radiation has often been interpreted as a jet
emission (see the review by Russell & Fender 2009). The similari-
ties in the IR and radio light curves in microquasars, such as GRS
1915+105 (Fender et al. 1997), indeed favour a common source
of variability. However, this scenario meets substantial problems in
a number of other sources. For instance, in some systems the jet
broken power-law model, normalized to fit the radio fluxes, signif-
icantly underpredicts the optical luminosity even after accounting
for possible irradiated disc contribution (Soleri et al. 2010; Cadolle
Bel et al. 2011). Sometimes the OIR slope is different from the
radio as, for example, in XTE J1118+480 the OIR spectrum with
αOIR = −0.15 is much softer than the radio spectrum with αR =
0.5 (Hynes et al. 2000; Chaty et al. 2003), but much harder than
expected from the optically thin jet emission. The hot-flow scenario
can reproduce the observed flat OIR spectra, at the same time the
slopes in the OIR and radio do not necessarily match, as they are
produced in different regions (inflow and outflow).

A rather low OIR polarization (at most a few per cent) observed in
BHBs is clearly much below the high polarization observed in many
extragalactic jets. On the other hand, certain types of objects, the
so-called compact steep-spectrum and gigahertz peaked-spectrum
radio sources, demonstrate similarly small polarization levels (0.2
and up to 7 per cent, respectively; O’Dea 1998). However, the (rest-
frame) break frequency measured in these objects is quite low; thus,
in the X-ray binary jets, as expected from the scaling laws the break
frequency is in the (sub-) millimetre range.

The two models make different predictions for changes of the OIR
spectrum during the state transitions. In the hot-flow scenario, the
spectrum gradually hardens at hard-to-soft transition on the time-
scales of days to weeks, corresponding to the typical time-scales on
which the cold accretion disc evolves. It softens again at the reverse
transition. On the other hand, one would not expect systematic
changes of the jet spectral slope, as any fluctuations would propagate
through the jet on time-scales of hours, much shorter than the state
transition. However, if the jet power is gradually decreasing at the
transition, then the dependence of the turnover frequency on the
mass accretion rate suggests that ν t is also decreasing (Heinz &
Sunyaev 2003). Thus, the jet scenario predicts softening of the OIR
non-thermal spectrum at hard-to-soft state transition and hardening
at the reverse transition, opposite to the hot-flow scenario.

In reality, the OIR emission can contain contributions from a
number of components: the hot flow, the jet and the cold accre-
tion disc (likely irradiated). It is also possible that in some sources
there is a dip in the microwave band, where the transition from
the radio jet to the hot flow occurs. The dip can be detected in the
far-IR/submillimetre wavelengths, which were not systematically
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studied in the past. It is thus of high interest to observe at
these wavelengths, especially with the available capabilities of the
Atacama Large Millimeter/submillimeter Array.

5 SU M M A RY

The observed OIR flat spectra and the MeV tails evidence the sig-
nificant role of non-thermal electrons in spectral formation of ac-
creting BHBs. On the other hand, the commonly detected X-ray
spectral cutoffs at ∼100 keV can be produced only by thermal par-
ticles. Whether these two populations belong to one component or
originate from completely different places is debated. We present
a model, in which the entire IR-to-X-ray/γ -ray continuum is pro-
duced by one component, the inhomogeneous hot accretion flow,
present in the vicinity of compact object. The difference from the
earlier studied hot geometrically thick optically thin flows is that
the steady-state electron distribution in our model is hybrid, i.e.
Maxwellian with a weak high-energy tail.

The X-ray spectra in our model are dominated by the radiation
of the innermost regions of the hot flow. For this reason, the model
inherits the advantages of the one-zone SSC model (Malzac &
Belmont 2009; Poutanen & Vurm 2009) that explains well the X-
ray spectral properties of BHB in their hard state, such as

(i) stable spectra with photon index 
 ∼1.6–1.9 and the cutoff at
∼100 keV in the hard state,

(ii) low level of the X-ray polarization,
(iii) presence of the MeV tail in the hard state,
(iv) power-law-like X-ray spectra extending to a few MeV in the

soft state,
(v) softening of the X-ray spectrum with decreasing luminosity

below ∼10−2LEdd,
(vi) weakness of the cold accretion disc component in the hard

state, and
(vii) correlation between the spectral index, the reflection ampli-

tude, the width of the iron line and the frequency of the QPO.

We show that the multizone consideration allows us to understand
many other observables in the context of the hot-flow model:

(i) hard X-ray lags with logarithmic energy dependence,
(ii) concave X-ray spectrum,
(iii) non-thermal OIR excesses and flat spectra,
(iv) strong correlation between OIR and X-ray emission and a

complicated shape of the CCF, and
(v) a complex evolution of the OIR–UV spectrum during the

state transition.

We present relevant analytical expressions to estimate the hot-
flow parameters from the OIR data (see equations 3, 6 and 7).
Additional X-ray and γ -ray data are required to find a complete
parameter set. However, the hot-flow extent can be found from the
OIR data alone under certain assumptions (equations 13 and 14).

We compare the developed model to the popular jet scenario
and show that in a number of cases the data favour the hot-flow
interpretation. We encourage future observations in the far-IR and
submillimetre wavelengths to provide the missing link between
radio and IR, which would allow us to determine the contribution
of the two components to the OIR emission.
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APPENDIX A : TYPICAL TIME-SCALES

A1 Radiative versus Coulomb time-scales

The synchrotron cooling time can be calculated as (e.g. Rybicki &
Lightman 1979)

tcool,s = γ − 1

|γ̇s| = 1

γ + 1

(
4

3

σTUB

mec

)−1

, (A1)

where γ̇s is synchrotron cooling rate. The cooling time for Compton
scattering is similar. After a little algebra one can obtain

tcool,s ≈ 7.5 × 10−4

γ + 1

R

cηB

(
L

LEdd

)−1 (
R

10RS

)
, (A2)

where ηB = 3UB/(4πUrad) denotes the ratio of the magnetic and
radiation field energy densities. The typical time-scale of electron–
electron Coulomb energy exchange at the equilibrium can be esti-
mated as (e.g. Nayakshin & Melia 1998)

tcool,Coul = γ − 1

|γ̇Coul| ≈ 2R

3c

γ eq

τ ln �

z3

γ (γ + 1)
, (A3)

where z is the particle momentum in units of mec, γ eq is the aver-
age Lorentz factor of the electrons in equilibrium and ln � is the
Coulomb logarithm. At higher Lorentz factors the cooling is deter-
mined by radiative processes, while for lower γ the non-radiative
Coulomb collisions are dominant. The relative role of radiative and
Coulomb cooling changes with radius:

tcool,Coul

tcool,s
≈ 56

z3ηB

γ τ

(
L

LEdd

) (
R

10RS

)−1

, (A4)

where we used γ eq = 1 and ln � = 17. Therefore, the Coulomb
exchange rates start dominating the radiative cooling with an in-
creasing size.

A2 Coulomb versus accretion time-scales

We assume that the photon spectra and electron distributions in each
zone are in equilibrium; thus, the typical time-scales of equilibra-
tion should be much less than the dynamical time-scale at a given
distance. To estimate the latter, we consider the properties of an
advective hot flow, derived by Narayan & Yi (1994). Taking their
radial velocity approximation, viscosity parameter 0.1 and assum-
ing the adiabatic index 3/2 (Quataert & Narayan 1999), we obtain
the advection/accretion time

tadv ≈ 20

√
R3

GM
. (A5)

We can compare the Coulomb (the radiative cooling is faster than
Coulomb for R ≤ 100RS) and advection time-scales (again, assum-
ing γ eq = 1)

tcool,Coul

tadv
≈ 5 × 10−4 γ

τ

(
R

10RS

)−1/2

. (A6)

Hence, for typical parameters γ ∼1–100 and τ ∼0.1–1, the cooling
time-scale is shorter than the advection time.

A P P E N D I X B : M O D I F I C AT I O N S O F T H E
O R I G I NA L M O D E L

B1 Non-thermal fraction

One of the main assumptions in our work is that all the energy
dissipated in the flow is transferred to the electrons by acceleration,
i.e. 100 per cent of the power is injected in the form of power-
law electrons. In reality, many other dissipation mechanisms may
play a significant role in particle heating, such as electron–proton
Coulomb collisions (the main energy transfer mechanism in the ad-
vective flow models), resonant interactions with plasma waves and
other collective plasma effects. These acceleration processes do not
lead to power-law electron distributions; instead, the Maxwellian
distribution is heated as a whole, achieving higher temperature.
Thus, it is important to check how robust the model is to changes
in the fraction of non-thermal particles.

We note that effects of decreasing non-thermal injection fraction
were considered in Malzac & Belmont (2009, fig. 9), who showed
that as long as this fraction is more than ∼30 per cent, the results are
very similar. However, they fixed the minimum and the maximum
Lorentz factors of the injection; thus, decreasing the non-thermal
fraction would result in decreasing of normalization of the injected
power-law electrons. Here we investigate the effects of decreas-
ing non-thermal energy fraction keeping the normalization of the
injected power law constant by increasing γ min. As previously men-
tioned, the maximum Lorentz factor of accelerated electrons γ max =
103 is assumed. The energy fraction given to power-law electrons
is calculated as

fnth = (γ − 1)

[(γ − 1)]nth
= (
inj − 1)(
inj − 2)

γmax∫
γmin

(γ − 1)γ −
inj dγ, (B1)

where the nominator corresponds to the energy given to accelerate
the electrons between Lorentz factors γ min and γ max, and denom-
inator corresponds to the energy given in the purely non-thermal
injection. For 
inj = 3.0 and γ min = 10, the non-thermal fraction is
fnth = 0.19, and for γ min = 15, fnth = 0.13. The rest of dissipated
energy is given to electrons via stochastic heating as described in
section 4.1 of Vurm & Poutanen (2009). We also consider a purely
thermal model, where 100 per cent of energy gained by electrons
is due to stochastic heating. For an illustration, we simulated an
innermost zone (i = 1) of the hot flow with parameters described in
Table 1. The results are shown in Fig. B1. We find that the resulting
spectra are very similar for non-thermal fractions fnth > 0.1. For
even smaller fnth, the spectra are harder, but slightly adjusting other
parameters (magnetic field, Thomson optical depth) we can obtain
spectra, which are very close to the original purely non-thermal
models. At the same time, a purely thermal model has a much
harder X-ray spectrum (with spectral index α = −0.43 against α =
−0.80 for the non-thermal case) and higher equilibrium temperature
(kTe = 213 keV against kTe = 94 keV for the non-thermal case),
inconsistent with the existing X-ray data.

In order to describe the data with purely thermal model, a
much higher magnetic field is required. Analysis of Wardziński
& Zdziarski (2000) showed that purely thermal SSC cannot
be the dominant radiative mechanism in majority of the X-ray
binaries. However, it is interesting to test how the OIR spec-
trum would change in this case. Following equation 18 of
Wardziński & Zdziarski (2000), the turnover frequency scales as
νt ∝ B0.91τ 0.05T 0.95

e . As in the case of power-law electrons, it
strongly depends on the magnetic field; however, the strongest
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Hot accretion flow in black hole binaries 3211

Figure B1. Effects of decreasing fraction of energy given to acceleration.
Panel (a) shows resulting spectra and panel (b) gives the electron distri-
butions. The solid black line corresponds to fnth = 1.0 (same as the purple
long-dashed line in Fig. 4), fnth = 0.19 (blue dashed), fnth = 0.13 (red dotted)
and fnth = 0 (thermal particles, green dot–dashed). For power-law electrons
the injection index 
inj = 3.0 was assumed.

dependence here is on the electron temperature. Assuming its scal-
ing with radius Te ∝ Rκ , we get

νt ∝ R0.95κ−0.91β−0.05θ , (B2)

which then implies that the OIR slope is

αOIR,th = 4 + 4.75κ − 3.55β − 0.25θ

1.9κ − 1.82β − 0.1θ
. (B3)

As an illustration, we performed simulations for a purely thermal
model for the whole inhomogeneous hot flow with the parameters
from Table 1, except that the magnetic field in every zone was
taken an order of magnitude larger, Bi,th = 10Bi . This assumption
is needed to match the typical X-ray spectra in the hard state (α ∼
−0.7). However, such high B is above the upper limit determined
by the equipartition with protons at a virial temperature. The equi-
librium electron temperature determined by the heating=cooling
condition is about 20 per cent larger than in the non-thermal case
(with lower B). The spectra and the electron distributions are shown
in Fig. B2. We find that the scaling of the electron temperature with
radius can be approximated with κ ∼ 0.3. Substituting β = 1.25
and θ = 0.5 gives the resulting OIR slope αOIR, th ≈ −0.5, in good
agreement with the computed slope. Of course, no MeV emission
is expected from purely thermal flows.

Figure B2. Same as in Figs 3 and 4, but for purely thermal electron distri-
butions and 10 times larger magnetic field in every zone. The sharp peaks
seen in the OIR are due to small number of zones considered and are not
physical. The OIR spectrum is likely to be smeared and represents a power
law at these wavelengths. The red dashed line is an analytical approximation
for that.

B2 Geometrical and radiative transfer effects

In this section, we investigate how the assumed geometry of the
flow and the interaction between the zones affect the results. Let
us first check how the thickness of the hot flow affects the spectra.
In order to approximate the hot flow with a number of tori, the
condition of �Ri ≈ 2Hi should be satisfied. Taking H/R = 0.25
and using equation (8) we find Ri + 1 ≈ 5Ri/3, with the innermost
radius R1 = 3RS. To cover the same distances from the BH, we now
consider nine zones and scale parameters from Table 1 so that they
correspond to the distance to the centre of each zone. We compare
the results of calculations for H/R = 0.25 to those for H/R = 0.5
in Fig. B3. Due to the increase of local electron number density
(H/R is reduced, while optical depth was kept constant), the X-ray
spectrum has become harder compared to the case H/R = 0.5, while
the OIR slopes are almost identical. The latter is not surprising, as
the OIR spectral shape is determined by scaling of the hot-flow
parameters, rather than by their exact values in each zone.

In our calculations we neglected the interaction between the
zones and the spectrum of every zone was computed in the local
approximation. However, photons from each zone can travel to the
neighbouring zones. The largest effect is expected for the outer
zones, because they occupy a large solid angle as viewed from the
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Figure B3. Spectra of a hot flow with different height-to-radius ratios. Total
spectrum for H/R = 0.25 is shown with a blue dashed line and for H/R =
0.5 (same as in Fig. 4) is shown with a black solid line. The analytical
approximation is shown with a red dashed line.

inner zones and their luminosity is smaller than that of the inner
zones. The radiative transfer effects can be approximately accounted
for by first computing spectra of each zone in the local approxima-
tion and then by adding some fraction of the radiation escaping from
each zones as an additional photon source for other zones. Lumi-
nosity coming from the ith zone to an adjacent k = i ± 1th zone is
parametrized by �ik/(4π)Li , where �ik is the solid angle occupied
by kth zone as seen from ith zone. The formalism is similar to that
used to simulate the outer cold disc photon injection to the hot flow.
Luminosity coming from the ith zone to a non-adjacent zone j can be
expressed as �ij /(4π)Lie

−τij , where τ ij is the photon optical depth
of the medium between zones i and j (energy dependent, cumulative
from different processes).

The resulting spectra accounting for the radiative transfer ef-
fects are compared to those computed in the local approximation

Figure B4. Spectra of the hot flow calculated accounting for the radiative
transfer effects between the zones (blue dashed lines) and using the local
approximation (solid black lines). The upper lines represent the total spectra.
Parameters of the zones are the same as in Fig. 4 and 
inj = 3.0 is assumed.
The analytical approximation for the OIR spectrum (red dashed line) is
sufficiently accurate for both cases.

in Fig. B4. The changes in the OIR slope are hardly visible. The
X-ray spectra of the outer zones became now harder and the varia-
tion of the 2–10 keV spectral index is smaller �αX ≈ 0.03 (versus
0.08). This effect is caused by additional photons coming from the
harder spectra inner zones and scattered in the outer zones in the
direction to the observer. Thus, the spectra computed in the local
approximation are rather accurate and agree well with more detailed
calculations.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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ABSTRACT

The physical picture of the emission mechanisms operating in the X-ray binaries was put under question by the
simultaneous optical/X-ray observations with high time resolution. The light curves of the two energy bands
appeared to be connected and the cross-correlation functions observed in three black hole binaries exhibited a
complicated shape. They show a dip of the optical emission a few seconds before the X-ray peak and the optical
flare just after the X-ray peak. This behavior could not be explained in terms of standard optical emission candidates
(e.g., emission from the cold accretion disk or a jet). We propose a novel model, which explains the broadband
optical to the X-ray spectra and the variability properties. We suggest that the optical emission consists of two
components: synchrotron radiation from the non-thermal electrons in the hot accretion flow and the emission
produced by reprocessing of the X-rays in the outer part of the accretion disk. The first component is anti-correlated
with the X-rays, while the second one is correlated, but delayed and smeared relative to the X-rays. The interplay
of the components explains the complex shape of the cross-correlation function, the features in the optical power
spectral density as well as the time lags.

Key words: accretion, accretion disks – black hole physics – methods: numerical – X-rays: binaries
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1. INTRODUCTION

The physical processes giving rise to the broadband radio
to X-ray spectra of accreting black holes are still under debate.
There is a general consensus that the radio emission is associated
with the jet and the X-rays are produced in the vicinity of
the compact object. However, the origin of the IR/optical/
UV emission from the black holes in low-mass X-ray binaries
(LMXBs) is less certain. The contribution from the companion
star in such systems is usually too faint, and the optical spectra
are most likely connected to the accretion process onto the
compact object and the X-ray radiation. To understand the origin
of the optical emission, timing analyses of simultaneous optical
and X-ray observations were performed. Such observations were
for the first time carried out by Motch et al. (1983) for the
black hole binary (BHB) GX 339–4. Although the duration of
the observations was too short for any confident conclusion,
the computed optical/X-ray cross-correlation function (CCF)
revealed a complicated structure with a dip in the optical light
curve, preceding the X-ray peak (the so-called precognition dip),
together with an optical peak lagging the X-rays. Recently, CCFs
were obtained from the much longer duration simultaneous
observations in three LMXBs: XTE J1118+480 (Kanbach et al.
2001; Hynes et al. 2003), Swift J1753.5–0127 (Durant et al.
2008, 2011; Hynes et al. 2009), and GX 339–4 (Gandhi
et al. 2008), all manifesting a similar structure. The observed
behavior cannot be explained by a simple model with the optical
radiation being produced by the reprocessed X-ray emission
(Hynes et al. 2003). This hypothesis also contradicts the fact
that the observed autocorrelation function (ACF) of the optical
radiation is narrower than that of the X-rays (Kanbach et al.
2001; Hynes et al. 2003; Durant et al. 2009; Gandhi et al. 2010).
On the other hand, study of the dependence of the CCF on
the timescale of fluctuations in the light curve revealed that its
overall shape remains similar, but rescaled (Malzac et al. 2003;

Gandhi et al. 2010), suggesting that the emission in the two
energy bands is intrinsically connected.

A number of possible mechanisms, producing such structure
of the CCF, were proposed (see the discussion in Durant et al.
2011 and references therein). So far, the detailed calculations
were made only in the model of Malzac et al. (2004), where both
X-ray and optical emission are powered by the same magnetic
energy reservoir. The model qualitatively describes the CCF and
ACF of XTE J1118+480, however, with the new data on Swift
J1753.5–0127, the applicability of the model was put under
question. It is also doubtful that such an energetic magnetized
zone is consistent with the accretion theories.

In this Letter, we suggest that the optical emission is a
composition of two components. The first one is coming from
the synchrotron-emitting particles in the inner hot flow and is
anti-correlated with the X-ray emission, which is produced by
Comptonization of the synchrotron radiation. The second one
is originating from reprocessing of the X-rays by the outer
parts of the cold accretion disk (Dubus et al. 1999; Gierliński
et al. 2009; Chiang et al. 2010). This component is (positively)
correlated and delayed relative to the X-rays. The presence of
two components explains both the precognition dip and the
delayed peak of the CCF. The model is capable of explaining
the entire optical to the X-ray spectrum of BHBs as well as their
timing properties.

2. SPECTRAL MODEL

The X-ray spectra of BHBs in their hard state are well de-
scribed by Comptonization on thermal electrons (e.g., Poutanen
1998; Zdziarski & Gierliński 2004), however power-law tails de-
tected in a number of sources (Zdziarski et al. 2001; McConnell
et al. 2002) suggest the presence of non-thermal particle popu-
lation in addition to the mostly thermal distribution (Poutanen
& Coppi 1998). These electrons contribute both to the high-
energy part of the spectrum via Compton scattering and to the
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low-energy part by synchrotron radiation. Even a tiny fraction
of non-thermal electrons dramatically increases the synchrotron
luminosity (Wardziński & Zdziarski 2001) and thus makes it
a plausible source of seed photons for Comptonization. The
X-ray spectra of the hard-state BHBs (and supermassive black
holes) can be modeled in terms of synchrotron self-Compton
(SSC) mechanism in hybrid (thermal plus non-thermal) plas-
mas (Vurm & Poutanen 2008; Poutanen & Vurm 2009; Malzac
& Belmont 2009; Veledina et al. 2011). The high-energy part
of the spectrum is dominated by the Comptonized photons, and
the low-energy part is determined by the synchrotron emission,
which can extend down to the IR/optical energy bands depend-
ing on the size of the emission region.

For simplicity, we consider a spherical emission region
homogeneously filled with photons and electrons. The region
corresponds to a hot flow in the vicinity of the black hole (see
reviews in Narayan et al. 1998; Yuan et al. 2007), with the size
limited by the inner radius of the (truncated) accretion disk. We
consider the energy input in the form of injected electrons with a
power-law spectrum dNe/(dt dγ ) ∝ γ −Γinj extending between
the Lorentz factors γmin and γmax. The injection might result
from magnetic reconnection or shock acceleration. The main
mechanisms responsible for particle cooling and thermalization
and formation of the spectra are cyclo-synchrotron emission and
absorption, Compton scattering, and electron–electron Coulomb
collisions. To find self-consistent photon spectra and electron
distributions, we solve a set of kinetic equations for photons,
electrons, and positrons using the numerical code developed by
Vurm & Poutanen (2009).

A good description of the broadband spectra of hard-state
BHBs can be achieved with the following parameters (see
Poutanen & Vurm 2009): the Thomson optical depth τ = 1.0,
the magnetic field B = 3 × 105 G, and the total luminosity of
the region L = 1037 erg s−1. The parameters of the injection
function are Γinj = 3, γmin = 1.0, and γmax = 103. The size
of the emission region R is assumed to be 30 Schwarzschild
radii, which corresponds to 9 × 107 cm for a 10 M� black
hole. For this set of parameters, the synchrotron self-absorption
frequency falls in the optical energy band (1–10 eV). The
resulting spectrum and the electron distribution are shown in
Figure 1 (solid line).

The broadband spectra are expected to vary due to the changes
of the mass accretion rate ṁ. We assume that the luminosity
varies as L ∝ ṁ, the optical depth as τ ∝ ṁ, and the
size of the hot flow (inner cold disk radius) as R ∝ ṁ−4/3

(Różańska & Czerny 2000). We assume that the magnetic field
and the injection index Γinj are constant. With an increase of
the accretion rate, the X-ray luminosity increases, whereas the
optical radiation drops due to the increased synchrotron self-
absorption and vice versa (dashed and dotted lines in Figure 1).
The resulting X-ray spectral behavior with hardening during the
X-ray flares and softening during the X-ray dips is consistent
with the observations (Gandhi et al. 2010). The decrease of the
synchrotron radiation with an increase of the mass accretion
rate was also found to take place in the advective disk models
(Yuan et al. 2005). Thus, the optical synchrotron luminosity is
expected to anti-correlate with the X-rays.

3. TIMING MODEL

3.1. Formalism

The X-ray and the optical light curves can be represented as
a sum of a constant (mean) and variable components: x(t) =

0.1 1 10 100
p [mec]
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Figure 1. Simulated (a) photon spectra and (b) electron distributions for the
SSC model for hybrid plasmas. Solid lines correspond to the fiducial parameter
set (see the text), an increase of the accretion rate by 20% hardens the spectrum
(blue dashed line) and a decrease of the accretion rate by 20% softens the
spectrum (red dotted line). These spectra are associated with the inner hot flow
and an additional contribution of the irradiated accretion disk is not shown.

(A color version of this figure is available in the online journal.)

x̄[1 + δx(t)] and o(t) = ō[1 + δo(t)], where δx and δo are the
relative deviations from the mean. Two components contribute
to the variations of the optical radiation: the synchrotron
emission from the hot flow δs and the radiation coming from
reprocessing of the X-rays in the accretion disk δd

δo(t) = δs(t)
s̄

ō
+ δd(t)

d̄

ō
. (1)

The anti-correlation between synchrotron and the X-rays (see
Section 2) can be represented as

δs(t) = − rmss

rmsx
δx(t), (2)

where rms denotes the fractional root mean square amplitude of
variability of the corresponding components.3 The reprocessed
radiation from the disk is a convolution of the X-ray light curve
with the disk response function r(t):

δd(t) =
t∫

−∞
r(t − t ′)δx(t ′)dt ′. (3)

Assuming that the entire disk luminosity in the optical band is
due to irradiation and the response is a δ-function, the fractional
rms of the disk would be equal to that of the X-rays. The total

3 We assume here that the decrease of the synchrotron luminosity is
simultaneous with the increase of the X-rays, neglecting possible delays (see
the discussion in Section 4).
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Figure 2. Results of simulations for the model with the exponential disk response function with τ1 = 0.1 and τ2 = 1.0, and rds = 1.3. (a) The PSDs of the X-ray
(double-broken PSD, thick solid line) and optical light curves (thin solid line). Three terms contributing to the optical PSD (see Equation (8)) are also shown:
synchrotron (dashed line), disk (dotted line), and the cross term (positive contribution is shown by the dot-dashed line and the negative contribution by the long-dashed
line). (b) The CCFs, (c) the phase lags, and (d) the time lags corresponding to the synchrotron/X-rays (rds = 0, dashed line), reprocessed disk component/X-rays
(rds → ∞, dotted line), and the combined optical/X-rays (solid line).

(A color version of this figure is available in the online journal.)

optical light curve can be represented as

δo(t) = rmss

rmsx

s̄

ō

⎡
⎣−δx(t) + rds

t∫
−∞

δx(t ′)r(t − t ′)dt ′

⎤
⎦ , (4)

where we introduced the ratio of the absolute contributions of
the disk and the synchrotron to the variable optical component
(with the assumption of a δ-function response):

rds = rmsx

rmss

d̄

s̄
. (5)

As follows from Equation (4), the optical/X-ray CCF contains
two terms: one arising from synchrotron (it is just an ACF of
the X-rays with a negative sign) and another from the disk.

The Fourier transforms4 for the optical light curves are
the sum of the synchrotron S(f ) ∝ −X(f ) and the disk
D(f ) = X(f )R(f ) transforms, and according to Equation (4)
can be represented as

O(f ) = S(f ) + D(f ) ∝ X(f ) [−1 + rdsR(f )] . (6)

The optical/X-ray cross-spectrum is proportional to the X-ray
power spectral density (PSD, PX)

C(f ) = X∗(f )O(f ) ∝ PX(f ) [−1 + rdsR(f )] . (7)

Its phase is the phase lag Δφ(f ) and the time lag is Δt(f ) =
Δφ(f )/2πf . The optical PSD consists of three terms: the
synchrotron term, the disk term, and a cross term

PO(f ) ∝ PX(f )
{
1 + r2

ds |R(f )|2 − 2rdsRe [R(f )]
}
. (8)

4 The Fourier transforms corresponding to δx(t), δo(t), δs(t), δd(t), and r(t)
are denoted as X(f ), O(f ), S(f ), D(f ), and R(f ), respectively, with f being
the Fourier frequency.

The model is fully determined by the rms in the X-ray and
optical bands (rmsx and rmso), the ratio rds, the disk response
function r(t), and the shape of the X-ray PSD.5

3.2. Examples

For an illustration, we choose the double-broken power-law
X-ray PSD, PX(f ) ∝ f 0, f −1, and f −2 with the breaks at 0.1
and 1.0 Hz. This shape is typical for BHBs in their hard state
(Gilfanov et al. 1999; Revnivtsev et al. 2001; Axelsson et al.
2005; Gandhi et al. 2008). We take rmsx = 1.0 and rmso = 0.3
and consider a simple exponential response function

r(t) =
{

exp [−(t − τ1)/τ2] /τ2, t � τ1,
0, t < τ1,

(9)

where τ1 corresponds to the delay time of the disk response
and τ2 is the response width. The corresponding Fourier image
is R(f ) = exp(ix1)/(1 − ix2), where xk = 2πf τk . We take
τ1 = 0.1 s and τ2 = 1 s. The results of simulations are shown
in Figure 2.

Contributions of different terms and the total PSDs are
shown in Figure 2(a). The synchrotron term (the first term
in Equation (8)) has the same shape as the X-ray PSD, the
disk (the second term in Equation (8)) acts as a low-pass filter,
and the cross term (the last term in Equation (8)) changes
sign, giving positive contribution to the high-frequency part and
negative contribution to the low-frequency part. The combined
contribution of the two (synchrotron and disk) components to the
optical light curve strongly suppresses the low-frequency power
(as they vary in anti-phase) and increases the high-frequency

5 We choose such a PSD normalization so that the integral over positive
frequencies gives the square of relative rms of the light curve (Miyamoto &
Kitamoto 1989)

∫
PX(f )df = rms2

x.
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Figure 3. (a) X-ray and optical PSDs, (b) optical/X-ray CCFs, (c) optical/X-ray phase lags, and (d) time lags for various rds. The results for rds = 0.7, 1.0, 1.3, and
2.5 are shown by dashed, dotted, solid, and long-dashed lines, respectively. The X-ray PSD is shown with the thick solid line. Other parameters are as in Figure 2.

(A color version of this figure is available in the online journal.)

power making a bump at frequencies ∼0.1–1 Hz in the optical
power spectrum (similar to that found in GX 339–4 by Gandhi
et al. 2010). The excess of power at higher frequencies makes
the optical ACF narrower than that of the X-rays.

The simulated CCFs for separate components and their
joint contribution are shown in Figure 2(b). The width of the
precognition dip depends on the shape of the X-ray PSD. The
amplitudes of both negative and positive peaks are reduced,
when there are two components in the optical band, as they
enter Equation (4) with different signs and thus partially cancel
each other. The fast rise of the CCF at zero lag is related to the
interplay of the two optical components. The shape of the CCF
resembles those found in Swift J1753.5–0127 (Durant et al.
2008, 2011).

The corresponding optical/X-ray phase and time lags are
shown in Figures 2(c) and (d). For the assumed disk response
function, the phase lag can be described by the analytical
expression (Equation (29) in Poutanen 2002):

tan Δφ(f ) = rds(sin x1 + x2 cos x1)

−1 − x2
2 + rds(cos x1 − x2 sin x1)

. (10)

If synchrotron dominates the optical emission (i.e., rds < 1),
then Δφ(f ) ≈ π and Δt(f ) ∝ f −1 (dashed lines). Such a
dependence was observed in XTE J1118+480 (Malzac et al.
2003). In a general case, the synchrotron dominates at high
frequencies, while at low frequencies we get

Δφ(f ) ≈

⎧⎪⎨
⎪⎩

rds

rds − 1
(x1 + x2), if rds > 1,

π − rds

1 − rds
(x1 + x2), if rds < 1.

(11)

In the first case (rds > 1), this translates into constant time lags
Δt ≈ (τ1 + τ2)rds/(rds − 1).

If the X-ray PSD is fixed, three parameters control the shape
of the CCF and the optical PSD: τ1, τ2, and rds. The first two

parameters do not affect the CCF dramatically, therefore we
further study the role of rds. An increase of rds obviously results
in suppression of the precognition dip in the CCF (Figure 3(b)),
in the disk-dominating regime rds � 1 giving the CCF of simple
reprocessing. At the same time, the role of this parameter in the
PSD is not so straightforward, as can be seen in Figure 3(a).
The low-frequency tail is maximally suppressed at rds = 1.0 at
which the disk and synchrotron nearly cancel each other. The
high-frequency part is dominated by the synchrotron PSD and
is almost independent of rds. We note that for rds = 1 ± α
(with |α| < 1) the PSD shapes are nearly the same, while
the corresponding CCFs are different (compare the dashed and
the solid lines in Figures 3(a) and (b)). The phase- or time-lag
spectra (Figures 3(c) and (d)) also strongly depend on rds. The
larger the value of rds, the closer the phase spectrum is to that
of simple reprocessing.

4. SUMMARY AND DISCUSSION

In this Letter, we present a spectral model capable of ex-
plaining optical/X-ray timing features observed in LMXBs. We
argue that the optical emission is partially produced in the hot ac-
cretion flow (at distance R � 30 RS) by synchrotron radiation,
which also provides seed photons for Comptonization. Addi-
tional contribution to the optical band comes from reprocessing
of the X-ray emission in the cold accretion disk. We show that
the presence of the two components can explain the observed
shape of the CCF with the pronounced optical precognition dip.
The model also reproduces another interesting feature observed
in the LMXBs, namely, the optical ACF being narrower than the
X-ray one. The explanation of the feature comes from the optical
PSD, where the low-frequency part is suppressed and a bump
appears at frequencies ∼0.1–1 Hz, both due to the presence of
the cross term. The power at high frequencies originates from
the interplay of the two optical components, which also results
in the fast rise of the CCF at zero lag. The Fourier frequency-
dependent time lags resemble the observed ones.
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We note that the proposed model is simplified, as it does
not account for the fact that the optical synchrotron radiation
comes from the outer parts of the hot flow, while the X-rays
are likely to originate from the very vicinity of the compact
object. This consideration leads to two complications: first, the
synchrotron should lead the X-rays by the viscous timescale
of about Δt ∼ 0.1 s; second, it should have less power at
high frequencies compared to the X-rays. The latter is rather
important as it leads to suppression of the high-frequency optical
PSD, thus broadening the precognition dip. The correct shape of
the X-ray PSD is essential for comparison to the observed CCF,
as it influences the shape of the precognition dip dramatically, at
the same time affecting the width of the optical peak at positive
lags. Generally, the broader is the X-ray ACF, the broader are
the two features in the CCF (as indeed is observed; Durant et al.
2008, 2011). The detailed comparison with the data will be a
subject of our further investigations.
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ABSTRACT

Recent observations of accreting black holes reveal the presence of quasi-periodic oscillations (QPO) in the optical
power density spectra. The corresponding oscillation periods match those found in X-rays, implying a common
origin. Among the numerous suggested X-ray QPO mechanisms, some may also work in the optical. However,
their relevance to the broadband—optical through X-ray—spectral properties have not been investigated. For the
first time, we discuss the QPO mechanism in the context of the self-consistent spectral model. We propose that the
QPOs are produced by Lense–Thirring precession of the hot accretion flow, whose outer parts radiate in optical
wavelengths. At the same time, its innermost parts are emitting X-rays, which explains the observed connection
of QPO periods. We predict that the X-ray and optical QPOs should be either in phase or shifted by half a
period, depending on the observer position. We investigate the QPO harmonic content and find that the variability
amplitudes at the fundamental frequency are larger in the optical, while the X-rays are expected to have strong
harmonics. We then discuss the QPO spectral dependence and compare the expectations to the existing data.

Key words: accretion, accretion disks – black hole physics – radiation mechanisms: non-thermal – X-rays: binaries
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1. INTRODUCTION

Accreting black holes (BH) remain among the most fas-
cinating objects studied since the very beginning of the
X-ray era. Their observed X-ray radiation is variable on a wide
range of timescales, displaying dramatic changes in spectral
shape between the power-law-dominated hard state and the
quasi-thermal soft state over timescales of weeks (Zdziarski
& Gierliński 2004). Strong variability is also seen on far shorter
(down to ∼10 ms) timescales. Among the most prominent fea-
tures commonly observed in the power spectral density (PSD)
of BH binaries are low-frequency quasi-periodic oscillations
(QPOs; Remillard & McClintock 2006; Done et al. 2007), with
a characteristic frequency that evolves from ∼0.1–10 Hz at spec-
tral transitions from the hard to the soft state. A growing number
of low-mass X-ray binaries have also been found to exhibit sim-
ilar QPOs in the optical and UV PSDs (Motch et al. 1983, 1985;
Imamura et al. 1990; Steiman-Cameron et al. 1997; Hynes et al.
2003; Durant et al. 2009; Gandhi et al. 2010). The optical, UV,
and X-ray QPOs in XTE J1118+480 have been observed to
share a common (within uncertainties) characteristic frequency
whilst evolving over nearly 2 months of observations (Hynes
et al. 2003). In the X-rays, the QPO frequency is correlated with
the low-frequency break of the broadband noise (Wijnands &
van der Klis 1999; Belloni et al. 2002). Hints of such a correla-
tion in the optical can also be found in the existing data (Gandhi
et al. 2010; Hynes et al. 2003), however, the significance is too
low to make any conclusive statements. It is therefore suggestive
that X-ray and optical QPOs are formed by a common mecha-
nism which is somehow related to the production of aperiodic
variability (broadband noise). However, there is no consensus
in the literature as to the origin of X-ray QPOs and so far no
optical QPO mechanism has been suggested.

Proposed X-ray QPO mechanisms are generally based either
on the misalignment of the BH and binary system spins (e.g.,

Stella & Vietri 1998) or on oscillation modes of the accretion
flow itself (e.g., Wagoner et al. 2001). Many of them, however,
discuss QPO production separately and do not consider its
relation to the aperiodic X-ray variability. Probably the most
promising QPO model to date was proposed in Ingram et al.
(2009), where the oscillations arise from the precession of orbits
around the BH due to misalignment of the BH and orbital spins
known as Lense–Thirring precession. Similar models proposed
earlier considered the precession of a test mass (Schnittman
et al. 2006), leading to a strong dependence of the predicted
QPO frequency on BH spin, inconsistent with the observations.
The model of Ingram et al. (2009) considers the precession of the
entire hot flow, which leads to a much weaker spin dependence.
We note that the precession of the entire flow as a solid body
can only be possible in the case of a hot geometrically thick
accretion flow (Fragile et al. 2007), while a cold thin disk
would produce a steady warp in the plane perpendicular to
the BH spin (Bardeen & Petterson 1975; Kumar & Pringle
1985). Recently, it was shown that the physical parameters of
the hot flow picked to match the observed QPO frequency are
also consistent with those required to produce the characteristic
frequencies of the broad band noise (Ingram & Done 2011), thus
a global connection between the QPO and aperiodic variability
was established.

This variability model ultimately requires a geometry where
the cold (Shakura & Sunyaev 1973) accretion disk is truncated
at a particular radius and the BH vicinity is occupied by a type
of hot accretion flow (the truncated disk model; Esin et al. 1997;
Poutanen et al. 1997). The power law component of the X-ray
spectrum can be understood in this geometry as Compton up-
scattering of cold seed photons by hot electrons in the flow.
The seed photons are often assumed to be provided by the
disk, however, in the hard state when the truncation radius
is large (∼30 RS where RS = 2GM/c2 is the Schwarzschild
radius), the luminosity of disk photons incident on the flow is
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insufficient to reproduce the observed spectra and an additional
source of seed photons is required. This can be provided by
synchrotron radiation in the flow. Compton up-scattering of the
resulting internally produced seed photons (the synchrotron self-
Compton mechanism) can successfully reproduce the observed
hard state spectra (Malzac & Belmont 2009; Poutanen & Vurm
2009). Let us note that an array of accretion geometries can
explain the observed spectra but the Lense–Thirring QPO model
is compatible only with the truncated disk model considered
here.

Lately, it was shown that the hot flow synchrotron emission
can contribute to optical and even IR (OIR) wavelengths
(Veledina et al. 2013), thus these wavelengths are tightly
connected to the X-ray component. Hence, the spectral model
also predicts the connection between the OIR and the X-ray
aperiodic variability. However, simultaneous analysis of light
curves in these wavelengths (Motch et al. 1983; Kanbach et al.
2001; Hynes et al. 2003; Durant et al. 2008; Gandhi et al.
2010) has revealed a complicated connection between them,
which can be understood if one considers several components
contributing to the optical (Veledina et al. 2011), namely the hot
accretion flow and the reprocessed radiation. Additionally, the
jet optically thin synchrotron emission can also be significant
(e.g., Casella et al. 2010). These three components presumably
can be responsible for the OIR QPOs.

In Section 2 we develop a quantitative model for the low-
frequency OIR and X-ray QPOs, which are produced by
Lense–Thirring precession of a hot accretion flow. We make
predictions for the OIR QPO profiles and compare them to
those expected in the X-rays. We then calculate the phase lags
and harmonic content expected from this model. In Section 3, we
discuss the limitations of the model and possible improvements
and compare the model predictions with the data. We summarize
our findings in Section 4.

2. HOT FLOW QPO MODEL

2.1. Assumptions

In this section, we outline our assumptions. We consider a hot
accretion flow extending from an inner radius to the truncation
radius of the cold outer disk and a spin axis misaligned with
that of the BH by an angle β. In the Kerr metric, test particle
orbits out of the plane of BH rotation undergo Lense–Thirring
precession due to the dragging of inertial frames, with a
frequency νLT(R) ∝ ∼ R−3. In the case of a hot accretion flow,
this differential precession creates a warp which propagates
through the flow on a time scale shorter than the precession
period. This can cause the entire flow to precess as a solid body
at a frequency given by a surface-density-weighted average of
νLT(R) (Fragile et al. 2007). If the flow is assumed to extend
from the disk truncation radius to the innermost stable circular
orbit, the dependence of the precession frequency on BH spin
is too strong and the maximum precession frequency is too
high to be consistent with observations. In order to put the
Lense–Thirring frequencies into the observed QPO range, from
∼0.03 Hz (Vikhlinin et al. 1994) up to ∼13 Hz (Remillard et al.
1999), one needs to account for the torque created by frame
dragging, which truncates the inner flow at a fairly large (inner)
radius (�3 RS, see Equation (22) of Lubow et al. 2002, where
x = 1 should be taken) and effectively cancels out much of the
spin dependence of precession (Ingram et al. 2009). This effect
has since been seen in simulations (Fragile 2009). We reproduce
the dependence of the QPO frequency on the outer radius of the

1 10 100
 Rout / RS

0.01

0.1

1

10
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Figure 1. Possible QPO frequencies as a function of the hot flow outer radius
(Rout), calculated for a 10M� BH according to Equation (43) of Fragile et al.
(2007), with an inner radius equal to Rin = 1.5 (H/R)−4/5a2/5 RS (Lubow et al.
2002), for spins of a = 0.2 (solid), 0.3 (dashed), and 0.5 (dotted). Red lines
correspond to H/R = 0.2 and blue lines correspond to H/R = 0.4.

(A color version of this figure is available in the online journal.)

hot flow in Figure 1. Since we aim to model the hard state,
we assume a fairly large truncation radius of Rout = 30 RS,
leading to a predicted precession frequency consistent with the
observed QPO frequency in this state (�0.3 Hz). When Rout
decreases (corresponding to transition to the hard-intermediate
state), νQPO grows up to 5–20 Hz.

Although the condition on the flow height-to-radius ratio,
H/R, for the fast propagation of warps which allows solid body
precession is H/R > α ∼ 0.1, where α is the dimensionless
viscosity parameter (Papaloizou & Pringle 1983; Fragile et al.
2007), a H/R significantly less than unity is likely (Kato et al.
2008). Thus, we approximate the flow as a flat disk. This
approximation is satisfactory for systems with a low enough
inclination for the flow never to be seen edge-on at any point
in the precession cycle. We illustrate in our plots the regions
of parameter space where this condition is not met. In order to
calculate the emitted flux, we must make an assumption about
the radial dependence of energy dissipation per unit area in the
flow. We assume the standard profile for a thin disk (Shakura &
Sunyaev 1973)

q(R) ∝ R−3

√
1 − Rin

R
, (1)

where Rin is the hot flow inner radius, which we assume
to be equal 3 RS (for parameters in Figure 1 it takes the
values ∼2–5 RS). The profile is not strictly appropriate for a
hot flow in general relativity (Novikov & Thorne 1973; Kato
et al. 2008), but is fine for illustration in the absence of a
standard equivalent for hot flows. The details of the energy
dissipation profile do not play an important role. For calculations
of the angular dependence of the emergent radiation we take
into account relativistic effects using the Schwarzschild metric
(see Section 2.3). Since we are considering Lense–Thirring
precession, this is obviously only an approximation to the more
appropriate Kerr metric. However, the Schwarzschild metric
provides a very good approximation at distances more than
3 RS from the BH.
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Figure 2. Schematic representation of the hot flow producing X-ray and optical
QPOs. Coordinate systems connected with the orbital plane xyz and with the
BH spin x′y′z′ are shown. Plane xy coincides with the orbital plane and y is
parallel to y′. Axis z′ is aligned with the BH spin, which is inclined by the angle
β to the orbital spin. Position of the observer ô is described by the azimuthal
angle Φ and binary inclination i. The current position of the hot flow normal n̂
is characterized by the precession angle (phase) ω. Relative to the direction to
the observer, it makes an angle θ , which depends on ω.

(A color version of this figure is available in the online journal.)

We take into account only direct images, because the higher-
order images are much weaker. The reason for this is that the hot
flow we consider has an optical depth of the order of unity, thus
most of the photons initially emitted away from the observer
would be blocked by the flow itself (or by the outer cold disk).
The only possibility for those photons to reach the observer is
to go through the rather small gap between the inner edge of the
hot flow (∼3 RS) and the BH. In addition, photons coming in the
higher-order images are generally emitted at grazing angles to
the flow surface and therefore their strength is diminished by the
corresponding cosine factor. In order to estimate the accuracy of
the described approach, we compared fluxes obtained using our
light-tracing procedure with those obtained using the geokerr
code in Kerr geometry (Dexter & Agol 2009; A. Ingram et al., in
preparation) including all higher-order images, but accounting
for obscuration by the hot flow and the outer cold disk. For
the parameters considered in this work, we find our results to
be accurate within a few per cent for any spin value up to
a = 0.998, and for more realistic spins of a = 0.3, 0.5 the
difference is below 1%.

2.2. Geometry

Figure 2 shows the geometry we consider for the precessing
hot accretion flow. We define the coordinate system xyz tied to
the binary orbital plane and the system x ′y ′z′, associated with the
BH spin. The z-axis is perpendicular to the binary orbital plane,
z′ is aligned with the BH spin and β is the angle between them.
The x-axis is defined by the intersection of the orbital plane and
the plane formed by the z and z′ axes (i.e., the projection of the
z′-axis onto the y-axis is always zero). Finally, the x ′-axis also
belongs to the plane formed by vectors z and z′, and forms angle
β with the x-axis (i.e., y ′ = y). The position of the observer is

described by the vector ô which, in xyz coordinates, is given by

ô = (sin i cos Φ, sin i sin Φ, cos i), (2)

where i is the binary inclination and Φ is the azimuth of the
observer measured from the x-axis. The instantaneous normal
to the hot flow is denoted by n̂ . It precesses around the BH
spin axis (z′) with the precession angle ω measured from the
x ′-axis. Thus n̂ aligns with the z-axis when ω = π and has a
maximal misalignment of 2β when ω = 0. It is given, in x ′y ′z′
coordinates, by n̂ = (sin β cos ω, sin β sin ω, cos β). Note, we
use a hat to denote unit vectors throughout.

We are interested in the orientation of the hot flow surface
relative to the observer, namely the scalar product ô · n̂ = cos θ .
In order to calculate it, we write n̂ in xyz coordinates by
rotating the x ′y ′z′ coordinate system counter-clockwise by angle
β around the y ′-axis to get

n̂ = (sin β cos β(1 + cos ω), sin β sin ω, cos2 β − sin2 β cos ω).
(3)

Thus, the equation for cos θ is

cos θ = sin β cos β sin i cos Φ (1 + cos ω)

+ sin β sin ω sin i sin Φ + cos i (cos2 β − sin2 β cos ω).

(4)

2.3. Formalism

We consider a simplified problem with a precessing flat disk
(slab). The specific flux observed far from the BH from a ring
of thickness dR at radius R in the direction that makes an angle
θ to the surface normal can be expressed as

dFE(R, θ ) = R dR

D2
qE(R)f (R, θ ). (5)

Here, D is the distance to the observer, qE(R) is the surface
flux per energy interval at a given radius and the factor f (R, θ )
accounts for the angular dependence of the observed flux. The
latter factor depends on the spectral slope of the radiation.

The flux observed from the whole hot flow is then

FE(θ ) =
∫

qE(R) R dR

D2
f (θ ), (6)

where we introduced the radially averaged angular factor:

f (θ ) =
∫

qE(R) R dR f (R, θ )∫
qE(R) R dR

. (7)

In general, the specific intensity emerging from a surface
element depends on the zenith angle ζ ′ (primed are quantities
in the comoving frame). We consider here two cases for the
emission pattern from the flow surface:

1. X-ray emission from accreting BHs is produced by Comp-
tonization in an optically translucent flow with Thomson
optical depth τ ∼ 1. In this case, the angular dependence
of the specific intensity can approximately be described by
(Poutanen & Gierliński 2003)

I ′(ζ ′) ∝ 1 + b cos ζ ′, (8)

where b ≈ −0.7 (for exact solutions see Sunyaev &
Titarchuk 1985; Viironen & Poutanen 2004).
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Figure 3. Angular dependence of the observed flux f (R, θ ) as a function
of the angle between the observer direction and the normal to the flow. The
black dotted lines represent result for the X-ray emission pattern (Equation (8))
corresponding to Comptonization in an optically translucent flow. The blue
dashed lines correspond to the partially self-absorbed synchrotron emission
expected in the optical (given by the pattern from Equation (9)). Curves from
the top to the bottom correspond to R/RS = 100, 30, 10, 5 and 3. The solid red
line corresponds to the flux f (θ ) from the accretion flow between 3 and 30 RS
emitting the X-rays with the standard emissivity profile (1).

(A color version of this figure is available in the online journal.)

2. Optical synchrotron radiation is produced in the outer
parts of the flow, in a partially self-absorbed regime. The
dominant contribution to the observed flux comes from
those parts, which have an optical depth for synchrotron
self-absorption τSA ∼ 1. Assuming a tangled magnetic field
and homogeneous source function throughout the vertical
extent of the flow, the intensity of radiation can be expressed
as

I ′(ζ ′) ∝ 1 − exp(−τSA/ cos ζ ′). (9)

We assume that the emergent spectrum from all surface
elements is a power law with photon index Γ = 1.7 for the
X-rays and Γ = 1 for the optical emission. This allows us to
approximate the energy dissipation profile as qE(R) ∝ q(R). To
compute the factor f (R, θ ) we take into account gravitational
redshift, Doppler effect, relativistic aberration, time dilation and
light bending in the Schwarzschild metric following techniques
presented by Poutanen & Gierliński (2003) and Poutanen &
Beloborodov (2006). Figure 3 shows the resulting angular
flux dependence with X-rays and optical represented by black
dotted and blue dashed lines, respectively. We plot the function
f (R, θ ) for narrow rings at R/RS = 100, 30, 10, 5 and 3 from
top to bottom. We also show (by red solid line) the angular
distribution of the flux from the accretion flow spread from 3
to 30 RS, f (θ ), emitting the X-rays according to the standard
profile given by Equation (1). At large radii R � 30 RS,
the relativistic effects are negligible resulting in the angular
dependence f (R, θ ) ∝ I ′(θ ) cos θ .

2.4. Results

As a first step, we take the X-ray and optical emission to
originate from narrow rings with R = 5 RS and R = 30 RS,
respectively, and compute corresponding QPO waveforms. We

set β = 10◦ and i = 60◦, 80◦. The profiles f (R, θ ) (with θ
given by Equation (4)) are shown in Figure 4 for four differ-
ent observer azimuths: Φ = 0◦, 60◦, 120◦ and 180◦. Again, the
black dotted lines are X-rays and the blue dashed line represents
the optical. Clearly the phase difference between optical and
X-ray profiles depends on the observer’s azimuth and inclina-
tion: for i = 60◦ and large Φ the two light curves are in phase,
while for low Φ they are 180◦ out of phase. This is because
the range of cos θ covered as the precession angle ω unwinds
from 0 to 2π depends on the chosen set of parameters (β, i,
Φ). The range of cos θ for every case is shown in Figure 4 with
a green dash–dotted line. For small cos θ (panels (c) and (d)),
both optical and X-ray observed fluxes are increasing functions
of cos θ (see Figure 3), while for large cos θ (panels (a) and (b))
optical flux is a growing and X-ray flux is a decreasing function
of cos θ . The later is reflected in the anti-correlation of the two
light curves.

For inclinations i � 80◦, eclipses are possible when the
observer is situated opposite the BH spin projection on the
orbital plane, i.e., at Φ > 90◦. In such a situation, the harmonic
content is dramatically increased and the X-ray and optical light
curves are always in phase, as here cos θ < 0.5 (thus both fluxes
have monotonic dependence on cos θ , see Figure 3). However,
we need to keep in mind that at such large inclinations the central
source might be blocked completely by the outer rim of the cold
disk.

We note that the amplitude of the optical QPO for every Φ is
higher than in the X-rays. Again, the behavior can be understood
from Figure 3: the dependence of the optical flux (blue dashed
line at 30 RS) on cos θ is much stronger than that in the X-rays
(black dotted line at 5 RS). This occurs both due to the different
emission pattern and because the relativistic effects are stronger
at smaller R (due to stronger gravitational curvature and faster
Keplerian motion).

For the cases (b)–(d), the X-ray flux maximum is reached not
when cos θ is maximal, i.e., when the flow is mostly face-on,
but when it is inclined at a larger angle (see Figure 3). This leads
to the double-peak structures in the X-ray profiles, unlike in the
optical (optical flux reaches maximum only at maximal cos θ ,
i.e., when the flow is mostly face-on). This gives the X-ray QPO
profiles a stronger harmonic content than the optical.

The X-ray light curves expected from the whole hot flow
occupying the region 3–30 RS can be computed from the factor
f (θ ) (with θ given by Equation (4)). They are shown by red
solid lines in Figure 4. We see that their behavior is very similar
to that corresponding to a narrow ring at 5 RS. This is due to the
similarities in the angular dependence of the fluxes (see Figure 3,
solid line and dotted line corresponding to 5 RS). The emission
pattern from a ring at ∼7 RS would be nearly identical to that
of the whole extended flow, and so assuming all of the flux to
come from close to this radius provides a good approximation.

We analyze the harmonic content of our light curves by
directly computing Fourier coefficients. We show the fractional
root mean square (rms) variability amplitudes of the first
harmonic (referred to below as the fundamental) and the second
harmonic (hereafter referred to as the harmonic) as the contour
plots at the plane observer azimuth Φ – observer inclination i
(Figure 5). The azimuthal angle spans the interval from 0 to
180◦, because the results depend on cos Φ only. The X-rays are
assumed to be coming from the whole flow extending from 3 to
30 RS with a standard emissivity profile given by Equation (1).
The X-ray rms is shown by red lines. The optical again is
assumed coming from 30 RS and its rms is shown by blue lines.
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Figure 4. Possible QPO waveforms for the four cases of the observer’s azimuthal angle. The parameters are: β = 10◦, i = 60◦ (upper panels) and i = 80◦ (lower
panels). X-ray profiles are calculated for a ring at R = 5 RS (black dotted lines) and for the full hot flow extending from 3 to 30 RS (red solid lines). The optical
profiles are for R = 30 RS (blue dashed lines). Green dash–dotted lines represent variations of cos θ for each case.

(A color version of this figure is available in the online journal.)

Behavior of the X-ray and optical fundamental is shown in
Figures 5(a) and (b), respectively. The optical rms increases
monotonically with both i and Φ. The X-ray rms drops to zero
at inclinations between 45◦ and 65◦, depending on Φ, where the
light curve shows a double bump structure (thus, the harmonic
here is non-zero). At higher inclinations rms increases again. At
high inclinations and large Φ in the shaded region, self-eclipses
of the disk become possible, causing dramatic increase of rms.
The dash–dotted black line separates the regions, where the
phase difference between the optical/X-ray fundamental QPOs
shifts from 0 to π . Also the amplitude of the X-ray fundamental
turns zero along this line.

Figures 5(c) and (d) present the contour plot of the harmonic
rms for X-rays and optical, respectively. Here the rms is
monotonically growing with both i and Φ up to rather large
i � 70◦ (i.e., ∼90◦ −2β). At large inclinations eclipses become
possible (see right panels of Figure 4). In that case, both rms
show very erratic behavior and depend strongly on i, first
rapidly rising and then dropping to nearly zero (at somewhat
different places of the plane shown by black dashed lines), but
here the higher harmonics are strong. This is easily seen in
Figures 5(e)–(g) which show the rms behavior as a function of
i for fixed Φ.

We see that, for the chosen parameters, the optical funda-
mental is stronger than the X-ray fundamental for all observer
azimuths whereas the X-ray harmonic is nearly always stronger
than the optical harmonic. Without eclipses, the optical har-
monic is typically ten times weaker than the fundamental, while

the X-ray harmonic can be even stronger than the correspond-
ing fundamental. For better visualization we also plot a cross-
section of these contour plots in Figures 5(h) and (i) for two
representative inclinations i = 60◦ and 80◦, respectively. The
first is the mean possible inclination of an arbitrary observer,
while the second is chosen to show the role of eclipses. Here
we additionally show the case of the X-rays from a narrow ring
at 5 RS by black lines. In panel (h), we clearly see a drop of the
fundamental X-ray rms at Φ = 50–100◦ and in panel (i) a rapid
growth of rms when eclipses become possible at Φ ∼ 80◦.

3. DISCUSSION

3.1. Comparison with Observations

Our results show that the X-ray light curves have strong
harmonics, while optical harmonics are weaker for most of sets
(i, Φ). Indeed, harmonics are often found in the X-ray PSDs
(e.g., Rodriguez et al. 2004), but no optical harmonics have been
reported so far. This can also be seen in the (quasi-) simultaneous
data of Motch et al. (1983, Figure 2), where both optical and
X-ray PSDs show a QPO at ∼0.05 Hz, two harmonics ∼0.1
Hz and ∼0.15 Hz are seen in the X-ray, but not in the optical
PSD. Our simulations suggest that the rms amplitudes of the
fundamental harmonic in the optical are expected to be larger.
Unfortunately, the data with both X-ray and optical QPOs
detected are not strictly simultaneous, thus the PSDs are plotted
in arbitrary units (Motch et al. 1983; Hynes et al. 2003). In the
available simultaneous data of Swift J1753.5–0127, the optical
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Figure 5. Fractional rms amplitudes (in percent) as functions of i and Φ. The upper left four panels present the contour plots for X-ray (a and c) and optical (b and d)
fractional rms amplitudes on the plane i–Φ. The upper panels (a and b) are for the fundamental, while the two lower panels (c and d) show the harmonic. Eclipses
are possible in the shaded regions marked on the top panels. The dash–dotted black line separates the regions, where the phase difference between the optical/X-ray
fundamental QPOs shifts from 0 to π . The amplitude of the X-ray fundamental turns zero along this line. Three bottom panels present the cross-section of these plots
at the azimuthal angles Φ = 0◦ (e), 90◦ (f), and 180◦ (g). The panels on the right show the cross-section at two inclinations i = 60◦ (h) and 80◦ (i). The X-rays (red
curves) are assumed to originate from a hot disk extending from 3 to 30 RS emitting according to the standard emissivity profile given by Equation (1), while the
optical (blue curves) corresponds to a narrow ring at R = 30 RS. The solid curves present the rms for the fundamental and the dashed curves give the harmonic. The
rms for the X-rays from a narrow ring at R = 5 RS are shown in the panels (e)–(i) by black curves, which show similar behavior to the full hot flow case.

(A color version of this figure is available in the online journal.)

QPO is present with rms = 4%–11%, while the upper limit
on the X-ray QPO rms at the same frequency is 3% (Durant
et al. 2009). In GX 339–4 situation is similar, the optical
QPO is present at rms = 3%, while the upper limit on the
X-ray QPO rms at the same frequency is 7.5% (Gandhi et al.
2010). This is consistent with our model which predicts that the
X-ray QPO is there, just at a low rms. On the other hand, we,
of course, cannot rule out there being no QPO at all. In order
to check the presence of the X-ray QPO in the data (which is
related to the optical QPO), one may search for modulations at
the corresponding frequency in the cross-correlation function.
These oscillations are indeed present in the 2007 data on Swift
J1753.5–0127 (see Durant et al. 2008; A. Veledina et al. in

preparation) and hints of them can also be seen in the GX 339–4
data (Gandhi et al. 2010, Figure 21).

In Figure 1 we reproduced the range of possible QPO
frequencies (the same for optical and X-rays) as a function of
the hot flow outer radius. Since the dependence on parameters
is not too strong, it is feasible to determine Rout for a given
νQPO. In realistic situation, Rout fluctuates together with the mass
accretion rate, leading to a change of the QPO frequency and
broadening of the QPO features in the PSD. We note that the
given frequencies were computed under the assumption of the
rotation of the hot flow as a solid body, which breaks down for
a large hot flow, limiting the outer radii, where the QPOs can be
observed.
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The lowest QPO frequencies ∼0.05 Hz (optical) and
∼0.03 Hz (X-rays) were observed in the hard state. According
to Figure 1, we find the hot flow outer radius can be ∼100 RS,
and even larger for H/R > 0.4 or spin a > 0.5. In this case, the
optical and IR wavelengths are dominated by the radiation of the
translucent parts of the hot flow (see e.g., Veledina et al. 2013,
Figure 3: optical wavelengths are dominated by the radiation
coming from ∼30 RS).

During the state transition, with the rise of the mass accretion
rate, the outer shells of the hot flow are gradually replaced
by the cold accretion disk (Esin et al. 1997, 1998; Poutanen
et al. 1997). As the outer radius of the hot flow decreases, an
increase of the QPO frequency occurs. This is seen in the data
as correlated changes in the spectral slope and QPO frequency
(see, e.g., Gilfanov 2010), and expected in the precession model
of Fragile et al. (2007) and Ingram et al. (2009). Simultaneously,
a sharp drop of the IR radiation is expected, with fluxes at longer
wavelengths dropping just before those at shorter wavelengths.
While the cold accretion disk is sufficiently far away, the X-ray
spectrum does not change significantly, as the amount of cold
disk photons are not enough to make it softer. The noticeable
X-ray spectral transition starts when the cold disk is rather close
to the BH, at radii about 10 RS (Figure 5 of Veledina et al.
2013). For such a small hot flow, IR wavelengths belong to the
optically thick (self-absorbed) part of the spectrum, which is
very hard, with spectral index up to α = 5/2 (Fν ∝ να). Thus,
in the hard-intermediate state we expect to see the QPO feature
with frequencies �1 Hz in the near-IR, but not in the mid-IR or
longer wavelengths, which would likely be very faint, probably,
too faint to be detectable. The optical/X-ray phase lags in both
translucent and opaque cases are expected to be the same (see
below), either 0 or π depending on the observer azimuthal angle
and inclination. Maximum optical/near-IR QPO frequency
in our model is the same as in the X-rays ∼10 Hz (for a
10 M� BH).

We discussed in detail the OIR QPOs produced only by the
hot accretion flow, however, these presumably may originate
from other components, such as reprocessed X-ray radiation
(for low QPO frequencies) and the jet (if it is entirely driven
by the accretion flow). It is likely that the component giving
major contribution to the observed flux also produces the QPOs,
because of their rather large rms. Simultaneous data of SWIFT
J1753.5–0127 at late stages of the outburst (Durant et al. 2009,
Figure 6; see also Chiang et al. 2010, Figure 5) suggest that
the optical lies on the continuation of the X-ray power law, as
expected in the hot flow scenario (Veledina et al. 2013). Some
irradiation may also play a role (as supported by the cross-
correlation studies of Hynes et al. 2009 during the outburst
peak), but the jet is very faint in this object. Thus the optical
QPOs are likely produced by the hot flow. This is therefore
suggestive that the hot flow scenario also works in other objects
displaying QPOs, such as XTE J1118+480 and GX 339–4.

3.2. Unaccounted Effects

Because we aimed to have as few parameters as possible,
the model we consider is rather simplified. In a more realistic
problem, a number of additional effects could also be accounted
for, namely, the wavelength dependence of the optical profiles,
occultations of the hot flow by the cold accretion disk, effects
of the hot flow geometry, e.g., its finite and radius-dependent
thickness, presence of the large-scale magnetic field, and pres-
ence of other spectral components in the optical, such as the

reprocessed emission and the jet. Let us now consider possible
consequences of these effects.

1. The optical QPO profiles were calculated assuming these
wavelengths belong to the partially self-absorbed regime.
However, if the flow is small (e.g., R � 10 RS), the optical
(and even more certainly the IR) is likely to be in the self-
absorbed part of the spectrum (τSA 	 1). In this case,
the intensity of escaping radiation is isotropic and the flux
depends only on the surface area of the flow projected
to the line of sight modified by relativistic effects. The
QPO waveforms in this case are not much different from
the previously considered case of emission at the self-
absorption frequency, but the rms of the fundamental is
somewhat larger and the harmonic is weaker.

2. For calculations of the X-ray QPO profiles, we adopted a
simple prescription for the angular dependence of the spe-
cific intensity from the hot flow given by Equation (8).
Obviously, it is only an approximation to the real angular
dependence that should be computed using the full Comp-
ton scattering kernel (see, e.g., Poutanen & Svensson 1996).
The intensity I (ζ ′) in reality should depend on the photon
energy as well as on τ and temperature, with both being
functions of the accretion rate and the distance from the
BH. We do not expect that the general topology of the
solution will change, but the details (e.g., the position of
the line separating the phase lag ΔφX−opt = 0 and π in
Figure 5) might differ. The result will also depend on the
X-ray energy band.

3. Hard state BHBs are known to have radio jets (Fender
2006). Theoretical models for the jet launching require the
presence of the large scale magnetic field. In that case,
the synchrotron emissivity within the hot flow is no longer
isotropic, but depends on the pitch angle α to the magnetic
field as sin2 α. This would lead to a different angular
dependence of the escaping intensity. For a poloidal field,
radiation would be more beamed along the hot flow surface
leading to a luminosity angular dependence similar to that in
the X-rays. In this case, the optical waveforms are expected
to have more harmonic content.

4. Possible occultations of the hot flow by coverage of the
inner parts of the cold accretion disk or by its flared outer
parts may occur. These would lead to the asymmetry of
the optical (and X-ray) QPO profiles and absence of the
secondary peak in the X-ray profiles. As with the considered
occultations at high inclinations, this would lead to an
increase of the fundamental rms and harmonic content.
Additionally, the optical and X-ray profiles will no longer
be in phase (or in anti-phase).

5. We considered a simple case with a flat precessing disk, but
in reality, the hot flow has finite thickness. This does not
have much effect on the profiles for low inclinations. Self-
eclipses of the hot flow will appear at somewhat lower
inclinations, but, on the other hand, emission from the
outer side of the hot flow will be visible and the eclipses
will not be so deep. Thus, the increase in rms will not be
as significant and the harmonic content will be somewhat
lower.

6. When estimating the rms we assumed that the optical
emission is produced entirely by the hot flow. In reality,
additionally there is reprocessed emission from the outer
disk that might be dominant at longer wavelengths as well
as possibly optically thin, soft emission from the radio jet
that might contribute to the emission at shorter wavelengths.
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These components not only contribute to the flux diluting
the rms from the hot flow, but also in principle can be
variable at the QPO frequency. As reprocessing occurs
in the outer part of the accretion disk, it acts as a low-
pass filter (e.g., Veledina et al. 2011), reducing signal at
high frequencies. Thus the reprocessing is not expected
to vary at relatively high QPO frequencies. Whether the
jet can produce QPOs at the same frequency as the inner
hot flow precesses is not clear. The Lense–Thirring effect
generally cannot cause the jet precession unless the jet is
driven entirely by the accretion flow (Nixon & King 2013).
Hence, the presence of several components in the spectrum
typically will reduce the rms amplitude of the optical QPO
by a factor 1 + r , where r = (FE,jet + FE,repr)/FE,hf is the
ratio of the observed fluxes at a given energy produced by
the jet and reprocessing to that of the hot flow.

4. SUMMARY

A number of BH binaries have recently been found to show
QPO features in their optical PSDs. Recently, it has been
shown that similar QPOs in X-rays are well explained by
Lense–Thirring precession of the hot accretion flow. Here we
propose that OIR QPOs originate from the same process, namely
that the outer parts of the precessing hot flow are radiating in
the optical (by non-thermal synchrotron), producing QPOs at
frequencies matching those in the X-rays.

We calculate the possible OIR profiles and make predictions
for the phase difference with the X-rays. The phase shift can be
either 0 (at high inclinations) or π (at low inclinations), with
the boundary between these cases depending on the azimuthal
angle of the observer. We also investigate the harmonic content
and show dependence of the rms on parameters for two first
harmonics. Here we show that the X-ray QPOs should have a
smaller rms than the OIR QPOs at the fundamental frequency.
On the other hand, the X-ray QPOs should have a much stronger
harmonic.

We discuss possible QPO frequencies and their connection
to the broadband spectral properties. At the hard-to-soft state
transition we expect the OIR QPO frequency to increase, al-
ways being the same as in the X-rays, up to ∼10 Hz in the
hard-intermediate state. The broadband spectrum is expected to
change in such a way that the emission at longer wavelengths
drops before the subsequent drop at shorter wavelengths (in-
frared, optical). After that the X-ray transition occurs. In the
hard state, the QPO feature is sometimes absent (not significant)
in the X-ray PSD, but detected in the optical. Their common
origin can be established through the cross-correlation analy-
sis, where the oscillations at corresponding frequency can be
present. Using future X-ray missions with high time-resolution
capability, such as LOFT, together with the corresponding high
time-resolution instruments in the optical, we will be able to
confirm or discard this.

This work was supported by the Finnish Graduate School in
Astronomy and Space Physics (A.V.).
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Poutanen, J., & Gierliński, M. 2003, MNRAS, 343, 1301
Poutanen, J., Krolik, J. H., & Ryde, F. 1997, MNRAS, 292, L21
Poutanen, J., & Svensson, R. 1996, ApJ, 470, 249
Poutanen, J., & Vurm, I. 2009, ApJL, 690, L97
Remillard, R. A., & McClintock, J. E. 2006, ARA&A, 44, 49
Remillard, R. A., McClintock, J. E., Sobczak, G. J., et al. 1999, ApJL,

517, L127
Rodriguez, J., Corbel, S., Kalemci, E., Tomsick, J. A., & Tagger, M. 2004, ApJ,

612, 1018
Schnittman, J. D., Homan, J., & Miller, J. M. 2006, ApJ, 642, 420
Shakura, N. I., & Sunyaev, R. A. 1973, A&A, 24, 337
Steiman-Cameron, T. Y., Scargle, J. D., Imamura, J. N., & Middleditch, J.

1997, ApJ, 487, 396
Stella, L., & Vietri, M. 1998, ApJL, 492, L59
Sunyaev, R. A., & Titarchuk, L. G. 1985, A&A, 143, 374
Veledina, A., Poutanen, J., & Vurm, I. 2011, ApJL, 737, L17
Veledina, A., Poutanen, J., & Vurm, I. 2013, MNRAS, 430, 3196
Viironen, K., & Poutanen, J. 2004, A&A, 426, 985
Vikhlinin, A., Churazov, E., Gilfanov, M., et al. 1994, ApJ, 424, 395
Wagoner, R. V., Silbergleit, A. S., & Ortega-Rodrı́guez, M. 2001, ApJL,

559, L25
Wijnands, R., & van der Klis, M. 1999, ApJ, 514, 939
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20 August 2014

ABSTRACT

A number of black hole X-ray transients show quasi-periodic oscillations (QPOs) in the
optical (infrared) and X-ray bands at the same frequency, which challenge models for
production of radiation at these wavelengths. We propose a model where the optical
radiation is modulated by the oscillating X-ray flux resulting in varying irradiation
of the outer parts of the accretion disc. The proposed QPO mechanism inevitably
takes place in the systems with sufficiently small ratio of the outer disc radius to the
QPO period. We show that, unlike in the case of the aperiodic variability, it is not
possible to obtain the optical QPO profiles from those observed in the X-rays through
the transfer function, because of different X-ray signals seen by the disc and by the
observer. We demonstrate that with the increasing QPO frequency, occurring at the
rising phase of the X-ray outburst, the rms should be constant for sufficiently low
frequencies, then to increase reaching the peak and finally to drop substantially when
the QPO period becomes comparable to the light-crossing time to the outer disc. We
predict that the QPO rms in this model should increase towards shorter wavelengths
and this fact can be used to distinguish it from other QPO mechanisms.

Key words: accretion, accretion discs – black hole physics – X-rays: binaries

1 INTRODUCTION

The significant influence of the X-ray source on the structure
and spectral properties of the standard accretion disc was
noticed already in the pioneering study by Shakura & Sun-
yaev (1973) of the optically thick geometrically thin α-discs.
The temperature distribution in such irradiated discs around
black holes (BHs) was calculated in a number of works (see
e.g. Cunningham 1976; Frank et al. 2002). Though the pre-
cise dependence of the effective temperature on radius differ
in these models, the general expectation is that X-ray irradi-
ation dominates over internal viscous dissipation in the outer
part of the accretion disc, which consequently dominates the
emission in the optical/infrared (OIR) wavelengths.

The prediction was then confirmed by the OIR luminos-
ity and the specific shape of the OIR spectra in a number
of BH binaries (van Paradijs & McClintock 1994; Gierliński
et al. 2009; Zurita Heras et al. 2011; Curran et al. 2012).
The signature of reprocessed X-ray emission are also seen in
optical/X-ray cross-correlation function (CCF, Hynes et al.
1998, 2009), displaying a single, a few second broad peak
at positive optical lags, as well as in the transfer function

⋆ E-mail: alexandra.veledina@gmail.com

determined directly from the light curves (O’Brien et al.
2002). Additional support comes from the detection of op-
tical flares following X-ray bursts (e.g. Grindlay et al. 1978;
McClintock et al. 1979; Hynes et al. 2006a). On the other
hand, sometimes the complex shape of the CCFs displaying
the so-called precognition dip cannot be explained solely by
the irradiation of the disc (Motch et al. 1983; Kanbach et al.
2001; Durant et al. 2008; Hynes et al. 2009; Gandhi et al.
2010), an additional contribution of another source, likely of
synchrotron origin, is required (Malzac et al. 2004; Veledina
et al. 2011).

Simultaneous presence of at least two optical compo-
nents is also required by the shape of the power spec-
tral density (or, equivalently, the auto-correlation function):
while the optical photons are thought to originate from a
somewhat larger region compared to the X-rays, the power
spectrum does not have the characteristic suppression of
the high-frequency noise, instead, an additional Lorentzian
peaking at higher frequencies (with respect to the X-rays)
is required (Kanbach et al. 2001; Gandhi et al. 2010). That
Lorentzian might be a manifestation of the interplay of dif-
ferent optical components one related to the synchrotron
radiation from the hybrid hot flow and another to the irra-
diated disc (Veledina et al. 2011).
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Apart from the broadband noise, the quasi-periodic os-
cillations (QPOs) were detected in the optical (Motch et al.
1983; Durant et al. 2009; Gandhi et al. 2010) and UV (Hynes
et al. 2003) wavelengths at frequencies 0.05–0.13 Hz. The
X-ray power-density spectra demonstrate similar features
known as the type-C low-frequency QPOs (see Casella et al.
2005, for classification). The two months of observations re-
vealed that the optical, UV and the X-ray QPOs in BH
binary XTE J1118+480 share a common (within uncer-
tainties) characteristic frequency whilst evolving with time
(Hynes et al. 2003). This suggests that the QPOs in these
three energy bands are parts of the same process. One or
several components responsible for the optical emission –
the hot accretion flow (Veledina et al. 2013b), the jet (e.g.
Hynes et al. 2006b) and the irradiated disc (Gierliński et al.
2009) – are all natural candidates for the QPO origin. Be-
cause the principal oscillation mechanisms and the geometri-
cal properties are substantially different, these three models
should be distinguishable by the observational characteris-
tics. The hot flow QPO model was considered in Veledina
et al. (2013a). In this work we develop a quantitative model
for the low-frequency QPOs arising from reprocessing.

One of most promising mechanisms to produce X-ray
QPOs is based on the misalignment of the accretion flow
and the BH spin. The QPOs there arise due to the Lense-
Thirring (solid-body) precession of the whole inner hot flow
(Fragile et al. 2007; Ingram et al. 2009; Ingram & Done
2011). Recalling that the cold accretion discs are likely to
be flared (e.g. Shakura & Sunyaev 1973; Frank et al. 2002),
any temporal variations of the X-ray flux should be reflected
in the reprocessed radiation. In this paper we introduce a
model of optical QPO produced by reprocessing of the X-
ray modulated flux. We present detailed calculations of the
QPO profiles and amplitudes. Even without any calculations
we can predict that the optical QPO have to be visible if the
light-crossing time to the outer disc is shorter than the QPO
period. We discuss then how the optical QPOs arising from
the reprocessing can be distinguished from those produced
by other QPO mechanisms (i.e., produced by the hot accre-
tion flow or by the jet).

2 GEOMETRY AND FORMALISM

2.1 X-ray QPOs

We consider a simple scenario of a flat precessing disc radiat-
ing in the X-ray band. We associate this geometry with the
hot accretion flow around a Kerr BH, which undergoes solid-
body Lense-Thirring precession because of the misalignment
of the BH and orbital spins (Fragile et al. 2007; Ingram
et al. 2009; Ingram & Done 2011). The general geometry
is shown in Fig. 1 (left). We define the coordinate system
xyz associated with the binary orbital plane and the sys-
tem x′y′z′, tied to the BH spin. The z-axis is aligned with
the orbital spin and z′ is aligned with the BH spin. The an-
gle between them is denoted by β. We further choose axis
y = y′. The precession occurs around the BH spin axis with
the precession angle ω measured from x′-axis, so that the
instantaneous hot flow normal n̂

1 is aligned with the or-

1 We use a hat to denote unit vectors throughout.

bital spin axis at ω = π and has a maximal misalignment
of 2β when ω = 0. The observer position is described by
ô = (sin i cos Φ, sin i sinΦ, cos i) in xyz coordinates, where i
is the binary inclination and Φ is the azimuth of the observer
measured from the x-axis. The hot flow normal is given by
n̂ = (sin β cosω, sin β sinω, cos β) in x′y′z′ coordinates. It
translates to

n̂ =
(

sin β cos β(1 + cosω), sin β sinω, 1− sin2 β(1 + cosω)
)

(1)

in xyz coordinates.
The X-ray QPOs arise from the different orientation of

the hot flow relative to the observer, described by the scalar
product ô · n̂ = cos θ. It is easy to show that

cos θ = sin β cos β sin i cos Φ (1 + cosω) + (2)

+ sin β sinω sin i sinΦ + cos i [1− (1 + cosω) sin2 β].

The flux observed from one ring of the flat disc with radius
r, thickness dr and a surface normal which makes an angle
θ to the line of sight far from the BH can be expressed as

dFE(r, θ) =
r dr

D2
qE(r)fE(r, θ). (3)

Here, D is the distance to the observer, qE(r) is the sur-
face flux per energy interval at a given radius and the factor
fE(r, θ) accounts for the angular dependence of the observed
flux and is calculated from the specific intensity emerging
from a surface element. In general, the specific intensity de-
pends on the zenith angle. X-ray emission from accreting
BHs is produced by Comptonization in an optically translu-
cent flow with Thomson optical depth τ ∼ 1. In this case,
the local angular dependence of the radiation intensity can
approximately be described by (Poutanen & Gierliński 2003)

I ′E(ζ
′) ∝ 1 + b cos ζ′, (4)

here the primes denote quantities in the frame comoving
with the considered element, ζ′ is the zenith angle and
the parameter b ≈ −0.7 (for exact solutions see Sunyaev
& Titarchuk 1985; Viironen & Poutanen 2004). We as-
sume that the emergent spectrum from all surface elements
is a power law with photon index Γ = 1.7. To calcu-
late the observed flux, we take into account gravitational
redshift, Doppler shift, time dilation and light bending in
the Schwarzschild metric2 following techniques presented in
Poutanen & Gierliński (2003) and Poutanen & Beloborodov
(2006). In the absence of the standard energy dissipation
profile relevant to the hot flow in general relativity, we take
the standard profile of a thin disc (Shakura & Sunyaev 1973)

qE(r) ∝

√

1−
3RS

r
r−3, (5)

which is suitable for illustration. Here RS = 2GM/c2 is the
Schwarzschild radius of the BH. We define the weighted an-
gular emissivity function as

fE(θ) =

∫

fE(r, θ) qE(r) r dr
∫

qE(r) r dr
, (6)

where the integration is performed over the hot flow surface
with the radius varying between 3 and 100RS. The observed
flux is

2 This gives very similar results to using the more appropriate
Kerr metric for the r > 3RS case we consider here.
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Figure 1. Schematic representation of the hot flow producing X-ray and optical QPOs. Left: Coordinate systems connected with the
orbital plane xyz and with the BH spin x

′
y
′
z
′ are shown. Plane xy coincides with the orbital plane and y is parallel to y

′. Axis z
′ is

aligned with the BH spin, which is inclined by the angle β to the orbital spin. Position of the observer o is described by the azimuthal
angle Φ and binary inclination i. The position of the normal to the hot flow n is characterized by the precession angle/phase ω. It makes
an angle θ with the direction to the observer, which depends on ω. Right: Schematic representation of the reprocessing geometry. The
surface element is at radius r and height h from the central X-ray source, its normal makes angle ζ with the orbital spin and angle η

with the line-of-sight.

FE =
4π

∫

qE(r) r dr

4π D2
fE(θ). (7)

The angular dependence of the X-ray flux is shown in Fig. 3
of Veledina et al. (2013a), where further details on the pre-
cessing hot flow model can be found.

2.2 Reprocessing model

In the reprocessing model, the optical emission is directly
related to the central source X-ray flux that shines upon the
outer part of the disc. Here we follow formalism developed
by Poutanen (2002) for X-ray reflection from a flared disc.
We assume that the reprocessing into optical wavelengths
occurs in a ring extending from radius Rin to Rout, which
is large compared to the extent of the X-ray source, which
therefore can be considered as an anisotropic point source.
We assume the power-law dependence of height on radius
h = H(r/Rout)

ρ. The parameters describing the disc shape
are the ratio H/Rout and the power-law index ρ. The ring
surface makes an angle ζ with the orbital plane that is a
function of r:

tan ζ = ρ
h

r
= ρ

H

Rout

(

r

Rout

)ρ−1

(8)

(see Fig. 1, right). The standard accretion disc has ρ = 9/8
(Shakura & Sunyaev 1973), while the irradiated disc may
have ρ = 9/7 (Frank et al. 2002), thus we only consider
cases with ρ > 1. In the frame related to the orbital plane,
the observer’s coordinates are

ô = (sin i cos Φ, sin i sinΦ, cos i), (9)

the radius-vector p pointing towards a surface element has
coordinates

p = (r cos φ, r sinφ, h), (10)

and the normal to the element is

n̂r = (− sin ζ cosφ,− sin ζ sinφ, cos ζ). (11)

The optical light-curve from such a ring can generally
be written as

Lrepr(t) ∝

t
∫

−∞

dt′
Rout
∫

Rin

r dr cos ξ

4πp2 cos ζ

2π
∫

0

dφLα
X(t

′,p)δ(t−t′−∆t(φ))cos η. (12)

Here LX(t
′,p) is the X-ray luminosity in the direction of the

disc element, i.e. at angle θe = arccos(n̂ · p̂) relative to the
hot flow normal, emitted from the central source at time t′.
The index α may depend on the wavelength where repro-
cessing signal is measured. For example, assuming that disc
radiation is a blackbody of some temperature T and remem-
bering that T ∝ L

1/4
X , it is obvious that in the Rayleigh-Jean

part of the spectrum α ≈ 1/4, while closer to the peak of the
reprocessed emission, in the UV range, α is close to unity
or may even exceed 1 in the Wien tail of the spectrum. In
reality, of course, for a given wavelength α varies, because
of the varying temperature of the irradiated disc. Here, we
ignore this effect and concentrate on the geometrical factors
which are dominant.

The δ-function accounts for the geometrical time-
delays:

∆t(φ) =
1

c
(p− p · ô) (13)

=
1

c

[

√

r2 + h2 − h cos i− r sin i cos(Φ− φ)
]

.

We neglect the reprocessing time, which is orders of magni-
tude smaller than any other timescales considered here. The
area of the surface element is r dr dφ/ cos ζ and the projec-
tion of this element on the line connecting it to the X-ray
source is proportional to
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cos ξ = −n̂r · p̂ =
(ρ− 1)h/r
√

1 + (h/r)2
cos ζ. (14)

Let us assume for simplicity that the angular distribu-
tion of reprocessed radiation follows Lambert law, implying
that the luminosity of the disc element per unit solid an-
gle depends linearly on its projection on the observer’s sky,
which is proportional to

cos η = n̂r · ô = cos i cos ζ − sin i sin ζ cos(Φ− φ). (15)

Using the δ-function to take the integral over t′ and
rewriting the light curve in terms of the QPO phases of
the signal corresponding to the arrival and emission times
ω = 2πνQPOt and ω′ = 2πνQPOt

′, we get:

Lrepr(ω) ∝

Rout
∫

Rin

dr

2πr

(ρ− 1)h/r

(1 + (h/r)2)3/2

2π
∫

0

dφ cos η f
α

X(cos θe),(16)

where the X-ray flux fX in the direction of the elements
depends on the angle between the hot flow normal n̂ and
vector p (see equations (1) and (10)):

cos θe = n̂ · p̂ =
1

√

1 + (h/r)2

{

[

1−(1 + cosω′) sin2 β
] h

r

+ cosφ sin β cosβ(1 + cosω′)+sinφ sin β sinω′
}

,(17)

where

ω′ = ω−
2πνQPO

c

[

√

r2 + h2 − h cos i− r sin i cos(Φ− φ)
]

.(18)

For the disc surface element at radius r and azimuth φ
to contribute to the observed flux, three conditions have to
be satisfied:

(i) the irradiation condition (the X-ray source is seen from
the ring surface element), i.e. cos θe > 0;

(ii) the visibility condition (the observer sees the ring sur-
face), i.e. cos η > 0 or, equivalently, cos(Φ− φ) < cot i cot ζ;

(iii) the reprocessed photons are not blocked by the disc
on their way to the observer, i.e.

tan i <

√

R2
out − r2 sin2(Φ− φ)− r cos(Φ− φ)

H − h
. (19)

The model parameters can be divided into two groups:
the disc parameters ρ, H/Rout, Rin/Rout, νQPORout/c, and
α and the orientation parameters i, Φ and β. The param-
eters α and β only affect the signal rms, rather than the
profile shape. The first three parameters also make rather
minor changes to the QPO signal as we discuss below.
Thus the model in reality has only three main parameters:
νQPORout/c, which controls the smearing of the X-ray QPO
signal in the disc, and the orientation parameters i and Φ.

3 RESULTS

3.1 QPO profiles

In contrast to the model with QPOs from the hot flow
(Veledina et al. 2013a), here optical profiles depend on
the QPO frequency. If the QPO period is much shorter
than the corresponding light travel time to the outer disc
(νQPORout/c ≫ 1), the variability amplitude of the opti-
cal QPO should go to zero. For very long QPO periods,

νQPORout/c ≪ 1, the delays due to light travel time can
be neglected and the QPO profiles just reflect variations
of the illumination of the disc by the X-ray source and of
the viewing angle of the disc surface. For the parameters
Rout ∼ 1010 − 1012 cm (typical for low-mass X-ray binaries)
and the QPO range between 10−3 . νQPO . 10, the possi-
ble range of parameter νQPORout/c is between 3×10−4 and
300. It is therefore clear that the limiting cases discussed
above can, in principle, be realised.

The integrals in equation (16) should generally be com-
puted numerically, however, it is interesting to consider a
case when they can be taken analytically. This can also be
used as a benchmark for the precise numerical calculations.
Let us first consider the situation where the reprocessing
occurs in a thin ring (Rin

∼= Rout), which is located suf-
ficiently close to the X-ray source (νQPORout/c ≪ 1), i.e.
the response is immediate and we can put ω = ω′. In addi-
tion, the ring is located high enough above the orbital plane
and the angle β is small enough so that the X-ray source
is always seen from the entire ring (this translates to the
condition cos θe > 0 at any phase). We assume that the
emission pattern of the central source follows the Lambert
law, which leads to the emissivity function fX ∝ cos θe (we
also put α = 1). Finally, we consider the observer above the
orbital plane, i.e. i = 0. Under this conditions, the integral
in equation (16) is reduced to the simple sinusoidal pattern
Lrepr(ω) ∝ 1−C cosω, where C > 0 depends on the chosen
parameters. This analytical solution, though, is unlikely to
be realized in a realistic situation.

We investigate the effect of changing parameters on the
QPO profiles by the direct calculations of reprocessing light-
curves. Optical and X-ray QPO profiles are calculated by
assuming a radial emissivity qE(r) for each band. We fix
β = 10◦ and an observer inclination i = 60◦ and consider
changing ρ,H/Rout, Rin/Rout and νQPORout/c. We find that
the parameter ρ does not alter the profile shapes and only
affects the amplitudes of oscillations (with higher rms ob-
tained for the cases when the observer sees relatively larger
disc area), while the decrease of Rin/Rout results in some-
what faster response and more smearing of the signal, i.e.
lower rms. The increase of parameter H/Rout generally in-
troduces a larger phase shift of the optical light-curve, in ad-
dition, the larger is this parameter, the lower is the optical
variability rms. This results from the decrease of the X-ray
rms towards lower inclinations (or, essentially, towards lower
angles θe). The major affect on the QPO profiles comes from
changing parameter νQPORout/c. We consider three cases:
νQPORout/c = 10−2, 0.5 and 2. The resulting profiles are
shown in Fig. 2.

It is evident that the optical QPOs arising from repro-
cessing have larger amplitudes than those seen in the X-rays
by the distant observer (with their ratio reaching a factor
of 10 at low azimuth Φ < 60◦). We have studied the QPO
profiles at the i–Φ plane and found that this is true for ma-
jority of the simulations (except for the area with i & 70◦

and Φ & 120◦, which, however, cannot be described prop-
erly with the presented model, because the effects of non-
zero thickness of the hot flow become important). The main
reason for that is the strong increase of the rms in X-rays
with increasing viewing angle (i.e., inclination in the case of
observer and the corresponding angle π/2− ξ for the disc).
Small opening angles (realistic values are between 6◦ and
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Figure 2. Possible QPO profiles for the three cases of the parameter νQPORout/c: 10−2 (blue dashed), 0.5 (red dotted) and 2 (green
dot-dashed). The system inclination is fixed i = 60◦ and four different observer’s azimuthal angles Φ are considered (panels a-d). X-ray
profiles are calculated for the full hot flow extending from 3 to 100RS (black solid lines) assuming black hole spin inclination of β = 10◦.
Other parameters of the reprocessing model are Rin/Rout = 0.5, H/Rout = 0.2, ρ = 1.5 and α = 1.

22◦, see de Jong et al. 1996 and references therein) thus
result in substantially higher variation amplitudes of the X-
rays seen by the disc relative to those seen by the observer.
In addition, the X-ray variability seen by the disc is differ-
ent from that seen by the observer for the same reason. This
means that it is not feasible to find any kind of the QPO
response function, which could give the optical QPO profiles
from the observed X-ray QPOs.

Another interesting observation is that at νQPO ≪

c/Rout the optical QPO profile strongly depends on Φ, be-
ing nearly sinusoidal at small Φ, with the growing harmonic
content at larger Φ, where the amplitude of the fundamen-
tal drops significantly. At higher νQPO ∼ c/Rout, the profiles
are more sinusoidal with a low harmonic content.

We finally note that the overall optical rms can be re-
duced by the presence of other, non-oscillating or oscillating
out-of-phase, components. For instance, additional constant
flux may arise because of the viscous heating in the disc.
Also, the X-ray source likely has a non-zero thickness, thus
the entire disc has an additional constant irradiated compo-
nent. And finally, reflection of the X-rays from the optically
thin corona or wind would produce a nearly constant illumi-
nation over the disc surface leading to the reduction of the
QPO amplitude.

3.2 QPO amplitude dependence on Fourier

frequency

Often the optical QPO profile cannot be measured and
the only available information is its rms. The ratio of the
light-crossing time to the outer disc to the QPO period,
νQPORout/c, is the major factor affecting the rms, see Fig. 3.
The constant level at low frequencies reflects the fact that
the light-travel time to the outer disc is much below the
QPO period, so that the response can be considered as im-
mediate. The QPO profile is then completely determined by
the varying illumination of the outer disc due to precession
of the anisotropic and non-axisymmetric X-ray source. We
see that the constant level is very different for different ob-

server’s azimuth Φ, being close to 20 per cent at Φ ∼ 0◦

and dropping to nearly zero at Φ ∼ 180◦ (we note that the
harmonic here is stronger).

At high νQPO, the rms drops dramatically due to smear-
ing. Rather unexpectedly we find that the rms has a strong
peak at νQPORout/c ∼ 1/2. The peak does not appear only
for inclination i = 0. For Φ . 60◦, the rms reaches 17–25
per cent, depending on the inclination. At larger Φ & 120◦,
the rms is about 15 per cent which is substantially larger
than that at low νQPO. This resonance-like feature results
from the fact that the reprocessing signals from the closest
and furthest (to the observer) parts of the disc are coming
in phase.

We conclude here that the optical QPOs arising from
reprocessing of the X-ray radiation from an anisotropic pre-
cessing source can be identified in the data using its fre-
quency dependence. The rms is predicted to be constant at
low frequencies, to have a peak at νQPORout/c ∼ 1/2 and
disappear at νQPO,maxRout/c ∼ 1. The critical QPO fre-
quency depends on the disc size, which is itself a function
of binary separation, Rout ≈ 0.6a (for small mass ratios; see
Warner 1995). Using the 3rd Kepler’s law, we can relate it
to the orbital period (in hours):

νQPO,max ≈
2

3
P

−2/3
h (M/10M⊙)

−1/3 Hz. (20)

3.3 QPO amplitude dependence on the

wavelength

An alternative way to identify the reprocessing QPO in
the data is from its wavelength dependence. Different wave-
lengths correspond to different parts of the irradiated disc
(blackbody) spectrum, resulting in variation of parameter α

(introduced in equation 12). Combining relations T ∝ L
1/4
X

and Bν(T ) ∝ L
α(ν)
X , we get

α(ν) =
1

4

∂ lnBν(T )

∂ lnT
=

hν

4kT

(

1− e−hν/kT
)−1

. (21)
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Figure 3. The dependence of the rms at the fundamental frequency on νQPORout/c for different observer’s azimuth Φ = 0, 60, 120 and
180◦(panels a-d, respectively) and three different inclinations, i = 0, 40◦ and 60◦shown by solid black, dotted red and dashed blue curves.

In this paper, we considered cases with the linear response,
α = 1, which takes place close to the wavelengths of
the blackbody peak. For the irradiated disc temperature
of about 10 000 K, this corresponds to U-filter. The rms
is higher at shorter wavelengths, where α exceeds 1 and
it is smaller at longer wavelengths, where it tends to the
Rayleigh-Jeans value α = 1/4. Thus at long wavelengths the
optical (or rather IR) QPO should have four times smaller
rms than those computed here. On the other hand, in the
Wien part of the spectrum α can exceed unity and the QPO
amplitude grows.

In addition to the wavelength dependence of the repro-
cessing QPO itself, it is likely that additional spectral com-
ponent influence that. The irradiated disc spectrum may be
contaminated by the emission from the hot flow, jet, or cir-
cumstellar dust, which likely reduce the overall rms, with a
somewhat larger suppression at longer wavelengths because
their spectra are significantly redder than the spectrum of
the disc. This fact further strengthens the dependence of
rms on the wavelength, which should grow towards shorter
wavelengths.

3.4 Comparison with the data

The low-frequency QPO range observed in the X-rays is
∼ 10−2

− 10 Hz. In the optical, the highest frequency which
could be explained by the irradiated disc model is ∼1 Hz
(corresponding to the size of a system with a few hour orbital
period). Short-period systems are then promising candidates
to look for the irradiation QPOs. For relatively small discs,
present in systems with periods of a few hours, the temper-
ature at the outer edge of the disc is substantially higher,
roughly Tout ∝ F

1/4
X ∝ R

−1/2
out ∝ P

−1/3
orb , where Porb is the

orbital period (we assumed that the X-ray luminosity is the
same). Thus, irradiation gives significant contribution to the
UV flux, but not to the IR, where the disc is likely very dim
compared to other components. The discs in the long-period
systems are large enough and cool enough to give significant
contribution to the IR, however the QPOs in such systems
are expected to be seen only at relatively low frequencies.

In GX 339–4, the optical QPO frequency was seen to

vary between 0.05 and 0.13 Hz (Motch et al. 1983; Ima-
mura et al. 1990; Steiman-Cameron et al. 1997; Gandhi et al.
2010). The QPO features were observed in three filters si-
multaneously (Gandhi et al. 2010). They have systematically
larger rms in the redder filters for all three nights of obser-
vations (see their table 4), though only the difference in rms
observed during the third night are statistically significant.
The system period is rather long, about 42 h (Casares &
Jonker 2014), so that the maximum reprocessing QPO (see
equation 20) is expected to be at νQPO,max ≈ 0.055 Hz,
where we assumed M = 10M⊙. Thus the observed QPOs
are likely produced either by the hot flow or in the jet.

SWIFT J1753.5–0127 is one of the shortest-period sys-
tems with Porb ≈ 3 h (Zurita et al. 2008; Neustroev et al.
2014). The optical QPOs in this object were observed during
the simultaneous X-ray exposure (Hynes et al. 2009; Durant
et al. 2009). The computed optical/X-ray CCFs do not re-
semble those of the irradiated disc, on the contrary, a promi-
nent optical precognition dip is detected. The dip may be
a signature of the hot flow synchrotron emission (Veledina
et al. 2011), and its amplitude relative to the positive peak
(attributed to irradiation) implies that the hot flow is a dom-
inant source of optical photons, and hence the QPOs.

Interestingly, rms of the UV QPOs in XTE J1118+480
was found to somewhat increase with the increasing fre-
quency (Hynes et al. 2003), though the significance of this
result is yet unclear. The system is otherwise a good candi-
date to expect the irradiated QPOs: it has a rather short-
period of about 4 h (Casares & Jonker 2014) and it was also
found to demonstrate the precognition dip structure in the
CCFs (Kanbach et al. 2001), however the dip amplitude is
significantly smaller than that of the peak. Moreover, the
dip in the UV/X-ray CCF is even less prominent (Hynes
et al. 2003), thus we anticipate that the proposed mecha-
nism could be important in this system.
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4 SUMMARY

We developed a model for the optical QPOs arising from
the irradiation of the accretion disc by varying X-ray flux.
Assuming that the inner part of the accretion disc is oc-
cupied by a precessing hot accretion flow (radiating in the
X-rays) with the prescribed emission pattern, we calculate
the optical profiles. The oscillations at the precession period
appear due to the changing of the illumination conditions.
We note that the distant observer sees the X-ray source at
an angle different from that seen from the outer disc. This
means that simple use of the disc transfer function relating
the observed X-ray and optical light-curves is insufficient to
reproduce optical profiles – the additional knowledge of the
X-ray emission pattern is required.

We find that the QPO rms is nearly constant for suffi-
ciently low frequencies, νQPORout/c . 0.1, it then increases
to achieve the maximum at νQPORout/c ∼ 1/2 and drops
dramatically at higher frequencies. This is an identifying
feature of the proposed mechanism, by which it can be dis-
tinguished from the optical QPOs arising from the hot flow.
Another way to recognise it is the dependence of the rms on
the wavelength, where the increase of the variability ampli-
tude towards shorter wavelengths is expected.

The described QPO mechanism inevitably should play
a role in all systems with the sufficiently small ratio of the
outer disc size to the QPO period. However, the observed os-
cillation amplitudes are expected to be lower than predicted
here because of the substantial non-variable background. As
other components, which do potentially contribute to the
optical emission (e.g. the hot flow and the jet), can also
generate QPOs, finding the signatures of reprocessed emis-
sion in the oscillating signal becomes a challenging task.
The most promising low-mass X-ray binary systems, which
are expected to have optical QPO due to reprocessing, are
those showing a prominent positive peak in the optical/X-
ray CCF, corresponding to the irradiation delays of the ape-
riodic X-ray variability. It is also preferable to search for
these types of QPOs in the UV, where the disc radiation
dominates and the QPO rms reaches the maximum, while
other components are relatively dim.
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ABSTRACT

Outbursts of the black hole (BH) X-ray binaries are dramatic events occurring in our
Galaxy approximately once a year. They are detected by the X-ray telescopes and
often monitored at longer wavelengths. We analyse the X-ray and optical/infrared
(OIR) light-curves of the BH binary XTE J1550–564 during the 2000 outburst. By
using the observed extreme colours as well as the characteristic decay timescales of
the OIR and X-ray light-curves, we put strong constraints on the extinction towards
the source. We accurately separate the contributions to the OIR flux of the irradiated
accretion disc and a non-thermal component. We show that the OIR non-thermal
component appears during the X-ray state transitions both during the rising and the
decaying part of the outburst at nearly the same X-ray hardness but at luminosities
differing by a factor of 3. The line marking the quenching/recovery of the non-thermal
component at the X-ray hardness - flux diagram seems to coincide with the “jet line”
that marks the presence of the compact radio jet. The inferred spectral shape and
the evolution of the non-thermal component during the outburst, however, are not
consistent with the jet origin, but are naturally explained in terms of the hybrid hot
flow scenario, where non-thermal electrons emit synchrotron radiation in the OIR
band. This implies a close, possibly causal connection between the presence of the
hot flow and the compact jet. We find that the non-thermal component is hardening
during the hard state at the decaying stage of the outburst, which indicates that the
acceleration efficiency is a steep function of radius at low accretion rate.

Key words: accretion, accretion discs – black hole physics – radiation mechanisms:
non-thermal – X-rays: binaries

1 INTRODUCTION

The optical/infrared (OIR) spectra of black hole (BH) low-
mass X-ray binaries often show an excess above the standard
(Shakura & Sunyaev 1973) accretion disc emission (e.g.,
Hynes et al. 2000, 2002; Gelino, Gelino, & Harrison 2010).
In some cases the spectrum can be described by a power-law
of index close to zero (i.e. Fν ∝ ν0). There are three possible
candidates that may account for this emission: the irradiated
disc (Cunningham 1976; Gierliński et al. 2009), hot accre-
tion flow (Veledina et al. 2013b) and the jet (Hynes et al.
2002; Gallo et al. 2007). Sometimes the OIR fluxes are higher
than expected from any candidate alone (Chaty et al. 2003;
Gandhi et al. 2010), and the complex optical/X-ray cross-
correlation functions (Kanbach et al. 2001; Durant et al.

⋆ E-mail: juri.poutanen@utu.fi

2008) support this anticipation, suggesting contribution of
two components simultaneously (Veledina et al. 2011a). The
source of OIR emission cannot be determined by only using
photometric data and some additional information about
the OIR-X-ray connection, short time-scale variability prop-
erties and the long-term spectral variations is required (see
review in Poutanen & Veledina 2014). The latter is particu-
larly important when trying to separate emission of different
components.

The entire transition of the BH transient XTE J1550–
564 from the hard to the soft state and back during its 2000
outburst was monitored by Yale 1 m telescope at CTIO
in the V , I and H filters (Jain et al. 2001a). The light-
curve structure cannot be simply explained by the fast rise-
exponential decay pattern, expected in the case of standard
or irradiated disc. An additional component, manifesting it-
self through strong flares, is required. Recently Russell et al.
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Figure 1. (a) Light curve of XTE J1550–564 (flux in the 3–12 keV band) and (b) the evolution of the hardness ratio (i.e. ratio of fluxes
in the energy bands 6–12 and 3–6 keV) during the 2000 outburst. (c) The hardness-flux diagram. Different symbols and colours highlight
outburst stages defined from the hardness ratio (see text). The times and the positions of quenching/recovery of the non-thermal OIR
component (“hot flow line”) are marked by green ribbons.

(2010, 2011) suggested that this component originates in a
radio-emitting jet, however, multiple errors in these works
make this interpretation doubtful. Here we re-analyse the
available OIR and X-ray data. From the characteristic de-
cay time-scales in the X-rays and in different OIR filters we
infer the typical accretion disc temperature during the soft
state. This immediately translates to the constraints on the
extinction towards the source, poorly known before. Using
the OIR light curves we accurately extract the non-disc non-
thermal component and show evolution of its spectral shape
during the flare. We find that the additional component may
originate in the hot accretion flow, if a small fraction of en-
ergy is injected in the form of non-thermal electrons that
emit synchrotron radiation.

2 LIGHT CURVES AND EXTINCTION

2.1 Data

The X-ray data on the 2000 outburst of XTE J1550–564
covering 2.5–25 keV range from the Proportional Counter
Array (PCA) spectrometer (Jahoda et al. 2006) on board
the Rossi X-ray Timing Explorer (RXTE) were analysed
with the heasoft package (version 6.15) and response ma-
trices were generated using pcarsp (11.7.1). The instru-
mental background of the PCA detectors was estimated
with CM_bright_VLE model. At the position of the source
XTE J1550–564 there is additional sky background from
the so-called Galactic Ridge (see Revnivtsev et al. 2006,
and references therein) which provides the flux at the level
of F3−20 keV ∼ 1.2 × 10−11 erg s−1 cm−2 within field of
view of PCA (∼ 1 deg2). In order to account for this addi-
tional background we have used RXTE/PCA observations
of XTE J1550–564 in 2001 April when the source was al-
ready in quiescence. All the spectral data were fitted using
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Figure 2. Light curve of XTE J1550–564 in three filters V , I and
H during the 2000 outburst. The V - and I-magnitudes are shifted
upwards by 2.0 and 1.0, respectively. Pink symbols correspond to
the quiescent state, other symbols are the same as in Fig. 1. The
red dashed lines show the evolution of the irradiated disc during
the second flare (see Sect. 3.4). The middle panel show the power-
law spectral index of the intrinsic spectrum αV H corrected for
extinction (with AV = 5.0) determined from the V –H colour
using equation (9). The lower panel shows the evolution of the
spectral index of the flare component.
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Table 1. Parameters of the system adopted from Orosz et al.
(2011).

Orbital period Porb 37 h
Distance D 4.38 kpc
Black hole mass M1 9.1M⊙

Companion mass M2 0.3M⊙

Inclination i 75◦

Separation a 11.85R⊙

Radius of the companion R2 1.75R⊙

Roche lobe size RL,1 7.7R⊙

Effective temperature of the companion Teff 4475 K

xspec 12.8.1g package (Arnaud 1996), assuming 1 per cent
systematic uncertainty. To estimate fluxes from the source,
we have fitted the spectral data with a standard for BHs
diskbb+powerlaw model and corrected the model fluxes
in the specific energy bands by the ratio of the data to the
model. For a more detailed spectral modelling we also fit-
ted the data with a hybrid Comptonization model compps
(Poutanen & Svensson 1996) and a cutoff power-law model
with Compton reflection pexrav (Magdziarz & Zdziarski
1995). Interstellar absorption was taken into account using
wabs model with the neutral hydrogen column density of
NH = 0.80× 1022 cm−2 (Miller et al. 2003).

The X-ray light curve is shown in Fig. 1 together with
the evolution of the hardness ratio as well as with the
hardness-flux diagram. It is coloured according to the hard-
ness ratio. The hard state is shown by blue triangles, while
the transitions from the hard to the soft state and back are
shown by black diamonds. The filled and open symbols cor-
respond to the rising and decaying phases of the outburst,
respectively. The soft state with the nearly constant hard-
ness ratio is shown by red squares.

The OIR data from the 2000 outburst in V , I and H-
filters have been presented by Jain et al. (2001a). To con-
vert magnitudes to fluxes we use the zero points of 3636,
2416, and 1021 Jy and the effective wavelengths of 545, 798,
and 1630 nm for filters V , I and H , respectively (Bessell
et al. 1998). We show the daily-averaged OIR light curves in
Fig. 2. The colour code is the same as in Fig. 1, with addi-
tional magenta points corresponding to the quiescent state
of the source. The fast rise exponential decay morphology is
accompanied here with flares, which are most prominent in
the H-filter.

2.2 Soft state and implications for the disc

temperature

During the soft (and the following intermediate) state the
OIR emission is likely originating in the irradiated accretion
disc alone. This is supported by a simple exponential shape
of the light curves in both the OIR and X-ray bands. This
knowledge can be used to estimate the accretion disc tem-
perature. The first constraint relates the peak X-ray lumi-
nosity to the reprocessed optical flux. The effective temper-
ature at the outer radius of the irradiated disc dominating
the OIR emission is Teff,irr = [η(1 − A)LX/(4πR

2
irrσSB)]

1/4,
where A is the disc albedo and the factor η ≈

H
R

(

d lnH
d lnR

− 1
)

gives the cosine between the normal to the outer disc and
the direction to the central X-ray source (Frank et al. 2002).

The disc size Rirr is a fraction of the Roche lobe (Eggleton
1983, see parameters in Table 1),

RL,1 = a
0.49q2/3

0.6q2/3 + ln(1 + q1/3)
. (1)

For measured a = 11.85R⊙ and q = 1/30, we get RL,1 =
7.7R⊙. The maximum disc size limited by tidal forces is
(Warner 1995) Rirr . 0.6a/(1 + q) ≈ 4.8× 1011 cm.

To estimate η, we take the disc half-opening angle of
12◦ (de Jong et al. 1996), i.e. H/R ∼ 0.2. The logarithmic
derivative d lnH/d lnR−1 takes values 1/8 for the standard
and 2/7 for the irradiated discs (Frank et al. 2002), which we
adopt in the following and get η ≈ 0.06. A typical albedo A
of mostly neutral material is below 0.5 even for a very hard
power-law spectrum extending to 100 keV (Basko et al. 1974;
Magdziarz & Zdziarski 1995) and is expected to be below 0.1
for the blackbody-like X-ray spectra with kTbb ∼ 1.5 keV in
the soft state. The bolometric luminosity at the peak of the
2000 outburst was ≈ 1038 erg s−1 (see Sect. 3.5). Because
only photons with energy above 2 keV thermalize efficiently
(Suleimanov et al. 1999), we use L>2keV ≈ 5× 1037 erg s−1

and finally get Teff,irr & 11 000 K. The temperature can be
lower if the X-rays are so strongly anisotropic that the flux
directed towards the outer disc is significantly lower than
that at the observed inclination of i = 75◦. However, if the
outer disc is inclined at a similar angle of ∼ 80◦ (de Jong
et al. 1996), practically no difference is expected.

Further constraints are coming from the comparison of
the decay rates in the X-ray and optical bands (Endal et al.
1976; van Paradijs & McClintock 1995). The general idea is
to compare the derivative of the observed flux over temper-
ature to that of the known function – a simple blackbody or
the irradiated disc model spectrum. Because the decay rate
is an injective (i.e. one-to-one) function of temperature, we
immediately obtain the absolute value of Teff .

If we ignore energy dissipation intrinsic to the disc
(which is possible for high X-ray luminosities), the effec-
tive temperature of the irradiated disc varies with the X-ray
luminosity as Teff ∝ L

1/4
X . Some deviations from this law

are possible if the emission pattern is changing. Because the
X-ray light curve shows some flares at the transition from
the soft to the intermediate state, we have selected the soft-
state segment of the data (red squares in Fig. 1) and fitted
the X-ray flux there with an exponential profile. We obtain
the e-folding time of τX = 10.0 ± 0.1 days. This translates
to the time of temperature decay τT = 4τX = 40 d, i.e.:

∂ lnTeff/∂t = −1/40 d−1. (2)

We then fit the soft- and intermediate state OIR light-curves
together with the values in the quiescence at MJD 51645–
51650 with a constant plus an exponentially decaying com-
ponent. For I-filter, we adopt the constant I = 19 in quies-
cence taken from the earlier observations (Jain et al. 2001b).
The e-folding time-scale is then related to the derivative of
the logarithm of the flux of the varying (disc) component:

∂ lnFλ/∂t = −1/τλ d−1. (3)

We find τλ = 22.6±0.8, 26.0±1.0, and 31.3±2.0 days for the
V, I and H bands, respectively. The decay of the blackbody
flux due to the decreasing temperature can be computed as

∂ lnBλ

∂ lnTeff
=

y

1− exp(−y)
, (4)
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where y = hc/λkTeff = 1.44/(λµT4), λµ is the wavelength
in microns and T4 = 10−4Teff . The value for the logarithmic
derivative is then obtained by dividing equation (3) by equa-
tion (2). Solving the resulting equation for Teff we get the
average effective soft- and intermediate-state temperatures
of 20 800, 19 540, and 17 500 K, with the errors on individ-
ual measurements much smaller than the spread between
the values.

We checked the possibility of neglecting the constant
flux in the OIR light-curves, which resulted in the decay
times for the V , I and H bands τλ = 23.8± 0.7, 29.2± 1.1,
and 39.2 ± 2.0 days, respectively. These values translate to
the temperatures 23 200 and 27 400 K for V and I-filters and
for the H-filter temperature exceeds 200 000K. If instead
only the soft state light curve is fitted with the exponential,
we get τλ = 29.5±2.7, 32.7±3.6, and 41.9±5.4 days, which
correspond to Teff in excess of 40 000 K for V and I-filters
and again no solution is possible for the H-filter.

We also checked, whether the irradiated disc model
gives any improvement compared to the simple blackbody.
In this case equation (4) can be rewritten as

∂ lnFirr,λ

∂ lnTout
= yo

∫ 1

rio

exp(yox
β)

[exp(yoxβ)− 1]2
xdx

∫ 1

rio

x dx

exp(yoxβ)− 1

, (5)

where β is the power-law index of the radial temperature
dependence T (R) ∝ R−β, rio = Rin/Rout is the ratio of the
inner to outer disc radius and yo = hc/λkTout. In Rayleigh-
Jeans regime yo ≪ 1, the logarithmic derivative takes the
minimum value of (1 − β/2)/(1 − β). We see that for re-
alistic β = 3/7–1/2 (Cunningham 1976; Frank et al. 2002),
the model minimum derivatives are larger than the observed
values, thus no solution is possible. Hence, the simple irra-
diated disc does not give a good description to the shape of
the light curve.

We conclude here that from the simple estimate of the
maximum disc size and peak X-ray luminosity, the outer
disc temperature has to be above 11 000 K in the soft and
intermediate states, while from the light curve behaviour we
get Teff & 18 000 K. Thus we conservatively assume that
Teff & 15 000 K during the peak of the 2000 outburst.

2.3 Extinction towards XTE J1550–564 and

spectral index – colour relation

Optical extinction towards XTE J1550–564 can be esti-
mated from the hydrogen column density. The ftools

routine nh (Dickey & Lockman 1990) gives NH = 0.9 ×

1022 cm−2. Tomsick et al. (2001) has obtained NH =
(0.85+0.22

−0.24) × 1022 cm−2 using Chandra observations in the
end of the 2000 outburst. Similar result, NH = (0.88+0.12

−0.09)×
1022 cm−2, was obtained by Corbel et al. (2006) again from
the Chandra observations in a quiescent state. The most ac-
curate measurement of NH = (0.80 ± 0.04) × 1022 cm−2,
which we use for X-ray data analysis, is from the Chandra
observations during the peak of the 2000 outburst (Miller
et al. 2003). Thus, all measurements are consistent with NH

lying in the interval (0.75−1)×1022 cm−2. However, these re-
sults are inconsistent with the earlier estimate of the extinc-
tion AV = 2.2± 0.3 based on interstellar optical absorption
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Figure 3. Contours of χ2 (red solid curves) for the blackbody fit
to the OIR data in the soft and intermediate state (MJD 51663–
51676) at the plane AV –RV . The dashed contour lines show the
average temperature in these states varying from about 10 000 K
for AV = 4.5 to 30 000 K for AV = 5.5. The thick dashed black
line marks the position of the average Teff = 15 000 K, thus the
region to the left of this line is forbidden. The region to the right
of the thick solid black line corresponds to αV I > 2, i.e. harder
than the Rayleigh-Jean and therefore is forbidden.

lines (Sánchez-Fernández et al. 1999). The later measure-
ments and modelling of Orosz et al. (2011) imply AV ≈ 4.75.
The Predehl & Schmitt (1995) relation, AV = 5.59 NH/10

22,
gives AV = 4.2− 5.6.

Another way of estimating AV is to use constraints on
the disc temperature from Sect. 2.2. We have converted the
OIR magnitudes to fluxes and fitted the three-point spec-
tra obtained in the soft and intermediate states with the
blackbody disc of the constant radius Rirr and varying tem-
perature:

Fν(Teff) = cos i Bν(Teff) πR
2
irr/D

2. (6)

The extinction AV was allowed to vary. We also checked how
the shape of the extinction curve affects the results by vary-
ing RV . We used the extinction law of Cardelli et al. (1989)
corrected by O’Donnell (1994). All together we fitted 13 one-
day-averaged spectra (39 points) using 14 fitting parameters
(Rirr and 13 temperatures) with 25 d.o.f. The contours of χ2

on the plane RV –AV are shown in Fig. 3. We see that the
best-fit is achieved for RV = 3.2 and AV = 5.4. The effec-
tive disc radius is Rirr = 2.85 × 1011 cm, which is 40 per
cent smaller than the maximal possible disc size limited by
tidal forces. We should remember, however, that the actual
emission area is likely a ring, not a circular disc, therefore
the actual disc size is larger. We also plot at the same plane
the average temperature from the best-fitting models. The
lower limit on the typical temperature Teff > 15 000 K ob-
tained in Sect. 2.2 can be now transformed to a lower limit
of AV > 5.0. These results are almost in dependent of RV .

Two more constraints can be obtained from the extreme
colours shown by XTE J1550–564. For that it is useful to get
the relations between colours and the corresponding intrin-
sic (without absorption) spectral indices α of the power-law
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spectrum Fν ∝ να. The apparent magnitude in any filter is
defined as

mν = −2.5 logFν/Fν,0 + Aν , (7)

where Aν is the extinction, Fν is the intrinsic flux without
absorption and Fν,0 is the zero point. The slope between
bands i and j can be computed as

αij ≡

log

(

Fi

Fj

)

log

(

νeff,i

νeff,j

) =

mi −mj − Ai +Aj − 2.5 log

(

Fi,0

Fj,0

)

2.5 log

(

λeff,i

λeff,j

) ,(8)

where λeff are the effective wavelengths of the corresponding
filters. The slopes between the considered bands V , I and
H are then:1

αV H = 1.16 + 0.69AV − 0.84 (V −H), (9)

αIH = 1.21 + 0.55AV − 1.29 (I −H), (10)

αV I = 1.07 + 0.94AV − 2.42 (V − I). (11)

where we used the ratios AI/AV = 0.61 and AH/AV = 0.185
obtained for RV = 3.2.

The bluest spectra observed from XTE J1550–564 dur-
ing a brighter outburst in 1998 (Jain et al. 1999), which had
V − I = 1.8 (for V = 16.8 and I = 15.0). have to be softer
than the Rayleigh-Jean tail of the blackbody, i.e. αV I < 2.
Using equation (11), we now immediately get a firm upper
limit on AV . 5.6 + 0.75 (RV − 3.2) shown by a thick black
solid line in Fig. 3.

On the other hand, the reddest spectra in the begin-
ning and the end of the 2000 outburst still consistent with
the blackbody have V − H ≈ 5.3. According to the disc
instability models (Dubus et al. 2001; Lasota 2001; Frank
et al. 2002), for the outburst to start, the outer disc temper-
ature has to be above the hydrogen ionisation temperature
of about 6000 K. The blackbody of this temperature has
αV H ≈ 0.1. Thus, we get the lower limit from equation (9):
AV & 4.9, which is nearly identical to the constraint we get
from the soft state spectra in Sect. 2.2.

We conclude that a realistic range of the extinction is
AV = 5.0 − 5.6. In the further discussion we adopt AV =
5.0 (and RV = 3.2), with extinction in other filters is then
AI = 3.05 and AH = 0.92. Note that if we assume larger AV ,
the typical spectral indices would then be larger than given
by equations (9)–(11). This does not change qualitatively
the behaviour of the source and does not affect any of the
conclusions.

1 These transformation laws correct the erroneous expressions
presented in Russell et al. (2011), which have wrong scalings and
give index α of about 1.0 too small. They have used the wave-
length and the zero point of the J-filter instead of those for the
H-filter in the equation similar to our equation (9), while in the
equation corresponding to our equation (10), they have taken the
values for the Johnson I-filter instead of the Kron-Cousins I-filter
(Dipankar Maitra and David Russell, priv. comm.).

3 SPECTRAL PROPERTIES

3.1 V vs V −H diagram

Fig. 4(a) represents the V versus V −H colour-magnitude
diagram (CMD). The symbols correspond to the outburst
stages identified from the X-ray hardness ratio (Fig. 1). The
path the source makes on the diagram is illustrated in the
upper right corner with arrows. The black line corresponds
to theoretical colour–magnitude relation for a blackbody of
different temperatures with the disc radius determined from
the best-fit to the soft and intermediate state spectra (as-
suming AV = 5). The upper x-axis at the CMD shows the
slope α of the intrinsic spectrum between the corresponding
bands converted from the colour using equation (9).

At the beginning of the outburst their evolution can be
well described by a blackbody of increasing temperature, un-
til the colour V −H ∼ 4.0 is achieved. After that, the source
becomes significantly redder than a blackbody of the corre-
sponding V magnitude. This behaviour can be interpreted
as an appearance of an additional, non-thermal component.
At the X-ray hard-to-soft transition, the source returns to
the blackbody track at almost constant V magnitude (hor-
izontal track in the CMD), indicating the quenching of the
additional component around MJD 51659. In the soft and
in the beginning of the following intermediate state, the
OIR colours are well described by a blackbody of decreasing
temperature. During the reverse transition, we observe re-
appearance of the red component around MJD 51683, again
as a horizontal track in the CMD. Then the source slowly
decays towards the quiescence along the blackbody track of
the same normalization as during the soft state, which is,
however, slightly larger than that at the rising phase of the
outburst. The peculiar fast changes in the H-band at al-
most constant V band put constraints on the possible origin
of non-thermal emission.

We also have checked, whether additional contribution
from the secondary star affects the overall shape of the
magnitude–colour relation. We used the atmosphere tem-
plates of Castelli & Kurucz (2004) for a K3 star with
log g = 3.5, Teff = 4500 K and radius of 1.75R⊙ (Orosz et al.
2011). The secondary has a minor effect on the CMD, ex-
cept for quiescence, where the model becomes slightly redder
than the data. If, however, we assume a larger extinction,
e.g. AV = 5.2, the blackbody temperature corresponding
to the soft state increases to 20 000–25 000 K and the total
theoretical CMD then well describes the data even in the
quiescent state. Because we are not interested in this state
(and for the sake of simplicity of the model), we further do
not account for the secondary contribution.

3.2 I vs I −H diagram

We also plot the I versus I −H CMD in Fig. 4(b). The be-
haviour of the source in this diagram is very similar to that
in the V vs V −H CMD. The blackbody track (black solid
line) for the same parameters as in Fig. 4(a) provides a good
fit to the data from MJD 51660 at the end of the hard-to-soft
transition, in the soft state and in the beginning of the soft-
to-hard transition until about MJD 51683. In the middle of
the soft-to-hard transition, the source becomes redder indi-
cating the presence of the additional component. The X-ray
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Figure 4. The observed (a) V vs V − H, (b) I vs I − H and
(c) V vs V − I CMDs. The coloured track in the upper right
corner of panel (a) illustrates the path XTE J1550–564 follows
at the diagram. The black solid lines represent the theoretical
curves for the blackbody disc of radius Rirr = 2.85 × 1011 cm
inclined at i = 75◦ at distance of 4.38 kpc (Orosz et al. 2011) of
different temperatures (in units of thousands of Kelvin, marked
next to the line). The model magnitudes were reddened following
the extinction law of Cardelli et al. (1989) and O’Donnell (1994)
with AV = 5 and RV = 3.2. The upper x-axes show the intrinsic
spectral indices in the corresponding wavelength bands given by
equations (9)–(11). The red dashed line represents the disc com-
ponent extrapolated to the time of the flare in the hard state (see
Fig. 2). The blue and black arrows connect points in the end of
intermediate and beginning of the hard states. The green track
shows the path made by the flare component during the hard
state starting from MJD 51688 (see Sect. 3.4).
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Figure 5. Examples of spectra (corrected for extinction) and
the best-fitting blackbody model of constant emission area. Data

taken in the soft state on MJD 51665 and in the intermediate
state on MJD 51676 are shown by red squares and black circles,
respectively. In the hard state, the disc fluxes on MJD 51688,
51697, 51706 and 51726 obtained by interpolation are shown by
blue diamonds and the flare component by green triangles. The
best-fitting blackbody models are shown by solid, dashed, dotted,
dot-dashed blue lines, respectively. The errors are not shown for
most data points, because they are smaller than the size of the
symbols.

hardness during the moments of appearance/disappearance
of this component was nearly the same (see Fig. 1c), corre-
sponding to the X-ray spectrum with photon index Γ ≈ 1.9
and reflection amplitude Ω/(2π) ≈ 1.

An interesting additional detail is a hook-like evolution
(marked by blue arrows) at the end of the hard state, before
the flare in the H filter. This feature arises because several
data points at the beginning of the hard state are redder at
lower I-flux compared to the data points a few days later,
which makes the spectrum bluer (larger αIH) at a higher
I−flux. This behaviour cannot be an artefact of interpola-
tion between non-simultaneous points in the H-filter and
can be interpreted as the flare starting first in the I-band,
then proceeding to the H-band. This is consistent with the
shape of the flare spectra (see Sect. 3.4 and Fig. 5).

The spectral index αIH (upper x-axis) at the peak of
the flare (when the spectrum is softest in the hard state)
is identical to αV H , implying a single power-law component
going through all three filters. We note that taking larger
values of extinction results in a larger α (harder spectra), but
the effect is larger for αV H than for αIH , thus the spectrum
would no longer be described by a single power-law.

3.3 V vs V − I diagram

The general evolution of the source at the V vs V − I CMD
shown in Fig. 4(c) is very similar to those for other filters as
described above. However, at this diagram the appearance
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of the additional non-thermal component is easier to see.
Around MJD 51683, in the middle of the intermediate state,
the spectrum becomes bluer, which is reflected in motion of
the source at V = 19 to the left from the blackbody model
line by ∆(V − I) ≈ 0.1 (shown by black arrows). This im-
plies that the additional component has a spectrum harder
than the blackbody spectrum at this moment of αV I ≈ 0.7.
The spectrum becomes redder that the corresponding black-
body at MJD 51688. Only at this moment, the flare starts
to become easily visible in the light curves.

3.4 Flares and the non-thermal component

The underlying behaviour of light-curves in V , I , and H fil-
ters is naturally explained with the evolving temperature of
the accretion disc, which responds to changes in the X-ray
luminosity (i.e., due to changes of the reprocessing flux).
The CMDs as well as the spectra at the soft and the fol-
lowing intermediate states suggest that the OIR emission
comes from the irradiated accretion disc that is modelled
here as a blackbody (see Fig. 5 and Sections 3.1 and 3.2).
The flares that occur in the intermediate/hard states can be
interpreted as the appearance of an additional, non-thermal
component. The first flare starts at the rising phase of the
outburst and it is therefore impossible to separate it from
the underlying disc emission. On the other hand, the sec-
ond flare occurs at the exponentially decaying stage and it
is possible to subtract the disc emission in order to isolate
the flaring component.

To obtain the disc emission at the time of the second
flare, we use the same model as in Sect. 2.2, i.e. we fit the
light-curves in every filter with the constant plus exponen-
tial that represents the irradiated disc. The fit is applied to
the times MJD 51663–51683 for all filters and MJD 51750–
51755 for V and H-filters. The first interval correspond to
the soft and intermediate states where there no signatures of
the additional component, while the second interval corre-
spond to the quiescent state. Unfortunately, no I-filter data
exist after MJD 51717 and similarly to Sect. 2.2 we fix the
constant corresponding to I = 19. The best-fitting models
are shown in Fig. 2 by dashed red curves. After the fitting,
we check that the magnitudes and colours of the extrapo-
lated disc component are consistent with the blackbody of
the same size as before the flare (compare red dashed lines
in Fig. 4 to the black solid lines representing the blackbody
model). We see that the typical accuracy of the magnitudes
of the interpolated blackbody component is better than 0.03.

By subtracting the blackbody flux at every moment, we
extract the flaring non-thermal component. The evolution of
colours and spectral indices of the flare is shown in Fig. 4 by
green triangles connected by arrows. The typical errors are
shown by crosses for a few points. From Fig. 4(a) we see that
the flare starts with the hard index αV H = 0.75±0.20, then
softens down to αV H ≈ 0 and then hardens again to αV H =
0.7 − 0.8. The time evolution of αV H of the total spectrum
and of the flaring component is shown in the middle and
lower panels of Fig. 2.

The flare path in I and H filters is seen in Fig. 4(b). The
evolution is similar to the V −H colours, but the spectrum
is even harder at the start of the flare with αIH = 1.1± 0.3,
implying that the spectrum hardens towards longer wave-
lengths (see green solid line in Fig. 5). At the peak of the

flare αIH ≈ +0.2 nearly identical to αV H implying that the
spectrum in three filters is close to a power-law of the same
index. At the end of the flare the spectrum in I and H band
is less reliable, because of the growing error in the disc flux
in I-filter.

The flare becomes visible in the light curves only in the
beginning of the hard state at MJD 51688, but substantial
deviations from the blackbody spectrum occur already at
MJD 51683 as can be seen from the V − I colour evolu-
tion shown in Fig. 4(c). In the end of intermediate state,
during MJD 51683–51687 the total spectrum is bluer than
the black body with αV I ≈ 0.7 and reaches αV I ≈ 1. This
implies than the slope of the flare spectrum between I and
V filters is substantially larger than unity, because the flare
contribution to the total flux at this moment is still rather
low.

Fig. 5 demonstrates the evolution of the disc and the
flare spectra during the outburst. We see that the flare spec-
trum is a broken power-law just at the start of the flare,
but is consistent later with a simple power-law. Assuming a
larger extinction, e.g. AV = 5.2, results in α larger by about
0.2, but the qualitative behaviour remains the same. We
note here that our conclusions on the evolution of the flare
spectrum are based on the assumption that the blackbody
normalization did not change during the decaying phase of
the outburst. This is supported by the absence of significant
variations in the normalization from the soft state to the
end of the hard state as well as the quiescence.

3.5 OIR – X-ray relation

Once we have separated the non-thermal component in the
OIR band, it is worth looking at a larger picture by under-
standing the relation between the OIR flare spectrum and
the X-rays. Fig. 6 shows the broad-band OIR/X-ray spectra
of XTE J1550–564 taken at different states. Similar X-ray
data from the 2000 outburst of XTE J1550–564 were pre-
sented before by Yuan et al. (2007) and Xue et al. (2008).

The soft state X-ray spectrum (taken on MJD 51665)
is dominated by a strong thermal component from the opti-
cally thick accretion disc. There is a high-energy tail above
20 keV. These non-thermal tails are well explained by non-
thermal Comptonization in the hot corona above the disc
(Poutanen & Coppi 1998; Gierliński et al. 1999; Zdziarski
& Gierliński 2004). The thermally-looking component it-
self cannot be explained by a simple standard disc model,
but requires a contribution from thermal Comptonization.
The whole X-ray spectrum thus can be fitted with a hy-
brid Comptonization model such as eqpair (Coppi 1999)
or compps (Poutanen & Svensson 1996) models in xspec.
Here we used the latter. We do not discuss here the best-
fitting parameters of the model, just because the aim of the
fitting is only to show the shape of the spectrum, which is
rather independent of the model choice. The extrapolation
of the standard cold accretion disc diskbb spectrum to lower
energies reveals that it cannot contribute more than a few
percent to the observed OIR flux, which is dominated by the
reprocessed radiation from the outer disc with the total (un-
absorbed) luminosity of Lrepr ≈ 7.3× 1035 erg s−1. This has
to be compared to the total (unabsorbed) X-ray luminosity
in the 0.01–1000 keV band of LX ≈ 1.2 × 1038 erg s−1. As-
suming the same angular dependence of radiation for both
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components, the ratio of luminosities gives the total repro-
cessing efficiency of ǫrepr ≈ 6×10−3. The intermediate state
spectrum (on MJD 51676) is nearly identical to the soft state
spectrum, with a slightly lower temperatures and the X-ray
and outer disc luminosities of LX ≈ 7.1 × 1037 erg s−1 and
Lrepr ≈ 3.2 × 1035 erg s−1, respectively, giving nearly the
same reprocessing efficiency of ǫrepr ≈ 4.5 × 10−3.

In the hard state, we used the cutoff power-law
model with Compton reflection (pexrav model in xspec;
Magdziarz & Zdziarski 1995) for modelling and estimat-
ing the luminosities, because there are no any signatures
of the thermal emission from the standard accretion disc in
the X-ray band. We assumed a cutoff at 200 keV which
is typical for a BH X-ray binary. During the three con-
sidered days (MJD 51688, 51697 and 51706), the spectral
shape varied very little, with the power-law photon in-
dex being nearly identical at Γ ≈ 1.65 (i.e. α ≈ −0.65)
and the reflection amplitude Ω/(2π) decreasing from about
unity to 0.3. The X-ray luminosity took the values of LX ≈

(16, 5.6, 1.5) × 1036 erg s−1. The X-ray spectrum taken on
MJD 51697 extrapolated to the OIR band (see blue lines
in Fig. 6, where we plotted only the flare spectrum in the
OIR) matches rather well with the OIR power-law. At the
beginning of the hard state, at MJD 51688 (solid blue line),
the extrapolation of the X-ray power-law is an order-of-
magnitude above the OIR flux. On the other hand, later
in the hard state, on MJD 51706, the X-rays underpredict
the OIR emission.

In addition to the flare component, the emission from
the irradiated disc (not shown in Fig. 6) was also steadily
declining with Lrepr ≈ (16, 9.5, 6.3) × 1034 erg s−1 at the
same three dates. This gives the reprocessing efficiency
of ǫrepr ≈ (1, 1.7, 4.2) × 10−2. Thus we see a clear trend
of increasing ǫrepr with decreasing X-ray luminosity. This
trend has also been reported for other BH transients (e.g.
Gierliński et al. 2009). There could be at least two reason
for such a change. Firstly, the geometry of the accretion
disc and therefore the emission pattern changes during the
soft-to-hard transition. In the soft state, the emission from
optically thick standard disc is beamed perpendicular to its
plane, hence the outer disc sees less radiation than the ob-
server at 75◦ inclination. In the hard state, however, the
emission from optically thin hot disc is much more isotropic
(see e.g. Veledina et al. 2013a). Secondly, the reprocessing ef-
ficiency is higher for harder spectra, because the soft X-rays
are absorbed in the very surface layers producing mostly UV
lines and recombination continua (Suleimanov et al. 1999;
see also discussion in Gierliński et al. 2009). We can ac-
count for the second effect by dividing Lrepr by the lumi-
nosity above 2 keV, getting the reprocessing efficiency of
ǫrepr ≈ 1.2 × 10−2 and 0.8 × 10−2 in the soft and interme-
diate states, respectively, and ǫrepr ≈ (1.2, 2.1, 5.2) × 10−2

in the hard state. This reprocessing efficiency is still rather
modest because for the disc half-opening angle of 12◦ (de
Jong et al. 1996) we expect ǫrepr . 0.15 assuming albedo
of 0.3. The observed reprocessing efficiency can actually be
even lower, because at low fluxes a significant fraction of the
OIR radiation can be produced by the (ignored here) sec-
ondary star and/or the bulge located at the impact point of
the accretion stream.

4 ORIGIN OF NON-THERMAL COMPONENT

4.1 Jet?

The non-thermal OIR component seen in XTE J1550–564
was attributed to the jet synchrotron emission in a num-
ber of works (Corbel et al. 2001; Russell et al. 2010, 2011).
The aforementioned works used the optical data, originally
published in Jain et al. (2001a), the same as used in this
work. Corbel et al. (2001) obtained optical V − I spectral
index α = −2.6 (assuming AV = 2.2) on 2000 June 1 (MJD
51697), in contrast to the obtained by us the flare spectral
index α ≈ 0 (for AV = 5.0). The source of discrepancy is
the extinction value, poorly known at that time.

The studies by Russell et al. (2010, 2011) present the
separation of the non-thermal emission using the light-curve
fitting method. They claimed that the spectral indices of the
non-thermal component are in the range −1.5 . α . −0.5,
again suggesting the non-thermal optically thin jet emis-
sion. However, these works suffer from the major errors in
formulae for transformation of the colours to indices (see
Sect. 2.3). Furthermore, their fits to the disc light curve in V
and I-filters are significantly above the data points just be-
fore the flare (see fig. 2 in Russell et al. 2010) leading to over-
estimation of the disc contribution and to over-subtraction
of the flux in those filters resulting in a much too soft flare
spectrum. These flawed fits have greatly affected the first
few points of the flare, where the non-thermal V flux was
small, hence only spectral hardening during the flare was
detected, while we obtain that the flare starts with hard
spectrum with α ≈ +0.75, which softens to α ≈ 0 and then
hardens again (see Fig. 4). Such behaviour is clearly incon-
sistent with the optically thin jet spectrum. The jet radio
emission was indeed optically thin in the soft state, with
αradio = −0.46 ± 0.03 (Fig. 7), but it does not contribute
at all to the OIR spectrum, which was consistent with the
blackbody.

On the other hand, the radio emission in the hard state
close to the peak of the second flare, on MJD 51697.14 was
optically thick with αradio = 0.36±0.09 (Corbel et al. 2001).
However, the OIR flare spectrum has a different slope and
does not lie on the continuation of the radio spectrum (see
green points in Fig. 7). Connecting those requires a break
in the spectrum in the far-IR, which is inconsistent with
the simplest jet models where main parameters follow the
power-law radial dependences with constant indices (Bland-
ford & Königl 1979; Königl 1981). The strongest arguments
against the jet contribution to the OIR, however, come from
the rather hard OIR spectra of the flare. Firstly, the hook-
like behaviour on the I−H CMD at the beginning of the flare
(Fig. 4b), a broken power-law flare spectrum which hardens
towards red on MJD 51688 (greed solid line in Fig. 5) as
well as the hard flare spectrum with α > 1 in the end of the
intermediate state (see Sect. 3.3 and Fig. 4c) are not con-
sistent with the jet spectrum extending from radio to the
OIR band. Secondly, later in the hard state, the flare spec-
trum has α ∼ 1. If it were optically thick jet emission, the
radio flux would be about 5 orders of magnitude below what
was observed just a few days before. We find this highly im-
probable. Furthermore, it is difficult to understand how a
substantial decrease in the accretion rate could lead to for-
mation of the outflow which is optically thick up to the OIR
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Figure 6. Broadband OIR to the X-ray spectral energy distribution of XTE J1550–564. The black crosses are the RXTE/PCA data.
Spectra are plotted for the same dates as in Fig. 5, excluding the last one, which has very unreliable X-ray spectrum because of the
strong background due to the Galactic ridge emission. The soft state at MJD 51665 data and the model are shown by red squares and
the curve, the intermediate state at MJD 51676 (black symbols), and the hard state data at MJD 51688, 51697, and 51706 by blue
triangles and by solid, dashed, and dotted curves, respectively. The blackbody component from the irradiated disc is shown in the OIR
for the soft and intermediate states, while for the hard state only the flare component (same as in Fig. 5) is shown. The hard state OIR
model spectra are somewhat arbitrarily connected to the power-law extrapolated from the X-ray data.
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Figure 7. Broadband radio to optical spectral energy distribution of XTE J1550–564 at MJD 51665 (red squares) and 51697 (green
triangles and blue diamonds). The radio data is taken from Corbel et al. (2001) and the OIR data from Jain et al. (2001a). We plot the
blackbody with temperature and normalization as inferred from the light-curves and the CMD. The additional emission is due to the
non-thermal component (shown with green symbols). In the soft state, the radio jet does not contribute at all to the OIR band, and
in the hard state the flare OIR spectrum has a different slope α ≈ 0 that does not lie on the continuation of the radio power-law with
αradio ≈ 0.36.
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band. The weakness of the jet in the OIR band also implies
that the jet cannot possibly contribute to the X-rays.

OIR flares were observed in a number of BH X-ray bi-
naries. It was noticed that the beginning of the flare nearly
coincides with the radio brightening (Kalemci et al. 2013).
We find that the position of XTE J1550–564 at the X-ray
hardness-flux diagram at the times of quenching/recovery of
the OIR non-thermal component (see Fig. 1c) closely resem-
bles the “jet line” (Belloni et al. 2011). This coincidence can
be interpreted in two alternative ways: (i) both OIR and ra-
dio emission originate from one component (jet), or (ii) both
are causally connected, but originate in different places. As
we showed above, the first interpretation is at odds with
the spectral evolution of the OIR flare. In the second inter-
pretation, the OIR flare may originate in the geometrically
thick hot flow (see below), while the radio is produced in
the jet. The coincidence can be interpreted as a simultane-
ous appearance of the hot flow and the jet. This is indeed
expected as in modern MHD simulations the jet seems to
form only if there is collimation by a geometrically thick ac-
cretion flow. In the soft state, when the cold, geometrically
thin disc extends all the way to the innermost stable orbit,
the jet is weak.

4.2 Hot accretion flow

It was usually assumed that the electrons in the hot flow
follow thermal distribution and in that case synchrotron
emission in luminous BH X-ray binaries cannot possibly be
of importance (Wardziński & Zdziarski 2000), because of
strong self-absorption. However, even if the flow contains
a small, energetically unimportant tail of non-thermal elec-
trons, situation changes dramatically, as the synchrotron lu-
minosity increases by orders of magnitude (Wardziński &
Zdziarski 2001; Veledina et al. 2013b). This results in two
effects: firstly, the seed photons for Comptonization in the
hot flow now can be dominated by the non-thermal syn-
chrotron instead of the cold truncated accretion disc (Malzac
& Belmont 2009; Poutanen & Vurm 2009) and, secondly, the
synchrotron radiation can dominate the OIR emission from
the BH (Veledina et al. 2013b; Poutanen & Veledina 2014).
The range of wavelengths where the hot flow emits is deter-
mined by its size: the larger is the truncation radius of the
cold accretion disc, the lower is the frequency where syn-
chrotron radiation is still not absorbed. The self-absorption
(turn-over) frequency is (Veledina et al. 2013b)

νt ≈ 3× 1015(B/106 G)
p+2

p+4 [τ (p− 1)]
2

p+4 Hz, (12)

where B is the magnetic field strength, τ is the Thomson
optical depth of non-thermal electrons and p is the slope
the electron distribution.

For the radial dependences B ∝ R−β and τ ∝ R−θ the
self-absorption frequency scales as νt ∝ R−[β(p+2)+2θ]/(p+4)

and the total OIR spectrum from a hot flow is composed
of contributions of synchrotron peaks (in partially opaque
regime) coming from different radii. The hot flow spectrum
constitutes a power-law with the spectral index (Veledina
et al. 2013b)

αOIR =
5θ + β(2p+ 3) − 2p− 8

β(p+ 2) + 2θ
. (13)

At frequencies above νt for the smallest, most compact zone
of the accretion disc, the synchrotron spectrum is optically
thin with α = −(p − 1)/2. If the optical depth of thermal
electrons is high enough, thermal Comptonization can dom-
inate completely over the optically thin synchrotron, the lat-
ter therefore might be invisible in the total spectrum. At fre-
quencies below the self-absorption frequency for the largest,
most transparent zone, the spectrum is optically thick with
α = 5/2.

Below we follow the hybrid hot flow scenario as de-
scribed in details in Veledina et al. (2013b). We discuss now
how it can explain the broad-band spectrum and the features
seen in the CMD. We also discuss what are the implications
for the physical parameters in the vicinity of the BH.

4.2.1 Broad-band spectrum

The broad-band OIR-to-X-ray spectra in the soft and in-
termediate states are fully consistent with the standard ac-
cretion disc with the addition of the emission from non-
thermal/hybrid electrons in the hard X-rays and the irra-
diated disc in the OIR band (see Fig. 6). The X-ray non-
thermal emission can presumably be associated with the
corona above the accretion disc, as in these states the hot in-
ner flow either is non-existent or very small. Because of high
luminosity of the standard disc, electron cooling is domi-
nated by Compton scattering, hence the synchrotron com-
ponent from the corona is negligible. Indeed, there are no
any signatures of this emission in the OIR band.

In the hard state, the whole OIR to X-ray spectrum can
be explained by a synchrotron self-Compton model where
the synchrotron emission from non-thermal electrons is
Comptonized by the thermal population of electrons (Pouta-
nen & Vurm 2009; Veledina et al. 2013b). At the beginning
of the hard state (MJD 51688), the accretion rate Ṁ is high,
the synchrotron self-absorption frequency of the innermost
zone is at ≈ 3 × 1015Hz (corresponding to B ∼ 106 G and
τ ∼ 1, see equation (12)), while νt ∼ 3×1014 Hz for the out-
ermost zone of the hot flow resulting in a break to harder
spectrum below that frequency. This explains a fact that
the extrapolation of the X-ray power-law overpredicts the
OIR flux (solid blue lines in Fig. 6). Later in the hard state,
during the peak of the OIR flare (on MJD 51697), Ṁ and
therefore B and τ have dropped, the hot flow has grown
in size and νt for both inner- and outermost zones have de-
creased. This results in a flat power-law spectrum in the OIR
band (see dashed blue lines in Fig. 6 and the SH transition
in Fig. 8 for a schematic presentation of the spectral evolu-
tion). Because at lower Ṁ the total optical depth has likely
decreased, the synchrotron peak became more pronounced.
Later in the hard state (on MJD 51706; dotted blue lines in
Fig. 6), when the optical depth in the hot flow drops further,
the OIR/X-ray spectrum cannot be represented by a broken
power-law any longer. Instead, it seems that there are two
bumps in the OIR and the X-rays (similar to the spectra of
blazars). Such double-peaked spectra are generally expected
in the hot flow scenario at luminosities below a few per cent
of the Eddington, at low optical depths (see fig. 6 in Narayan
et al. 1998 and fig. 5 in Veledina et al. 2011b).
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Figure 8. The schematic evolution of the OIR spectra of the irra-
diated disc and the flare components from the hot flow during the
outburst. At the rising phase of the outburst, in the hard state, the
disc temperature is steadily growing together with the luminosity
of the non-thermal component. At the hard-to-soft transition, the
X-ray luminosity is nearly constant resulting in a nearly constant
disc emission; the hot flow size shrinks affecting the synchrotron

self-absorption frequency, which is increasing. At the soft state
(not shown here), the non-thermal synchrotron component may
not exist at all, because the hot flow has disappeared. At the soft-
to-hard transition, the hot flow appears and its size steadily grows
resulting in a rapid evolution of the self-absorption frequency. In
the following hard state, the X-ray as well as the disc luminosity
drop; the non-thermal component decays even faster and becomes
harder.

4.2.2 Horizontal tracks in CMD

The OIR spectrum of the hot flow constitutes a power-law,
which extends down to the self-absorption frequency νt of
the outermost parts. During the rising phase of the outburst,
the cold accretion disc shrinks, gradually replacing the hot
flow at smaller and smaller radii. Thus νt shifts to higher
frequencies (see Fig. 8). Once the νt crosses the H-filter,
the emission at these wavelengths becomes self-absorbed
and further, even rather small increase of the transition fre-
quency results in rapid decrease of the H-flux. At the same
time, the V filter experiences minor changes, until the νt
reaches it. At the decay phase of the outburst, the cold disc
recedes, thus the transition frequency moves towards longer
wavelengths, and the rapid flux increase in H filter occurs.
This behaviour naturally explains the horizontal tracks we
see in the CMDs (Fig. 4).

The V –I CMD (Fig. 4c) also shows a nearly horizontal
movement but to the left of the blackbody track in the end
of the soft-to-hard transition corresponding to the harden-
ing of the spectrum. This is a natural consequence of the
appearance of a hard hot flow component which compen-
sates the decreasing disc flux in the V -filter but does not
contribute much to the I-filter.

It is interesting to note that the horizontal tracks ap-
pear at different luminosities. These levels correspond to a
factor of 1.35 difference in the outer accretion disc temper-
ature, while the X-ray hard-to-soft and soft-to-hard transi-
tions occur at luminosities that differ by a factor of 3. This
is consistent with a simple relation Teff ∝ L

1/4
X . Thus, the

horizontal tracks in the OIR CMDs and the X-ray hystere-
sis loop are both manifestation of the same phenomenon.
We finally note that the hot flow emission in the OIR band
disappears/appears in the intermediate states at the rising
and decaying stages of the outburst around MJD 51659 and
51683, respectively (see Fig. 4b,c), at a similar X-ray hard-
ness (see Fig. 1c). This strongly argues in favour of a similar
truncation radius of the cold disc at these moments in spite
of a factor of three difference in X-ray luminosity.

4.2.3 I −H hook

At the hard-to-soft transition, when the cold disc trunca-
tion radius decreases, hot flow model predicts a quenching
of the emission at longer wavelengths before that at shorter
wavelengths. For instance, quenching the emission in the H
filter results in a rapid colour change at an almost constant
I-magnitude, as indeed seen in the I versus I − H CMD
(Fig. 4b). Then, quenching of the emission in I filter is ex-
pected, however, it is more difficult to see in this diagram,
because both the magnitude and the colour change, at the
same time the thermal emission is increased, partially com-
pensating for the drop in I filter. The behaviour is tenta-
tively seen in Fig. 4(b), where the return to the blackbody
track goes along the horizontal line (at constant I), then the
I flux also decreases. However, due to large error bars and
small number of data points, the evolution is also consistent
with a decrease of the emission in both filters, I and H .

The situation is different at the reverse, soft-to-hard
transition. With receding cold disc, the hot flow emission is
recovered at shorter wavelengths before longer wavelengths.
We thus expect the evolution to proceed as follows: first,
the spectrum follows a cooling blackbody, then the I flux
increases, thus both colour and magnitude change in the
opposite direction (towards upper left in Fig. 4b), then the
H flux increases and the horizontal track appears. Such a
behaviour is indeed seen as a hook at the I −H CMD. The
rise of the emission in the I filter before the H filter cannot
be accounted for by the jet model. It is thus a good proxy
for discriminating between the jet and the hot flow scenario.

4.2.4 Hot flow size and radial structure

When the OIR flare becomes visible in the very beginning
of the hard state at the decaying stage of the outburst,
the non-thermal component has spectral index αIH ≈ 1,
which is smaller than the value 2.5 corresponding to the
self-absorbed spectrum. This indicates that νt lies between
the I and H filters. Approximating the hot flow spectrum
at these wavelengths with a broken power-law (see Fig. 5),
we obtain νt ≈ 3 × 1014 Hz, from which we can infer the
hot flow size at this moment of time. Using equation (13)
of Veledina et al. (2013b), which was derived under an as-
sumption of power-law radial dependences of the magnetic
field strength and the electron density, we get
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R = 3× 1022/νt ≈ 108 cm ≈ 35RS, (14)

where RS = 2GM/c2 = 2.7 × 106 cm is the Schwarzschild
radius of the 9.1M⊙ BH. This value should be considered
as a rough estimate, to be improved by detailed spectral
modelling.

We find that the non-thermal spectrum does not stay
power-law of one particular spectral index, but is hardening
towards the end of the flare. According to equation (13), α
depends on indices θ, β and p. Let us assume that changes
in α are predominantly caused by changes in the radial dis-
tribution of the optical depth, while β is fixed at a value of
5/4 for advective flows (Shadmehri & Khajenabi 2005). For
softest α = 0.0 and hardest α = 1.0, we obtain a change of
θ from ∼ 0.55 to 3.0 if we fix p = 3 (the precise value has
minor effect on the results). The value of θ for the soft spec-
trum is similar to that found in ADAF flows (Kato et al.
2008), however, the value obtained from the hard spectrum
is quite an extreme, as it requires a highly inhomogeneous
configuration. We should remember, however, that here θ de-
scribes the distribution of non-thermal electrons, not their
bulk. Thus, high values of θ might imply that electron ac-
celeration is not efficient at large radii. If instead we choose
to fix θ = 0.5, we get β = 1.3 for the soft spectrum (which
is close to the standard value in ADAFs), while for the hard
spectrum we get β = 3.1, again suggesting an extreme strat-
ification of the magnetic field strength. In reality, the struc-
ture of both the magnetic field and the optical depth is likely
to change when the accretion rate decreases, with the gen-
eral trend, apparent from the above exercise, such that the
flow becomes more stratified with strong gradients.

5 SUMMARY

We have carefully analysed the OIR and X-ray light curves of
XTE J1550–564. From the e-folding times in different wave-
bands, we obtained the outer accretion disc temperature in
excess of 15 000 K during the soft/intermediate states. Us-
ing this temperature together with the extreme OIR colours
observed from XTE J1550–564, we put strong constraints
on the extinction towards the source, 5.0 . AV . 5.6. This
allowed us to relate the observed OIR colours to the slopes
of the intrinsic spectrum.

During the soft state, the OIR spectrum is well de-
scribed by the blackbody (associated with the irradiated
disc) of exponentially decaying temperature and a constant
normalization, while during the X-ray state transitions and
the hard states, strong non-thermal flares are observed. By
interpolating the decaying flux of thermal emission to the
hard state, we have accurately separated the contribution
of the flare from the disc. Importantly, the spectrum of
the subtracted thermal component was shown to be con-
sistent with the blackbody of the same normalization as be-
fore the flare. We further demonstrated how the spectrum of
the non-thermal component evolves. On the decaying phase
of the outburst, the flare starts with an apparent break in
the power-law spectrum that is harder in the near-IR with
α ≈ 1. The spectrum then becomes a power-law and softens
to α ≈ 0 at the peak of the flare. It hardens again as the
source fades. In the hybrid hot flow scenario, this harden-
ing possibly indicates that the electron acceleration is not
efficient at large radii at low accretion rates.

The evolution of the spectral shape is consistent with
the hot accretion flow scenario, where the size of the flow
varies with the accretion rate. In the hard state, the flow is
large and the OIR spectrum constitutes a power-law. Dur-
ing the hard-to-soft transition, the flow collapses and the
low-energy spectral cutoff (corresponding to the synchrotron
self-absorption frequency) moves from the infrared to the
UV. In the soft state, the hot flow may not exist at all and its
non-thermal emission is quenched. At the reverse transition,
the cold disc retreats and the hot flow grows in size leading
to an increase of the contribution of the non-thermal com-
ponent from the hot flow to the OIR spectrum and strong
reddening of the source. This transition occurs at a lower
accretion rate which manifests itself as the hysteresis loop
in the X-ray hardness-flux diagram and as different levels
of the horizontal tracks in the OIR CMDs. We find that
quenching and recovery of the hot flow OIR emission occurs
at about the same X-ray hardness during the intermediate
state. The position of the source at the at the X-ray hardness
- flux diagram when this happens (the hot flow line) seems
to coincide with the jet line that marks the presence of the
compact radio jet. This implies a close connection between
the presence of the hot flow and the compact jet. We roughly
estimate the hot flow size, at the moment when OIR flare
starts to be visible in the light curves, to be 108cm ≈ 35RS.
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ABSTRACT
The nature of the broad-band spectra of supermassive accreting black holes in active galactic
nuclei (AGNs) is still unknown. The hard X-ray spectra of Seyferts as well as of Galactic
stellar-mass black holes (GBHs) are well represented by thermal Comptonization, but the
origin of the seed photons is less certain. The MeV tails observed in GBHs provide evidence
in favour of non-thermal electron tails and it is possible that such electrons are also present in
the X-ray-emitting regions of AGNs.

Using simulations with the kinetic code that self-consistently models electron and photon
distributions, we find that the power-law-like X-ray spectra in AGNs can be explained in terms
of the synchrotron self-Compton radiation of hybrid thermal/non-thermal electrons, similarly
to the hard/low state of GBHs. Under a very broad range of parameters, the model predicts a
rather narrow distribution of photon spectral slopes consistent with that observed from low-
ionization nuclear emission-line regions and Seyferts at luminosities less than 3 per cent of the
Eddington luminosity. The entire infrared to X-ray spectrum of these objects can be described
in terms of our model, suggesting a tight correlation between the two energy bands. We
show that the recently found correlation between the slope and the Eddington ratio at higher
luminosities can be described by the increasing fraction of disc photons in the emitting region,
which may be associated with the decreasing inner radius of the optically thick accretion disc.
The increasing flux of soft photons is also responsible for the transformation of the electron
distribution from nearly thermal to almost completely non-thermal. The softer X-ray spectra
observed in narrow-line Seyfert galaxies may correspond to non-thermal Comptonization of
the disc photons, predicting that no cut-off should be observed up to MeV energies in these
sources, similarly to the soft-state GBHs.

Key words: accretion, accretion discs – radiation mechanisms: non-thermal – galaxies:
Seyfert – X-rays: galaxies.

1 IN T RO D U C T I O N

Accreting radio-quiet supermassive black holes (SMBHs) resid-
ing in the centres of quasars, Seyfert galaxies, narrow-line Seyfert
1 galaxies (NLSy1s) and some fraction of low-ionization nuclear
emission-line regions (LINERs) in many respects are analogous to
the Galactic stellar-mass black holes (GBHs) in X-ray binaries. In
the X-ray/soft γ -ray band, the spectra of Seyferts can be represented
by a sum of a power-law-like continuum which cuts off at a few
hundred keV and a reflection component with the iron fluorescent
Kα line believed to be produced by reprocessing the intrinsic power
law by cold opaque matter, probably the accretion disc (Nandra

�E-mail: alexandra.veledina@oulu.fi

& Pounds 1994). The 2–10 keV intrinsic spectral energy slope (de-
fined as FE ∝ E−α) of the power law α ∼ 0.9–1.0, which is ubiqui-
tously found in Seyferts, is somewhat larger than what is measured
in GBHs in their hard state α ∼ 0.6–0.8 (e.g. Zdziarski, Lubinski
& Smith 1999). NLSy1s having softer X-ray spectra than Seyferts
probably represent a state with higher accretion rate (in Eddington
units) similar to the soft/very high state of GBHs (Pounds, Done &
Osborne 1995).

The seemingly similar X-ray slopes of Seyferts triggered the ef-
forts to find a physical model which would explain such spectral
stability. The non-thermal models became popular (see Svensson
1994, for a review). These invoke the injection of high-energy lep-
tons into the system with subsequent Compton cooling by accretion
disc photons and photon–photon pair productions initiating pair
cascades. Saturated cascades produce intrinsic spectra with α ≈ 0.9

C© 2011 The Authors
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(Zdziarski & Lightman 1985; Svensson 1987), which become con-
sistent with the X-ray spectra of Seyferts after accounting for the
hardening due to Compton reflection (George & Fabian 1991). The
pair-cascade models, on the other hand, predict a strong tail above
300 keV and an annihilation line which have never been observed.
The CGRO/OSSE observations of the brightest Seyfert 1 galaxy
NGC 4151 constrain the fraction of the energy going to non-thermal
injection to be less than 50 per cent, while the rest of the power going
to thermal heating (Zdziarski, Lightman & Maciolek-Niedzwiecki
1993; Zdziarski, Johnson & Magdziarz 1996). The existing upper
limits on the average flux of Seyferts above 100 keV are com-
patible with the presence of weak non-thermal tails (e.g. Gondek
et al. 1996; Johnson et al. 1997). The more recent INTEGRAL
observations (Lubiński et al. 2010) have not improved those con-
straints.

The non-detectable high-energy tail in Seyfert galaxies can also
be interpreted in terms of pure thermal models, where the power
is equally shared among all the thermal particles. The spectra in-
deed can be well described by Comptonization on thermal 50–
150 keV electrons (see e.g. Zdziarski et al. 1997; Poutanen 1998;
Zdziarski 1999). The stability of the spectral slopes can be inter-
preted as the evidence of the radiative feedback between the hot
X-ray-emitting plasma and the cool accretion disc, which is as-
sumed to be a sole source of the seed photons for Comptonization.
The slab–corona model, where the hot plasma sandwiches the ac-
cretion disc (see e.g. Haardt & Maraschi 1991, 1993), predicts too
soft spectra due to large flux of the reprocessed ultraviolet (UV)
photons (Stern et al. 1995). Malzac, Dumont & Mouchet (2005)
showed that the hard spectrum can be achieved if one assumes a
large ionization parameter of the disc, but in this case the model fails
on the predicted reflection properties. Localized active regions atop
a cool disc (Haardt, Maraschi & Ghisellini 1994; Stern et al. 1995;
Poutanen & Svensson 1996; Svensson 1996) are more photon-
starved and can produce much harder spectra in agreement with
observations. However, in this case, it is difficult to understand why
there is a preferential slope, as it is a strong function of the separation
of the active region from the disc.

The detection of the MeV tails in the spectra of the GBH
Cyg X-1 in both hard and soft states (McConnell et al. 2002)
implies the presence of a significant non-thermal component in
the electron distribution. The power-law-looking spectra extend-
ing to the MeV energies in other soft-state GBHs (Grove et al.
1998; Zdziarski et al. 2001) are consistent with being produced by
non-thermal Comptonization (Poutanen & Coppi 1998; Poutanen
1998). By analogy, the electrons in Seyferts also might have a non-
thermal population. More probably, in both types of sources, the
electron distribution is hybrid in both hard and soft states (Poutanen
& Coppi 1998; Poutanen 1998; Coppi 1999), with the non-thermal
fraction increasing for softer spectra. However, non-thermal parti-
cles could be spatially separated from the thermal ones.

The presence of the non-thermal particles, even if they are not
energetically dominant, has a strong impact on the emitted spec-
trum, because the synchrotron emission can increase by orders of
magnitude even if only 1 per cent of the electron energy is in the
power-law tail (Wardziński & Zdziarski 2001). As most of the syn-
chrotron emission is self-absorbed, this process plays an important
role in shaping the electron distribution by thermalizing particles
via the emission and absorption of synchrotron photons, the so-
called synchrotron boiler (Ghisellini, Guilbert & Svensson 1988;
Ghisellini, Haardt & Svensson 1998).

It was recently shown that under the conditions of GBHs,
Coulomb collisions and the synchrotron boiler efficiently thermal-

ize electrons producing a thermal population at low energies even
if the electrons were originally non-thermal (Vurm & Poutanen
2008; Malzac & Belmont 2009; Poutanen & Vurm 2009). The hard
spectrum of GBHs can be fully accounted for by the synchrotron
self-Compton (SSC) mechanism in the resulting hybrid electrons.
In this picture, the disc photons are not required to interact with
the hot X-ray-emitting plasma at all. This mechanism also gives a
rather stable X-ray slope for a large range of parameters, relieving
the need for the feedback between the disc and the active region.

As many of the radiative processes depend only on the compact-
ness of the source, but not on its luminosity or size separately, one
may think that the spectra of Seyferts can also be described in terms
of hybrid Comptonization models. However, not all processes can
be scaled away. The aim of this paper is to study in details the
spectral formation in relativistic hybrid plasmas in the vicinity of a
SMBH. One of our goals is to learn how the results scale with the
mass of the compact object. We also test the role of bremsstrahlung
in SSC models and, finally, we compare the model with the data on
Seyferts and NLSy1s.

2 MODEL DESCRI PTI ON

2.1 Geometry

It is commonly accepted that the main process responsible for X-
ray spectra of radio-quiet active galactic nuclei (AGNs) is (nearly)
the thermal Comptonization of soft seed photons by energetic elec-
trons. The nature of the seed photons is less understood. The two
main candidates are the standard cool accretion disc (Shakura &
Sunyaev 1973) and the synchrotron emission from the hot electron
populations. We model both types of seed photon sources.

The geometry of the X-ray-emitting region also remains unclear.
It can be the inner hot part of the accretion flow which can be
radiatively inefficient as well as efficient (see reviews in Narayan,
Mahadevan & Quataert 1998; Yuan 2007). The disc–corona models
are also popular (Galeev, Rosner & Vaiana 1979; Haardt & Maraschi
1991, 1993; Haardt et al. 1994; Stern et al. 1995; Poutanen &
Svensson 1996; Poutanen 1998). The slab (plane-parallel) corona
(Haardt & Maraschi 1991, 1993) is unlikely to be realized, as it
produces Comptonization spectra which are too soft compared to
the observed α ∼ 1 (Stern et al. 1995). The corona can also be
patchy and consist of isolated active regions atop a cool accretion
disc (Galeev et al. 1979; Haardt et al. 1994; Stern et al. 1995). This
kind of geometry can produce spectra of almost arbitrary hardness
if only soft photons reprocessed in the disc are considered. The
corona does not need to be static, but can have a substantial bulk
velocity away from the disc or towards it (Beloborodov 1999b). In
this work, we consider a spherically symmetric region, which can
be either the inner hot part of the accretion flow or a blob of the
gas above the accretion disc. No anisotropy in geometry or seed
photons is taken into account.

2.2 Main parameters

In most of the simulations, we assumed that the active region has
a size of R = 10RS, where RS = 2GMBH/c2 is the Schwarzschild
radius of the black hole of mass MBH, as one can expect most of
the energy to be liberated within a region of a corresponding size.
It is convenient to introduce a compactness parameter, which is
independent of the black hole mass:

linj = Linj

R

σT

mec3
� 103 Linj

LEdd

10RS

R
, (1)
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where LEdd = 4πμeGMBHmpc/σT = 1.3 × 1038MBH/M� erg s−1,
σ T is the Thomson cross-section, μe = 2/(1 + X) and X is the
hydrogen fraction.

The importance of synchrotron processes is determined by the
magnetization parameter ηB = UBR2c/Linj, where UB = B2/(8π)
is the magnetic energy density and Linj ≈ 4π

3 R2cUrad (Urad is the
radiation energy density). The equipartition of magnetic and radi-
ation energy densities occurs at ηB ≈ 0.25. The magnetic field can
be expressed in terms of adopted parameters as

B =
(

8πmec
2

σT

ηBlinj

R

)1/2

≈ 103

(
ηBlinj

M7R/10RS

)1/2

G, (2)

where M7 = MBH/107 M�.
We assume that the released energy is given to the electrons.

The transfer of energy is modelled as a power-law injection:
dNe/(dt dγ ) ∝ γ −�inj extending from the low-energy Lorentz fac-
tor γ le = 1.0 to high-energy cut-off at γ he = 103. The Thomson
optical depth of the electrons is chosen at the beginning and fixed
during each simulation, that is, the number of particles is conserved.
The injected electrons increase the optical depth; therefore, to keep
it constant throughout the simulations, the same amount of elec-
trons is removed from the system. This action simulates the effect
of re-acceleration. The total luminosity of the system L is equal to
the net power Linj = 4π

3 R3Ṅe(γ inj − γ eq)mec
2, where γ inj and γ eq

are the mean Lorentz factors of the injected and the equilibrium
distributions, respectively.

We also consider an additional source of soft photons from the
accretion disc in the form of the blackbody radiation injected homo-
geneously to the system. The parameters that describe them are the
temperature Td and the ratio of the disc luminosity to the injected
power f = Ldisc/Linj.

Thus, the main parameters of the model are the mass of the
compact object, MBH, size of the active region, R/RS, magnetization
parameter, ηB, Eddington ratio, L/LEdd, ratio f of the disc seed photon
luminosity to the injected luminosity, injection slope, �inj, and the
Thomson optical depth τ = Rσ Tne.

2.3 Characteristic time-scales

There are three time-scales important in our simulations: light-
crossing time tlc, cooling time tcool and re-acceleration time tra.

The re-acceleration time is calculated for a given optical depth
and required injection energy as

tra = 4π

3

R

c

τγ inj

linj
, (3)

corresponding to the average time of the removal of the electrons
from the system (as modelled in the code). For large optical depth,
the re-acceleration time is larger than the light-crossing time and
thus it can be associated with the escape time. In the case of low
optical depth, tra < tlc, and it cannot be thought of as the escape
time itself, but interpreted as the time between re-accelerations.

The synchrotron cooling time can be calculated as

tcool,s ≡ γ − 1

|γ̇s| = 1

γ + 1

(
4

3

σTUB

mec

)−1

= 1

γ + 1

3

4

R/c

ηBlinj
, (4)

where γ̇s is the synchrotron cooling rate. Similarly, one can de-
termine the cooling time by Compton scattering (e.g. Rybicki &
Lightman 1979):

tcool,cs ≡ γ − 1

|γ̇cs| = 1

γ + 1

(
4

3

σTUrad

mec

)−1

= 1

γ + 1

πR/c

linj
. (5)

The ratio of the two time-scales is roughly

tcool,s

tcool,cs
= Urad

UB

= 3

4πηB

. (6)

For most of the simulations, the synchrotron cooling time is com-
parable to (or more than) the Compton cooling time.

The e–e Coulomb losses at the equilibrium can be estimated as
(e.g. Nayakshin & Melia 1998):

tcool,Coul ≡ γ − 1

|γ̇Coul| ≈ 2R

3c

γ eq

τ ln 	

p3

γ (γ + 1)
, (7)

where ln 	 is the Coulomb logarithm (we take ln 	 = 16). The
bremsstrahlung cooling time is larger (approximately by the in-
verse of the fine structure constant 1/αfs ≈ 137). At higher energies,
the cooling is determined by radiative processes, while for lower en-
ergies non-radiative Coulomb collisions are dominant. The relevant
scaling is

tcool,Coul

tcool,cs
≈ 2γ eq

3π ln 	

p3

γ

linj

τ
. (8)

The ratio of the synchrotron cooling and re-acceleration times
can be approximated as (γ inj ≈ 2 in our simulations):

tcool,s

tra
≈ 0.1

τηB

1

γ + 1
(9)

and the ratio of the Coulomb cooling to re-acceleration time can be
written as

tcool,Coul

tra
≈ 5.6

γ eqp
3

τ 2γ (γ + 1)

(
L

LEdd

) (
R

10RS

)−1

. (10)

As long as the optical depth is not too low, the average cooling time
is less than the re-acceleration time. This condition is satisfied for
the majority of simulations presented in this paper.

2.4 Radiative processes and numerical simulations

The gravitational energy released as matter goes down the potential
well of the black hole heats the protons and can be transferred to
electrons via various mechanisms, for instance, Coulomb collisions
with protons, magnetic reconnection, collective plasma effects or
shock acceleration. The accelerated electrons subsequently cool,
producing a radiation field in the region. The presence of the lat-
ter strongly affects the electron distribution. Due to acceleration
processes operating in the system, the electron distribution might
not be Maxwellian. Even a small non-thermal tail (with the en-
ergy content of only 1 per cent) can significantly increase the net
(after accounting for self-absorption) synchrotron emission up to
∼105 times (Wardziński & Zdziarski 2001) and therefore affect the
spectrum of the Comptonized component.

For a given particle distribution (Maxwellian, power law or hy-
brid), one can easily calculate the emission spectrum, but the former
in turn depends on the radiation field. Thus, to find an equilibrium
spectrum, which is self-consistent with the electron distribution,
one has to solve coupled time-dependent kinetic equations for all
the particle species present in the system.

The formal equilibrium solution of the kinetic equation for elec-
trons, when cooling dominates over the escape, can be written as
(Blumenthal & Gould 1970):

dNeq

dγ
∝ 1

γ̇

∫ γhe

γ

γ ′−�inj dγ ′, (11)

where dNeq/dγ represents the equilibrium particle distribution and
γ̇ is the sum of all possible cooling rates. In the radiative (Compton
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and synchrotron) cooling dominated regime, γ̇ ∝ γ 2, while if the
electrons exchange energies predominantly by Coulomb collisions,
then γ̇ ∝ γ 0. Substituting the cooling rates into equation (11)
and integrating (hereinafter we consider �inj ≥ 2), one gets the
equilibrium electron distribution in the form dNeq/dγ ∝ γ −s with

s =
{

�inj + 1, γ̇ ∝ γ 2 (Compton, synchrotron)

�inj − 1, γ̇ ∝ γ 0 (Coulomb).
(12)

In a general case, it is necessary to account for particle heating
and thermalization; therefore, it is impossible to find an analytical
solution; the problem has to be solved numerically.

We consider electrons, positrons and photons. The neutrality of
the plasma is provided by protons, which are assumed to be at rest
and participate only in electron–proton bremsstrahlung. The fol-
lowing elementary processes are taken into account. The particles
interact with each other via Coulomb (Møller/Bhabha) collisions.
The cooling/heating of the electrons (and positrons) occurs by emit-
ting and absorbing synchrotron radiation, bremsstrahlung emission
(electron–proton, electron–electron, positron–positron, electron–
positron) and Compton scattering. The seed soft photons for Comp-
ton scattering can be provided by the synchrotron as well as by the
accretion disc. Photon–photon pair production and pair annihilation
are also taken into account; however, these processes play a minor
role for considered parameters.

We assume particle and photon distributions to be homogeneous
and isotropic. The calculations are done in a one-zone geometry
with a tangled magnetic field. The photon escape from the region
is modelled by the escape probability formalism. The escaping
photon distribution can be described by the differential luminosity
LE = dL/dE or differential compactness lE = (linj/L) LE.

To obtain the equilibrium spectrum, a system of time-dependent
kinetic equations for the distribution functions of photons, electrons
and positrons are solved using the code described in details by Vurm
& Poutanen (2009), extended to include bremsstrahlung processes.
This code is similar to the previous codes of that sort by Coppi
(1992, 1999), but includes the synchrotron boiler (Ghisellini et al.
1988, 1998) and treats Coulomb thermalization more accurately
due to a grid in electron momenta extended to low values. A code
very similar to ours was recently developed by Belmont, Malzac &
Marcowith (2008).

3 R ESULTS

In this section, we present a detailed investigation of the features
of equilibrium photon and electron distributions arising from varia-
tions in different parameters. We consider pure SSC models in Sec-
tion 3.1. In Section 3.2, we investigate the role of bremsstrahlung in
SSC models. Spectral formation with the contribution of the accre-
tion disc photons is described in Section 3.3. Specific parameters of
each simulation can be found in Table 1.

3.1 SSC models

Let us first consider pure SSC models putting f = 0, that is, with no
contribution from the accretion disc. We study how variations in the
parameters influence the spectral energy distribution (particularly,
the slope α in the range 2–10 keV) and the electron distribution.
For the fiducial parameters, we take MBH = 107 M�, �inj = 3.0,
τ = 1.0, ηB = 0.1 and L/LEdd = 10−2 (see Fig. 1, solid line). The
equilibrium electron distribution consists of a Maxwellian part with
kTe = 93 keV and a power-law tail with the slope determined by the

radiative cooling s =�inj + 1 = 4. The synchrotron emission coming
from thermal electrons is completely self-absorbed and the low-
energy part of the spectrum arises from the synchrotron produced
by a non-thermal electron population only (with Lorentz factors γ �
30). On the other hand, the high-energy Comptonization component,
cutting off at ∼100 keV, is mostly produced by the Maxwellian part
of the electron distribution. Above the cut-off energy, there is a high-
energy tail resulting from the Comptonization on the non-thermal
electrons.

3.1.1 Dependence on the magnetic field

Let us consider the influence of the strength of magnetic field on
spectral formation. The energy density of typical magnetic fields
in the vicinity of black holes is assumed to be of the order of the
equipartition with the radiation field or gas energy density (Galeev
et al. 1979). In Fig. 1, the equilibrium spectra and electron dis-
tributions are shown for ηB = 0.1, 1.0 and 10. When the role of
the magnetic field increases, it causes the increasing emission in the
low-energy part of the spectrum, where the main contribution comes
from the synchrotron mechanism. Subsequently, the electron cool-
ing occurs faster (for the comparison with the re-acceleration time,
see equation 9). This implies the decreasing role of inverse-Compton
scattering on non-thermal electrons and thus leads to a weaker high-
energy tail in the photon distribution. The resulting Comptonized
spectrum becomes softer. As electrons lose more energy in syn-
chrotron emission and cool more efficiently, the non-thermal tail
drops and the thermal part of the distribution extends to higher en-
ergies. At the same time, the peak of the thermal distribution is
determined by Coulomb processes; thus, the equilibrium temper-
ature is independent of the magnetization. Although the electron
temperatures are almost identical in these simulations, the slopes
are different. This is due to the fact that the slope is determined by
both thermal and non-thermal electron populations, with a harder
spectral index in the case of a more powerful electron tail.

One can note in Fig. 1(b) that the normalization of the electron
tail at γ < 10 does not scale inversely proportional to magnetization.
The competing processes determining the normalization (and shape)
of the high-energy tail are Compton and synchrotron cooling. Their
relative role in tail formation is determined by the magnetization
parameter (see equation 6). With the increasing role of the magnetic
field, the cooling becomes dominated by synchrotron processes, and
from this moment the normalization scales inversely with ηB. Also
at high Lorenz factors, Compton scattering plays a less important
role, because cooling occurs partially in Klein–Nishina regime.

3.1.2 Dependence on the mass

Variations in the mass correspond to variations of two parameters
simultaneously: the Schwarzschild radius and the Eddington lumi-
nosity. If we fix the Eddington ratio and the size (in Schwarzschild
radii), then the compactness parameter becomes independent of the
mass. The spectral energy distribution lE is not expected to change
much. However, the temperature of the accretion disc photons as
well as the magnetic field strength (and characteristic synchrotron
frequencies) do depend on the mass.

If the seed photons for Comptonization come from an accretion
disc, the size and disc temperature scale as R ∝ MBH and Td ∝
M

−1/4
BH , respectively (see e.g. Frank, King & Raine 2002). For the

black holes with higher masses and the same compactness, the
Comptonized spectrum becomes broader and the X-ray spectra of
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Table 1. Model parameters and results.

Run Figure MBH/M� L/LEdd R/RS �inj τ ηB f α[2–10] kTe (keV)

1a 1 107 10−2 10 3.0 1.0 0.1 0 0.800 93
2 1 107 10−2 10 3.0 1.0 1.0 0 0.888 95
3 1 107 10−2 10 3.0 1.0 10 0 0.965 96

4 2 10 10−2 10 3.0 1.0 0.1 0 0.779 99
5 2 103 10−2 10 3.0 1.0 0.1 0 0.789 96
6 2 105 10−2 10 3.0 1.0 0.1 0 0.795 94
1a 2 107 10−2 10 3.0 1.0 0.1 0 0.800 93
7 2 109 10−2 10 3.0 1.0 0.1 0 0.804 93

8 3 10 10−2 10 3.0 1.0 1.0 0 0.908 94
9 3 103 10−2 10 3.0 1.0 1.0 0 0.905 93

10 3 105 10−2 10 3.0 1.0 1.0 0 0.896 94
11 3 107 10−2 10 3.0 1.0 1.0 0 0.882 95
12 3 109 10−2 10 3.0 1.0 1.0 0 0.880 96

13 4 10 10−3 10 3.0 0.3 0.1 0 0.899 122
14 4 103 10−3 10 3.0 0.3 0.1 0 0.896 122
15 4 105 10−3 10 3.0 0.3 0.1 0 0.895 121
16 4 107 10−3 10 3.0 0.3 0.1 0 0.890 121
17 4 109 10−3 10 3.0 0.3 0.1 0 0.886 120

18 5 107 10−2 10 3.0 0.1 0.1 0 0.935 50–100b

19 5 107 10−2 10 3.0 0.3 0.1 0 0.889 50–100b

1a 5 107 10−2 10 3.0 1.0 0.1 0 0.800 93
20 5 107 10−2 10 3.0 3.0 0.1 0 0.746 33
21 5 107 10−2 10 3.0 10 0.1 0 0.603 7

2 8 107 10−2 10 3.0 1.0 1.0 0 0.888 95
22 8 107 10−3 10 3.0 1.0 1.0 0 0.889 102
23 8 107 10−4 10 3.0 1.0 1.0 0 0.890 108

24 9 107 10−2 10 2.0 1.0 0.1 0 0.915 39
1a 9 107 10−2 10 3.0 1.0 0.1 0 0.800 93

25 9 107 10−2 10 3.5 1.0 0.1 0 0.749 105

26 10 107 10−2 300 3.0 1.0 1.0 0 0.886 107
27c 10 107 10−2 300 3.0 1.0 1.0 0 0.853 105

1a 11 107 10−2 10 3.0 1.0 0.1 0 0.800 93
28 11 107 0.03 10 3.0 1.0 0.1 0.1 0.898 63
29 11 107 0.1 10 3.0 1.0 0.1 0.3 1.030 36
30 11 107 0.3 10 3.0 1.0 0.1 1.0 1.191 16
31 11 107 1 10 3.0 1.0 0.1 3.0 1.335 4

32 13 108 1.0 10 3.5 1.0 0.25 10 1.640 3

aThe fiducial parameter set. bThe value of the temperature is not well defined as the electron distribution
is poorly fitted by the Maxwellian. cThe spectrum was calculated including bremsstrahlung.

Seyferts are expected to be softer than those of GBHs at the same
ratio f (Zdziarski et al. 2003) for α < 1.

The situation is more complicated for the SSC mechanism. The
low-energy part of the spectrum is determined by synchrotron radi-
ation which is strongly self-absorbed up to some critical frequency,
the so-called turnover frequency ν t. For the hybrid electron dis-
tribution, containing Maxwellian and power-law parts, there are
two corresponding turnover frequencies: thermal ν th

t ∝ B0.91 (e.g.
Mahadevan 1997; Wardziński & Zdziarski 2000) and power law
(e.g. Rybicki & Lightman 1979; Wardziński & Zdziarski 2001):

ν
pl
t ∝ B

s+2
s+4 ∝ R− s+2

2s+8 ∝ M
− s+2

2s+8
BH , (13)

where we used equation (2), obtaining the last scaling. Here s =
�inj + 1, if the cooling of particles emitting around the turnover
frequency is dominated by the synchrotron radiation or Compton
scattering and s = �inj − 1, if Coulomb collisions dominate (see
equation 12). In our simulations, the synchrotron radiation coming

from the Maxwellian part of the electron distribution is completely
self-absorbed and only non-thermal electrons are responsible for the
synchrotron radiation coming from the region. Using equation (2),
we then deduce (for �inj = 3.0):

νt ∝
(

ηBl

R

)0.33/0.38

. (14)

The lower and upper limits of the power-law index correspond to
Coulomb and radiative regimes, respectively. Moreover, for the pure
SSC simulations, the synchrotron-emitting particles are in the radia-
tive cooling regime (i.e. the cooling by Coulomb is negligible). The
turnover frequency is generally smaller for more massive objects
(see Figs 2–4) and lower magnetizations. The latter effect can be
seen in Fig. 1; however, the dependence on ηB is weak since the ef-
fects of the increasing magnetic field and decreasing normalization
of the tail of the electron distribution due to stronger cooling nearly
cancel each other out. We find that for different values of the
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Figure 1. Equilibrium spectra (upper panel) and electron distributions
(lower panel) for SSC models with the varying magnetization parame-
ter: ηB = 0.1 (black solid line), 1.0 (red dotted line), 10 (blue dashed
line). Other parameters are fiducial. Runs 1–3 from Table 1. [Correction
added after online publication 2011 May 20: figure replaced, with corrected
normalization.]

magnetization parameter, the slope of the thermal Comptonization
component can become harder or softer with increasing mass (Figs 2
and 3), depending on its initial value and the slope of the non-thermal
electron distribution. The electron distribution is independent of the
mass due to the fact that cooling and heating (re-acceleration) times
scale with the mass similarly; thus, their ratio is independent of the
mass (see equations 9 and 10).

The synchrotron luminosity at ν t can be estimated by remem-
bering that the intensity at the turnover frequency is just a source
function of the power-law electrons and that the relativistic elec-
tron of the Lorentz factor γ emits most of the synchrotron power
at frequency ν � 2γ 2νB (where νB = eB/2πmec is the cyclotron
frequency). Then, the compactness of the synchrotron photon spec-
trum at ν t scales as (Rybicki & Lightman 1979):

E lE,synch ∝ Rν
7/2
t√
νB

∝ B
s−3
s+4 ∝ R− s−3

2s+8 ∝ M
− s−3

2s+8
BH . (15)

Eliminating the mass using equation (13), we get the dependence
of differential compactness (at a turnover frequency) on the photon
energy:

E lE,synch ∝ E
s−3
s+2 . (16)

This corresponds to a power law of the energy index α = 5/(s + 2).
In Figs 2 and 3, the magenta line corresponds to s = �inj + 1 = 4,
giving E lE,synch ∝ E1/6 (i.e. α = 5/6). For an initial spectral index α,

Figure 2. Equilibrium spectra (differential compactness, upper panel) and
electron distributions (lower panel) for SSC models with varying masses
of the black hole: M = 10 (black solid line), 103 (red dotted line), 105

(blue dashed line), 107 M� (green dot–dashed line) and 109 M� (yellow
three-dot–dashed line). Other parameters are fiducial. The broadest spectrum
corresponds to the highest mass. The magenta line corresponds to the power
law of the energy index α = 5/6. Runs 1 and 4–7 from Table 1.

increasing the mass of the compact object leads to softer SSC spectra
if s < 5/α − 2. For the canonical value α ≈ 0.7 in the hard-state
spectra of GBHs, we get s < 5 (or equivalently �inj < 4). For a steep
spectral slope to start with at 10 M� (for instance, the slope as in
Fig. 3), we get a more stringent constraint than s < 5/0.908 − 2 ≈ 3.5
and �inj < 2.5. Thus, a hard electron injection function is required to
get the systematically softer spectra in Seyferts in terms of the SSC
mechanism, keeping all the parameters (except MBH) constant.

We emphasize here that whether the spectrum hardens or softens
with the increasing mass depends both on the initial (for MBH =
10 M�) slope and the scaling of the seed photon compactness.
The power-law slope of the Comptonization component will tend
asymptotically to the value α = 5/(s + 2) (thus, hardening or steep-
ening) with the increasing mass of the object, independently of
other parameters, leading to a stability of the spectrum. In models
with the seed photons coming from the accretion disc (with f =
constant), this asymptotic slope is α = 1.

In Fig. 4, we plot spectra and electron distributions obtained
for the same parameters as in Fig. 2, but for lower τ and L/LEdd.
The tail in the electron distribution becomes relatively stronger,
resulting in more luminous synchrotron emission. This softens the
Comptonized part of the spectrum (compared to the cases in Fig. 2).
The slopes of electron distributions between momenta p = 1 and
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Figure 3. Same as in Fig. 2(a), but for ηB = 1.0. Runs 8–12 from Table 1.

10 resemble the injection function, implying inefficient cooling at
these energies. Below the peak, the Coulomb collisions dominate
the re-acceleration, leading to the formation of the Maxwellian
distribution, and for p > 10, radiative cooling softens the electron
distribution.

3.1.3 Dependence on the optical depth

Now let us consider the role of the optical depth. Again, we take
the fiducial parameters and let τ vary. As the optical depth grows,
the electrons have more time to cool before being re-accelerated,
leading to a drop in the electron temperature (Fig. 5b). Lower tem-
perature and higher optical depth lead to efficient thermalization
by Coulomb collisions, driving a larger fraction of particles to a
Maxwellian distribution. As the electron temperature decreases, the
peak of the thermally Comptonized spectrum also moves to lower
energies (see Fig. 5a). At the same time, the number of particles in
the non-thermal tail of the electron distribution decreases, leading
to weaker partially self-absorbed synchrotron emission. The source
therefore becomes photon-starved and the spectrum hardens.

At low optical depths, the particles do not have time to cool
between re-accelerations and the electron distribution resembles
the injection function with a hard tail. The synchrotron emission is
therefore strong and dominates the emission in the 0.1–10 eV range
for τ = 0.1.

The effect of the hardening of the spectrum with increasing op-
tical depth was found for both GBHs and SMBHs, irrespective of
the values of the other parameters (see Fig. 6), suggesting that it has
the strongest influence on the slope.

Figure 4. Same as in Fig. 2, but for L/LEdd = 10−3 and τ = 0.3. Runs 13–17
from Table 1.

3.1.4 Dependence on the Eddington ratio

The change in the Eddington ratio is closely connected to the change
in the accretion rate, which, in turn, affects the optical depth. The
latter is rather obvious: if the accretion time is constant, the higher
is the matter supply, the higher is the density and therefore the opti-
cal depth. We assume that τ ∝ Ṁ . For different types of accretion
modes (corresponding to efficient and inefficient flows), the ob-
served X-ray luminosity depends on the accretion rate in a different
manner. To investigate the spectral formation at various accretion
rates, we consider a simple power-law scaling

τ = τ0

(
L

LEdd

)θ

, (17)

where τ 0 = 1.0, and θ = 0.5, which corresponds to radiatively
inefficient accretion (τ ∝ Ṁ and L ∝ Ṁ2), θ = 1.0 corresponding
to radiatively efficient accretion and θ = 0, that is, constant optical
depth (ad hoc).

The results of simulations are shown in Figs 7 and 8. The spectral
index is almost independent of the Eddington ratio, if the optical
depth remains constant and bremsstrahlung is not accounted for.
The turnover frequency is smaller for lower Eddington ratios: the
fraction of the magnetic energy (ηB) remains constant; therefore,
the magnetic field itself decreases as B ∝ (L/LEdd)1/2, leading to the
reduction in ν t. The spectral slopes in the 2–10 keV range are de-
termined by Comptonization on thermal electrons. Our simulations
show that for the case of constant optical depth, the Maxwellian part
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Figure 5. Equilibrium spectra (upper panel) and electron distributions
(lower panel) for SSC models with varying optical depths τ = 0.1, 0.3,
1, 3 and 10. The hardest spectrum and the coldest electron distribution cor-
respond to the highest τ . Other parameters are fiducial. Runs 1 and 18–21
from Table 1. [Correction added after online publication 2011 May 20: figure
replaced, with corrected normalization.]

of the distribution remains almost unchanged. The Comptonized
slope can be approximated as (Beloborodov 1999a):

α � 9

4
y−2/9 − 1, (18)

where y = 4(�e + 4�2
e)τ (τ + 1) is the Compton parameter and

�e = kTe/mc2 is the dimensionless temperature of electron distri-
bution. Hence, for constant optical depth, equal temperatures of the
Maxwellian distribution give the same slope of the Comptonization
spectrum (see Fig. 8). When the optical depth changes together
with the Eddington ratio, the electron temperature is no longer
conserved and the spectral slope changes too. At sufficiently low
luminosities and relatively high optical depths, the X-ray spectrum
is no longer dominated by Comptonization, but instead determined
by bremsstrahlung.

Because the injection and cooling rates scale the same way with
the Eddington ratio, the electron distribution at energies producing
synchrotron emission above the turnover frequency

γ � γt �
√

νt

2νB

≈ 4.2 × 10−4

√
νt

B
≈ 30 (19)

has a power-law shape with s = �inj + 1 and does not change in
the cases plotted in Fig. 8. Using equations (13) and (15), one gets
the dependence of ElE/l (the spectral distribution scaled to the total

Figure 6. Dependence of the spectral slope on the optical depth for various
sets of parameters (MBH/M�, L/LEdd, �inj) = (107, 10−2, 3.0) (solid line),
(107, 10−3, 3.0) (dashed line) and (107, 10−2, 2.0) (dot–dashed line). The
corresponding dependence for GBHs with parameters (10, 10−2, 3.0) is
shown with the dotted line. Other parameters are fiducial.

compactness) on the turnover frequency for the constant R:

ElE

l
∝ Rν

7/2
t

l
√

νB

∝ E
s−3
s+2 , (20)

giving α = 5/(s + 2) = 5/6, which happens to be very close to the
X-ray spectral index 0.89. Thus, the spectral slope in this case is
conserved.

The three electron distributions differ much in the range of
Lorentz factors between γ ∼ 3 and 20. The effect is due to the
increasing role of Coulomb cooling for lower Eddington ratios
(compared to radiative cooling, see equation 8). For the adopted pa-
rameters and γ ≈ 10, the ratio of radiative (Compton) to Coulomb
time-scales is
tcool,Coul

tcool,cs
≈ 2.8 linj. (21)

Thus, for L/LEdd = 10−2 (linj ≈ 10), the Compton cooling dominates,
but for L/LEdd = 10−4 (with linj ≈ 0.1), the slope of the electron tail
at γ between 3 and 20 is predominantly determined by Coulomb
collisions and s ≈ �inj − 1 = 2 (see equation 12). Coulomb colli-
sions also cause the heating of thermal electrons to slightly higher
temperatures.

3.1.5 Dependence on the injection slope

The exact mechanism responsible for the particle acceleration in
the inner parts of accretion flow is poorly understood. It can be
related to weak shocks within the accretion flow or reconnection of
the magnetic field. The slope of the injected electrons is strongly
model-dependent. On the observational side, the slope in GBHs can
be estimated from the MeV tails (McConnell et al. 2002), but for
AGNs the observations are not yet very constraining (Gondek et al.
1996; Johnson et al. 1997).

To investigate the dependence of the results on the injection
slope, we consider three cases with �inj = 2.0, 3.0 and 3.5. The
variable injection slope influences the spectrum mainly through
its strong effect on the strength of the partially self-absorbed syn-
chrotron radiation produced by non-thermal electrons. Generally,
the synchrotron spectrum from the hybrid electron distribution can
be divided into four parts (Wardziński & Zdziarski 2001): at low
energies, emission and absorption are dominated by thermal elec-
trons (Rayleigh–Jeans spectrum), at slightly higher energies, the
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Figure 7. Dependence of the spectral slope on the Eddington ratio for
pure SSC models. (a) SMBH (MBH = 107M�, ηB = 1.0) and (b) GBH
(MBH = 10M�, ηB = 1.0). Different dependencies of the optical depth on
the luminosity are shown: τ ∝ L1/2 (solid line), τ ∝ L (dashed line), τ =
constant (dotted line). The curves intersect at L = 10−2LEdd, where τ =
1.0. The light (green) curves correspond to all radiation processes taken into
account, while for the black curves the bremsstrahlung is neglected.

emission from non-thermal electrons becomes dominant, but the
absorption is still determined by the thermal population. Then, the
non-thermal absorption becomes more important and the spectrum
is proportional to the source function of non-thermal electrons. Fi-
nally, at high energies, the non-thermal emission becomes optically
thin with the spectral index α = (s − 1)/2.

The cases �inj = 2.0 and 3.5 are qualitatively different, as in the
former case, the number of electrons emitting above the turnover
frequency is large and the synchrotron spectrum is flat (with α =
1 corresponding to s = 3, see Fig. 9). This leads to a large amount
of soft photons available for Comptonization, strong cooling of the
electrons and a softer Comptonized spectrum. For high values of
�inj, the number of electrons emitting above the turnover frequency
is reduced together with the synchrotron luminosity causing higher
electron temperature and a harder Comptonized spectrum.

3.2 The role of bremsstrahlung in SSC models

We have discussed the spectral formation under the joint action
of synchrotron and Compton processes. Let us now consider how
the free–free emission affects the resulting spectra. Major contribu-
tion comes from electron–electron and electron–proton collisions
(the amount of positrons is negligibly small in our simulations;

Figure 8. Equilibrium spectra (normalized to the total compactness, upper
panel) and electron distributions (lower panel) for pure SSC models with
varying Eddington ratios: L/LEdd = 10−2 (black solid line), 10−3 (red dotted
line) and 10−4 (blue dashed line). The optical depth is constant in these
simulations, ηB = 1.0 and other parameters are fiducial. Runs 2, 22 and 23
from Table 1.

thus, the number of protons is approximately equal to the number
of electrons). The bremsstrahlung emission coefficients depend on
the square of the number density of electrons, while the Compton
emissivity depends on the product of the number density of parti-
cles and photons. Generally, one would expect the former processes
to play a dominant role in the medium with high particle and low
photon number densities. The relevant scalings are ne ∝ τ /R and
nph ∝ Ltesc/R3 ∝ L/R2. Then, the bremsstrahlung emission coeffi-
cient scales as jbr ∝ τ 2/R2 and Compton scattering emission as jcs ∝
Lτ /R3. The relative importance of bremsstrahlung emission is thus
characterized by the ratio

jbr/jcs ∝ τR/L ∝ τ/l. (22)

The effect of bremsstrahlung on the spectral slope for different de-
pendencies of τ on L/LEdd can be seen in Fig. 7. From equation (22),
we see that for a given Eddington ratio (and size), its importance
primarily depends on the optical thickness of the source. In the cases
considered in Fig. 7, the free–free radiation only affects the slope in
the case where τ is kept constant (i.e. large). Thus, bremsstrahlung
processes can be energetically important for the system of larger
size (and small compactness). This can correspond to some type of
radiatively inefficient accretion (Narayan et al. 1998). An example
of the resulting spectrum is shown in Fig. 10. If the optical depth de-
creases together with the Eddington ratio, bremsstrahlung emission
remains negligible.
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Figure 9. Equilibrium spectra (upper panel) and electron distributions
(lower panel) for pure SSC models with varying injection slopes: �inj =
2.0 (red dotted line), 3.0 (black solid line) and 3.5 (blue dashed line).
Other parameters are fiducial. Runs 1, 24 and 25 from Table 1. [Correction
added after online publication 2011 May 20: figure replaced, with corrected
normalization.]

Figure 10. Spectra of a SMBH, where the size of the active region is
assumed to be R = 300RS. Runs 26 and 27 from Table 1. Spectra are
calculated without accounting for bremsstrahlung processes (black solid
line) and including those (blue dotted line). [Correction added after online
publication 2011 May 20: figure replaced, with corrected normalization.]

However, even if bremsstrahlung is energetically not significant,
it still can produce a hardening of the otherwise power-law-like
spectrum above a few keV, making the overall spectrum concave.
Such a spectral complexity might have been a reason for the exis-
tence of soft excess in the GBH Cyg X-1 (Ibragimov et al. 2005).

In Seyferts, the data are not of the same quality to detect such a
hardening.

3.3 Influence of the accretion disc and slope–luminosity
correlation

So far we have considered pure SSC models, where the only source
of soft seed photons is synchrotron radiation. This regime can be
realized at sufficiently low accretion rates, when the disc is far away
from the region in which the majority of energy is liberated. For
black holes in X-ray binaries, there is strong evidence that the disc
inner radius changes with the accretion rate. The spectral slope
correlates with the amplitude of reflection, the width of the iron line
and the characteristic frequencies of variability (Gilfanov, Churazov
& Revnivtsev 1999; Zdziarski et al. 1999; Revnivtsev et al. 2001;
Ibragimov et al. 2005). Similar correlations are found in Seyfert
galaxies in individual sources (Magdziarz et al. 1998; Nandra et al.
2000) as well as in the set of AGNs (Zdziarski et al. 1999; Lubiński
& Zdziarski 2001; Matt 2001; Papadakis et al. 2002; Zdziarski et al.
2003).

The spectral transitions in GBHs are characterized by the dra-
matic change in the spectral shape with corresponding changes in
the electron distribution. In the hard state, the electrons are mostly
thermal probably only with a weak tail which is responsible for the
production of MeV photons (McConnell et al. 2002). In the soft
state, the electrons have mostly non-thermal, power-law-like distri-
bution producing long tail extending up to 10 MeV (Poutanen &
Coppi 1998; Poutanen 1998). The strong variation in the electron
distribution can be caused mostly by the increasing Compton cool-
ing when the disc moves in as the accretion rate increases (Vurm &
Poutanen 2008; Malzac & Belmont 2009; Poutanen & Vurm 2009).
Here we repeat simulations presented in aforementioned papers, but
for the parameters typical for SMBHs.

Once the disc moves sufficiently close to the X-ray-emitting re-
gion, the seed photons from the disc start dominating over the inter-
nally produced synchrotron photons. We simulate this process by
injecting additional blackbody photons to the simulation volume.
We parametrize the importance of these photons by the relative frac-
tion to the luminosity dissipated in the active region f ≡ Ldisc/Linj.
These seed photons are injected homogeneously into the region.
We expect that f is a strong function of the cold inner disc radius,
which in turn depends on the accretion rate and total luminosity.
We assume a power-law dependence

f = f0

(
L

LEdd

)β

, (23)

where β and f 0 are the parameters to be determined from the data
or theory. The results of simulations for β = 1 and f 0 = 3 are
shown in Fig. 11. As the fraction f increases, the disc quickly re-
places synchrotron radiation as a dominant source of seed photons
for Compton upscattering. Strong soft radiation field implies faster
cooling, leading to a decrease in the electron temperature and a more
pronounced high-energy tail. This, in turn, leads to the decline of
the Compton parameter associated with the thermal population and
the spectrum softens (see equation 18). The role of thermal Comp-
tonization in the formation of the high-energy spectrum becomes
progressively weaker and is taken over by Compton scattering on
the non-thermal population of electrons. For high f , the spectrum is
dominated by the disc blackbody, whereas the soft non-thermal tail
extends to several MeV without a cut-off. The shape of the spec-
trum above ∼100 keV strongly depends on the assumed maximum
electron Lorentz factor γ he.
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Figure 11. Equilibrium spectra and electron distributions for different Ed-
dington ratios (from the top to bottom) L/LEdd = 0.01, 0.03, 0.1, 0.3 and 1,
and varying disc contributions f = 0, 0.1, 0.3, 1 and 3. Runs 1 and 28–31
from Table 1. The disc temperature is assumed to be Td = 104 K. [Correction
added after online publication 2011 May 20: figure replaced, with corrected
normalization.]

4 O BSERVED SPECTRAL PROPERTIES
OF SUPERMASSIVE BLACK HOLES

Among the first surveys on X-ray spectral indices of AGNs, Nandra
& Pounds (1994) have noted that the majority of Seyfert 1 galax-
ies have the spectral energy index α = 0.95 with small dispersion,
σ = 0.15. However, the addition of NLSy1s broadened the range
of spectral indices (Brandt, Mathur & Elvis 1997). After that, the
energy indices α ∼ 1.0 were also found for z � 6 type I radio-quiet
quasars (e.g. Porquet et al. 2004; Shemmer et al. 2006). Lately, it
became clear that dispersion depends on the sample: the more ob-
jects are considered, the wider is the spread (see e.g. fig. 8 in Burlon
et al. 2011). Also recent studies revealed a tight correlation be-
tween the spectral slope and the luminosity of the object in Edding-
ton units (e.g., Wang, Watarai & Mineshige 2004; Shemmer et al.
2006; Vasudevan & Fabian 2007; Middleton, Done & Schurch 2008;
Sobolewska & Papadakis 2009; Vasudevan & Fabian 2009; Zhou &
Zhao 2010). In contrast, the low-luminosity AGNs (e.g. LINERs)
tend to have rather stable spectral slopes with the average α ∼ 1.

A standard view is that at low mass accretion rates the vicinity of
the black hole is occupied by a hot radiatively inefficient accretion
flow (Narayan et al. 1998; Yuan, Quataert & Narayan 2003; Yuan
2010). In the case of very large accretion rates typical for NLSy1s
and quasars, the standard cold accretion disc extends all the way
down to the last stable orbit around the central black hole with the

hard X-rays being probably produced in the accretion disc corona.
In the intermediate case represented by Seyfert galaxies, the cold
disc is probably truncated and the X-rays are produced in the inner
hot flow. Let us now apply our model to the observed properties of
AGNs at different accretion rates.

We assume the dependence f (L) given by equation (23) together
with τ (L) given by equation (17). The coefficients and the indices
can be obtained from the direct comparison with the data. Fig. 12
(solid line) shows the dependence of the spectral slope on the Ed-
dington ratio for a model with τ = (L/LEdd)1/2 and f = 2(L/LEdd).
The model describes well the observed slopes for a very broad range
of luminosities, as we show below. The self-absorption frequency
is sufficiently low for objects with high masses and the synchrotron
emission falls in the infrared range. This model predicts an inti-
mate relation between the infrared/optical and X-ray variability in
low-luminosity objects.

4.1 LINERs and stability of the spectral slope

LINERs are defined by narrow optical emission lines of low ion-
ization (Heckman 1980). A fraction of LINERs are believed to
host an AGN, with mass accretion rates far below Eddington. The
X-ray spectrum can well be fitted with a single power law of
α ∼ 1.0–1.2 (González-Martı́n et al. 2009b), which shows very
little intrinsic absorption and weak (or absent) signatures of Fe Kα

emission or Compton reflection (Ho 2008, and references therein).
Thus, the data suggest no accretion disc in the vicinity of the central
black hole, making LINERs appropriate candidates for a pure SSC
mechanism. We have taken the spectral indices from the sample of
González-Martı́n et al. (2009b) and the corresponding Eddington
ratios from Satyapal et al. (2005) (where available). Additionally,
for some objects, we took the black hole mass from González-
Martı́n et al. (2009a) and X-ray luminosity from González-Martı́n
et al. (2009b) and calculated Eddington ratios, assuming a typi-
cal LINER X-ray-to-bolometric correction κ = 1.8. Then, the data
were binned into sections of one decade in L/LEdd and averaged.
Individual data points as well as the average spectral indices (and
their dispersion) are shown in Fig. 12. The average spectral index is
consistent with a stable value ∼1.0 and shows no correlation with
luminosity.

Our simulations show that the spectral slopes produced by a
SSC mechanism are very stable. Among all the parameters, the
optical depth affects the slope most dramatically. For a wide range
of parameters changing by orders of magnitude (ηB = 0.1–10, τ =
0.1–3.0 and � = 2–4), the corresponding spectral index variations
are within �α � 0.4. The typical values are ∼0.8–1.0 and do not
depend very much on the mass of the central object. We also found
that increasing the central mass at the same Eddington ratio leads to
the asymptotic index α = 5/(s + 2). For the steady-state index of the
electron distribution s = 3–5, we have α ≈ 0.7–1, again consistent
with the observed hard spectra. This argues in favour of the SSC
mechanism as the origin of the broad-band spectra in LINERs.

4.2 Seyfert galaxies

A typical X-ray spectrum of a Seyfert galaxy can be decomposed
into an underlying power law and a component arising from the
reflection and reprocessing of the intrinsic emission. We are inter-
ested in the formation of the intrinsic emission. The low-luminosity
end of the Seyfert distribution at L/LEdd ∼ 10−2 has intrinsic spectral
slopes α ∼ 1 very similar to that of LINERs (see Fig. 12). Thus,
these sources can also well be described by a pure SSC model.
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Figure 12. Dependence of the spectral slope on the Eddington ratio. The red diamonds mark LINERs (compilation from Satyapal et al. 2005; González-Martı́n
et al. 2009b). Other symbols correspond to the data on Seyfert galaxies and quasars: magenta crosses (Zhou & Zhao 2010), blue squares (Zhou & Zhang
2010) and green triangles (Vasudevan & Fabian 2009), offset up by 0.2 to correct for reflection. The black filled circles show the averaged data (binned into
intervals of one decade in L/LEdd) with the corresponding dispersion. The black solid line shows the result of our simulations with parameters f 0 = 2 and β =
1 from equation (23) and τ 0 = 1.0 and θ = 0.5 from equation (17). The dashed line corresponds to f 0 = 3 and β = 1 and the constant optical depth τ = 1.0
(corresponding spectra and electron distributions are shown in Fig. 11).

We note, however, that Seyferts demonstrate spectral variations
with varying flux. The dependence between the X-ray spectral slope
and the X-ray flux for individual objects can often be fitted with a
power law (Chiang et al. 2000; Done, Madejski & Życki 2000;
Shih, Iwasawa & Fabian 2002; Chiang & Blaes 2003; Lamer et al.
2003). Similar correlations were found for GBHs, for example,
in Cyg X-1 (Zdziarski et al. 2002). If we interpret the observed
correlation in terms of the varying disc contribution f (L) given by
equation (23) and assume that the spectral slope is determined by
the accretion rate only (within small uncertainties corresponding
to specific parameters of the system), the data require β � 2. This
implies a strong dependence of the inner radius of the accretion disc
on the mass accretion rate.

More recently, Sobolewska & Papadakis (2009) presented the
statistical analysis of the correlation for 10 AGNs. The average
α–F correlation was shown to be less steep than that for each
individual object. This effect might be caused by the fact that the
same spectral slope in their data correspond to different Eddington
ratios in different objects. Thus, a tight correlation for any individual
object is somewhat smeared out when considering an ensemble of
sources. The reason for this smearing might be the badly determined
mass of the central object. A similar slope–luminosity (in Eddington
units) correlation is also observed in a large sample of Seyferts and
quasars (Vasudevan & Fabian 2009; Zhou & Zhao 2010; Zhou &
Zhang 2010) as shown in Fig. 12. We can interpret this correlation in
terms of the varying contribution from the disc to the total luminosity
and an increasing role of the disc photons for Comptonization. The
dependence of the spectral slope on the Eddington ratio is shown
in Fig. 12. Two cases are considered: (1) varying optical depth
τ = (L/LEdd)1/2 with the disc luminosity fraction f = 2(L/LEdd);
and (2) the constant optical depth τ = 1.0 with f = 3(L/LEdd) (the
spectra and electron distributions for this case are shown in Fig. 11).
In both cases, a strong correlation α–L/LEdd was found. The best-
fitting relation α ∝ 0.3log (L/LEdd) found by Zhou & Zhao (2010)
matches well the corresponding lines from our simulations. Thus,
at high luminosities, L/LEdd � 3 × 10−2, the observed spectral
softening can be explained by the motion of the inner radius of the
accretion disc towards the black hole and the increasing role of the
accretion disc in supplying soft seed photons for Comptonization
in the X-ray-emitting region (corona or inner hot flow).

4.3 Narrow-line Seyfert 1 galaxies and quasars

NLSy1s seem to form a distinct class of Seyferts. They are identified
by narrow optical permitted and forbidden lines. The UV properties
are unusual for the presence of both low- and high-ionization lines.
Their X-ray spectra are on average steeper than those of NLSy1s
(Middleton, Done & Gierliński 2007), with commonly observed
strong soft excess and frequently detected high-amplitude variabil-
ity. The Eddington ratios are on average higher than in broad-line
Sy1s (e.g. Komossa 2008). The power spectral density (PSD) spec-
trum of the NLSy1 NGC 4051 is similar to the PSD of the soft
state of Cyg X-1, but shifted to lower frequencies (McHardy et al.
2004). Similar to the soft state of GBHs, one can expect that the two
Seyfert classes differ by the presence of the accretion disc close to
the compact object. If the disc extends very close to the SMBH, most
of the energy is radiated in the UV range and completely ionizes
the medium around. Hence, the lines in NLSy1s can be produced
only in the region far away from the central object, where the gas
velocities are relatively low (Brandt et al. 1994).

Soft excess is an ubiquitously observed feature in the 0.4–1 keV
range in NLSy1s and radio-quiet quasars. It can be modelled by a
cool Comptonization component (Pounds et al. 1995; Vaughan et al.
2002); however, its position in the spectrum seems to be independent
of the central black hole mass, temperature of the accreting disc
and luminosity of the object. Gierliński & Done (2004) proposed
an alternative formation scenario where the excess arises from the
smeared absorption of the highly ionized oxygen and iron present in
the hot wind from the accretion disc. For the quasar PG 1211+143,
they obtained the slope of the intrinsic spectrum of α ≈ 1.7 in
the range 0.4–10 keV. This spectrum can be well reproduced by
our model where the luminosity of the seed photons from the disc
exceeds by 10 times the power injected to electrons (see Fig. 13).
This results in a soft, power-law-like spectrum in the X-ray band
produced by non-thermal Comptonization. In this model, no cut-off
is expected up to high (�100 keV) energies.

5 C O N C L U S I O N S

We have studied the spectral formation in hot non-thermal plasmas
under the conditions relevant to the vicinities of SMBHs in AGNs,
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Figure 13. A hybrid Comptonization model for NLSy1s and quasars. The
solid line corresponds to the total spectrum. Contribution from different
processes: synchrotron (dotted line), Compton scattering (dot–dashed line,
sum of thermal and non-thermal) and disc blackbody (dashed line). The
parameters are MBH = 108M�, L/LEdd = 1.0, τ = 1.0, ηB = 0.25, �inj =
3.5 and f = 10. [Correction added after online publication 2011 May 20:
figure replaced, with corrected normalization.]

using a self-consistent SSC model. We show that the SSC model
can reproduce the exponential cut-off at energies above ∼100 keV
and the power-law X-ray continuum with energy spectral indices
α ∼ 0.8–1.0 observed in low-luminosity Seyferts and LINERs. The
entire infrared/optical to X-ray spectrum in these objects can be
produced by the SSC mechanism, suggesting a strong correlation
between the two energy bands. No specific conditions are required
to stabilize the slope for a wide range of parameters (magnetization,
optical depth, injection slope, Eddington ratio and black hole mass).

We have demonstrated the difference in scaling of the SSC model
and the two-phase disc–corona models. While in the latter case one
would expect systematically softer spectra from objects with higher
masses, in the case of SSC, there exists a limiting slope (when the
mass of the central object tends to infinity) α = 5/(s + 2), which
depends only on the slope of the tail of the electron distribution.
Comptonization spectra can get systematically softer for objects of
higher masses, if the electron injection function is sufficiently hard.

We have tested the role of bremsstrahlung emission in SSC mod-
els. We found that even though the process is not energetically
significant, in certain cases, it leads to the hardening of the power
law above a few keV and makes the overall X-ray spectrum concave.

We have also studied the role of additional soft blackbody pho-
tons from the accretion disc. With the increasing amount of soft
photons, the equilibrium Maxwellian temperature drops and the
X-ray spectrum softens. The resulting spectra look similar to the
GBHs in their soft state, which in the case of SMBHs are likely
to be represented by NLSy1s and quasars. We have found that it
is possible to explain the spectral slope–flux correlation, widely
discussed in the literature, by parametrizing the fraction of the disc
photons in the medium as a power-law function of the Eddington
ratio. This implies that the inner radius of the truncated accretion
disc is a strong function of the accretion rate.
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Abstract The general picture that emerged by the end of 1990s from a large set of optical
and X-ray, spectral and timing data was that the X-rays are produced in the innermost hot
part of the accretion flow, while the optical/infrared (OIR) emission is mainly produced
by the irradiated outer thin accretion disc. Recent multiwavelength observations of Galactic
black hole transients show that the situation is not so simple. Fast variability in the OIR band,
OIR excesses above the thermal emission and a complicated interplay between the X-ray and
the OIR light curves imply that the OIR emitting region is much more compact. One of the
popular hypotheses is that the jet contributes to the OIR emission and even is responsible
for the bulk of the X-rays. However, this scenario is largely ad hoc and is in contradiction
with many previously established facts. Alternatively, the hot accretion flow, known to be
consistent with the X-ray spectral and timing data, is also a viable candidate to produce the
OIR radiation. The hot-flow scenario naturally explains the power-law like OIR spectra, fast
OIR variability and its complex relation to the X-rays if the hot flow contains non-thermal
electrons (even in energetically negligible quantities), which are required by the presence of
the MeV tail in Cyg X-1. The presence of non-thermal electrons also lowers the equilibrium
electron temperature in the hot flow model to � 100 keV, making it more consistent with
observations. Here we argue that any viable model should simultaneously explain a large set
of spectral and timing data and show that the hybrid (thermal/non-thermal) hot flow model
satisfies most of the constraints.
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1 Introduction

Models for accretion onto a black hole (BH) have been discussed now for more than 40
years. During the last 10–15 years we have seen a dramatic increase in the amount of
information on the BH X-ray binaries (BHBs). Spectral details (iron lines and Compton
reflection), spectral transitions, and variability on various time scales has been studied in
unprecedented details with the new generation X-ray telescopes such as Rossi X-ray Tim-
ing Explorer (RXTE) and XMM-Newton. Excellent recent reviews are devoted to these ad-
vances (Zdziarski and Gierliński 2004; Remillard and McClintock 2006; Done et al. 2007;
Done 2013; Gilfanov 2010).

In addition to the X-ray data, we have seen an explosion of information coming from
other wavelengths: radio, sub-mm, infrared, optical, UV, MeV and nowadays even from the
GeV range. What is even more spectacular is that the properties of the BHs at these other
wavebands are correlated with the X-ray flux and X-ray states. Among the most impressive
achievements we find the discovery of correlated fast variability in the optical/infrared (OIR)
band and in the X-rays (Kanbach et al. 2001; Durant et al. 2008; Gandhi et al. 2008) with
some hints actually coming already 30 years ago (Motch et al. 1983). This got theoreticians
to scratch their heads and invent new models that often were in disagreement with previously
established theories and contradicted many other available data.

Here we discuss some of the recent discoveries. We would like to note that the time for
theoretical (phenomenological) models based purely on spectral properties are long gone.
In order to be considered seriously, any model has to address many observed facts together.

This review consists of two parts. In the first one, we discuss the most recent reincarna-
tion of the hot flow model, which now also considers the role of the non-thermal particles.
In the second part, we discuss recent observational advances. We review the spectral data
in various energy bands concentrating on the X-rays and the OIR. Then we discuss the ob-
served temporal properties and correlated variability in different energy bands, as well as
more complicated temporal-spectral statistics such as Fourier resolved spectra. In this re-
view we will concentrate on the hard state and interpret the observations in terms of the hot
flow model.

2 Hot Flow Models

2.1 Comptonization Models for the X-Ray Emission

At high accretion rates exceeding typically 10 % of the Eddington value, BHs are in the “soft
state” and have thermally looking spectra peaking in the standard 2–10 keV X-ray band,
which are consistent with the thin α-disc model (Shakura and Sunyaev 1973; Novikov and
Thorne 1973). These thermally-dominated spectra presumably depend only on the accretion
rate, the BH mass and spin and the inclination. They potentially can be used to determine the
BH spin if the distance to the source and e.g. the BH mass and inclination are known (see
McClintock et al. 2013). However, often strong power-law tails are seen (see Fig. 2). This
tails are interpreted as a signature of non-thermal “corona” atop of the standard Shakura-
Sunyaev disc (Fig. 1b).

At the lower accretion rate, BHs are often found in the “hard state” and their spectra do
not even remotely look thermal, but are close to the power-law in the X-ray band with a
sharp cutoff at about 100 keV (e.g. Gierlinski et al. 1997; Zdziarski et al. 1998). These are
well described by the thermal Comptonization model (see Zdziarski et al. 1997; Poutanen
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Fig. 1 (a) A schematic representation of the likely geometry in the hard state, consisting of a hot inner accre-
tion flow surrounded by optically-thick cold accretion disc. The hot flow constitutes the base of the jet (with
the counter-jet omitted from the figure for clarity). The disc is truncated far away from the minimum stable
orbit, but it may overlap with the hot flow. The soft photons emitted by the disc (and possibly internally pro-
duced synchrotron photons) are Compton upscattered in the hot flow, and emission from the hot flow is partly
Compton-reflected from the disc. (b) The likely geometry in the soft state consisting of flares/active regions
above an optically-thick accretion disc extending close to the minimum stable orbit. The soft photons emit-
ted by the disc are Compton upscattered in the flares by non-thermal electrons producing power-law spectra
extending to γ -rays. Emission from the flares is partly Compton-reflected from the disc. From Zdziarski and
Gierliński (2004)

1998, for reviews). The nature of the hard state emission and origin of the hot electrons has
been already discussed in the 1970s (Shapiro et al. 1976; Ichimaru 1977) and is commonly
associated with either a hot inner flow close to the BH (Esin et al. 1997, 1998; Poutanen
et al. 1997; Narayan et al. 1998; Yuan and Zdziarski 2004) or a corona above the accretion
disc (Galeev et al. 1979; Haardt and Maraschi 1993; Haardt et al. 1994; Stern et al. 1995b;
Poutanen and Svensson 1996; Beloborodov 1999b, see Fig. 1a for a possible geometry).

Knowing the slope of the hard state spectra (with photon index Γ = 1.6–1.8) we can
easily estimate the ratio of the total emitted power L to the soft seed photon luminosity
Ls entering Comptonization region, i.e. the amplification factor A = L/Ls. Beloborodov
(1999a) found an approximate relation between Γ and A for the Comptonized spectra:

Γ = 7

3
(A − 1)−δ, (1)

where δ = 1/6 for BHBs and δ = 1/10 for AGNs and the typical seed photon tem-
peratures of 0.2 keV for BHBs and 5 eV for AGNs were assumed. If indeed the disc
photons are being Comptonized, we get A ≈ 10 for BHBs in their hard state. This
fact puts serious constraints on the geometry of the emission region (Poutanen 1998;
Beloborodov 1999a) and immediately rules out simple slab-corona models which predict
much smaller amplification A � 2 and softer spectra because of the efficient X-ray repro-
cessing in the cold disc (Stern et al. 1995b). Assuming that coronal plasma has a mildly
relativistic velocity away from the cold disc (Beloborodov 1999b; Malzac et al. 2001) one
can in principle reconcile that model with the observed slopes as well as with the corre-
lated changes of the spectral hardness and the amount of Compton reflection from the disc,
but still one would have troubles explaining their correlations with the iron line width and
characteristic variability frequencies (see Sect. 3.1).
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If the accretion flow geometry is such that the inner part is occupied by the hot flow
and the outer is the standard cold disc, the seed photons for Comptonization might be inter-
nal to the hot flow or come from the outer disc. For the truncation radius of the cold disc
of more than 30RS (where RS = 2GM/c2 is the Schwarzschild radius), most of the disc
photons go directly to the observer and therefore the disc should be very prominent in the
total spectrum. Furthermore, the luminosity in disc photons being Comptonized in the re-
gion of major gravitational energy release (< 10RS) would be only about 1 % of the total
luminosity resulting in an amplification factor of a hundred and a very hard Comptoniza-
tion spectrum (see Eq. (1)). Neither is observed. An overlap of the inner hot flow with the
cold disc (Poutanen et al. 1997; see Fig. 1a) was proposed as a solution to this, but does
not really solve the problem, because most of the energy is dissipated within 10RS. Thus
the disc should come to radii below 10RS. Another solution is that cold clouds embedded
into the flow reprocess hard photons (Celotti et al. 1992; Krolik 1998; Zdziarski et al. 1998;
Poutanen 1998) increasing thus the number of seed soft photons.

Alternatively, the hot flow itself can generate enough soft photons by synchrotron emis-
sion of the same hot electrons that emit the X-rays, if the electron temperature Te is suf-
ficiently high to overcome the self-absorption problem. The spectrum from the hot opti-
cally thin advection-dominated accretion flows (ADAF) indeed is produced mostly by syn-
chrotron self-Compton (SSC) mechanism (Narayan and Yi 1994, 1995; Narayan et al. 1998;
Yuan and Narayan 2014). Detailed radiative transfer calculations accounting for non-local
Compton effect coupled with dynamics (also in the Kerr metric) predict, however, Te ex-
ceeding the observed values of 50–100 keV by at least a factor of 2 (see Fig. 3 in Yuan
et al. 2007, Fig. 1d in Xie et al. 2010 and Figs. 5 and 6 in Niedźwiecki et al. 2012).
Most of the problems get solved if the electrons have a reasonably strong non-thermal
tail. In this case, synchrotron emission becomes much more efficient (Wardziński and
Zdziarski 2001) increasing the cooling, softening the spectrum and lowering Te to the val-
ues which agree with observations. This is the essence of the hybrid Comptonization (or
rather hybrid SSC) models developed for bright accreting BHs (Poutanen and Coppi 1998;
Coppi 1999; Poutanen and Vurm 2009; Malzac and Belmont 2009; Veledina et al. 2011b,
2013a) that are described below in more details. Non-thermal electrons can also play
a role in low-luminosity systems such as Sgr A* (Mahadevan 1998; Özel et al. 2000;
Yuan et al. 2003). However, in these conditions the equilibrium electron temperature is very
high (∼ MeV) and the optical depth is very low, so that thermal synchrotron radiation is
very effective. The role of the non-thermal electrons is then reduced to production of tails at
higher and lower frequencies around the dominating thermal synchrotron peak.

2.2 Hybrid Comptonization Model

Arguments in favour of the presence of non-thermal particles in the accretion flow come
from the significant detection of the MeV tails in the hard state spectra of Cyg X-1 (see
McConnell et al. 1994, 2002; Ling et al. 1997; Jourdain et al. 2012a; Zdziarski et al. 2012,
see Fig. 2) and marginally in GX 339–4 (Droulans et al. 2010). Also in the soft state, power-
law tails extending to hundreds of keV and up to possibly 10 MeV are present (Grove et al.
1998; Gierliński et al. 1999; Zdziarski et al. 2001; McConnell et al. 2002, see Fig. 2) and are
well described by non-thermal/hybrid Comptonization (Poutanen 1998; Poutanen and Coppi
1998; Gierliński et al. 1999; Coppi 1999). What is the nature of the non-thermal particles is
an open question.

On the theoretical ground, it is expected that the electrons get some of the energy via
Coulomb collisions with hot, nearly virial protons (as assumed in ADAF models) or diffu-
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Fig. 2 Hard (left panel) and soft (right) state spectra of Cyg X-1. From Zdziarski et al. (2012) and Gierliński
et al. (1999)

sive acceleration by MHD turbulence, resulting in “thermal heating”, i.e. energy is trans-
ferred to the thermal population of electrons. However, some fraction of the energy can be
transferred to them in the form of injection of relativistic electrons by shock acceleration
(Fragile and Blaes 2008; Das et al. 2009; Henisey et al. 2012), magnetic reconnection (Ding
et al. 2010; Riquelme et al. 2012; Hoshino 2013), or electron-position pair production by de-
cay of pions born in proton-proton collisions (Mahadevan 1998). Because the microphysics
of electron acceleration and heating in the hot flow is not well established from first princi-
ples, one can use a phenomenological prescription, where some fraction of the total power
is given to the electrons as heating and the rest of the energy is given by non-thermal in-
jection of power-law electrons. Such hybrid thermal/non-thermal models are reviewed by
Coppi (1999). Models with the least number of free parameters are either purely thermal
or purely non-thermal. Because the first option clearly contradicts the data, we consider
in the following the second non-thermal option. Of course, the assumption that the elec-
trons receive 100 % of their energy in the form of non-thermal injection is not realistic.
Fortunately, the results are not very sensitive to the actual value of non-thermal injection
fraction as long as it exceeds 10 % (see Appendix B1 in Veledina et al. 2013a). The reason
is that even for pure non-thermal injection the steady-state electron distribution is thermal
at low energies due to thermalisation via Coulomb collisions between electrons as well as
via synchrotron self-absorption (Ghisellini et al. 1988, 1998; Nayakshin and Melia 1998;
Vurm and Poutanen 2009). At higher energies a tail develops, whose shape is determined by
the injection and the competition between various cooling/thermalisation mechanisms.

The most advanced hybrid models solve simultaneously for the momentum distribution
of all considered particles, electrons and positrons (sometimes also protons), as well as the
photons. This either can be done via Monte-Carlo simulations (e.g. Stern et al. 1995a), or
by solving coupled kinetic equations (Coppi 1992, 1999; Belmont et al. 2008; Vurm and
Poutanen 2009). The processes that need to be accounted for under the conditions of the
hot flows are Compton scattering, synchrotron emission and absorption, pair production,
Coulomb collisions (between leptons as well as with protons), and bremsstrahlung. The
radiative transfer can be easily handled exactly with Monte-Carlo approach, while usually
with the kinetic approach an escape probability formalism in a single-zone approximation is
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Fig. 3 Spectrum from the one-zone hot flow. (a) Spectral decomposition of the hybrid SSC model. The pink
dotted line is the non-thermal synchrotron, the blue dashed is its Comptonization spectrum, and the green
dot-dashed curve is the bremsstrahlung component. (b) Same as (a), but with the disc photons (red triple-
dot-dashed curve) dominating the seed photons distribution. Now below 1 keV Comptonization spectrum is
produced by SSC, while at higher energies Comptonization of the cold disc photons dominates

used. A single-zone approximation works reasonably well if most of the escaping radiation
at all wavelengths is dominated by some narrow range of radii. For the X-ray production
this is fine, because most of the energy is dissipated in the accretion flow spread from say
3RS to 10RS. On the other hand, this approximation fails in the OIR. Here the outer zones
of the hot flow can dominate the energy output in those bands as the inner zones are opaque
for that radiation. Because the radiation from the inner zones can affect the energy balance
and the escaping radiation from the outer zones, a multi-zone treatment with the radiative
transfer is required (Veledina et al. 2013a).

The simplest model is described by the size, the magnetic field strength B , Thomson
optical depth τ , the total injected power L, the spectrum of the injected electrons and the
spectrum and luminosity of the external (blackbody/cold accretion disc) photons. For an
extended multi-zone flow one can assume that the electron energy injection rate as well as
B and τ have power-law distributions with radius, B(R) ∝ R−β , τ(R) ∝ R−θ and thus the
additional parameters, e.g., β and θ have to be introduced. Many parameters can be directly
determined from observations or taken from theoretical accretion disc models. Now let us
describe the main properties of such hybrid models.

2.3 Basic Properties of Hybrid Accretion Flows

If the truncation radius of the cold disc is significantly larger than the region of the major
energy dissipation (i.e. Rtr > 30RS), then the X-ray spectrum is dominated by the radiation
from the innermost zone of the hot flow. Here locally generated non-thermal synchrotron
photons are Comptonized by the thermal electron population (see Fig. 3a). Here we note that
the internally generated synchrotron photons are much more efficient in cooling the plasma
than the external disc photons. The first obvious difference comes from the geometry: all
synchrotron photons are injected within the hot flow and have a chance to be Comptonized,
while in the disc case only a small fraction gets to the hot flow. The second difference
comes from the fact that the synchrotron photons have much smaller energies than the cold
disc photons. Therefore, in order to produce the same spectral slope of the Comptonization
continuum (with nearly the same total power), the synchrotron luminosity can be smaller by
a factor a several than the disc luminosity intercepted by the hot flow. In other words, the
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amplification factor given by Eq. (1) is now closer to 50 than 10 (because we need to use
δ ≈ 1/10).

At a few per cent of the Eddington luminosity corresponding to the bright hard state, the
low-energy electrons are thermalised by Coulomb collisions and synchrotron self-absorption
to the typical electron temperatures Te of about 100 keV (Poutanen and Vurm 2009;
Malzac and Belmont 2009; Veledina et al. 2011b). The hybrid model produces surprisingly
stable spectra with photon index Γ ∼ 1.6–1.8 largely independent of the model parame-
ters (Fig. 3a). The high-energy electron tail can be approximated by a power-law, which
is softer than the injected distribution due to the cooling. The observed MeV tail is pro-
duced by Compton up scattering of the 100 keV photons by these non-thermal electrons.
The outer zones of the hot flow have softer spectra because of the additional cooling by the
cold disc photons and because of more transparent conditions for the synchrotron radiation
(see Fig. 3b). The overall X-ray spectrum is thus concave.

The OIR spectrum consists of two components: the multi-colour (possibly irradi-
ated) cold accretion disc and the synchrotron radiation from the hot flow. Similarly to
the inhomogeneous synchrotron models developed for extragalactic jets (Marscher 1977;
Blandford and Königl 1979), the non-thermal synchrotron spectrum of the hot flow is a
power-law Fν ∝ να with the index (Veledina et al. 2013a):

αOIR = 5θ + β(2p + 3) − 2p − 8

β(p + 2) + 2θ
, (2)

where p and θ are the indices of the equilibrium distribution of electrons, ne(R,γ ) ∝
R−θ γ −p , at Lorentz factor γ emitting at the self-absorption frequency. Typically, spectral
indices are αOIR ∼ 0 ± 0.5. The turn-over at longer wavelengths is determined by the extent
of the hot flow, while the transition to the optically thin synchrotron emission is hidden by
the Comptonization spectrum (Fig. 3a).

The disc spectrum can be split also into two components: the inner warmer standard disc
heated by viscous forces and the outer cooler disc heated by the X-rays. In the OIR one
expects the dominance of the irradiated disc, which has the radial temperature dependence
Tirr ∝ R−3/7 (Cunningham 1976). Presence of the irradiated disc can be reflected in the
optical echoes (Hynes et al. 1998; O’Brien et al. 2002), the X-ray time-lags (see Poutanen
2002, and references therein) and in the optical/X-ray cross-correlation function (Hynes
et al. 2009a; Veledina et al. 2011a). Its signatures are also seen in the spectrum (e.g., Hynes
et al. 2002; Gierliński et al. 2009). For typical parameters of LMXBs with the disc size
of 1011 cm and the X-ray luminosity of 1037 erg s−1 the temperature of the outer disc is
about Tirr ∼ 20 000 K. The relative role of the components varies with the wavelength. The
disc spectrum is hard in the OIR band, while the hot flow produces an excess emission
dominating below ∼1 eV (see Fig. 4a and Fig. 6).

At smaller accretion rates below a few percent of the Eddington value, the flow becomes
more transparent to the synchrotron photons leading to their increasing role in cooling and
resulting in slightly softer X-ray spectra (Veledina et al. 2011b). At higher accretion rates
associated with the transition to the soft state (see Fig. 4), the outer zones of the hot flow
gradually collapse, so that the disc truncation radius Rtr decreases (Poutanen et al. 1997;
Esin et al. 1997). This leads to the rising role of the disc as a source of seed photons,
which increases Compton cooling, leads to spectral softening and causes changes in the
electron distribution from mostly thermal to nearly non-thermal (Poutanen and Coppi 1998;
Poutanen and Vurm 2009; Malzac and Belmont 2009; Veledina et al. 2011b). This transition
is accompanied by the increase in the reflection amplitude that scales with the solid angle
at which the cold disc is seen from the hot flow. The OIR hot flow luminosity drops first
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Fig. 4 Left panels: Schematic picture of the evolution of the hot flow size during spectral state transitions. In
the low-luminosity hard state, the geometrically thick inner hot flow is large dominating the radiative energy
output. With increasing accretion rate (from lower to upper panels) the outer zones of the hot flow gradually
collapse swallowed by the cold thin accretion disc. For illustrative purposes, the hot flow is split into four
zones with outer radii 10RS (violet, zone 1), 30RS (blue, zone 2), 100RS (green, zone 3) and 300RS (yellow,
zone 4). Red outer component represents the truncated cold accretion disc. Right panels: corresponding spec-
tral evolution at the state transition. Contribution of different zones are marked with different lines: zone 1
(violet long-dashed), zone 2 (blue dotted), zone 3 (green short-dashed), zone 4 (orange dot-dashed) and outer
cold irradiated disc (red three-dot-dashed). At the lower panel, the hot flow spectrum was calculated not ac-
counting for the seed photons from the disc. An IR excess is clearly visible above the irradiated disc spectrum.
Collapse of the hot flow leads to dramatic changes in the OIR hot flow synchrotron spectrum. Changes in the
X-ray spectral shape are insignificant until the truncation radius becomes as small as 10RS. The Comptoniza-
tion spectrum from the hot-flow zone closest to the cold disc consists of two separate continua produced by
Comptonization of the synchrotron and the cold disc photons, with the latter being dominant source of seed
photons in this zone (see also Fig. 3b). For simplicity, in this illustration the total luminosity is kept constant.
Adapted from Veledina et al. (2013a)
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at longer wavelengths, where the outer zones radiate (see Fig. 4). Note that the X-ray spec-
trum changes much later, when the truncation radius comes closer to the zone of the main
energy dissipation of about 10RS. At this moment, the Comptonization spectrum of the re-
maining hot flow consists of two segments: the hybrid SSC dominates at lower energies,
while Comptonization of the disc photons takes over at energies above the cold disc peak
(see Fig. 3b). Similarly curved spectra are expected for the hot flow zones closest to the cold
disc (Fig. 4). The corresponding time delay between sharp luminosity changes at different
wavelengths scale with the timescale of state transition and, depending on the separation of
the wavelengths and accretion parameters, can be as short as hours (e.g., if one observes
in different optical filters), as long as a few days (e.g., IR and UV) or weeks (e.g. IR and
X-rays). The opposite evolution should be observed in the soft-to-hard spectral transition
when the accretion rate drops after the outburst peak. Here first the X-ray spectral transition
starts and at a timescale of a week or so the emission in the OIR peaks, when the size of the
hot flow becomes large enough for the OIR synchrotron photons to escape.

At a high accretion rate, the accretion disc extends to the last stable orbit and the source
switches to the soft state. In this case, no inner hot flow exists, but a non-thermal mag-
netically powered corona still could be present (Fig. 1b). Its presence is supported by the
existence of the X-ray/γ -ray power-law tails. The non-thermal synchrotron from the corona
may be present in the OIR band, but at a much lower level, because the electron cooling is
dominated now by Comptonization of the disc photons. Actually, such a non-thermal corona
atop the cold disc (in addition to the hot inner flow) may be present also in the hard state,
but its emission scaled with the cold disc luminosity is weak.

3 Observational Properties

3.1 X-ray/γ -Ray Spectra

Let us first briefly summarise what we know about the spectral properties of BHBs. Further
details can be found in reviews by Poutanen (1998), Zdziarski and Gierliński (2004), Done
et al. (2007), and Done (2013). In the hard-state, the spectra constitute a power-law in the X-
ray band with a rather stable spectral slope (with photon index Γ ∼ 1.6−1.9 and ubiquitous
sharp cut-off at around 100 keV (Gierlinski et al. 1997; Zdziarski et al. 1998; Ibragimov et al.
2005; see Fig. 10a in Zdziarski and Gierliński 2004). The shape of the spectra allows us to
conclude that they are produced by (nearly) thermal Comptonization (e.g. Poutanen 1998;
Zdziarski and Gierliński 2004, see Fig. 5). When the high-quality data above 100 keV were
available (e.g. with OSSE/CGRO or IBIS/INTEGRAL or HXD-GSO/Suzaku) the electron
temperature (measured with the accuracy of about 10 %)1 was always lying in the interval
50–120 keV (e.g. Gierlinski et al. 1997; Zdziarski et al. 1998; Poutanen 1998; Aref’ev et al.
2004; Makishima et al. 2008), with temperature increasing with decreasing luminosity. The
hard-state accreting BHBs also show weak but distinctive MeV tails (McConnell et al. 1994,
2002; Ling et al. 1997; Droulans et al. 2010; Jourdain et al. 2012a; Zdziarski et al. 2012, see

1Note that the electron temperature can be measured only if high-quality data are available above 100 keV
and accurate Comptonization models such as COMPPS (Poutanen and Svensson 1996) or EQPAIR (Coppi
1999) are used for fitting. Using the exponentially cut-off power-law for the fits and identifying the e-folding
energy with the electron temperature is dangerous, because that model does not correctly describe the shape
of Comptonization continuum (see e.g. Fig. 5 in Zdziarski et al. 2003). This can result in over-estimation of
Te by a factor of 3–6.
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Fig. 5 Spectral variations of Cyg X-1 in its hard/intermediate state as shown in the top panel. The lower
panels show correlation between the amplitude of Compton reflection R, photon spectral index Γ , width σ

and the equivalent width of the iron line. Adapted from Ibragimov et al. (2005)

Fig. 2). Such spectra are consistent with the hybrid hot-flow model. During the transition to
the soft state, Te is reduced. However, because of the growing importance of non-thermal
tail, the spectral cutoff energy may actually increase (Poutanen and Vurm 2009).

The fact that the spectra are stable in the hard state with variable luminosity and never
have Γ < 1.6 argues in favour of the hybrid SSC as the main emission mechanism. If the
outer cold disc were the seed photons provider, one expects harder and strongly variable
spectra when the truncation radius is changing in the soft-to-hard transition. Moreover, the
best studied BHs, Cyg X-1 and GX 339–4, clearly have a concave spectrum that can be fitted
with two Comptonization continua (Frontera et al. 2001; Ibragimov et al. 2005; Makishima
et al. 2008; Shidatsu et al. 2011; Yamada et al. 2013). The inhomogeneous hot flow model
naturally explains such spectra by the radial dependence of the slope of Comptonization
spectrum. The spectral curvature can also appear if a non-thermal corona (similar to that
producing power-law tail in the soft state) exists above the cold disc during the hard state
too (Ibragimov et al. 2005).

In addition to the smooth continuum, in both states a Compton reflection feature and
the fluorescent iron line at 6.4 keV originating from cool opaque matter (likely the cool
accretion disc) are often detected. The strength of Compton reflection is correlated with the
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Fig. 6 Broad-band spectrum
(corrected for absorption) of
GX 339–4 in its hard state around
March 5, 2010 from the mid-IR
to the hard X-rays (Cadolle Bel
et al. 2011). The dashed lines
show contribution of different
zones of the hot accretion flow
(Veledina et al. 2013a), the dotted
lines represent the spectra of the
irradiated and standard discs as
well as Compton reflection. From
Veledina et al., in prep.

X-ray slope (Zdziarski et al. 1999, 2003), with the width of the iron line as well as with the
quasi-periodic oscillation (QPO) frequency (Gilfanov et al. 1999; Revnivtsev et al. 2001;
Ibragimov et al. 2005; Gilfanov 2010, see lower panels in Fig. 5). During the outbursts
of BH transients, in the hard state the iron line width correlates well with the luminosity
(Kolehmainen et al. 2014). These data are consistent with the hot-flow paradigm where all
correlation are basically controlled by the cold disc truncation radius.

At luminosities above a few per cent of Eddington, BHBs show a strong correlation
between spectral index and luminosity. At lower luminosities the trend is reversed, i.e. spec-
tra become softer with decreasing luminosity (Wu and Gu 2008; Sobolewska et al. 2011).
Similarly, an indication of the reverse trend was detected in low-luminosity AGNs (Con-
stantin et al. 2009; Gu and Cao 2009). This was interpreted as a change of the source of
seed photons for Comptonization from the disc photons dominating at higher luminosities
to the synchrotron at lower luminosities. The whole spectral index—luminosity dependence
is well explained by the hybrid hot flow model (see Figs. 7 and 12 in Veledina et al. 2011b).
At very small luminosities, the flow becomes more transparent for the synchrotron radiation
increasing the photon input and softening the Comptonization spectra.

3.2 Broad-Band Spectra and Infrared Flares

Numerous multiwavelength campaigns were conducted over the past decade. Broadband
radio to X-ray spectral energy distributions (SEDs) for many BHBs were constructed (e.g.
Hynes et al. 2000; McClintock et al. 2001; Chaty et al. 2003; Cadolle Bel et al. 2007, 2011;
Durant et al. 2009). The OIR emission is normally dominated by the (irradiated) disc, but
the IR excesses are observed in a number of sources: XTE J1859+226 (Hynes et al. 2002),
GX 339–4 (Gandhi et al. 2011; Shidatsu et al. 2011; Buxton et al. 2012; Dinçer et al. 2012;
Rahoui et al. 2012), A0620–00 (Gallo et al. 2007), SWIFT J1753.5–0127 (Chiang et al.
2010), V404 Cyg (Hynes et al. 2009b), XTE J1550–564 (Jain et al. 2001; Russell et al.
2011). In some cases the OIR spectrum can be described by a pure power-law Fν ∝ να

with index α close to zero (e.g. αOIR = −0.15 in XTE J1118+480, see Esin et al. 2001;
Chaty et al. 2003). Sometimes the OIR excess spectrum is rather soft with α ≈ −0.7 (see
Kalemci et al. 2013, for a recent overview). The IR excesses were previously explained by
the jet (Hynes et al. 2002; Gallo et al. 2007) or the dust heated by the secondary star (Muno
and Mauerhan 2006). Veledina et al. (2013a) recently argued that the OIR excess emission
may also be produced by synchrotron radiation from the hot flow.
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Fig. 7 Upper panel: The lightcurves of GX 339–4 during the decay of the 2010–2011 outburst in radio
(green), NIR (red), optical (blue), soft X-ray (filled black circles) and hard X-ray (open black circles). The
bottom sub-panel shows the evolution of the radio spectral index. The dashed vertical line indicates the start
of the soft-to-hard state transition, while the dotted line marks the start of the OIR flare and the end of the
transition (see Fig. 1 in Dinçer et al. 2012). The numbers refer to the individual observations displayed in the
lower plot. Lower panel: Evolution of the radio to OIR spectra of GX 339–4. The inset zooms on the OIR
spectra, with the dashed lines corresponding to power-law with α = 1.5 (for an irradiated disc). From Corbel
et al. (2013)

Here we only discuss a few representative examples of the recent studies. The broad-band
spectrum of GX 339–4 in its hard state (Cadolle Bel et al. 2011, 2013) is shown in Fig. 6.
The X-ray spectrum peaking at ∼100 keV is well described by thermal Comptonization. The
irradiated disc presumably dominates in the UV band. There is a clear excess in the mid-
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and near-IR (Gandhi et al. 2011), but the spectrum becomes harder at longer wavelengths.
These data are well explained by the non-thermal synchrotron emission from the hot flow
(Veledina et al. 2013a) of about 500RS.

Excellent data covering both radio and OIR bands have been collected during the 2010–
2011 outburst of GX 339–4 (Cadolle Bel et al. 2011; Dinçer et al. 2012; Corbel et al.
2013, see Fig. 7). A week after the start of the transition to the hard state (marked by
the vertical dashed line) the OIR spectrum has a clear soft excess above the reprocess-
ing thermal emission (point 1), while the radio jet optically thin emission can contribute
at most 1 % to the OIR. Few days later, when the transition was completed (point 2), the
fluxes in the H and I -band show a sharp increase and an obvious IR excess in the OIR
spectra is visible, while the radio emission is still soft with α ∼ −0.1. On a week time
scale the radio spectrum transits to the harder, optically thick state with α ∼ 0.5 (point
3) corresponding to the synchrotron emission from an inhomogeneous source analogously
to the extragalactic jets (Blandford and Königl 1979). The radio spectrum stays hard and
the IR excess is visible during the following decay. The high flux in the Herschel far-IR
band lies exactly on the extrapolation of the radio spectra. Because after the break, the
jet spectrum must be optically thin and soft, while the OIR spectra are flat (even after
subtracting thermal component, as discussed by Dinçer et al. 2012; Buxton et al. 2012;
Corbel et al. 2013), the jet does not contribute significantly to the OIR bands. An important
conclusion from these data is that there is a rather strong, evolving component in the OIR
band which cannot be produced by the jet or reprocessing in the accretion disc at any stage
of the outburst. Its appearance in the hard state is, however, consistent with the hot flow
interpretation.

The IR excess similar to that seen in GX 339–4 in the hard state appears also in
XTE J1550–564 (Jain et al. 2001), 4U 1543–47 (Buxton and Bailyn 2004) and XTE J1752–
223 (Russell et al. 2012). The properties of the excess can be studied using the colour-
magnitude diagram (see Fig. 8c). During the 2000 outburst of XTE J1550–564 the data in
the soft state, soft-to-hard transition and at very low-luminosity hard state can be adequately
described by the reddened irradiated disc emission. Both at the rising (filled symbols) and
decaying (open symbols) phase of the outburst, we see “flares” during which the spectrum
becomes redder. One can interpret these flares as the appearance of the additional red com-
ponent. Fitting the fluxes at the decaying stage with an exponential plus a constant, one can
subtract the contribution from the irradiated disc and obtain a spectrum of the flare compo-
nent only. We see that the second flare starts with the spectral index α ∼ +0.7, then becomes
softer with α ∼ −0.2, and then harder again (see green arrows in Fig. 8). (The final points
have large errors, because of the uncertainties in the subtraction of the disc.) What is impor-
tant that the flare starts in I before H , so that the index measured between filters I and H is
even larger, αIH ≈ 1.0. This behaviour rules out immediately the interpretation of the flare in
terms of optically thin jet emission.2 Instead the data are consistent with the inhomogeneous
hot accretion flow model of Veledina et al. (2013a). Such indices were also observed in the
flare spectrum of XTE J1752–223 (Russell et al. 2012) and GX 339–4 (Dinçer et al. 2012;
Buxton et al. 2012). This would mean that all these OIR flares are produced by the hot

2Colour-magnitude diagram for the 2000 outburst of XTE J1550–564 was constructed by Russell et al.
(2011), who also related the observed colours to the intrinsic spectral indices and claimed very soft spec-
trum of the flare. Unfortunately, all their formulae are wrong for various reasons and the actual intrinsic
spectra are much harder. Furthermore, the exponential fits to the OIR light curves to evaluate the flare spec-
trum were also flawed, as their fits overestimate the disc contribution in the V and I filters just before the
flare (see Fig. 2 in Russell et al. 2010) resulting in over-subtraction of the flux in those filters and in a much
too soft spectrum of the flare (compare our α ∼ +0.7 at the start of the flare with their α ∼ −1.6).
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Fig. 8 (a) X-rays flux—hardness diagram for XTE J1550–564 during the 2000 outburst. Different colours
indicate various stages of the outburst based on their X-ray hardness. The blue colour indicate the hard state,
the black colour is the transition and the red colour the soft state. Open and closed symbols correspond to the
rising and decaying outburst stages, respectively. (b) The light curves in V, I and H -filters of XTE J1550–564
(Jain et al. 2001). The pink circles correspond to the quiescent state. The green dotted curves show the best-fit
model for the decaying disc component. (c) The observed V vs V −H colour-magnitude diagram. The black
solid line represent the relation expected for the black body disc of a characteristic radius 2.7 × 1011 cm
inclined at i = 75o at distance of 4.38 kpc (Orosz et al. 2011) of different temperatures (marked next to the
line). The model magnitudes were reddened following the extinction law of Fitzpatrick (1999) with AV = 5.0.
Much smaller AV (that would lead to softer spectrum) is not possible, because the disc temperature would
be below hydrogen ionisation temperature needed for the outburst to start. The blue-black-red arrows illus-
trate schematically the time evolution of the source during the outburst. The green arrows show the path
followed by the flare after MJD 51680 (see the text). The upper x-axes show the intrinsic spectral index
αV H = 4.63 − 0.84 (V − H) computed from the observed colour. We see that the flare component is never
softer than α = −0.2. From Poutanen et al., in preparation

flow but not the jet. The observed sharp colour change during the flares is related to the
collapse/recover of a zone in the hot flow that is responsible for the H-band emission.

The delay of the IR flare peak by about 10 days from the start of the soft-to-hard transition
is naturally expected, because the X-ray transition corresponds to the start of the retraction
of the cold disc (Rtr ∼ 10RS), while the IR flare peaks when the hot flow is large enough
(Rtr � 100RS) allowing the IR photons to escape (see Fig. 4). At the rising phase of the
outburst, just a few day before the hard-to-soft spectral transition, a dip has been observed
in the UV light curve of GX 339–4 (Yan and Yu 2012). In Swift J1910.2–0546 a dip first
appears in the IR, then optical and finally in the UV (N. Degenaar, priv. comm.). The timing
of the dips is consistent with the collapse of the hot flow with increasing accretion rate (see
Sect. 2.3).
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It is worth noticing that the hard-to-soft and the soft-to-hard spectral transitions occur
at different X-ray luminosities (e.g. Zdziarski et al. 2004). This hysteresis is most probably
related to the fact that at the same luminosity the cold disc is further away from the central
source on the rising phase of the outburst, than on the decline. The hysteresis should be then
also reflected in the OIR spectra, namely the fast colour change should occur at a higher
X-ray luminosity on the rising phase, than on the decline, as indeed observed.

Some BHBs, however, do show signatures of the jet emission in the OIR band. The most
obvious examples is microquasar GRS 1915+105, whose radio light-curve was found to be
very similar to the IR one with a few hours delay (Fender et al. 1997) favouring a common
origin. It, however, accretes at a nearly Eddington rate and is hardly representative. The OIR
spectrum of 4U 1543–47 and MAXI J1836–194 in the hard state is rather soft with α ∼ −0.7
(Kalemci et al. 2005; Russell et al. 2013), which is consistent with the optically thin syn-
chrotron emission from the jet. Furthermore, the rms spectrum of the IR variability of XTE
J1118+480 during the 2005 outburst is close to a power-law with α ∼ −0.8 (Hynes et al.
2006), implying probably the jet origin. And finally, GX 339–4 in the hard state demon-
strated strong correlated IR and X-ray variability with the IR lagging by 0.1 s, which could
be interpreted as a signature of propagation delays between the X-ray producing accretion
disc and the jet (Casella et al. 2010). It is well possible that three components (the irradiated
disc, the hot flow and the jet) contribute to the OIR band and their contribution can vary not
only from source to source, but also in the same source from the outburst to the outburst.

3.3 X-Ray Variability

In addition to the spectral properties, the variability in X-rays and longer wavelengths puts
strong constraints on the models. In the hard state, the typical power-density spectra (PDS)
that describe the X-ray variability can roughly be represented as a doubly-broken power-law
with indices 0, −1 and −2 from low to high frequencies. A more accurate description of the
PDS is achieved by representing it with the Lorentzians (e.g. Nowak 2000; Axelsson et al.
2005). The main source of the short-term variability in BHs is believed to be fluctuations in
the mass accretion rate, propagating through the accretion flow (Lyubarskii 1997).

Often QPOs are observed in the range ∼0.1–10 Hz (see reviews by Remillard and Mc-
Clintock 2006; Done et al. 2007). Their frequencies show correlation with the X-ray flux,
amplitude of Compton reflection and anti-correlation with the hardness ratio (see Figs. 5
and 9). The origin of QPOs is often associated with the precession of orbits around the
BH due to a misalignment of the BH and the orbital spins, known as Lense-Thirring pre-
cession (e.g., Stella and Vietri 1998), or with oscillation modes of the accretion flow it-
self (e.g., Wagoner et al. 2001). The problem with the Lense-Thirring precession models is
that the frequency for test masses is a strong function of radius and the BH spin (see e.g.
Schnittman et al. 2006). It is not clear why any specific radius gets selected to produce a
QPO. If that radius is defined by the truncation of the cold disc, why the QPOs are then
observed in the Comptonization spectrum? However, if the flow is hot and thick, it will
precess as a solid body (Fragile et al. 2007) with the frequency mostly depending on its
size (which is a function of the accretion rate) and weakly on the BH spin and the flow
height-to-radius ratio. In such a case, the precession frequencies lie in the observed range
and the model explains well their correlations with other quantities (Ingram et al. 2009;
Ingram and Done 2011).

Another way of looking at the variability properties is through the autocorrelation func-
tion (ACF, which is related to the PDS via Fourier transform). The ACF becomes narrower
at higher X-ray energies (Maccarone et al. 2000, see Fig. 10), which is equivalent to the
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Fig. 9 Left: QPO frequency vs reflection correlation. From Gilfanov (2010). Right: Photon index–reflection
correlation in the average spectra (same as Fig. 5a) and in the Fourier frequency resolved spectra (FFRS) at
different frequencies. From Gilfanov et al. (1999)

Fig. 10 The ACF and CCFs of
Cygnus X-1 observed in
December 1997. Solid curves
show the ACFs for the 2–5 keV
energy band (black solid curves)
and the 24–40 keV band (red
solid curves). The blue dotted
curve shows the CCF between
the 8–13 keV and the 2–5 keV
bands, and the red dashed curve
represents the CCF for the
24–40 keV vs the 2–5 keV bands.
The positive lag corresponds here
to the hard photons lagging the
soft ones. The CCFs are
asymmetric, but the peak do not
show any shift from zero lag.
From Maccarone et al. (2000)

excess variability at higher frequencies in the PDS at those energies. Moreover, the light
curves at different energies are well correlated with each other, but the harder X-rays are
delayed with respect to the soft X-rays (Miyamoto and Kitamoto 1989; Nowak et al. 1999a,
1999b, see Fig. 11). This effect is also reflected in the asymmetries of the cross-correlation
function (CCF) between the hard and the soft X-ray energy bands (Priedhorsky et al. 1979;
Nolan et al. 1981; Maccarone et al. 2000, see Fig. 10).

In order to have a better understanding for these asymmetries, it is useful to look at the
time lags �t between the light-curves at these X-ray energies as a function of the Fourier
frequency f . For the hard state of Cygnus X-1 they are shown in Fig. 11a. As a function
of energy E, the lags relative to energy E0 follow the logarithmic law ∝ ln(E/E0). The
rather large lags (exceeding 0.1 s) were first interpreted as produced by Comptonization in a
large Compton cloud (Kazanas et al. 1997). For harder photons more scatterings is required,
thus they spend more time in the medium before escape and therefore are delayed. Such
an interpretation not only causes a problem with the energetics of the cloud (requiring large
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Fig. 11 (a) Time lags in Cyg X-1. The data points are from Nowak et al. (1999b). The dotted curves represent
the model of Poutanen and Fabian (1999), where lags are produces by spectral evolution during flares. The
solid curves have a contribution at low frequencies from the lags caused by reflection from the outer disc
(Poutanen 2002). (b) A schematic picture how spectral evolution model produces time lags. The red dotted
curves represent the flare light curve at high photon energies, while the blue solid curves represent those at
low energies. Spectral hardening during flares produces hard time lags. Here p is the index of the power-law
probability distribution of flare duration τ . From Poutanen (2001)

energy release at distances > 104RS), but also contradicts the energy dependence of the ACF
width (Maccarone et al. 2000). On the other hand, the large lags, their frequency-dependence
f −1 and the logarithmic energy dependence can be naturally explained by spectral pivoting
of a power-law-like spectrum if the characteristic time-scale of the evolution scales with
the duration of shots τ dominating variability at frequency f ≈ 1/(2πτ) (see Poutanen and
Fabian 1999; Poutanen 2001; Kotov et al. 2001; Körding and Falcke 2004, and Fig. 11b).
Among the first physical models explaining the spectral evolution was the flaring magnetic
corona model of Poutanen and Fabian (1999). The observed linear relation between the flux
and the rms (Uttley and McHardy 2001), however, argues against the independent shots
(flares) as the source of variability. In the propagation model of Lyubarskii (1997), spectral
evolution can arise when the accretion rate fluctuations propagate towards the BH into the
zone with the harder spectra (Miyamoto and Kitamoto 1989; Kotov et al. 2001; Arévalo
and Uttley 2006).3 This is consistent with the multi-zone hot flow model, because a lower
flux of soft seed photon from the cold accretion disc as well as a stronger synchrotron self-
absorption in the inner part of the flow produce harder Comptonization spectrum (Veledina
et al. 2013a).

Additional contribution to the time lags are possible when the intrinsic X-rays from the
hot flow are reflected from the distant matter, e.g. outer cold accretion disc (Kotov et al.
2001; Poutanen 2002). Due to the fluorescence and the energy dependence of the photo-
electric opacity the contribution of reflection to the total spectrum is energy dependent. Thus
the Fe line at 6.4 keV and the Compton reflection bump above 10 keV should show excess

3For the time lag production, this model is, however, mathematically identical to the flare evolution model.
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Fig. 12 Left: FFRS of Cyg X-1. From Revnivtsev et al. (1999). Right: equivalent width of the iron line as a
function of Fourier frequency as measured from the FFRS. From Gilfanov et al. (2000)

lags. Surprisingly, the deficit of lags (or “anti-lags”) relative to the logarithmic dependence
has been observed at these energies (Kotov et al. 2001). Clearly, this deficit cannot be caused
by a simple reverberation and the light travel time effect. Instead it could be explained within
the hot flow paradigm as follows. The outer parts of the flow which are close to the cold disc
have softer spectra and larger reflection amplitude, while the inner flow produces harder
spectrum with low or no reflection. Thus in the propagating fluctuation model, the reflec-
tion will be leading the hard spectrum causing negative delays at photon energies where it
contributes (Kotov et al. 2001). Delays due to reprocessing in the inner part of the cold disc
are seen at high f in GX 339–4 (Uttley et al. 2011), while at low f the disc photons lead
the Comptonized photons, which is consistent with the propagation of fluctuations from the
disc to the hot flow.

Further support to the truncated cold disc—hot inner flow scenario comes from the
Fourier-frequency-resolved spectra (FFRS; Revnivtsev et al. 1999; Gilfanov et al. 2000),
which are softer and have larger reflection amplitude at low Fourier frequencies (see Fig. 9,
right and Fig. 12, left). This implies that soft X-rays are mostly produced in the outer
zones of the hot flow, closer to the cold reflecting medium, while the hard X-rays are pro-
duced in the inner zones that vary at high Fourier frequencies. The reduction of the equiv-
alent width of the 6.4 keV Fe line in the FFRS above 1 Hz (Fig. 12, right) suggests that
the cold disc truncation radius in the hard state is about 100 RS (Revnivtsev et al. 1999;
Gilfanov et al. 2000). Even larger truncation radius of the cold disc (300–700 RS)
was measured in the low-extinction BH transient XTE J1118+480 (Chaty et al. 2003;
Yuan et al. 2005), where the peak is clearly seen in the UV. In the soft state instead the
truncation radius is small (< 10 RS).

3.4 Optical (IR and UV) Variability and Its Relations to the X-Rays

Data on the fast variability are now available not only in the X-rays, but also at lower ener-
gies. The first simultaneous observations in the optical and X-rays were carried out already
30 years ago by Motch et al. (1983) for GX 339–4. Although no confident conclusion could
be reached because of the short duration of observations, the optical/X-ray CCF revealed
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Fig. 13 Two-component model for the optical/X-ray CCF. (a) The PDSs of the X-ray (upper double-bro-
ken line) and optical light curves (thin solid line). Three terms contributing to the optical PDS are also
shown: synchrotron (blue dashed), reprocessing in the disc (red dotted), and the cross term (green dot-
dashed—positive contribution; long-dashed—negative contribution). (b) The optical/X-ray CCFs observed
from Swift J1753.5–0127 in 2008 (red noisy curve, see Fig. A3 in Durant et al. 2011). The model CCF is
shown by the black solid curve. The smooth lines represent the contributions of the synchrotron emission
(blue dashed) and the reprocessed emission (red dotted). Adapted from Veledina et al. (2011a)

a complicated structure with a precognition dip (i.e. anti-correlation) at negative lags cor-
responding to optical leading the X-rays and a peak (i.e. correlation) at positive lags (see
Fig. 13b). Recently, similar CCFs were obtained from the much longer duration simultane-
ous observations in three BHBs: XTE J1118+480 (Kanbach et al. 2001; Hynes et al. 2003;
Malzac et al. 2003), Swift J1753.5–0127 (Durant et al. 2008, 2009, 2011; Hynes et al. 2009a)
and GX 339–4 (Gandhi et al. 2008, 2010). These data provide an important information on
the interrelation between various components and give clues to their physical origin.

The observed CCF shape cannot be explained by a simple reprocessing model (Kanbach
et al. 2001; Hynes et al. 2003). However, if the optical emission consists of two compo-
nents, e.g., one coming from the non-thermal synchrotron in the hot flow and another from
reprocessed X-ray emission, the complex shape can be reproduced (Veledina et al. 2011a,
see Fig. 13b). Increase of the mass accretion rate obviously causes an increase in the X-ray
luminosity, but at the same time the optical synchrotron from the hot flow may drop because
of higher self-absorption. A higher accretion rate can also lead to a decrease of the trunca-
tion radius, collapse of the hot flow at large radii, and the suppression of the OIR emission.
Both scenarios leads to anti-correlation between optical and X-rays and to the negative con-
tribution to the CCF, with the shape resembling that of the X-ray ACF. On the other hand,
the second, reprocessed component correlates with the X-rays, but is delayed and smeared,
giving rise to a positive CCF peaking at positive lags (optical delay). The combined CCF
has a complicated shape consistent with the data (Fig. 13b). The PDS of the optical in this
model consists of three components: the synchrotron (which has nearly identical shape to
the X-ray PDS), the irradiated disc (which has less power at high frequencies because of
smearing) and the cross-term of variable sign. The total optical variability is strongly re-
duced at low frequencies where the synchrotron and the disc vary out of phase (Veledina
et al. 2011a, see Fig. 13a). These PDS shapes are very similar to that observed in GX 339–4
(see Fig. 9 in Gandhi et al. 2010).

Further clues on the origin of the optical emission come from the QPOs seen in the light
curves of a number of low-mass BHBs (Motch et al. 1983, 1985; Imamura et al. 1990;



J. Poutanen, A. Veledina

Steiman-Cameron et al. 1997; Hynes et al. 2003; Durant et al. 2009; Gandhi et al. 2010).
The optical, UV and X-ray QPOs in XTE J1118+480 all have the same frequency, which
evolves during the two months of observations (Hynes et al. 2003). There is also a clear
connection between the optical and X-ray light curves in the 2007 data on Swift J1753.5–
0127 (see Durant et al. 2008; A. Veledina et al. in prep.) seen as a modulation at the optical
QPO frequency in the optical/X-ray CCF. Similarly, GX 339–4 shows oscillations at the
same frequency in the optical and X-rays (Motch et al. 1983; Gandhi et al. 2010, Fig. 21).
The question now arises how it is possible that the X-rays and OIR/UV vary at the same
frequency and are phase-connected? This fact finds a simple explanation in the hybrid hot
flow model because the hot flow can precess as a solid body (see Sect. 3.3) and therefore
the long wavelength emission produced in the outer part of that flow is related to the X-rays
produced in the inner part of the same flow (Veledina et al. 2013b).

Recently, periodic eclipses in the optical light curve of BHB Swift J1357.2–093313 were
observed (Corral-Santana et al. 2013). If the period is related to the Keplerian frequency
of the obscuring region, the sharpness of the eclipses implies that the size of the optical
emission region is below 20 000 km (i.e. < 700RS for a 10M� BH). These constraints are
easily satisfied in the hot flow scenario.

3.5 Polarisation

Polarisation degree and polarisation angle provide two more observational constraints on
the emission models. The only indication of the X-ray polarisation from BHB goes back to
the OSO-8 satellite (Weisskopf et al. 1977), which measured 3.1 ± 1.7 % linear polarisation
from Cyg X-1 at 2.6 keV. Such a polarisation can be produced by Compton scattering if
the geometry of the X-ray emitting region is a flattened disc-like structure (H/R ∼ 0.2
according to the calculations of Lightman and Shapiro 1976), consistent with the hot flow
scenario.

Recently, strong linear polarisation (Π = 67 ± 30 %) in the soft γ -rays above 400 keV
was detected in Cyg X-1 with the IBIS instrument onboard INTEGRAL (Laurent et al. 2011).
Similar polarisation (Π = 76±15 %) was also observed with the SPI spectrometer (Jourdain
et al. 2012b). The polarisation angle of 40◦–42◦ is about 60◦ away from the radio jet axis at
≈ −20◦ (Jourdain et al. 2012b; Zdziarski et al. 2012). Such a large polarisation degree in the
MeV range is extremely difficult to get in any scenario. Synchrotron jet emission from non-
thermal electrons in a highly ordered magnetic field can have a large polarisation degree (up
to ∼70 per cent) in the optically thin part of the spectrum, and indeed a high polarisation
in the radio and the optical bands reaching 30–50 per cent is observed from extragalactic
relativistic jets (Impey et al. 1991; Wills et al. 1992; Lister 2001; Marscher et al. 2002;
Ikejiri et al. 2011). However, this scenario also needs a very hard electron spectrum as well
as an extreme fine-tuning to reproduce the spectral cutoff at a few MeV (Zdziarski et al.
2012). In the hot-flow scenario, the MeV photons are produced by non-thermal Compton
scattering of the 100 keV photons by electrons with Lorentz factors γ∼2–4. These electrons
cannot be isotropic, because no significant polarisation is expected in that case (Poutanen
1994). This then implies that they must have nearly one-dimensional motion, e.g. along the
large-scale magnetic field lines threading the flow. The 60◦ offset of the polarisation vector
relative to the jet axis then implies the inclined field lines. If the measured high polarisation
degree is indeed real, this would put strong constraints on the physics of particle acceleration
in the hot flow and the magnetic field geometry.

In the OIR bands, polarisation is very small and does not exceed a few per cent (Schultz
et al. 2004; Shahbaz et al. 2008; Russell and Fender 2008; Chaty et al. 2011). In the hot-
flow scenario, polarisation degree of the optically thin synchrotron radiation in the OIR
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band is expected to be essentially zero (independently of the magnetic field geometry) be-
cause the Faraday rotation angle exceeds 105 rad (Veledina et al. 2013a). In the optically
thick regime, the intrinsic polarisation (parallel to the magnetic field lines) is not more
than about 10 per cent even for the ordered magnetic field (Pacholczyk and Swihart 1967;
Ginzburg and Syrovatskii 1969). Faraday rotation in the disc atmosphere can still essen-
tially depolarise that emission. The reprocessed emission from the outer disc can be slightly
polarised because magnetic field there is smaller. If the jet were responsible for the OIR
emission, one would expect instead a much higher polarisation because its radiation is opti-
cally thin, not consistent with the data. The observed small polarisation can also be produced
by dust/electron scattering in the source vicinity or by the interstellar dust.

4 Summary

The purely thermal hot-flow model was shown to be consistent with many X-ray characteris-
tics. However, that model fails to account for the MeV tails and a number of OIR properties.
Addition of a small, energetically-negligible non-thermal component to the electron distri-
bution dramatically changes the prediction of the model. The hybrid hot-flow model is now
successful in explaining the following facts:

1. stability of spectra with photon index Γ ∼1.6–1.8 and the cutoff at ∼100 keV in the
hard state (Poutanen and Vurm 2009; Malzac and Belmont 2009),

2. concave X-ray spectrum (Kotov et al. 2001; Veledina et al. 2013a),
3. low level of the X-ray and OIR polarisation (Veledina et al. 2013a),
4. presence of the MeV tail in the hard state (Poutanen and Vurm 2009; Malzac and Bel-

mont 2009),
5. softening of the X-ray spectrum with decreasing luminosity below ∼10−2LEdd (Veled-

ina et al. 2011b),
6. weakness of the cold accretion disc component in the hard state,
7. correlation between the spectral index, the reflection amplitude, the width of the iron

line and the frequency of the quasi-periodic oscillations,
8. hard X-ray lags with logarithmic energy dependence (Kotov et al. 2001),
9. non-thermal OIR excesses and flat OIR spectra (Veledina et al. 2013a),

10. OIR colours of the flares in the hard state (Poutanen et al., in prep.),
11. strong correlation between OIR and X-ray emission and a complicated CCF shape

(Veledina et al. 2011a),
12. quasi-periodic oscillations at the same frequency in the X-ray and optical bands (Vele-

dina et al. 2013b).

The model does not explain the radio points and the soft IR spectra. The jet is obviously a
better model for those data. We, however, struggle to find any other observational fact that
could be in conflict with the hybrid hot flow—truncated cold disc scenario.

Recently, the jet paradigm became popular and it was claimed that the jets are respon-
sible not only for the radio emission from the BHBs, but also the OIR and even the X-ray
emission. Unfortunately, that model is in contradiction with dozens of observed facts (see
Veledina et al. 2013a, and references therein), which are usually ignored by the model pro-
ponents. When new data appear, they often are rather puzzling and difficult to understand
within the available paradigms. However, it would be beneficial for the community when in-
troducing brand new models to check also whether those models satisfy other observational
constraints.
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In spite of a serious progress in understanding of the viscosity in accretion discs around
BHs, there are still many open questions. If non-thermal particles are present in the hot flow,
it is now time to understand what is their nature. How are they accelerated: in shocks or
in magnetic reconnections events, or maybe via diffusive acceleration by MHD turbulence?
How are they related to the magneto-rotational instability that presumably drives the accre-
tion? We hope that the observational advances will soon be reflected in the advance of the
theory.
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ABSTRACT

The black hole (BH) candidate SWIFT J1753.5–0127 has remained active since the onset of
its 2005 outburst. Emission lines in the optical spectrum were observed at the very begin-
ning of the outburst, but since then the spectrum has been featureless making a precise BH
mass estimation impossible. Here we present results from our optical and UV observations
of SWIFT J1753.5–0127 taken in 2012–2013. Our new observations show extremely broad,
double-peaked emission lines in the optical and UV spectra. A time-series analysis of these
spectral data and our photometric data revealed a possible orbital periodicity of 2.85 h, sig-
nificantly shorter than the reported 3.2 h periodic signal by Zurita et al. (2008). The observed
variability properties argue against a low orbital inclination angle and we present several ob-
servational arguments in favour of the BH interpretation. However, the measured velocity
semi-amplitude of 382 km s−1 and the short orbital period imply that SWIFT J1753.5–0127
has one of the lowest measured mass function for a BH in a low-mass X-ray binary. We show
that the compact object mass in excess of 5M⊙ is highly improbable. Thus, SWIFT J1753.5–
0127 is a BH binary that has one of the shortest orbital period and hosts probably one of the
smallest stellar-mass BH found to date.

Key words: accretion, accretion discs – binaries: close – X-rays: stars – X-rays: binaries –
stars: individual (SWIFT J1753.5–0127)

1 INTRODUCTION

X-ray transients are a subset of the low-mass X-ray binaries

(LMXBs) which spend most of their lives in a quiescent state, with

typical X-ray luminosities below 1032 erg s−1. Occasionally they

exhibit bright X-ray and optical outbursts, which occur irregularly

with intervals from a few years to decades or even longer. During

the outbursts, the X-ray luminosity increases by a factor of up to

106 − 107 in a few days and then decays back to quiescence in a

few months.

SWIFT J1753.5–0127 is an X-ray transient discovered by the

Swift Burst Alert Telescope (BAT) on 2005 May 30 as a bright vari-

able X-ray source (Palmer et al. 2005). Although the mass of the

primary has not been dynamically measured, the system displays

a number of characteristics that suggests the binary hosts a black

⋆ vitaly@neustroev.net

hole (BH). Firstly, the hard X-ray spectrum at the outburst peak had

a maximum (in νFν ) at ∼150 keV (Cadolle Bel et al. 2007), while

the corresponding peaks in neutron star (NS) binaries do not exceed

50 keV (Barret et al. 2000; Poutanen & Gierliński 2003; Gierliński

& Poutanen 2005; Lin et al. 2007, 2010; Ibragimov & Poutanen

2009). Secondly, the X-ray spectrum of SWIFT J1753.5–0127 has

significantly hardened during the decline phase, with the photon

spectral index reaching values as low as Γ = 1.65 (Chiang et al.

2010), which is typical for hard state BHs, but is much smaller than

that in binaries hosting a NS (Zdziarski et al. 1998; Zdziarski &

Gierliński 2004; Gilfanov 2010). Thirdly, the X-ray power density

spectrum of SWIFT J1753.5–0127 reveals a strong power suppres-

sion at frequencies above ∼10 Hz (Durant et al. 2009; Soleri et al.

2013), unlike in NS binaries, which show significant power above

∼500 Hz (Sunyaev & Revnivtsev 2000). Moreover, temporal anal-

ysis of the RXTE data (Morgan et al. 2005) revealed the presence of

the low-frequency quasi-periodic oscillations (QPOs) with a shape
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typically seen in the BH candidates (type C QPO, see Belloni et al.

2011). Neither X-ray bursts, nor pulsations were detected since the

initial outburst further hinting towards the BH nature of the central

source in the binary.

It is intriguing that 9 years after the beginning of the out-

burst, SWIFT J1753.5–0127 has not yet returned to the quiescent

state. This unusual behaviour has triggered an interest in the binary.

Among other properties, a challenging task was to measure system

parameters. Neither the mass M1 of the primary nor even the orbital

period Porb are reliably measured at the moment. The optical pho-

tometry conducted by Zurita et al. (2008) and Durant et al. (2009)

revealed a light curve with a complex non-sinusoidal morphology.

The detected ∼3.24 h modulations were attributed to the super-

hump period, which is known to be slightly longer than the orbital

period Porb (Patterson et al. 2005). This makes SWIFT J1753.5–

0127 one of the shortest orbital period BH systems.

The most direct method of estimating the system parameters

of the binary system involves optical spectroscopy, which can give

the orbital radial velocity curve of the donor star and of the ac-

cretion disc around the primary compact object. A precise deter-

mination of the radial velocity amplitude of the secondary in a

LMXB is of the highest importance as it allows us to set an ab-

solute lower limit for the mass of the compact object. These mea-

surements are usually done through the analysis of absorption spec-

tra of the secondary. The most appropriate time to study the na-

ture and dynamical properties of the secondary star in X-ray tran-

sients is quiescence, during which light from the star contributes

significantly to the visible spectrum. Unfortunately, for the case of

SWIFT J1753.5–0127 it will be a complicated task owing to the

faintness of the source during a quiescent state. It is not visible in

archival images and can be as faint as V∼21 mag (Cadolle Bel

et al. 2007).

However, some dynamical information about the secondary

star can potentially be derived even during outburst. For example,

Steeghs & Casares (2002) detected a large number of very narrow

emission line features from the irradiated secondary star in the per-

sistent X-ray binary Sco X-1. Furthermore, the discovery of sharp

emission components of the Bowen blend in Sco X-1 and the X-ray

transient GX 339–4 caught in an outburst state allowed the deter-

mination of the primary masses (Steeghs & Casares 2002; Casares

et al. 2003; Hynes et al. 2003; Muñoz-Darias et al. 2008).

No time-resolved spectroscopic studies for SWIFT J1753.5–

0127 were reported to date, even though a few spectra were pre-

sented in the past. The observations near the outburst peak revealed

the presence of the double-peaked Hα and He II λ4686 lines (Tor-

res et al. 2005), which seemed to disappear a month later (Cadolle

Bel et al. 2007). After that the object showed a rather feature-

less spectrum (Durant et al. 2009). Our photometric monitoring of

SWIFT J1753.5–0127 revealed that in 2012 the binary has weak-

ened by at least ∼0.3–0.4 mag in comparison with the previous

spectroscopic observations. This gave us grounds to suspect that the

lines might have become more apparent. This motivated us to per-

form time-resolved spectroscopy of SWIFT J1753.5–0127 in order

to attempt detection of these lines and to estimate the system pa-

rameters. Here we present a study of SWIFT J1753.5–0127 based

on our optical and UV spectroscopic observations, supported by the

optical photometric monitoring.

2 OBSERVATIONS AND DATA REDUCTION

2.1 HST Ultraviolet Observations

We observed SWIFT J1753.5–0127 with the Cosmic Origins Spec-

trograph (COS) aboard HST on 2012 October 8 (PID 12919).

The FUV spectra were collected using the low-resolution grating

G140L in the 1280 Å setting. This grating covers 1260–2400 Å and

200–1170 Å on the A and B segments of the detector, respectively,

with a spectral resolution of ∼0.75 Å. The total exposure time of

the observations was 1.36 h acquired over a 2.2 h time period (2

orbits).

The data were analyzed using PyRAF routines from STSDAS

package hstcos (version 3.16). The data from each of the four expo-

sures were summed to produce a single spectrum. Due to very low

instrument sensitivity at shorter and longer wavelengths and the rel-

atively low flux of the object (fλ . 2 × 10−15erg s−1cm−2Å−1),

we cut out the B segment of the spectrum at 1080–1170 Å and the

A segment at 1260–2000 Å.

We also used another data set of the COS observations of

SWIFT J1753.5–0127 retrieved from the Multi-Mission Archive at

STScI (MAST) and reduced in a similar way to that above. These

data (PID 12039) taken in both the FUV and NUV channels, were

obtained six days before our observations during 5 HST orbits,

on 2012 October 2. The FUV spectra in this data set were taken

with the high-resolution gratings G130M and G160M. The reduced

spectra closely resemble our spectrum but are much noisier. There-

fore, we did not use them for the following analysis. In the NUV

region, the low-resolution grating G230L in the 2950 Å and 3360 Å

settings was used, with the exposure time of ∼0.4 h in each setting.

Four NUV segments were covered (1690–2090 Å, 2120–2515 Å,

2790–3180 Å and 3205–3600 Å) providing a spectral resolution of

∼0.8 Å. The G230L data for wavelengths longwards of 3200 Å can

be strongly contaminated by second order light and the flux cali-

bration applied by calcos at these wavelengths is unreliable (Massa

et al. 2010). For this reason we excluded from our analysis the seg-

ment covering the wavelength range 3205–3600 Å.

2.2 Optical time-resolved observations

The optical spectra of SWIFT J1753.5–0127 were obtained during

four consecutive nights of 2013 August 6–9 at the Observatorio

Astronomico Nacional (OAN SPM) in Mexico on the 2.1-m tele-

scope. The observations were conducted with the Boller & Chivens

spectrograph, equipped with a 13.5 µm (2174 × 2048) Marconi

E2V-4240 CCD chip. A total of 54 spectra were obtained in the

wavelength range of 3600–7000 Å, in the first order of a 400 line

mm−1 grating with corresponding spectral resolution of ∼4.5 Å

measured from the night-sky lines. During the first night of obser-

vations 600 s individual exposures were taken (12 spectra), while

the rest of the spectra were obtained using 900 s individual ex-

posures. The total exposure time was 750 min that allowed us to

achieve a signal-to-noise ratio (SNR) in the averaged spectrum of

∼160 at 5200 Å.

All the nights of observations were photometric with excep-

tion for the first half of the second night (August 7) when cir-

rus clouds could have affected the flux level of the output spec-

tra. The seeing ranged from 1 to 2 arcsec. The slit width of 2.5

arcsec was chosen to avoid slit losses due to possible imperfect

pointing of the telescope. In order to apply an accurate flux cor-

rection, three standard spectrophotometric stars were observed ev-

ery night. They were selected from Feige 110, HZ 44, BD+33 2642
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Table 1. Log of optical time-resolved observations of SWIFT J1753.5–0127.

Date HJD Start Telescope / Filter / Exp.Time Number Duration

2450000+ Instrument λ range (Å) (s) of exps. (h)

2013-Aug-06 6510.808 2.1 m / B&Ch 3600–7000 600 12 1.97

2013-Aug-07 6511.688 1.5 m / RATIR V , i 80 140 3.78

6511.718 2.1 m / B&Ch 3600–7000 900 12 3.66

2013-Aug-08 6512.660 2.1 m / B&Ch 3600–7000 900 18 5.15

6512.684 1.5 m / RATIR V , i 80 140 3.62

2013-Aug-09 6513.712 2.1 m / B&Ch 3600–7000 900 12 3.84

Table 2. Log of photometric observations of SWIFT J1753.5–0127.

Date HJD start Exp. Time Duration Average Magnitudes

2450000+ (s) (h) B V R I

2012-Sep-21 6191.687 300 1.33 17.30±0.04 16.90±0.03 16.63±0.02 16.16±0.02

2012-Oct-03 6203.630 420 1.40 . . . 16.88±0.03 16.62±0.02 16.19±0.02

2012-Oct-08 6208.632 300 1.67 . . . . . . 16.58±0.01 . . .

2012-Oct-09 6209.589 300 0.67 17.18±0.05 16.85±0.04 16.66±0.03 16.15±0.03

2013-Apr-12 6394.903 300 1.33 17.30±0.04 16.89±0.03 16.63±0.02 16.10±0.02

2013-Apr-16 6398.926 300 1.33 17.28±0.04 16.91±0.03 16.64±0.02 16.19±0.02

2013-Jun-19 6462.728 300 3.33 17.24±0.05 16.93±0.02 16.62±0.03 16.19±0.03

2013-Aug-09 6513.631 300 3.67 17.33±0.05 16.93±0.02 16.63±0.03 16.15±0.03

2013-Aug-10 6514.627 300 3.33 17.33±0.05 16.91±0.02 16.67±0.03 16.17±0.03

2013-Aug-11 6515.543 300 3.33 17.31±0.05 16.89±0.03 16.65±0.03 16.12±0.03

Mean 17.28±0.05 16.90±0.02 16.63±0.03 16.16±0.03

and BD+28 4211 (Oke 1990). Comparison spectra of Cu-He-Ne-Ar

lamp were used for the wavelength calibration. The data reduction

was performed using the IRAF environment.

During the nights of August 7 and 8, the spectroscopic obser-

vations were accompanied by photometric time-resolved observa-

tions on the Harold L. Johnson 1.5 m telescope at the same site.

The observations were performed simultaneously in the Johnson V
and SDSS i bands with the use of a multi-channel imager RATIR

(Butler et al. 2012; Watson et al. 2012). The exposure times were

80 s. The V magnitudes of the object were determined using the

calibration stars reported by Zurita et al. (2008). Due to the lack

of observations of photometric standard stars in the SDSS i filter,

we used an arbitrary zero-point for the i measurements. Table 1

provides the journal of the optical time-resolved observations of

SWIFT J1753.5–0127.

2.3 Optical and UV photometric monitoring

In order to investigate the long-term photometric behaviour and

to check for the current state of the object during our spectro-

scopic observations, we additionally obtained several sets of multi-

colour photometric data. These observations were performed from

September 2012 to August 2013 at New Mexico Skies in May-

hill, New Mexico with the 0.35-m Celestron C14 robotic tele-

scope and an SBIG ST-10XME CCD camera with Johnson-Cousins

BV (RI)C Astrodon Photometric filters. The images were usually

taken in a sequence B-V -R-I with exposure times of 300 s for

each filter. In order to establish nightly averaged fluxes, we ob-

served the object for several hours per night. The data reduction was

performed using the IRAF environment and the software AIP4Win

v. 2.4.0 (Berry & Burnell 2005). In order to improve the confidence

of our measurements we aligned and summed all the nightly im-

ages for each filter and then measured the average magnitudes. We

used the secondary standards found in Zurita et al. (2008) to estab-

lish the zero points. Table 2 provides a journal of the photometric

observations with the measured magnitudes. We note that the V RI
magnitudes obtained on 2012 October 3 are very close to the values

of Froning et al. (2014) obtained a day before.

We also performed a ToO observation of SWIFT J1753.5–

0127 in uvw2 filter with the UV-Optical Telescope (UVOT) on-

board the Swift X-ray satellite (Gehrels et al. 2004) on 2012

September 19. Furthermore, we used the Swift/UVOT data obtained

during the entire 2012 year. These observations were analyzed with

the Swift Release 3.7 software1 together with the most recent ver-

sion of the Calibration Database. The UVOT observations were re-

duced following the procedure described in Poole et al. (2008).

3 DATA ANALYSIS AND RESULTS

3.1 UV spectrum

The UV spectrum of SWIFT J1753.5–0127 is shown in Fig. 1 (left

panel). The spectrum is uncorrected for the interstellar redden-

ing, which manifests itself in a deep absorption feature centered

at 2175 Å. We also show the UVOT measurements in UV filters

(uvw1, uvm2, uvw2). Only the uvw2 measurements were obtained

near the time of the HST observations, the fluxes in other UVOT fil-

ters are the average of the measurements obtained during the year

2012. The UVOT fluxes are very similar to those derived from the

spectroscopy.

1 http://swift.gsfc.nasa.gov/docs/software/lheasoft/
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Figure 1. Left: The UV spectrum of SWIFT J1753.5–0127 uncorrected for interstellar reddening. The data have been binned to ∼2.5 Å spectral resolution.

The blue circle and red triangles show the Swift/UVOT measurements. Right: A part of the FUV spectrum containing the strongest lines and smoothed with a

20 point running boxcar to show the weaker lines.
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Figure 2. The averaged optical spectrum of SWIFT J1753.5–0127. The inset shows the extreme shapes of the variable continuum.

The UV spectrum is dominated by broad and double-peaked

emission lines of C IV λ1550 and He II λ1640 with no P Cyg ab-

sorption components. There is also a hint of other weaker emission

lines of Si III λ1298 and N IV λ1718. The absorption spectrum is

rich in features, but all these absorption lines are very narrow and

are not shifted with respect to the rest wavelength being consis-

tent with the interstellar origin. The strongest lines are C I λ1657,

C II λ1335, C IV (λ1548.2, λ1550.7), Si II (λ1527, λ1533), Si IV

(λ1393.8, λ1402.7), Fe II λ1608, Al II λ1671. In the NUV spec-

trum we were unable to identify any spectral lines. A part of the

FUV smoothed spectrum containing the strongest lines is shown in

Fig. 1 (right panel).

3.2 Optical spectrum

The averaged optical spectrum of SWIFT J1753.5–0127 is shown

in Fig. 2. It exhibits very broad double-peaked emission lines of

He II λ4686 and Hα. There are also hints of He II λ5411 and He I

emission lines (5875 Å, 6678 Å) and of the Bowen blend. We

also note the presence of a narrow, unidentified emission line at

∼6507 Å. This feature seems to be real and not an artefact of the

data reduction because it is present in all our subsets of observa-

tions of SWIFT J1753.5–0127, but is not seen in spectra of any

other targets observed the same nights. To the best of our knowl-

edge, the detection of a similarly weak emission line in this wave-

length region was reported only for the X-ray transient GX 339–4.
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Figure 3. Left: The V (blue circles) and SDSS i-band (red triangles) light curves of SWIFT J1753.5–0127. Due to the lack of observations of photometric

standard stars in the SDSS i filter, an arbitrary zero-point was used for the i-band measurements. The solid and dashed lines are sinusoidal fits to the i-band

data with the period constrained to ∼2.85 h and ∼3.24 h, respectively. Right: The corresponding V − i colour (with the linear trend subtracted for each night

of observations).

Soria, Wu, & Johnston (1999) identified this line with N II λ6505.

However, we doubt this identification as no other N II lines are ob-

served in either SWIFT J1753.5–0127 or GX 339–4.

Several diffuse interstellar bands (DIB), interstellar (IS) and

telluric absorption lines (T) are apparent in the spectrum. Besides

them, no other absorption lines which might be identified with the

secondary star are seen in this averaged spectrum. However, the

time-resolved spectra reveal a few narrow absorption and emission

features which show significant sinusoidal Doppler shifts. We dis-

cuss these features in Section 3.4.

The continuum in the averaged spectrum has a broken-

line shape with a knee around 5400 Å, somewhat similar to the

WHT/ISIS spectrum obtained in 2006 June 17 (Durant et al. 2009),

but in contrast to most of other spectra from early observations

which could be reasonably well represented by a straight line

(Cadolle Bel et al. 2007; Durant et al. 2009). A visual inspec-

tion of individual spectra has shown that the continuum shape ex-

hibits strong variability. The slope of the shorter wavelength seg-

ment significantly varies, while the longer wavelength segment is

much more stable (see the inset in Fig. 2). We checked if these

variations could be caused by wavelength dependent slit losses and

found no correlation with seeing and airmass. Moreover, the spec-

tra of other variable and standard stars taken during the same nights

with the same telescope/instrument did not reveal such variability

of the continuum shape. Thus, the detected variability is real and is

not an artefact of the flux calibration.

In order to study the time dependence of this variability, we

calculated the ratio F4300/F6250 , where F4300 and F6250 are the

fluxes averaged across the wavelength bands centered at 4300 Å

and 6250 Å with the widths of 600 Å and 500 Å, respectively. This

ratio is analogous to the colour B − R. In Section 3.3, we show

that F4300/F6250 displays a notable variability with the orbital pe-

riod. In addition, there are signs in our RATIR data of another,

shorter time-scale variability associated with varying continuum

shape, which is stronger in the V -band than in the i-band. The

corresponding peak-to-peak amplitude of the V − i colour index

variability is as large as ∼0.15 mag, which is similar to the am-

plitude of the orbital modulation (Fig. 3). Because of the shortness

of these RATIR observations we are unable to reach a firm con-

clusion on the periodicity of the detected variability, but the data

hint towards the period of ∼ 33 min. Longer multicolour observa-

tions with high enough time resolution preferably in the B and R
filters should shade more light on this phenomenon. In conclusion,

we note that the nightly averaged magnitudes are very stable in all

the filters except for B (Table 2, see also Froning et al. 2014). The

latter shows the relatively large observed scatter in magnitudes. It

can naturally be explained by the optical continuum variability if it

is also present on the longer time scales.

3.3 Orbital period

SWIFT J1753.5–0127 is known to show relatively strong modula-

tions as seen in its optical light curve (Zurita et al. 2008; Durant

et al. 2009), however the precise orbital period of the system is

still unknown. Zurita et al. (2008) reported a determination of the

modulation period to be ∼3.24 h which they attributed to a super-

hump period. During our observations, a similar modulation is also

clearly visible in both V and i filters (Fig. 3). There also is an ap-

parent colour variability that is in contrast to the observations of

Durant et al. (2009), during which the colours varied very little.

The Lomb-Scargle periodograms for the V and i RATIR photo-

metric data show the strongest peaks at a frequency of ∼8.4 cycle

day−1 (Fig. 4), which is close to the one-day alias of the period

found by Zurita et al. (2008).

Besides the analysis of photometric variability, we also per-

formed a time series analysis of our optical spectroscopic data.

In addition to the colour index F4300/F6250 introduced in Sec-

tion 3.2, we also calculated additional quantities. The quantity LF
(normalised Line Flux) is closely related to the equivalent width

of He II λ4686 and defined as the flux integrated over the wave-

length range λλ4645–4726 Å divided by the averaged flux in the

wavelength ranges λλ4512–4612 Å and λλ4727–4827 Å. We also
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Figure 4. Power spectra of different quantities calculated from the optical

photometric and spectroscopic data (see text for explanation). The vertical

dashed lines mark the adopted orbital frequency of 8.41 cycle day−1 and

the previously proposed 3.24 h period (7.41 cycle day−1).

introduce the asymmetry parameter A as the ratio of the equivalent

widths of the He II λ4686 line on each side of the rest wavelength.

This parameter is sensitive to the variations of both the radial ve-

locity and the shape of the He II λ4686 line profile.

The power spectra of F4300/F6250, A and LF are also shown

in Fig. 4. Most of them are dominated by a peak at the same

frequency of ∼8.4 cycle day−1, with its averaged value being

8.41± 0.04 cycle day−1 (2.85±0.01 h). The existence of the vari-

ability with the same period in both the photometric and spectro-

scopic data indicates that this is the true orbital period.

3.4 The radial velocity of the secondary star

In outburst, the optical flux from the binary system is dominated

by emission from the luminous accretion disc, making the photo-

spheric absorption lines of the donor virtually undetectable. How-

ever, closer inspection of the trailed spectrum of SWIFT J1753.5–

0127 revealed hints of several narrow absorption and emission fea-

tures that showed radial velocity variations with a large amplitude

and in phase with each other. These weak features are more or

less clearly seen only in the wavelength region with the highest

SNR (∼5100–5400 Å). A few other absorption lines may also be

presented in other spectral regions, though their detection is less

reliable. The strongest detected lines are located at ∼5193.0 Å,

5279.0 Å and 5356.1 Å and marked by the dashed lines in Fig. 5

(top panel). Surprisingly, their identification is unclear. This spec-

tral region of late K- and M-type stars contains a wealth of absorp-

tion lines. Some of them can be matched with the features detected

in the spectrum of SWIFT J1753.5–0127, but the absence of other

expected lines stalls the identification (Fig. 5, bottom panel).

Nevertheless, the presence in the spectrum of an ensemble of

spectral features with nearly synchronous and significant Doppler

motions indicates their common origin which we tentatively asso-

ciate with the secondary star.

In order to characterize these velocity variations, we firstly

phased the individual spectra with the orbital period of 2.85 h and

then co-added the spectra into 20 separate phase bins. We placed or-

bital phase zero at HJD 2 456 510.8081 – the time of inferior con-
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Figure 5. Top: A part of the trailed spectrum of SWIFT J1753.5–0127

showing sinusoidal trails of absorption and emission features, marked by

the dashed lines. White indicates emission. Two cycles are shown for clarity.

Bottom: The averaged and normalized spectrum of SWIFT J1753.5–0127,

compared with two spectral standards. The spectrum of SWIFT J1753.5–

0127 have been corrected for orbital motion of the secondary star.

junction of the secondary star (derived later in this section). The

resulted phase-folded spectra have relatively high SNR of ∼50–70

(at 5200 Å).

The radial velocity measurements of the donor star in LMXBs

are usually obtained through cross-correlation of the absorption

lines with stellar templates of similar spectral type. This method

works even if the spectral features of the secondary star are not

obvious in the spectrum. However, the mismatch between spectral

lines of SWIFT J1753.5–0127 and the standard stars requires to

use another template. Following the iterative approach described

in Neustroev & Zharikov (2008), we created the cross-correlation

template spectrum from the observed spectra of the system. This

approach maximises the similarity between the template and the

individual spectra to be cross-correlated.

The first step was to measure the radial velocity variations

of the strongest observed lines λ5193 Å and λ5356. The veloci-

ties were independently measured by fitting each line profile in the

phase-folded spectra with a single Gaussian. The resulting radial

velocity curves were then fitted with a sinusoid of the form

V (φ) = γ −K2,o sin [2π (φ− φ0)] . (1)

We obtained the observed radial velocity semi-amplitude K2,o to

be 383 ± 13 km s−1 for the emission line λ5193 Å and 349 ± 20
km s−1 for the absorption line λ5356 Å, whereas the difference be-

tween the phase zero-points φ0 for these lines was found to be

∼0.01 (Fig. 6). Using these preliminary values of K2,o and φ0,

each individual spectrum was then shifted to correct for the orbital

motion of the donor star. The cross-correlation template was then

obtained by averaging shifted individual spectra.
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Figure 6. Radial velocities of the secondary star folded on the ephemeris

from Table 4. The measurements are obtained using the cross-correlation in

different wavelength ranges. It also shows the radial velocities of the lines

λ5193 Å (in emission) and λ5336 Å (in absorption) obtained with a single

Gaussian fit. Two cycles are shown for clarity.

In the next step, the phase-folded spectra of SWIFT J1753.5–

0127 were cross-correlated with the template. Prior to the cross-

correlation, the target and template spectra were normalised by di-

viding by the result of fitting a low-order spline to the continuum.

In a case of noise-dominated spectra, its cross-correlation with

any template may produce spurious peaks in the cross-correlation

function (CCF) and the correspondingly measured radial velocities

would not follow a common sine curve. Therefore, in order to test

for reliability in the derived parameters, the cross-correlation was

carried out in three separate wavelength regions λλ4350–4950 Å,

λλ4950–5550 Å and λλ5610–6510 Å. To avoid the influence of

the emission and the night-sky lines, the portions of the spectra

around these spectral features were masked. We found that all the

corresponding CCFs show strong and distinct peaks (Fig. 7). The

radial velocity and its accuracy were then determined by fitting the

strongest peak of each CCF with a Gaussian and a linear back-

ground. Our solutions obtained by fitting the measured radial ve-

locities with the sinusoid (1) are very similar for all three wave-

length ranges and they are close to the measurements obtained for

the visually detected lines.

In the final step, these solutions were used to create a new

cross-correlation template. The cross-correlation analysis was then

performed over the full wavelength interval of λλ4350–6510 Å

giving the best-fitting results K2,o = 382±8 km s−1and the phase

zero-point of inferior conjunction of the secondary star (φ0 = 0)

corresponding to T0=HJD 2 456 510.8081±0.0005. In Fig. 6 we

show the measured radial velocities together with their sinusoidal

fit.

The similarity of the solutions in different wavelength regions

leaves no doubts in the reality of the radial velocity variability. The

presented analysis also strongly indicates that in addition to the

visible spectral lines, there must exist other emission or absorp-

tion features in all parts of the spectrum, which are undetectable

by eye, but distinguishable by cross-correlation. Using the final

cross-correlation template, which essentially is the spectrum of

SWIFT J1753.5–0127 corrected for orbital motion of the secondary

star, we made another attempt to identify the spectral features of a

late-type star, but were again unsuccessful.

A possible reason for our failure may be the extreme condi-
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Figure 7. Two-dimensional representation of the cross-correlation function

obtained over the wavelength interval of λλ4350–6510 Å. Two cycles are

shown for clarity.

tions under which the donor star existed at the time of our obser-

vations. During the outburst stage the secondary should be signif-

icantly heated by its companion. Theoretical studies show that a

dramatic temperature inversion is expected in the atmosphere of an

irradiated M dwarf star. As a result, the emergent spectrum will

be significantly different from that of an isolated M dwarf (Bar-

man, Hauschildt, & Allard 2004). Depending on the power of the

incident flux and the temperature, pressure, and chemical composi-

tion of the secondary’s atmosphere, the resulting spectrum can have

complex mixtures of emission and absorption lines. The identifica-

tion of such a spectrum would be a very complicated task.

3.5 Disc emission lines

We compared the emission lines between the UV and optical data

sets and show mean profiles in Fig. 8. In contrast to the UV lines,

the optical lines are much weaker (for example, the peak nor-

malised fluxes of He II λ1640 and λ4686 are 1.37 and 1.08, re-

spectively), nevertheless their profiles are very similar in shape and

width.

The lines are very wide, and the higher excitation lines are

much wider than Hα. This property and the double-peaked appear-

ance of the emission lines suggest their origin in an accretion disc

(Smak 1981; Horne & Marsh 1986). Table 3 outlines different pa-

rameters of the major emission lines measured from the averaged

spectra.

3.5.1 Accretion disc parameters from modelling of the emission

line profiles

Despite the similarity of the emission line profiles in

SWIFT J1753.5–0127 with those typically observed in other

LMXBs, the steepness of the profile wings of high excitation lines

(He II and C IV) in SWIFT J1753.5–0127 is quite unusual. It is

well known that the shape of the double-peaked profile wings is

controlled by the surface radial emissivity profile (Smak 1981;

Horne & Marsh 1986). This profile is commonly assumed to

follow a power-law model of the form f(r) ∝ r−b, where r is the

radial distance from the compact object. The mechanism powering

the emission lines in quiescent accretion discs is discussed in

Horne & Saar (1991). Observations of cataclysmic variables (CVs)
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and BH binaries show that b is usually in range of 1–2, rarely being

less than 1.5 (Johnston et al. 1989; Orosz et al. 1994, 2002).

In order to estimate b and other parameters of the accretion

disc of SWIFT J1753.5–0127, we fitted the symmetrical double-

peaked emission line profiles using a simple model of a uniform

flat axisymmetric Keplerian geometrically thin disc (Smak 1981).

To calculate the line profiles we used the method of Horne & Marsh

(1986). Examples of the application of this technique to the real

data are given in Johnston et al. (1989); Orosz et al. (1994, 2002);

Neustroev (1998); Neustroev et al. (2002). The three primary free

parameters of the model are

(i) Vout, the velocity of the outer rim of the accretion disc,

(ii) b, the power-law index of the line emissivity profile f(r).
(iii) rin/rout, the ratio of the inner to the outer radii of the disc,

Fig. 8 shows four optical and UV emission line profiles to-

gether with the corresponding model fits. Parts of the profiles af-

fected by other spectral features (such as deep interstellar absorp-

tions in the centre of C IV and a strong emission feature in the cen-

tre of Hα) were excluded from the fit. The best-fitting model pa-

rameters are listed in Table 3 and the errors were estimated with a

Monte Carlo approach described in Borisov & Neustroev (1998).

The best-fitting power-law index for Hα line was b = 1.58, which

is very close to the values of b found for many other LMXBs. How-

ever, the model fits for He II and C IV lines give b≈0 and even neg-

ative values that suggests an unusually flat (or even inverted) ra-

dial distribution of the emission-line flux from the accretion disc of

SWIFT J1753.5–0127. Because of the lack of data, it is not clear

whether such a behaviour is common for BH binaries. However,

Marsh & Horne (1990) found that in the dwarf nova IP Peg dur-

ing an outburst stage, the He II λ4686 radial emissivity profile is

also remarkably flat compared to the Balmer emission (b ≈0.1 and

≈2, respectively). Marsh & Horne showed that such a behaviour

is not in agreement with the predictions of line emission from op-

tically thin discs. They concluded that photoionization by the soft

X-rays and UV photons generated in the centre of the accretion

disc should be taken into account. We suggest that a similar mech-

anism may explain the observed properties of the emission lines of

SWIFT J1753.5–0127.

3.5.2 Orbital variability of the optical emission lines, the

equivalent widths and Doppler tomography

A visual inspection of the optical spectra has shown orbital vari-

ations in the line profiles. This is better seen in trailed spectra as

variations of the relative intensity of the two peaks in the double-

peaked profiles (see top left panels of Fig. 9). We measured the

equivalent widths (EW) of the emission lines in the phase-folded

spectra using the IRAF task splot (Fig. 10). The 1σ errors were es-

timated from the noise fluctuations in the continuum. Though the

obtained EWs exhibit rather significant dispersion, none the less we

see that they are modulated with the amplitudes of about ±25% of

the mean value.

The observed EW minima could be due to an increase in

the continuum luminosity when the region of enhanced emission

crosses the line-of-sight. There is, however, an apparent shift be-

tween the EW curves and optical light curves (see the phase-binned

i-band light curve in Fig. 10). The maximum of the optical flux oc-

curs close to the inferior conjunction of the secondary star at phase

0, whereas the EW minima are observed around phase 0.2.

The orbital variation of the emission line profiles indicates the

presence of a non-uniform structure in the accretion disc. In order
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Figure 8. The profiles of the emission lines observed in the optical and UV

spectra of SWIFT J1753.5–0127 together with the corresponding model fits.

to study it in more detail, we used Doppler tomography. Technical

details and examples of the application of Doppler tomography to

real data are given by Marsh & Horne (1988) and Marsh (2001).

The Doppler maps of the He II λ4686 and Hα emission lines were

computed using the code developed by Spruit (1998). The resulting

tomograms are presented in the bottom panels of Fig. 9, whereas

the observed and reconstructed emission line profiles are shown in

the top panels. To help in interpreting the Doppler maps, additional

symbols are inserted, which mark the positions of the compact ob-

ject (lower cross), the centre of mass of the binary (middle cross)

and the Roche lobe of the secondary star (upper bubble with the

cross). The circle of radius 600 km s−1 around the center of mass

corresponds to the projected velocity of the outer part of the largest

accretion disc restricted by tidal forces. The Roche lobe of the sec-

ondary has been plotted using the system parameters: M1=3M⊙,

M2=0.2M⊙ , i=40◦(see Section 4).

The observed sharp asymmetric double-peaked profiles of

the emission lines produced the azimuthally asymmetric annuli of

emission. The radii of the annuli are different for He II and Hα,

reflecting the different peak-to-peak velocity separation in these

lines. However, the overall appearance of the tomograms is rather

similar. They both display the enhanced emission region in the

upper-right quadrant. The origin of this structure is unclear. It is

located far from the region of interaction between the stream and

the disc, which is situated to the left of the secondary star bubble.

The data neither show the emission from the donor which is often

observed in the CVs during outbursts.

We also note that the Hα data display the low-velocity compo-

nent which produces a compact spot of emission located around the

centre of mass of the binary in the corresponding Doppler map. The

source of this feature is not clear. It might be a result of poor sub-

traction of the geocoronal Hα night sky line. However, the phase

dependence of this line raise a doubt.
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Table 3. Parameters of the major emission lines in the averaged spectrum of SWIFT J1753.5–0127.

Spectral Flux EW Relative FWHM Peak-to-peak Model parameters

line (×10−14 erg s−1cm−2) (Å) flux (km s−1) (km s−1) Vout (km s−1) b rin/rout

Hα 0.223 3.6 1.07 2450 1650 798±10 1.58±0.05 0.02±0.01

He II λ4686 0.329 4.3 1.08 4200 2690 1370±6 −0.80±0.11 0.06±0.05

He II λ1640 1.21 7.1 1.37 4020 3400 1677±7 −0.85±0.11 0.14±0.06

C IV λ1548.2
1.33 7.1 1.45 3820 2440

1348±8 0.05±0.12 0.14±0.06

C IV λ1550.8 1352±9 0.02±0.15 0.10±0.04
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Figure 9. Doppler tomography for the He II λ4686 and Hα emission lines. The top panels show the observed (left) and reconstructed (right) line profiles

folded on the orbital period. The corresponding Doppler maps are shown in the bottom panels.

3.5.3 Radial velocity analysis

We attempted to derive the radial velocity curve of the compact

object in SWIFT J1753.5–0127 using the double-Gaussian method

(Schneider & Young 1980; Shafter 1983), but results were implau-

sible. This is not a surprise, as the method uses the extreme wings

of the emission line profile which are very noisy even in the phase-

folded spectra of the object because of their steepness. Instead,

the radial velocities were measured by fitting the modelled double-

peaked profile (see details in Section 3.5.1) to the observed phase-

binned profiles. All the primary parameters of the model (Vout, b
and rin/rout) were frozen to the averaged values listed in Table 3,

but the model profile was allowed to shift along wavelengths. We

used only the He II λ4686 line for this analysis as it has more clear

and symmetric profiles than Hα and also because it is presumably
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Figure 10. The variation of the EWs of He II λ4686 (filled circles) and Hα

(open stars) with the orbital period. Also shown the phase-binned i-band

light curve (red diamonds, the right axis). Two periods are shown for clarity.
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Figure 11. Radial velocities of the He II λ4686 emission line folded on the

ephemeris from Table 4. Two cycles are shown for clarity.

formed in the inner parts of the accretion disc. Therefore, it should

represent the motion of the central star with a higher reliability.

The results are shown in Fig. 11 (right panel). The errors are

the formal model fitting errors estimated with a Monte Carlo ap-

proach. We made a non-linear least-square fit of the derived veloc-

ities to a sinusoid of the form (1), where K2 was replaced by K1.

This fit gives the semi-amplitude K1 = 52 ± 10 km s−1, the sys-

temic velocity γ = 6±6 km s−1 and φ0 = 0.45±0.03. The differ-

ence between the phase zero-points obtained from the emission and

absorption lines is close to 0.5, as expected if the derived velocities

from those lines trace the motion of the two components. However,

it is well known that the parameters obtained with this method are

affected by systematic errors, because the emission lines arising

from the accretion disc may have severe asymmetric distortions

(see, for example, discussion in Orosz et al. 1994). Thus, the ob-

tained value of K1 should be used with great caution.

4 THE BINARY SYSTEM PARAMETERS

4.1 The K-correction

The observed values of K2,o are often known to suffer from non-

uniform distribution of absorption or emission spectral features on

the donor star surface due to the heating effect by irradiation from

the X-ray source. The noncoincidence of the centre-of-mass and

the centre-of-light of the donor can result in systematic errors in

the determined velocity amplitude K2,o. A mixture of emission and

absorption lines in the spectrum of SWIFT J1753.5–0127 strongly

suggests that irradiation of the secondary plays a significant role.

Moreover, the flux at 5000 Å from a low-mass star with temperature

of 3000 K and radius of 2×1010 cm at 2 kpc is expected to be

considerably smaller than the observed one (Fλ ≈ 2.5×10−19 and

7×10−16 erg s−1cm−2Å−1, respectively). Thus, no lines from the

dark side of the star should be visible in the observed spectrum.

This suggests that the cross-correlation signal likely originates in

the irradiated surface of the secondary. Therefore, in order to obtain

the true value of K2, a ‘K-correction’ should be applied.

The K-correction generally depends on the mass ratio and the

distribution of spectral line emission or absorption over the surface

of the secondary star and can be expressed as (Wade & Horne 1988;

see also equation 2.77 in Warner 1995):

K2,o

K2

≈ 1− 0.462q1/3(1 + q)2/3
∆R2

R2

, (2)

where q is the mass ratio M2/M1, R2 is the radius of the sec-

ondary and ∆R2 is the displacement of the centre-of-light from

the centre of mass of the secondary star. It is difficult to quantify

the correction without the knowledge of these parameters. In order

to estimate its reliable extreme value, we adopted the realistic val-

ues of q = 0.04 − 0.12 (see Section 4.5) and assumed ∆R2/R2

to be ∼0.5 that roughly corresponds to the extreme case where the

spectral lines come only from the hemisphere closest to the pri-

mary. Within these assumptions K2,o/K2 is in the range 0.88–

0.92, therefore in the following analysis we use K2,o/K2 = 0.9
as an illustration for a possible K-correction.

In theory, the correction can be larger if emission is tightly

concentrated near the L1-point. However, this is not supported by

observations. Such a compact emission source should be luminous

enough to produce a visible structure in the Hα Doppler map.

Moreover, in a realistic situation, the accretion disc’s outer rim casts

a broad shadow onto the donor star, and only relatively small areas

near the poles of the donor’s facing hemisphere can be directly ir-

radiated by the central X-ray source. In order for the secondary star

to be illuminated, indirect irradiation via scattered X-rays should

be taken into account, or there should exist another source of irra-

diation, located outside the equatorial plane. Both these scenarios

imply that sufficiently extended regions on the donor star will be ir-

radiated (for a detailed discussion, see Dubus et al. 1999 and Ritter

2008).

4.2 Mass function and constraints on the compact object

mass from the double-peaked emission lines

The semi-amplitude K2 of the secondary’s radial velocity curve

and the orbital period Porb give the mass function which sets an

absolute lower limit for the mass of the compact object:

f(M) =
K3

2Porb

2πG
=

M3
1 sin3 i

(M1 +M2)2
, (3)
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where M1 is the mass of the compact object , M2 is the mass of the

secondary star and i is the binary inclination. From the observed

velocity K2,o = 382 km s−1 we can calculate the “observed” mass

function fo(M) = 0.69 ± 0.04 M⊙. Applying the K-correction,

we obtain the mass function f(M) . 0.95 M⊙, which is one of the

smallest mass function for a BH LMXB (Casares & Jonker 2014).

Another independent approach to constrain the compact object

mass is to measure the outer disc velocity. Smak (1981) has shown

that assuming the Keplerian velocity in the accretion disc

VK =

√

GM1

r
, (4)

the double-peaked profiles can be used to determine the projected

velocity Vout of the outer rim of the accretion disc, which, in turn,

depends on the mass M1 of the accreting star and the radius of the

disc. The largest radius of the accretion disc, should it be deter-

mined from observations, can further constrain the system parame-

ters.

We measured Vout ≈ 800 km s−1 through the modelling of

the Hα emission line, which originates in the outermost part of the

accretion disc (see Section 3.5.1 and Table 3). We note, however,

that during our observations both Hα and He II λ4686 lines were

much wider than they were at the beginning of the outburst, when

the peak-to-peak separation for Hα was 1200–1300 km s−1 (Torres

et al. 2005).

This implies that the accretion disc of SWIFT J1753.5–0127

has shrunk by about 45 per cent compared to the early phase of the

outburst, similar to what was observed in other LMXBs (Calvelo

et al. 2009) and in CVs (Warner 1995). In this context we note that

the outer parts of a large accretion disc are under the gravitational

influence of the secondary star, which prevents the disc from grow-

ing above the tidal truncation radius rmax, where the tidal and vis-

cous stresses are comparable (Warner 1995 and references therein).

It can be estimated as (see equation 2.61 in Warner 1995):

rmax = a
0.6

1 + q
, (5)

where a is the binary separation. Combining Kepler’s third law with

equations (4) and (5), we obtain the relation:

(M1 +M2) sin
3 i =

0.074PorbV
3
K,max

G
, (6)

where VK,max is the projected Keplerian velocity of the accretion

disc at the tidal radius. Adopting Torres et al.’s value for Vout of

600 km s−1 as an estimate of VK,max we get (M1 +M2) sin
3 i =

1.2M⊙ . Using the realistic value of 0.2M⊙ for the secondary mass

(see Section 4.3), we find that the solutions for M1 for any incli-

nation are in good agreement with the solutions obtained from the

mass function with the K-correction applied (Fig. 12).

4.3 Constraints on the secondary mass

It is clear that the secondary is a low-mass star, otherwise its ab-

sorption lines would be much more apparent in the spectrum of

SWIFT J1753.5–0127. In order to be transferring matter onto the

compact component, the secondary star must fill its Roche lobe.

The relative size of the donor star is therefore constrained by the

Roche geometry and the donor must obey the period-density rela-

tion for the Roche lobe filling objects (Warner 1995). If the sec-

ondary is a main sequence star, one immediately gets an estimate

for the mass. The empirical and theoretical mass-period relations

for a 2.85 h orbital period binary yields the mass of the secondary

star in the range 0.17–0.25 M⊙ (Warner 1995; Smith & Dhillon

1998; Patterson et al. 2005). If the donor is an evolved star, it is

likely somewhat inflated relative to isolated main-sequence stars

of the same mass, thus the mass inferred from such relation can

be considered as an upper limit (Kolb et al. 2001; Knigge 2012).

The recently calculated evolutionary sequences for NS binaries

with a 3 h period obtain the secondary masses in the range 0.1–

0.3M⊙(Podsiadlowski et al. 2002; Lin et al. 2011). We conserva-

tively assume this mass range for the secondary in SWIFT J1753.5–

0127.

4.4 Constraints on the inclination

It is clear from the discussion above that the companion mass is

rather low, and therefore the BH mass mostly depends on the un-

known inclination of the system and the possible K-correction.

Even though the BH mass can be rather large for small i, there are

additional observational reasons which argue against a very low or-

bital inclination angle.

• The UV spectrum of SWIFT J1753.5–0127 is dominated by

relatively strong emission lines C IV and He II without P Cyg ab-

sorption components, and no other absorption lines are detected.

From studies of CVs with high accretion mass rates (nova-like

stars and dwarf novae in outbursts) it is known that the appear-

ance of their UV spectra strongly depends on orbital inclination:

low inclination systems show mainly absorption features in spec-

tra, intermediate-to-low inclination systems exhibit P Cyg profiles

and/or blue-shifted deep absorptions, whereas high inclination sys-

tems show strong emission lines (La Dous 1989; Puebla et al. 2007,

2011). It is not clear if these results can be applied to LMXBs

whose accretion discs are strongly irradiated by the X-rays from

the inner region. Published UV spectra of LMXBs show relatively

strong emission lines. However, to the best of our knowledge, no

UV observations of any low or intermediate-to-low inclination sys-

tems are available in the literature. Thus, based on the results of the

numerical simulations of CVs (La Dous 1989; Puebla et al. 2011),

we can put a lower limit of i & 40◦.

• The time-resolution optical light curves of SWIFT J1753.5–

0127 obtained during our observations, display prominent orbital

variations with the amplitude of 0.10–0.15 mag in V (Fig. 3),

whose nature is not yet clear. The source of orbital modulation can-

not be the varying aspect of the irradiated secondary star because

the maximum of light is observed around phase 0.0, i.e. inferior

conjunction of the secondary star. This also can hardly be a bright

spot or bulge on the outer edge of the disc formed by the impact

of the gas stream. SWIFT J1753.5–0127 is still in outburst, thus its

accretion disc is in the hot, ionized state. The observations of CVs

and LMXBs show that the bright spot is barely seen during the

outburst stage. Most likely, this orbital modulation is due to some

sub-structures in the non-uniform or/and non-axisymmetric accre-

tion disc (i.e., spiral waves, warps or tidally thickened regions). The

detection of the enhanced emission regions in the Doppler maps

and of the EW variability supports this idea. It is quite obvious that

a low-inclination binary system is unable to produce a relatively

large amplitude EW variability and orbital modulation in the light

curve. Our simulations have shown (see Appendix A) that for more

or less realistic parameters of the bright area in the accretion disc

it is virtually impossible to obtain the orbital variability with the

required amplitude for the orbital inclination i .40◦.

On the other hand, large inclinations are ruled out too, be-

cause both ours and the published photometry and spectroscopy
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Figure 12. Constraints on the black hole mass M1 in SWIFT J1753.5–

0127 obtained using a Monte Carlo simulation of the observed parameters.

The blue area corresponds to the observed semi-amplitude K2,o, whereas

the red data are calculated for the K-correction K2,o/K2 = 0.9. Denser

colours represent higher probability. The solid and dashed lines are the

68 per cent and 95 per cent confidence levels, respectively. The black line

shows the BH mass as set by the relation (6) for M2 =0.2M⊙ . The shaded

area marks the improbable solutions because of the observed strong photo-

metric and spectroscopic orbital variability (see the text for explanation).

of SWIFT J1753.5–0127 are extensive enough to rule out any sig-

nificant eclipse. The maximal possible inclination in absence of

eclipses generally depends on the mass ratio and can be estimated

as

cos i &
R2/a

1− rd/a
, (7)

where rd is the disc size, which we assume to be equal to 60 per

cent of the maximal tidally-allowed size rmax (see Section 4.2),

and the nominator is computed from the Eggleton (1983) formula:

R2

a
=

0.49q2/3

0.6q2/3 + ln(1 + q1/3)
. (8)

4.5 Observational and Monte-Carlo constraints on the

binary system parameters

From the above analysis we can put a conservative lower limit for

the orbital inclination to be i&40◦, constrain its upper limit us-

ing Equation (7), and consequently restrict the BH mass M1 to the

ranges 1.0–3.1M⊙ for the observed K2,o and 1.3–4.1M⊙ with the

K-correction applied.

In order to illustrate the cumulative effect of uncertainty in

input parameters, we also applied a Monte-Carlo approach using

108 trials for gaussian distribution of K2 (with σ = 8 km s−1),

a top-hat distribution of secondary mass in the limits of 0.1–

0.3M⊙and a uniform distribution of cos i. The simulations were

performed for the observed K2,o and with the K-correction applied

(K2 = K2,o/0.9). For any set (M2, i, K2,o) we calculate M1 from

the mass function, and the parameters are accepted if there are no

eclipses (Equation 7).

Fig. 12 shows the results of the Monte-Carlo simulations with

Table 4. Orbital and system parameters for SWIFT J1753.5–0127.

Parameter Value

Observed

Porb (h) 2.85±0.01

T0 (+2450000) 6510.8081±0.0005

K1 (km s−1) 52±10
K2,o (km s−1) 382±8

γ (km s−1) 6±6

fo(M)/M⊙ 0.69±0.04

Constrained

i
a &40◦

M1/M⊙ .3.1 (4.1)a

M2/M⊙ 0.1–0.3

q = M2/M1 &0.04 (0.03)

a/R⊙ .1.53 (1.67)

aThe numbers in parentheses correspond to the solutions with the

K-correction applied.

the formal 68 and 95 per cent confidence levels2. Denser colours

represent higher probability reflecting a strong tendency for lower

masses. In the figure we also show the BH mass as set by the re-

lation (6) based on constraints obtained from the double-peaked

emission lines. These calculations show that the compact object

mass in excess of 5M⊙ is rather improbable, because it requires an

extremely large K-correction or a lower inclination angle, which is

also unlikely because of the observed strong photometric and spec-

troscopic orbital variability.

We note that even with the lowest possible upper limit on the

inclination and the large K-correction, the solution allows for the

compact object mass to be below 1.3M⊙, that would correspond to

a low-mass NS. Nevertheless, X-ray properties of SWIFT J1753.5–

0127 are typical for a BH binary and argue strongly in favour of a

BH accretor in the system. This fact can be used to impose an ad-

ditional restriction on the solution by requiring that the BH has a

mass greater than some specified limit, e.g. the maximum possi-

ble NS mass. Following the modern theoretical calculations, which

give the maximum NS mass .2.4M⊙ (Lattimer 2012), this limit

can be put at 2.5M⊙. Nevertheless, admitting that the value of this

limit is not well defined, we leave this discussion for the interested

reader to complete.

The values of the measured and constrained system parame-

ters are summarised in Table 4. In Fig. 13 we show a schematic

representation of the suggested geometry for SWIFT J1753.5–

0127, plotted using the system parameters: M1=3M⊙, M2=0.2M⊙ ,

i=40◦.

The presented BH mass calculations were done with the or-

bital period of 2.85 h. However, even if the previous value ∼3.2 h

found by Zurita et al. (2008) appears to be the correct orbital pe-

riod, the results will not change significantly due to the relatively

weak dependence of the mass function on the period and a large

uncertainty in other parameters.

2 The simulations were performed without additional limitations which

should be applied but which values are not well defined (e.g., the mini-

mal orbital inclination). This biases the Monte-Carlo tests and may affect

the confidence levels.
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5 DISCUSSION

5.1 The BH mass

According to the current convention, the black holes are compact

objects, whose measured masses exceed the limit of 3M⊙. To date,

many BH binaries were identified according to the high measured

mass function f(M) >3M⊙, which puts an absolute lower limit

for the primary mass (Casares & Jonker 2014). In a number of

other systems, additional constraints were required to obtain the

mass of the compact object in excess of this limit. The inferred

masses of BHs used to be well above the value 3M⊙, while the

measured NS masses tend to cluster at ∼1.4–1.5M⊙ (Remillard

& McClintock 2006; Lattimer 2012). The observed distribution

of compact objects thus seems to have a double-peak structure at

∼1.5M⊙ and ∼7M⊙ for NSs and BHs, correspondingly (Bailyn

et al. 1998; Özel et al. 2010), with a gap in the mass range 2–

5M⊙. Investigations of the minimal possible black hole mass (Farr

et al. 2011) gave MBH,min ∼4.3M⊙, significantly above the maxi-

mum NS mass, further supporting the existence of a gap. Theoret-

ical interpretation of the observed mass distribution was given in

the context of different supernova mechanisms (Belczynski et al.

2012): the gap appeared in the simulations with rapidly developing

explosions (launched within ∼0.2 s after the core bounce), while

the delayed explosions (developing on timescales ∼0.5–1 s) result

in continuous mass distribution. The obtained range of masses for

SWIFT J1753.5–0127 put the binary right into the 2–5M⊙ gap,

suggesting that the object might be formed in the delayed explosion

scenario. Alternatively, the primary mass, initially below 2M⊙,

could have been enhanced as a result of the accretion processes

on the Hubble timescale, to reach the maximum possible mass of

a stable NS and then collapsed into a BH. Such effects of binary

evolution were considered in Belczynski et al. (2012), who showed

that this results in the small additional number of objects with the

masses in the range 2–3M⊙.

On the other hand, investigations of Kreidberg et al. (2012),

suggest that the gap is an artefact of systematic uncertainties in

mass measurements. They conclude that the BH masses in two ob-

jects, GRO J0422+32 and 4U 1543–47, plausibly lie within the

mass gap. Other ‘outliers’ include the binary 4U 1700–37, M =
2.44± 0.27M⊙ (Clark et al. 2002), for a long time being classified

as a NS (Reynolds et al. 1999), but again returning to the origi-

nally proposed (e.g., Brown et al. 1996) BH class by the discov-

ery of the very low-frequency quasi-periodic oscillations (Dolan

2011). The compact object in the classical BH candidate Cyg X-3

was recently estimated to have M = 2.4+2.1
−1.1M⊙ (Zdziarski et al.

2013), again right in the middle of the mass gap. Our estimates for

SWIFT J1753.5–0127 further support the existence of compact ob-

jects with masses in the range 2–5M⊙ . A re-analysis of the full set

of data is probably required to conclude whether the mass gap still

exists.

Masses of BHs used to be comfortably above the limit of

3M⊙. However, a growing amount of measurements suggest that

there exist a population of compact objects very close to this limit.

They can be formed either in the processes of the delayed super-

nova explosion (such as in simulations of Belczynski et al. 2012)

or by the accretion-induced collapse of the NS (initially formed in

the supernova explosion) during the common-envelope phase or by

accretion from the companion on the Hubble time. It becomes ev-

ident that the firm classification based on the compact object mass

estimate alone is becoming less and less reliable, and other diag-

nostic method should be agreed on to serve a criterion to distin-

guish between BHs and NSs. Such a technique will likely be based

1

Figure 13. A schematic representation of the suggested geometry for

SWIFT J1753.5–0127 plotted using the system parameters: M1=3M⊙ ,

M2=0.2M⊙ , i=40◦ . The red thick dashed circle shows the largest radius of

the accretion disc determined by tidal limitations. We suggest that it was the

accretion disc outer radius during the observations of Torres et al. (2005).

At the time of our optical observations the disc (shown as a red disc) has

shrunk by about 45 per cent compared to Torres et al.’s observations. The

cyan and green rings represent the disc outer radii in which emission lines

with higher excitation energies than Hα were originated at the time of ob-

servations (cyan: He II λ4686 and C IV, green: He II λ1640). The blue seg-

ment located at the outer rim of the accretion disc in front of the secondary

shows the bright area which position is assigned according to the relative

phasing of the photometric and radial velocity modulations.

on the difference of observational appearance of objects with and

without solid surface. The most promising methods are based on

the X-ray colour evolution as a function of flux (Done & Gierliński

2003) and on the properties of the broadband noise (Sunyaev &

Revnivtsev 2000).

5.2 Orbital period

Both our photometric and spectroscopic data suggest the orbital pe-

riod of SWIFT J1753.5–0127 2.85 h. This puts the system right into

the so-called period gap between about 2.15 and 3.18 h (according

to results of Knigge 2006). The gap marks the dearth of active CVs

in this period range, which appear to have smaller radii compared

to the Roche lobe size. The traditional explanation of the period

gap involves a thermal bloating of the secondary at periods above

∼3 h due to enhanced mass transfer rates (due to magnetic braking

mechanism) over those driven by the gravitational radiation losses

alone (Howell et al. 2001; Knigge et al. 2011). The magnetic brak-

ing abruptly stops at this upper limit when the secondary becomes

fully convective (Spruit & Ritter 1983), leading to a reduction of the

mass-loss rate and, as a result, its contraction. The binary continues

to evolve towards shorter periods as detached system, and even-

tually the Roche lobe becomes small enough to resume the mass

transfer. The fact that SWIFT J1753.5–0127 displays an outburst

whilst having the period in the middle of the gap supports our sug-

gestion that the secondary is a slightly evolved star, whose radius is

larger than that of a main-sequence star of the same mass. The same

conclusion was reached for the LMXB MAXI J1659–152 (2.4 h,

Kuulkers et al. 2013) and can also be applied to SWIFT J1357.2–

0933 (2.8 h, Corral-Santana et al. 2013).
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6 SUMMARY

Despite of the long history of study, system parameters of

SWIFT J1753.5–0127 apart from the orbital period were not in-

vestigated. The system exhibits X-ray properties typical for the BH

binary and has always been considered in the context of the BH

primary. Its mass, however, was not dynamically measured, and the

assumed values in some cases reached 12M⊙ (Zurita et al. 2008;

Froning et al. 2014). For the first time, we performed the analy-

sis of spectroscopic data to determine the system parameters. Our

main result is that the primary in SWIFT J1753.5–0127 is not at

all so massive – its mass in excess of 5M⊙ is highly improbable.

This result not only affects the modelling of spectral properties, but

also supports the possibility of existence of compact objects in the

range 2–5M⊙, the so-called mass gap. The later conclusion greatly

limits the formation scenarios. For instance, in the rapid supernova

explosion mechanisms, it is not possible to produce the compact

objects with masses 3–5M⊙, even accounting for the binary evolu-

tion effects. We suggest that the primary in SWIFT J1753.5–0127

can either be produced in the delayed explosion or be the result of

the accretion-induced collapse of a NS.

We also performed time-series analysis of our photometric and

spectroscopic data and confirm that SWIFT J1753.5–0127 is one of

the shortest-period X-ray binaries, as initially proposed by Zurita

et al. (2008). Our data, however, is better described by the orbital

period of 2.85 h, in contrast to ∼3.24 h found by them. This find-

ing puts the system into the well-known period gap, in which the

main-sequence companions do not fill their Roche lobes. The fact

that SWIFT J1753.5–0127 is still in outburst suggests that the mass

transfer proceeds, therefore, the companion has a radius larger than

that of a main sequence star of the same mass. This is naturally

explained if the secondary is somewhat nuclearly evolved.
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J., Filippenko A. V., González Hernández J. I., 2009, MNRAS,

399, 539

Casares J., Jonker P. G., 2014, SSRv, in press (arXiv:1311.5118)

Casares J., Steeghs D., Hynes R. I., Charles P. A., O’Brien K.,

2003, ApJ, 590, 1041

Chiang C. Y., Done C., Still M., Godet O., 2010, MNRAS, 403,

1102

Clark J. S., Goodwin S. P., Crowther P. A., Kaper L., Fairbairn M.,

Langer N., Brocksopp C., 2002, A&A, 392, 909

Corral-Santana J. M., Casares J., Muñoz-Darias T., Rodrı́guez-Gil
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Figure A1. Light curves calculated for different bright area parameters.
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APPENDIX A: BRIEF DESCRIPTION OF THE LIGHT

CURVE SIMULATIONS

The detailed fitting of the light curve of SWIFT J1753.5–0127 re-

quires to make certain assumptions on the accretion disc struc-

ture which we do not know. In order to reproduce the observed

light curve of SWIFT J1753.5–0127 in terms of shape and am-

plitude, we adopted the modelling technique from Zharikov et al.

(2013) and Tovmassian et al. (2014). A simple geometrical model

of SWIFT J1753.5–0127, presented in Fig. 13 is comprised of a

concave accretion disc, a secondary red dwarf star, a stream from

the inner Lagrangian point, and a bright area located at the outer

rim of the accretion disc in front of the secondary.

We assume that the steady-state, optically thick, viscous ac-

cretion disc radiates as a blackbody at the local temperature

which radial distribution across the disc is given by T (r) =
Tout (r/rout)

−3/4, where Tout is the temperature at the outer edge

of the disc. The bright area is characterized by the azimuthal exten-

sion θ and the temperature Tb. The vertical extension of the bright

area is equal to the thickness of the concave accretion disc at the

outer edge and characterized by the opening angle z as seen from
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the BH. The donor star fills its Roche lobe. Emission from the ac-

cretion stream is not taken into account. The surface of each com-

ponent of the system is divided in a series of triangles as shown

in Fig. 13, each triangle emits as a blackbody with corresponding

temperature. The total flux from the binary is obtained by integrat-

ing the emission from all the elements lying in a sight of view and

then folded with the response of the V filter.

The fixed parameters for the model are set as follows:

• The mass of the primary is 3M⊙;

• the mass of the donor star is 0.2M⊙;

• the temperature of the donor star is 3000K;

• the outer and inner radii of the disc are imposed by the param-

eters Vout = 800 km s−1 and rin/rout = 0.02 estimated for the

Hα emission line (see Section 3.5.1 and Table 3);

• the temperature at the outer edge of the disc is Tout=8 000K.

We calculated a variety of models using different bright area

parameters. We found that the shape of the light curve mostly de-

pends on the azimuthal extension θ whereas the amplitude of vari-

ability relies on the orbital inclination i, the opening angle of the

disc z, and the ratio of temperatures of the bright area and the

disc Tb/Tout (Figure A1). The amplitude of light curve decreases

quickly with decreasing i (Figure A2). Our simulations show that

for the orbital inclination of 30◦ the bright area with Tb=10 000K,

θ=150◦ and z=10◦ and the accretion disc with the above param-

eters creates the modulation with the total amplitude of only 0.08

mag, less than the observed amplitude. Here we claim that these pa-

rameters of the bright area are unrealistic. They correspond to the

blackbody luminosity of the bright area which is twice as large as

the total luminosity of the visible half of the accretion disc rim that

is not observed in LMXBs or CVs in outbursts. Furthermore, the

decrease of the geometrical parameters of the bright area will re-

quire to increase this discrepancy further in order to keep the same

amplitude of the orbital modulation.

Thus, we conclude that with the use of more or less realistic

parameters for the bright area it is nearly impossible to obtain the

required orbital variability with the amplitude of at least 0.10 mag

for the orbital inclination i .40◦. Only extraordinarily bright and

extended area can produce such variability.
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