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ABSTRACT
We present the analysis of fast variability of Very Large Telescope/ISAAC (Infrared Spec-
trometer And Array Camera) (infra-red), XMM–Newton/OM (optical) and EPIC-pn (X-ray),
and RXTE/PCA (X-ray) observations of the black hole X-ray binary GX 339�4 in a rising
hard state of its outburst in 2010. We report the �rst detection of a quasi-periodic oscillation
(QPO) in the infra-red band (IR) of a black hole X-ray binary. The QPO is detected at 0.08 Hz
in the IR as well as two optical bands (U and V). Interestingly, these QPOs are at half the X-ray
QPO frequency at 0.16 Hz, which is classi�ed as the type-C QPO; a weak sub-harmonic close
to the IR and optical QPO frequency is also detected in X-rays. The band-limited sub-second
time-scale variability is strongly correlated in IR/X-ray bands, with X-rays leading the IR by
over 120 ms. This short time delay, shape of the cross-correlation function and spectral energy
distribution strongly indicate that this band-limited variable IR emission is the synchrotron
emission from the jet. A jet origin for the IR QPO is strongly favoured, but cannot be de�ni-
tively established with the current data. The spectral energy distribution indicates a thermal
disc origin for the bulk of the optical emission, but the origin of the optical QPO is unclear.
We discuss our �ndings in the context of the existing models proposed to explain the origin of
variability.

Key words: black hole physics � stars: winds, out�ows � X-rays: binaries � X-rays: individ-
ual: GX 339�4.

1 INTRODUCTION

The emission from the accretion �ow and jets in the hard state
of black hole X-ray binaries (BHB) spans from the radio band to
� -rays. The accretion �ow around the black hole has two main
components � a geometrically thin optically thick accretion disc
(modelled as a quasi-blackbody at low X-ray energies) and a ge-
ometrically thick optically thin inner hot �ow/magnetized corona
(Comptonized emission, modelled by a power-law component at
high X-ray energies). The blackbody disc emission component is
relatively weak in the hard states (as opposed to the soft states)
and the accretion �ow spectrum is dominated by the Comptonized
emission (e.g. see Done, Gierli·nski & Kubota 2007). The jets con-
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sist of energetic particles accelerated away from the black hole,
and its synchrotron emission extends from radio through optical
infra-red (OIR) and possibly into X-rays (e.g. Markoff, Falcke &
Fender 2001; Fender, Homan & Belloni 2009). The emission in
ultraviolet (UV) and OIR may also include intrinsic thermal emis-
sion from the outer region of the accretion disc and reprocessing
of X-rays incident on the outer accretion disc (e.g. van Paradijs
& McClintock 1994). The �uxes in various bands show correla-
tions e.g. radio/X-rays (Corbel et al. 2003; Gallo, Fender & Pooley
2003), X-rays/OIR (Homan et al. 2005; Russell et al. 2006; Coriat
et al. 2009). Clearly, the accretion �ow and jets form a strongly
connected and interacting complex system which is also observed
to undergo dramatic changes due to mass accretion rate variations
during episodic outbursts.

To comprehend fully the relationship between the accretion �ow
and the jet during an outburst, it is crucial to disentangle the
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contribution to emission from various components. The synchrotron
radio emission is interpreted to be from a self-absorbed compact jet.
The compact jet models predict that above a certain frequency, com-
monly referred to as the jet spectral break frequency (expected in
the OIR range), the jet is not self-absorbed and produces optically
thin emission (Blandford & K¤onigl 1979). This makes the OIR
bands of great interest as both the accretion �ow and jet can be de-
tected in these bands. Despite the limitations due to high extinction
and contribution from the accretion disc and/or the companion star,
spectral modelling of multi-band data sets which include OIR data
in bright hard states has led to detection of the jet spectral break in
the mid-IR bands in a handful of sources (see e.g. Corbel & Fender
2002; Gandhi et al. 2011; Russell et al. 2013).

X-ray emission from the accretion �ow in the hard state is
known to vary on slow (tens of seconds) and fast (sub-second)
time-scales (e.g. van der Klis 2006) and often narrow peaked com-
ponents called quasi-periodic oscillations (QPOs; classi�ed type-C;
Wijnands, Homan & van der Klis 1999; Casella, Belloni & Stella
2005) are observed in the power spectrum. Until now only a few
examples of QPOs have also been seen in the UV/optical band, at ei-
ther similar or commensurate frequencies as those in the X-ray band,
and their origin has been unclear. Reprocessing of band-limited X-
ray variability within the accretion �ow and/or on the companion
star has been observed in some sources allowing us to put con-
straints on the size of the accretion disc/system (see e.g. O�Brien
et al. 2002). Many results later showed that not all variability can be
accounted for by simple reprocessing scenarios. There is growing
evidence of fast variability arising in the synchrotron jet emission in
the OIR bands, and that this jet variability is correlated with X-ray
variability (Motch et al. 1983; Kanbach et al. 2001; Hynes et al.
2003a; Gandhi et al. 2010; Casella et al. 2010; Lasso-Cabrera &
Eikenberry 2013). This variability correlation provides a valuable
tool to probe the accretion �ow�jet interaction.

GX 339�4 is a recurrent BHB transient located at a distance
of > 6 kpc (Hynes et al. 2004) with a mass function of 5.8 solar
masses and an orbital period of 1.75 d (Hynes et al. 2003b). The
source has exhibited several outbursts in the past and it entered
a new outburst on 2010 January 3 (MJD 55199; Yamaoka et al.
2010). In this paper, we report the study of simultaneous multi-
wavelength observations taken on 2010 March 28 (MJD 55283) in
infra-red, optical/UV and X-rays when the source was in the hard
state during the rise of the outburst. We study variability in each of
these bands along with the broad-band spectral energy distribution
(SED). The aim is to investigate the origin of variable emission and
its correlation amongst different energy bands to probe the accretion
�ow�jet coupling. We describe the observations and data analysis
in Section 2. The variability and SED results and their comparison
with previous reports are presented in Section 3. The origin of
variable emission is discussed in the context of different models in
Section 4 with summary and conclusions in Section 5.

2 OBSERVATIONS AND DATA REDUCTION

2.1 Infrared data

GX 339�4 was observed between MJD 55283.270 and MJD
55283.361 using Very Large Telescope/Infrared Spectrometer And
Array Camera (ISAAC; Moorwood et al. 1998). The observation
was taken with the Ks (effective wavelength at 2.2 µm) �lter with a
useful exposure of about 4 ksec. ISAAC was operated in FastJitter
mode, allowing us to store each detector integration time (DIT) as
a slice in a FITS cube. Each slice has a DIT of 37 ms and there

are 995 slices per cube. We obtained 165 cubes with a short gap
between each cube for �le merging and �ts header writing. Each
slice is a 256 × 256 pixel (�38 × 38 arcsec2) image containing
the target, a bright reference star and a faint comparison object.
We have extracted light curves of the three sources using the UL-
TRACAM data reduction pipeline. Each source was extracted using
standard aperture photometry based on parameters derived from the
reference star position and pro�le.

2.2 Optical/UV data

The XMM–Newton Optical Monitor (Mason et al. 2001) observed
GX 339�4 (Obs. ID 0654130401) in the fast mode allowing a
high time resolution of 500 ms. The data were obtained in eight
exposures typically 3 ksec each employing the V �lter (effective
wavelength at 543 nm) for the �rst three exposures and U �lter
(effective wavelength at 344 nm) for the consequent �ve exposures.
The second and third exposures with U �lter were simultaneous
with the IR data. Here we analyse these two exposures and the last
exposure with the V �lter, which is closest to the IR data set. The
data were analysed using the SAS pipeline OMFCHAIN script with the
default set of parameters to obtain a light curve for each exposure.

2.3 X-ray data

2.3.1 XMM–Newton

We analyse EPIC-pn (Str¤uder et al. 2001) timing mode data (time
resolution 0.03 ms) of the XMM–Newton observation (Obs. ID
0654130401) of GX 339�4. The observation is about 33.5 ksec
long, but we use only the data strictly simultaneous with the IR data
(about 4 ksec). The data are reduced with the standard procedure
with XMM SAS (v14.0.0). The raw events were processed using
SAS tool EPCHAIN. The source events were extracted with RAWX
columns 28 to 48 as the source is centred at RAWX column 38.
We test for pile-up using EPATPLOT and �nd the data to be piled-up.
Hence, we remove the central pixel and obtain the light curves in
multiple energy bands (see below). The background was low and
without any �aring events.

2.3.2 Rossi X-ray Timing Explorer

The Rossi X-ray Timing Explorer (RXTE) observed the 2010 out-
burst of GX 339�4. We use the observation (Obs. ID 95409-01-
12-01), which is simultaneous with the IR observation (about 3
ksec). We reduce the Proportional Counter Array (PCA; Jahoda
et al. 2006) data following standard procedures described in the
RXTE Cookbook using HEASOFT v6.16. The PCA has �ve Propor-
tional Counter Units out of which at most two were switched on
during the observation. We use only the data simultaneous with the
IR data and when two PCUs were switched on. We exclude data in
which the elevation (angle between Earth�s limb and the source) is
less than 10� or the pointing offset (angle between source position
and pointing of the satellite) exceeds 0.02. We obtain light curves
with the Event mode data (which has a time resolution of 122 µs)
in multiple energy bands (see below).
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3 RESULTS

3.1 Power spectra

We obtain the power spectral densities (PSD) by averaging the mod-
ulus square of the discrete Fourier transform of uninterrupted light
curve segments. The PSD is the variance of signal at each Fourier
frequency, providing us a measure of variability of the signal on var-
ious time-scales. The Poisson noise is estimated from the errors on
the count rate and subtracted (see e.g. Gandhi et al. 2010). The PSDs
are normalized such that their integral power gives the squared rms
variability. We then �t the PSD with multiple Lorentzian pro�les.

The time resolution of the IR data is 37 ms, giving a Nyquist
frequency of 13.51 Hz. The light curve had gaps (between 6 and 10 s)
shorter than the uninterrupted segments (typically 37 or 26 s). In
order to explore the low-frequency variability with high-frequency
resolution, these gaps were �lled with count rate values normally
distributed around a mean (and the standard deviation) calculated
from the preceding and following light curve segments of half the
gap length. To study the effects of this on the PSD, we perform two
tests. With the observed IR PSD, we simulate light curves using the
method of Timmer & Koenig (1995). Gaps identical to the IR light
curve were arti�cially introduced in the simulated light curves and
the resulting PSD is compared to the PSD of the original light curve.
In the second test, we introduce gaps in the RXTE X-ray light curve
(which does not have any gaps) identical to the simultaneous IR
light curve, �ll these gaps using similar technique as in the IR data,
and compare the PSDs. In both cases, no arti�cial features were
observed in the simulated light curve PSD and its shape is similar
to the original PSD. The integrated fractional rms amplitudes of the
PSDs generated with light curves with and without their gaps �lled
differ by only 2 per cent (due to the additional noise from the �lled
gaps). We also investigated other methods to �ll the gaps (e.g. linear
interpolation) and found similar results.

The IR PSD is �tted with three Lorentzian pro�les which gives a
reduced �2 value of 1.48 (for 162 d.o.f.), which is shown in Fig. 1.
We report, for the �rst time in the IR band, a QPO in the PSD
of a BHB. It is signi�cantly detected (4.5� ) at 0.080 – 0.001 Hz
and is accompanied by two band-limited noise components. The
signi�cance is calculated as the ratio of the power to negative error;
the negative error is calculated by varying the model parameter
such that ��2 = 1. Similar band-limited noise components were
reported when the source was in persistent low hard state more than
a year after its outburst in 2007 with strong indications of the IR
emission originating from the jet (Casella et al. 2010).

The OM PSDs in the U and V bands are obtained using the
same method as above, except the data did not have gaps. The
time resolution of the data is 500 ms, giving a Nyquist frequency
of 1 Hz. The best �t was obtained with three Lorentzian pro�les
with a reduced �2 value of 1.005 (for 31 d.o.f.) and 0.775 (for 31
d.o.f.) for the U and V bands, respectively, as shown in Fig. 1. The
QPO is detected signi�cantly in the U and V bands, respectively,
at 0.082–0.002 Hz and 0.0812–0.002 Hz (at 3.25� and 4.12� ,
respectively). We note that instrumental effects on PSD have not
been investigated for the OM, so there might be an uncertainty on
the Poisson level. In addition, due to a high background in this
observation, the fractional rms amplitudes we report in Table 1
should be taken with caution. However, our main result is that the
optical QPO frequency is consistent with the QPO frequency in the
IR band, which is not altered by the instrumental effects. A QPO in
the optical band has been reported before in this source in previous
outbursts (Motch, Ilovaisky & Chevalier 1982; Gandhi et al. 2010)

Figure 1. Power spectra in the various energy bands as indicated. The best-
�tting model using multiple Lorentzians to each Poisson noise subtracted
power spectrum is shown. Except for the OM V band, all power spectra have
simultaneous data.
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Table 1. Best-�tting QPO parameters in various energy bands shown in
Fig. 1. Errors are at one standard deviation.

Energy band Frequency (Hz) QPO frac. rms (per cent)

IR 0.080 – 0.001 6.0 – 1.0
Optical V 0.081 – 0.002 8.3 – 1.4
Optical U 0.082 – 0.002 4.4 – 1.0
X-ray 0.3�2 keV 0.092 – 0.004 5.3 – 1.7
X-ray 2�60 keV 0.096 – 0.004 5.8 – 1.4

X-ray 0.3�2 keV 0.160 – 0.009 10.1 – 2.7
X-ray 2�60 keV 0.161 – 0.003 11.6 – 1.5

and in other sources such as XTE J1118+480 (Hynes et al. 2003a)
and Swift J1753.5�012 (Durant et al. 2009). The shape of the PSD
at low frequencies is also similar to the one reported in the 2007
post-outburst state (Gandhi et al. 2010). Their data allowed a higher
Nyquist frequency (10 Hz) compared to our data (1 Hz) and band-
limited noise was reported in that data which peaked around 1 Hz.

The PSD in the 0.3�2 keV (soft) X-ray band and the 2�60 keV
(hard) X-ray band (and multiple sub-bands reported in Fig. 3) were
obtained, respectively, with the XMM–Newton and the RXTE data
similar to the method described for the optical data. The PSD were
�tted with �ve Lorentzian pro�les giving a reduced �2 value of
1.37 (for 109 d.o.f.) and 1.20 (for 163 d.o.f.) in the soft and hard
bands, respectively. The PSD are shown in Fig. 1. Band-limited
noise variability is accompanied by a QPO, which is typical of
hard state PSDs. The QPO is detected at 0.164–0.003 Hz (3.1� )
and 0.161–0.003 Hz (5.8� ), in the soft and hard bands. The X-
ray QPO has been classi�ed as the type-C QPO and is commonly
observed in many BHB. It has been detected and traced in all of GX
339�4 outbursts (e.g. Belloni et al. 2005; Motta et al. 2011). We
also detect another QPO close to the sub-harmonic of the type-C
QPO; it is detected in the soft and the hard bands, respectively, at
0.092 – 0.004 Hz (2.2� ) and 0.096–0.004 Hz (2.97� ) which is
close to the IR QPO frequency. The X-ray sub-harmonic QPO has
been previously reported in this source (e.g. Belloni et al. 2005).
The frequency of the X-ray sub-harmonic QPOs in this source and
other sources has been observed with a scatter around the expected
frequency, i.e. at half the type-C QPO frequency (see e.g. Pawar
et al. 2015), similar to what we observe here; the origin of this
scatter remains unknown.

The detection of an IR QPO is a signi�cant result as we now have
detection of QPOs from X-rays to IR bands, encompassing a broad
multi-wavelength range. However, what is more interesting is the
harmonic relationship between the frequencies at which the QPOs
are detected in various bands. We note that in our data, the IR and
optical QPO are at half the X-ray QPO frequency, closer to the sub-
harmonic of the X-ray type-C QPO. Similar behaviour has also been
reported before in optical and X-ray bands during a rising hard state
along an outburst (Motch et al. 1983). It is interesting to note that
QPOs detected in another BHB XTE J1118+480 simultaneously in
optical, UV and X-ray bands were at the same frequency (Hynes
et al. 2003a). Hence, with only a handful of multi-band detections
in few sources, we already see a varied behaviour of the QPO.

3.2 Cross-correlation functions

The barycentred IR and X-ray light curves are uniformly binned
at the time resolution of IR band of 37 ms and the gaps are excluded.
The hard X-ray band is subdivided in two bands � 2�10 keV and 10�
60 keV. We inspect the cross-correlation function (CCF) between










