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Simultaneous optical and X-ray observations of black holes in X-ray binaries (GX 339–4, XTE
J1118+480, SWIFT J1753.5–0127) show complicated shape of the cross-correlation function
(CCF), with an anti-correlation preceding positive correlation. Similar CCFs were found in two
neutron star X-ray binaries, Sco X-1 and Cyg X-2. We propose a novel model capable of ex-
plaining timing properties of these objects. We argue that the X-ray emission is produced by
synchrotron self-Compton mechanism, which also contributes to the optical luminosity. Small
variations in the accretion rate cause changes of parameters of the flow (optical depth, total lumi-
nosity), leading to variations in X-rays and optical luminosities. By simulating spectra for specific
parameters, we show that fluxes in the two bands are anti-correlated. Additional contribution to
the optics comes from reprocessing of the X-rays by the outer regions of the accretion disk. We
find that our model is consistent with the CCFs recently observed in Galactic black holes. From
the presence of the dips in the CCFs, we can estimate the size of the synchrotron-emitting re-
gion, and from the relative amplitude of the dips to the peaks we constrain the contribution of
synchrotron radiation in the optical energy band.
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1. Introduction

Physical processes giving rise to optical spectra of accreting black holes in low-mass X-ray
binaries (LMXBs) are currently widely discussed. The contribution from the companion star in
such systems usually is too faint, and the optical spectra most likely are connected to the accretion
process onto the compact object and the X-ray radiation. To understand the origin of the optics,
timing analyses of simultaneous optical and X-ray observations were performed [14, 7, 1, 3, 5]. The
computed optical/X-ray cross-correlation functions (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. The observed behavior cannot be explained by a simple
model with the optical radiation being produced by the reprocessed X-ray emission (as was shown
for UV/X-ray CCF, [6]). Further analysis showed that the autocorrelation function (ACF) of the
optics is narrower, than that of the X-rays [7, 6, 2]. A number of possible mechanisms, producing
such structure of the CCF, were proposed (see the discussion section in [3] and references therein).
So far, the detailed calculations were made only in the model of Malzac et al. [11], where both X-
ray and optical emission are fed from 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. Also, it is not clear, whether such
magnetic reservoir can be maintained.

We propose a novel model, where 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. The second one is originating from reprocessing of the X-rays
by the outer parts of the cold accretion disk. This component is (positively) correlated and delayed
relatively to X-rays. This explains both the precognition dip and the delayed peak of CCF. The
model explains the entire optical to X-ray spectrum of the BHBs as well as qualitatively describes
timing properties.

2. Spectral modeling

The X-ray spectra of Galactic black holes in their hard state are well described by Comp-
tonization on thermal electrons [15, 21], however MeV tails detected in many sources suggest the
presence of non-thermal particle population in addition to the mostly thermal distribution [12].
These electrons contribute both to the high-energy part of the spectrum via Compton scattering
and to the low-energy part by synchrotron radiation. Even a tiny fraction of non-thermal elec-
trons dramatically increases synchrotron luminosity [20] and thus makes it a plausible source of
seed photons for Comptonization. Investigations show that typical X-ray spectra of both hard- and
soft-state BHBs can be modeled in terms of synchrotron self-Compton (SSC) mechanism in hybrid
(thermal plus non-thermal) plasmas [18, 16, 10].

We are modeling the emitting spectra of a hard-state accreting black hole. While the high-
energy part of the spectrum is dominated by upscattered photons, the low-energy part is determined
by synchrotron emission, which can fall to the optical band. The calculations are made in one-zone
spherical geometry, homogeneously filled with photons and particles having isotropic distributions.
The region corresponds to a hot flow in the vicinity of the black hole, which size is limited by the in-
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Figure 1: Simulated spectra (a) and electron distributions (b) for fiducial parameters (solid line), for in-
creased by 20% mass accretion rate (blue dashed line) and for decreased by 20% accretion rate (red dotted
line).

ner radius of (truncated) accretion disk. Particle heating results from magnetic reconnection, shock
acceleration etc., typically leading to power-law distributions. The main mechanisms, responsible
for particle cooling and formation of the spectra are synchrotron radiation and Compton scattering.
To model the emitting spectra, which are self-consistent with their electron distributions, we use
the code developed by Vurm & Poutanen [19].

We consider typical for hard-state BHBs parameters: 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 self-
absorbed frequency of synchrotron radiation strongly depends on the size of the source. The opti-
cally thin synchrotron emission falls into the optical energy bands (1−10 eV), when region size is
about R ∼ 108 cm (∼30 Schwarzschild radii for a 10M� black hole). The resulting spectrum and
electron distribution is shown on Fig. 1 (solid line).

Variations in mass accretion rate ṁ lead to changes in parameters of the system. We consider
change of the total luminosity L ∝ ṁ, the optical depth τ ∝ ṁ and the size of the active region
R ∝ ṁ−4/3 [17]. The magnetic field is assumed to be constant. With an increase of the accretion
rate, the X-ray luminosity increases, whereas the optical radiation drops due to the increased syn-
chrotron self-absorption and vice versa (Fig. 1, dotted and dashed lines). This makes the spectrum
pivoting with spectral hardening during X-ray flares and softening at X-ray dips. Thus, the optical
synchrotron luminosity is expected to anti-correlate with the X-rays.

3. Timing modeling

We assume that optical radiation is a sum of two components: the synchrotron radiation from
the hot flow s(t) and the reprocessed X-ray radiation coming from the accretion disk d(t). Accord-
ing to our findings in Sect. 2, the synchrotron luminosity drops with increasing X-ray luminosity.
We model the behavior as linear anti-correlation: s(t) ∝−x(t). Reprocessed radiation from the disk

is a convolution of the X-ray light curve with the disk response function: d(t) ∝
t∫

−∞

r(t− t ′)x(t ′)dt ′.
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Figure 2: CCFs from the synchrotron (a, dashed), the disk (a, dotted) and their mutual contribution (b).

As an illustration, let us specify a simple exponential response function:

r(t) =

{
exp [−(t − τ1)/τ2]/τ2, t > τ1,

0, t < τ1,
(3.1)

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 xi = 2π f τi. The total optical
light-curve can then be represented as

o(t) ∝ −x(t)+ rds

t∫
−∞

x(t ′)r(t − t ′)dt ′, (3.2)

where we introduced the coefficient rds, which physically means the ratio of absolute (by ampli-
tude) disk to synchrotron contributions in the variable optical component.

The optical/X-ray CCF also contains two terms: the one arising from synchrotron (it is just
an auto-correlation function of the X-rays with a negative sign) and the other one from the disk.
Simulated CCFs for separate components and their joint contribution are shown in Fig. 2. The
width of the precognition dip depends on the shape of the X-ray power spectral density PSDX.
Amplitudes of both negative and positive peaks are reduced, when there are two components in the
optics, as they enter the expression (3.2) with different signs and thus partially cancel each other.

To simulate the X-ray light-curve, we define the shape of PSDX( f ), then calculate the X-ray
Fourier transform X( f ) with phase being a random number from the interval [0;2π), from which
we get x(t). We choose the PSD normalization so that the integral over positive frequencies gives
the square of fractional root-mean square (rms) amplitude of the X-ray variability [13]. Optical
PSD is normalized in a similar manner. As an illustration, we choose rmsx = 1.0 and rmso = 0.3.
If the X-ray PSD is fixed, three parameters control the shape of the CCF and the optical PSD (which
we specify here): rds = 1.2, τ1 = 0.1 and τ2 = 1.5. We choose the twice-broken power-law X-ray
PSD (PSDX ∝ f 0, f−1 and f−2) with corresponding break frequencies at 0.1 Hz and 0.5 Hz. This
shape is typical for BHBs in their hard state.

Optical Fourier amplitudes are the sum of the synchrotron (S( f ) = −X( f )) and the disk
(D( f ) = rdsX( f )R( f )) amplitudes:

O( f ) ∝ X( f ) [−1+ rdsR( f )] . (3.3)
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Figure 3: The X-ray PSD (solid) and the optical PSD components (a): synchrotron (dashed), disk (dotted),
positive contribution from the cross-term (dot-dashed) and negative contribution from the cross-term
(long-dashed). The resulting optical PSD is shown on panel (b).

Optical power spectrum consists of three terms: the synchrotron term, the disk term and a cross
term

PSDO ∝ PSDX

{
1+ r2

ds |R( f )|2 −2rdsRe [R( f )]
}

. (3.4)

Contributions from different terms and total PSD are shown in Fig. 3a. The first (synchrotron)
term has the same shape, as the X-ray PSD. The second term (disk) acts as a low-pass filter. The
last PSD (cross-)term changes sign, giving positive contribution to the high-frequency part and
negative contribution to the low-frequency part. This makes a bump at frequencies ∼0.1–1 Hz in
the optical power spectrum (which was found in analysis of GX339–4, [4]). As a consequence of
this bump in Fourier space, in the time space the optical ACF becomes narrower. Physically, the
high frequencies originate from the interplay of the components, which also results in the fast rise
of the CCF at zero lag. The mutual contribution of the two components slightly increases the power
at higher frequencies at the same time strongly suppressing lower frequencies.

4. Summary and discussion

In this letter, we present a novel model capable of explaining optical/X-ray timing features ob-
served in LMXBs. We argue that the optical radiation is partially produced in the inner parts of the
accretion flow by synchrotron mechanism, which also provides seed photons for Comptonization.
Additional contribution to the optics comes from reprocessing of the X-ray emission in the outer
parts of the cold accretion disk. We show that the presence of the two components can explain
the observed shape of the CCF, with the optical precognition dip. For the parameters considered
in the present investigations, the shape of the CCFs resemble those found in Swift J1753.5–0127.
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, in which the low-frequency part is suppressed and the bump at frequencies ∼ 0.1− 1 Hz is
present, both due to the presence of the cross-term. Physically, the high frequencies originate from
the interplay of the two components, which also results in the fast rise of the CCF at zero lag.
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