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ABSTRACT

On 2004 August 15, we observed a fast (shorter than 10 h) state transition in the bright
black hole transient GX 339—4 simultaneously with Rossi X-Ray Timing Explorer (RXTE) and
INTEGRAL. This transition was evident both in timing and spectral properties. Combining the
data from the Proportional Counter Array (PCA), the High-Energy X-ray Timing Experiment
(HEXTE) and the Imager on Board the INTEGRAL Satellite (IBIS), we obtained good quality
broad-band (3—-200 ke V) energy spectra before and after the transition. These spectra indicate
that the hard component steepened. Also, the high-energy cut-off that was present at ~70 keV
before the transition was not detected after the transition. This is the first time that an accurate
determination of the broad-band spectrum across such a transition has been measured on a short
time-scale. It shows that, although some spectral parameters do not change abruptly through
the transition, the high-energy cut-off increases/disappears rather fast. These results constitute
a benchmark on which to test theoretical models for the production of the hard component in

these systems.

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

1 INTRODUCTION

Black hole candidate (BHC) X-ray binaries are known to show tran-
sitions between different spectral states since the first observations
of Cyg X-1 (Tananbaum et al. 1971). When X-ray instrumentation
became sufficiently sophisticated to allow detailed variability stud-
ies on short time-scales, the definitions of states were refined to in-
clude fast timing properties (van der Klis 1995, 2005; McClintock
& Remillard 2005). The number and defining properties of these
states have changed with time (see e.g. Homan et al. 2001), but it
is now clear that fast variability is key ingredient which needs to
be considered in order to have a complete view of the states and
state transitions. The spectral evolution of BHCs has recently been
described in terms of the pattern in an X-ray hardness—intensity
diagram (HID) (see Belloni 2005; Belloni et al. 2005; Homan &
Belloni 2005). Original states are found to correspond to different
branches/areas of a g-like HID pattern. Four main states are identi-
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fied within this framework. Two of them correspond to the original
states discovered in the 1970s. The low/hard state (LS), observed
usually at the beginning and at the end of an outburst, and the most
common state for the persistent system Cyg X-1 (see e.g. Dove et al.
1998; Pottschmidt et al. 2003; Cadolle Bel et al. 2006), is identified
by the presence of strong (>30 per cent fractional rms) band-limited
noise in the power spectrum and by a hard energy spectrum. The
high/soft state (HS) shows weak variability, in the form of a few per
cent fractional rms power-law component in the power spectrum,
and an energy spectrum dominated by a thermal disc component,
with the presence of an additional weak power-law component. The
HS is usually observed, if at all, in the central intervals of an out-
burst; itis the most common state in the persistent systems LMC X-1
and LMC X-3 (Haardt et al. 2001; Nowak et al. 2001; Wilms
et al. 2001). For a comparative example of these two states, see
Belloni et al. (1999). In between these two well-established states,
the situation is rather complex and has led to a number of differ-
ent classifications. Homan & Belloni (2005) identify two additional
states, clearly defined by spectral/timing transitions. In the evolution
of a transient, after the LS comes a transition to the hard intermediate
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state (HIMS), the energy spectrum softens as the combined result
of a steepening of the power-law component and the appearance of
a thermal disc component. At the same time, the characteristic fre-
quencies in the power spectrum increase and the total fractional rms
decreases. A type-C quasi-periodic oscillation (QPO) (see Casella,
Belloni & Stella 2005) appears, also with centroid frequency in-
creasing as the source softens (see Belloni et al. 2005). The transi-
tion to the soft intermediate state (SIMS) is very sharp (sometimes
over a few seconds, see Nespoli et al. 2003) and is marked by the
disappearance of the type-C QPO and by the appearance of a type-B
QPO. In the 3-20 keV range, the corresponding variations in the en-
ergy spectrum are rather minor (Belloni et al. 2005). Together with
the association of this transition with the ejection of fast relativis-
tic jets, this has led to the identification of a ‘jet line’ in the HID,
separating these states (Fender, Belloni & Gallo 2004). The jet line
can be crossed more than once during an outburst (as in the case of
XTE J1859+-226: Brocksopp et al. 2002; Casella et al. 2004).

While the physical nature of the soft component is commonly as-
sociated with an optically thick accretion disc, there is no consensus
as to the origin of the hard power-law component, where a power
law is probably a simplification of a much more complex reality.
The energy spectra include also additional components, important
for the physics of accretion around black holes, as emission line fea-
tures (see e.g. Miller et al. 2002; Reynolds & Nowak 2003; Miller
et al. 2004a) and Compton reflection bumps (see e.g. George &
Fabian 1991; Frontera et al. 2001; Zdziarski et al. 2001). The spec-
tral slope of the hard component is around ~1.6 for the LS, 1.6-2.5
in the SIMS/HIMS and 2.5—4 for the HS. One important parameter
to measure is the presence/absence of a high-energy cut-off in the
spectrum, for which observations at energies >20keV are necessary.
It is known since a long time (Sunyaev & Triimper 1979) that the LS
spectrum does show such a cut-off around ~100 keV. A comparative
measurement of anumber of systems with the Compton Gamma-Ray
Observatory (CGRO)/Oriented Scintillation Spectrometer Experi-
ment (OSSE) has been presented by Grove et al. (1998). Here, the
energy spectra can clearly be divided into two classes: the ones with
a strong soft thermal component and rno evidence of a high-energy
cut-off until ~1 MeV, and those with no soft component and a ~100
keV cut-off. While the second class can clearly be identified with
the LS, an identification of the first class is not clear. Since both
the SIMS/HIMS and the HS show a strong soft component (see e.g.
Nespoli et al. 2003) and OSSE integration times are very long, dif-
ferent states could be mixed, making a precise identification of the
source state uncertain. More recently, Zdziarski et al. (2001) and
Rodriguez et al. (2004) measured the high-energy spectrum of GRS
19154105 and found no direct evidence for a high-energy cut-off,
but spectra which appeared to contain two components. A hybrid
model was found to be necessary to interpret the spectra of Cyg X-1
(Cadolle Bel et al. 2006; Malzac et al. 2006).

The nature of the hard component in BHCs is not known, nor is it
known whether the ones observed in the HS and the LS have the same
physical origin. For the LS, different models include thermal comp-
tonization (e.g. Dove et al. 1997, 1998), bulk motion comptonization
(e.g. Laurent & Titarchuk 1999), jet synchrotron plus comptoniza-
tion (e.g. Markoff, Falcke & Fender 2001; Markoff, Nowak & Wilms
2005). For the HS, the situation is less clear, partly because of the
limited statistics available in the soft spectra and partly because of
the absence of an observed characteristic energy such as a high-
energy cut-off. Possible models involve non-thermal/hybrid comp-
tonization (e.g. Gierliniski et al. 1999; Zdziarski et al. 2001; Cadolle
Bel et al. 2006; Malzac et al. 2006) and bulk-motion comptonization
(e.g. Turolla, Zane & Titarchuk 2002).

GX 3394 was one of the first two BHCs for which a complete set
of transitions has been observed and studied (see Miyamoto et al.
1991; Belloni et al. 1997; Méndez & van der Klis 1997). This tran-
sient BHC is known to spend long periods in outburst. Historically,
it was found prevalently in a hard state, although several transitions
were reported (Maejima et al. 1984; Ilovaisky et al. 1986; Miyamoto
et al. 1991). From the launch of the Rossi X-Ray Timing Explorer
(RXTE) until 1999, it remained detectable with the RXTE All-Sky
Monitor, mostly in the LS but with a transition to a softer state in
1998 (see Belloni et al. 1999; Nowak, Wilms & Dove 1999; Wilms
et al. 1999; Nowak, Wilms & Dove 2002; Corongiu et al. 2003). In
1999, the source went into quiescence, where it was detected with
Chandra BeppoSAX at low flux levels (Kong et al. 2000; Corbel
et al. 2003).

After roughly one year in quiescence, a new outburst started
in 2002 (Smith et al. 2002a,b; Nespoli et al. 2003; Belloni 2004;
Homan et al. 2005) and ended in 2003 (Buxton & Bailyn 2004a).
This new outburst was followed in detail through timing and colour
analysis (Belloni et al. 2005), which made it the prototype for the
HID evolution and the definitions of the HIMS/SIMS. In particular,
a very clear HIMS—-SIMS transition was observed on 2003 May 17,
with fast changes in the variability properties, but almost no vari-
ations in the 3-20 keV energy spectrum (Homan et al. 2005). A
relativistically broadened iron emission line has been detected in
the X-ray spectrum of GX 339—4, indicating the presence of a non-
zero angular momentum in the black hole (Miller et al. 2004a,b).
A comparative spectral analysis of all existing RXTE data from
GX 339-4 is presented by Zdziarski et al. (2004).

GX 3394 was also the first BHC showing radio/X-ray and near-
infrared/X-ray correlations in the LS (Hannikainen et al. 1998;
Corbel et al. 2003; Markoff et al. 2003; Homan et al. 2005). Radio
observations during the 1999 HS showed clear evidence of a strong
decrease of core radio emission during this state (Fender et al. 1999).
During the 2002/2003, near to the transition to the Very High State
(VHS); see Smith et al. 2002c¢), a bright radio flare was observed
(Fender et al. 2002), which led to the formation of a large-scale rel-
ativistic jet (Gallo et al. 2004). Fender et al. (2004) associated this
flare and subsequent ejections with the crossing of the jet line, i.e.
the HIMS—SIMS transition reported by Nespoli et al. (2003).

A high mass function (5.8 & 0.5 M) has been measured for the
system (Hynes et al. 2003), indicating strong dynamical evidence
for the black hole nature of the compact object. The distance to
GX 339-4 is not well known, with a lower limit of ~6 kpc (Hynes
et al. 2004; see also Zdziarski et al. 1998).

It is clear that GX 3394 is an extremely important source for
our understanding of the accretion and ejection properties of stellar-
mass black holes. In 2004 February, after having returned to quies-
cence, GX 3394 started a new outburst (Belloni et al. 2004; Buxton
etal. 2004; Israel et al. 2004; Kuulkers et al. 2004; Smith et al. 2004).

2 OBSERVATIONS

In 2004 August, X-ray and infrared observations of GX 339-4,
compared to the previous 2002/2003 outburst, indicated that the
source had entered the HIMS and was softening (Buxton & Bailyn
2004b; Homan 2004). This suggested an oncoming transition to the
SIMS (see Smith & Bushart 2004) and prompted us to trigger our
RXTE/INTEGRAL campaign. Both RXTE and INTEGRAL observed
the source on 2004 August 14-16. We report here the results of the
joint analysis of RXTE/PCA, RXTE/HEXTE and INTEGRAL/IBIS
data.

© 2006 The Authors. Journal compilation © 2006 RAS, MNRAS 367, 1113-1120
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Table 1. Log of the RXTE observations analysed in this work. ‘C’ indicates
observations from our campaign, ‘P’ observations from the public archive.
2004 August 11 00:00 UT corresponds to MJD 53228.

Observation  Type Start (UT) End (uT) Exp. (s)

1 P August 11 23:47  August 12 00:05 1080
2 P August 13 23:01 August 13 23:17 960
3 C August 1500:11  August 15 00:33 1270
4 C August 15 08:05  August 15 09:03 3460
5 C August 1509:41  August 15 10:38 3420
6 C August 15 11:14  August 15 12:12 3480
7 C August 15 12:49  August 15 13:47 3480
8 C August 15 14:23  August 15 15:21 3480
9 C August 1523:49  August 16 00:09 1170
10 P August 16 09:21  August 16 10:14 3180
11 P August 17 13:58  August 17 14:13 900
2.1 RXTE

Throughout our campaign, RXTE observed GX 339—4 for seven
satellite orbits. We also analysed four observations from the RXTE
public archive, two were done before and two were done after our ob-
servations. In addition, we extracted background-subtracted PCU2
count rates from a number of public observations in the time in-
terval MJD 53195-53240. The log of the observations is shown in
Table 1. We extracted PCA and HEXTE background-corrected en-
ergy spectra from each of the intervals in Table 1 using the standard
RXTE software contained in the package HEASOFT 6.0, following the
standard procedures. For HEXTE, we limited our analysis to cluster
A. To account for residual uncertainties in the calibration, we added
a systematic error of 0.6 per cent to the PCA spectra. When neces-
sary (see below), we added spectra using the standard tool MATHPHA.
For the production of the outburst light curve and the correspond-
ing HID, we accumulated background-corrected PCU?2 rates in the
channel bands A = 648 (2.5-20.2 keV), B = 6-14 (2.5-6.1 keV)
and C = 23-44 (9.4-18.5 keV), defining the hardness as H = C/B
(see Homan & Belloni 2005). For the timing analysis of the PCA
data, for each of the observation intervals, we produced power spec-
tra from 16-s stretches accumulated in two channel bands: 0-35 (2—
15 keV) and 36-96 (1540 ke V) with a time resolution of 1/128 and
1/2048 s. This resulted in 11 spectrograms for each energy band (see
Nespoli et al. 2003). The power spectra were normalized accord-
ing to Leahy et al. (1983) and converted to squared fractional rms
(Belloni & Hasinger 1990). For different time selections (see below),
we averaged the power spectra and contribution due to Poissonian
statistics (see Zhang et al. 1995). The timing analysis was performed
with custom software.

2.2 INTEGRAL

As part of the open time program (AO2), INTEGRAL (Winkler et al.
2003) observed GX 339—4 from August 14 21:14 uUT to August
16 05:29 ut. This 102-ks observation was performed witha 5 x 5
dither pattern for a total of 47 pointings, namely ‘science windows’
(SCW), ranging in duration from 1967 to 4476 s. In each SCW, the
target is located in a different part of the instruments field of view.
Thanks to the large IBIS field of view (Ubertini et al. 2003), GX
339-4 was always in its fully coded field of view (9° x 9°) where
the nominal sensitivity of coded mask instruments remains constant.
On the contrary, due to the smaller field of view and the dithering
strategy, the Joint European X-ray Monitor (JEM-X) coverage of
the sky is considerably smaller (Lund et al. 2003).

A state transition of GX 339—4 1115

In this paper, we concentrate on the analysis of data collected
with INTEGRAL Soft Gamma-Ray Imager (ISGRI; Lebrun et al.
2003), the low energy detector layer of IBIS. The IBIS/ISGRI sci-
entific analysis has been performed using the IBIS_SCIENCE_ANALYSIS
main script, included in the latest release of the INTEGRAL oft-line
analysis software, 0sA 5.0. The ISGRI light curves with a binning
time of the SCW duration were obtained extracting the count rate
from images. The spectra have been extracted SCW by SCW with
the II_SPECTRA _EXTRACT script in 16 logarithmic bins spanning from
13 keV to 1 MeV. The response matrices (Redistribution Matrix
Function, RMF, and Ancillary Response Function, ARF) used for
spectral fitting have been delivered with 0sA 5.0 distribution.

3 RESULTS

In Fig. 1, we plot the light curves of the three instruments (2.9—
20.6 keV for PCA, and 20-40 keV for HEXTE and ISGRI). The
high-energy curves (HEXTE and ISGRI) show a decrease by a
factor of 2 between MJD 53229 and 53231, followed by another
drop by a factor of 2 during the MJD 53232 observations. After a
small recovery, the HEXTE flux drops further. In the PCA band,
however, the evolution is different. After a moderate increase until
MID 53232 (Observation 8), a much faster brightening is observed
at the beginning of MJD 53233 (Observation 9), by a factor of
~15 per cent. Note that the sparseness of the PCA points does not
allow us to follow the evolution between Observations 8 and 9. The
observed evolution suggests that a transition took place between
them.

In order to understand our observations in terms of the global
evolution of the outburst, we accumulated from the public RXTE
archive a light curve and a HID with the parameters described in
the previous section, chosen to be compatible with the definitions
used by Homan & Belloni (2005). They can be seen in Fig. 2.
Note that the currently available public data only cover part of the
outburst and for this reason the left and bottom branches for this
outburst are missing. It is evident from Fig. 2 that the evolution is
very similar to that of the previous 2002/2003 outburst (see also
Belloni et al. 2005): a monotonic increase of count rate at a rather
high colour (corresponding to the LS), a horizontal branch with the
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Figure 1. RXTE and INTEGRAL light curves of GX 3394 during our
campaign, plus two RXTE observations before and two after our points.
The energy ranges are 2.9-20.6 keV (PCA) and 20-40 keV (HEXTE and
ISGRI). The dotted lines separate the four spectral intervals used for spectral
analysis (see the text). Filled stars mark the observation overlapping with IN-
TEGRAL before the transition. Empty stars indicate the points corresponding
to Observations 9 and 10.
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Figure 2. Top panel: PCU2 2.9-20.6 keV net light curve of GX 339—4 from
the public RXTE archive until a few days after the observations described
here. The symbols follow the same convention as in Fig. 1. Bottom panel:
HID from the 2004 outburst (continuous line, outburst not complete here)
and from the 2002/2003 outburst (dot—dashed line). The time sequence for
both curves starts at the bottom right. For the 2002/2003 curve, the empty
star marks the first SIMS point (Nespoli et al. 2003; Belloni 2005).

source softening at a nearly constant count rate (the HIMS), further
softening with a transition to the SIMS (see below), and further
observations at very low hardness, corresponding to the HS. Note
that how the change in hardness between Observations 3-8 and 9 is
rather large and takes place on a time-scale of a few hours. However,
a striking difference between this outburst and the previous ones is
the count rate level of the horizontal/transitional branch, which here
is a factor of ~3.5 lower.

3.1 Timing analysis

We examined the high-energy power spectra searching for high-
frequency features, but none were found. In the following, by power
spectra we mean the low-energy (2—15 keV) power spectra. Examin-
ing the power spectra, the presence of a transition becomes evident.
The power spectrum of Observation 1 shows strong band-limited
noise, which we fitted with the sum of two zero-centred Lorentzian
components (see Belloni, Psaltis & van der Klis 2002). The inte-
grated 0.1-64 Hz fractional rms is 23.8 per cent. The power spectra
of Observations 28 are characterized by an integrated 0.1-64 Hz
fractional rms decreasing from 18.7 to 15.3 per cent (see top panel
of Fig. 3) and the complex shape. We fitted it with a combination
of six Lorentzian components. The power spectrum of Observation
8, together with the best-fitting Lorentzian models, can be seen in
Fig. 4. The sharp QPO peak visible at 6 Hz, appearing together with
the band-limited noise component at ~1 Hz, can be identified with
the type-C QPO (called L, in Belloni et al. 2002, see Casella et al.
2005) and the corresponding low-frequency component Ly, with
characteristic frequencies (see Belloni et al. 2002, for a definition)
separated by a factor of ~5 (see Wijnands & van der Klis 1999). The
Ly, component requires a second narrower Lorentzian for a good fit.

0.01-64 Hz rms
o S
T T
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L L
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T
.
I

Il Il Il | il Il v
6F Q2 g
~ @
:I\i 5L o © i
>
o e}
g 4r o ¥ 1
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= - [ ] -
w 3 ¢
oL |
) . . | ) .
229 230 231 282 233 234

Time (MJD-53000)

Figure 3. Time evolution of selected timing parameters. Top panel: inte-
grated 0.1-64 Hz fractional rms. Bottom panel: characteristic frequency of
the type-C QPO (open circles), of the ~4-Hz broad component in Observa-
tions 3-8 (filled circle, see Fig. 4), and of the type-B QPO in Observation 9
(stars). The inverted triangle represents a 3o upper limit, error bars are lo.
The vertical dotted lines correspond to those in Fig. 1.

1072

Squared rms * Frequency
>

=)
L

Squared rms * Frequency

Frequency (Hz)

Figure 4. Power spectra from PCA data (2-15 keV) of Observations 8§ (top)
and 9 (bottom), in v Pv representation. The dashed lines indicate the best-
fitting Lorentzian components. The thick dashed line in the upper panel
shows the component with a frequency similar to that of the main QPO peak
in the bottom panel. The scales of the two panels are the same. The triangles
correspond to 3¢ upper limits.

The narrow QPO, as usual, shows a second harmonic peak at twice
its frequency (its best-fitting frequency was consistent with twice
that of the L, component and was therefore fixed to twice that value),
and on its high-frequency flank shows an additional component (L,
in Belloni et al. 2002). There is, however, a sixth component, with
a characteristic frequency of ~4 Hz, which cannot obviously be
identified (marked with a thick line in Fig. 4). Its frequency is not
consistent with being half that of the high-frequency flank described

© 2006 The Authors. Journal compilation © 2006 RAS, MNRAS 367, 1113-1120
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above, indicating that these two components are not harmonically
related. The evolution of the centroid frequency of the type-C QPO
and that of this additional component are shown in the bottom panel
of Fig. 3: both of them increase with time, when at the same time
the source softens (see Fig. 1), which is a behaviour observed in all
black hole transients in the HIMS. Indeed, the shape of the power
spectrum, with strong band-limited noise and a type-C QPO, indi-
cates that GX 339—4 was in the HIMS during the first part of the
campaign (Observations 2-8), after one observation (Observation
1) which did not show a significant QPO and could be classified
as LS. Note from Fig. 3 (bottom panel) that the frequency of the
C-type QPO increases with time until reaching a value of ~6 Hz,
which appears to be a critical value for type-B QPOs (see Casella
et al. 2005). It is not clear whether this value is a coincidence, as in
other systems the C-type QPO frequency just before the transition
is higher (see e.g. Casella et al. 2004).

The power spectrum of Observation 9, about 9 h after Observa-
tion 8, appears completely different (see bottom panel in Fig. 4).
The noise level is much lower and can be fitted with one single low-
frequency weak Lorentzian, and only one strong QPO component
at 4.10 Hz is present, with an additional first harmonic peak (which
once again was fixed for the fits to have a centroid frequency twice
that of the fundamental). The integrated fractional rms drops to less
than 10 per cent (see Fig. 3). The peak can be identified with a type-B
QPO (see Wijnands, Homan & van der Klis 1999; Remillard et al.
2002; Casella, Belloni & Stella 2005), and this power spectrum,
together with the marked softening visible in Fig. 1, clearly indi-
cates that the source has entered the SIMS (Belloni 2005; Belloni
et al. 2005; Homan & Belloni 2005). Note that the centroid of the
type-B QPO (4.10 £ 0.01 Hz) is compatible with the characteris-
tic frequency of the additional component in the power spectrum
from Observation 8 (4.14 £ 0.12 Hz, 1o errors), suggesting a pos-
sible identification of the latter. Observation 10 shows a very simi-
lar power spectrum. The power spectrum of Observation 11 shows
no significant noise, with a 3¢ upper limit of 6.5 per cent to the
0.1-64 Hz fractional rms, suggesting that the source entered
the HS.

3.2 Spectral analysis

Given the sparseness of the 3-9 RXTE observations and the evolution
of the flux in the three instruments, we divided the data into four
intervals, whose time limits are shown in Table 2. The intervals
were defined in this way: from the start of the INTEGRAL data until
Observation 3 (interval A), covering Observations 3-8 (interval B),
between Observations 8 and 9 (interval C) and from Observation 9
to the end of the INTEGRAL data (interval D). With this definition,
intervals B and D contained both RXTE and INTEGRAL data, while
intervals A and C were only covered by INTEGRAL. We included
Observation 3 ininterval B because including it in interval A resulted
inabest fit completely compatible with that for interval B. Therefore,

Table 2. The four time intervals used for spectral extraction of both
RXTE and INTEGRAL data. 2004 August 11 00:00 uT corresponds
to MJID 53228.

Interval Start (UT) End (ut)

A August 14 21:14 August 15 00:04
B August 15 00:05 August 15 15:40
C August 15 15:42 August 15 23:30
D August 15 23:32 August 16 05:29
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we decided for this subdivision which maximizes the statistics
for interval B. In order to obtain a good broad-band spectrum of
GX 339-4, we had to limit our analysis to intervals B (corresponding
to the HIMS) and D (SIMS). The remaining intervals were covered,
although sparsely, by the JEM-X1 instrument on board INTEGRAL.
However, to date it was not possible to extract good spectra from
that instrument, and the light curve from the full observation was not
compatible with the PCA one, after restriction to the same energy
band. Therefore, in this work we limit out analysis to PCA, HEXTE
and ISGRI. For the spectral fits, we used the XSPEC package version
11.2.31.

We fitted the two spectra (intervals B and D) with a simple model
consisting of a disc-blackbody, a power law and an emission line
fixed at 6.4 keV, all modified by interstellar absorption. Since the
estimated absorption for GX 339—4 is rather low and we did not
have low-energy coverage, we fixed it to 5 x 10?! cm~2 (Méndez
& van der Klis 1997; Kong et al. 2000). In order to account for
remaining cross-calibration problems, we included multiplicative
constants for the HEXTE and ISGRI spectra with respect to the
PCA. The best-fitting values we obtained were 0.9 and 1.1, respec-
tively. The fits with this model gave different results for the two
spectra. The spectrum of interval D was fitted well by this model,
with a reduced y? of 1.10 for 85 degrees of freedom (see top panel
of Fig. 5 and Table 3). For interval B, no satisfactory fit could be
obtained, with a minimum reduced x 2 of 3.65 for 85 degrees of free-
dom. The residuals suggested the inclusion of a high-energy cut-off
(see Fig. 6). With this addition, the reduced x? became 1.07 (for
84 degrees of freedom), a clear improvement, with a best-fitting
high-energy cut-off of 72fé0 keV. The best-fitting parameters are
shown in Table 3. The main spectral changes were: slight softening
of the disc-blackbody component, with increased estimated inner
radius by a factor of 1.6 £ 0.3, steepening of the power-law com-
ponent and disappearance of the ~70-keV high-energy cut-off. In
order to set an upper limit to the energy of a possible high-energy
cut-off also in the spectrum from interval D, we added such a cut-off
and determined the lower limit to its best-fitting value. We obtained
a 90 per cent lower limit of 84 keV. Note that, although our model of

10 q
Interval D
10° g

Cts/s/keV

\ Interval B
10° g

Cts/s/keV

Energy (keV)

Figure 5. Spectra (PCA: filled circles, HEXTE: crosses and ISGRI: stars)
from intervals B and D, with best-fitting model and residuals.
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Table 3. Best-fitting spectral parameters for intervals B and D. For R;,, the assumed distance and inclination
are 6 kpc and 15° (see Wu et al. 2001). The fluxes are unabsorbed in the 4-200 keV band. Errors represent

90 per cent confidence limits.

Int. Disc blackbody
kT (keV) Rin (km)

Fgq (erg em2 s

(Cut-off) power law
r E. (keV) Fp (erg cm2 s

0.9040.05 13£2
0.8140.03 21£3

o w

57+38x 10710
74 +£3.0x 10710

27405 x 107
22+05x 107

1.9240.05 72+10
2.3140.07 -

100.0 il

Interval B

(no cutoff)

Cts/s/keV

10 100
Energy (keV)

Figure 6. Spectra (PCA: filled circles, HEXTE: crosses and ISGRI: stars)
from interval B fitted with a power law without a high-energy cut-off (with
best-fitting model and residuals). The presence of large residuals at high
energies is evident.

a simple cut-off power law fits the data of interval B satisfactorily,
the presence of an additional Compton reflection component with a
variable reflection fraction might qualitatively yield the same effect
observed here. However, such a complication to the model is not re-
quired by our data. The equivalent width of the 6.4-keV line is 660
and 570 eV for intervals B and D, respectively. Unlike in the case
of the sharp transition of 1E 1740.7-2942 observed in 2001 May
(Smith, Heindl & Swank 2002), the photon fluxes show variations
roughly consistent with those of the energy flux.

4 DISCUSSION

From our results, it is clear that we observed a transition from the
HIMS to the SIMS in GX 339—4 on 2004 August 15. The power
spectra before and after the transition show marked differences:
from strong band-limited noise and type-C QPO to much weaker
noise and type-B QPO. Thanks to the INTEGRAL coverage of more
than one consecutive day, and the simultaneous but more sparse
RXTE data, we could for the first time follow the transition at high
energies and examine in detail the broad-band spectrum before and
after the transition. As usual, the transition took place along a nearly
horizontal branch in the HID, although at a different (harder) colour
position than in 2002 (see Belloni et al. 2005 and Fig. 2).

These changes in timing properties were also observed in the
same source during the previous outburst in 2002 (Nespoli et al.
2003; Belloni et al. 2005) and is seen in many black hole transients
(Belloni 2005; Homan & Belloni 2005). Comparing the properties of
this transition and those of the analogous transition in the 2002/2003
outburst, we can see that, although the shape of the HID is extremely
similar (see Belloni et al. 2005; Homan & Belloni 2005), the count
rate level of the upper branch is lower by a factor of ~3.5 (see Fig. 2).

Also, the colour at which the transition takes place is not the same: in
2002 it was in the range 0.06—0.08 (note that the colour definition of
Belloni et al. 2005 is different than the one adopted here: the colours
reported here have been thus recalculated), while in our data it is
between 0.08 and 0.14 (see Fig. 2). This is reflected by the spectral
parameters (see below). The fact that the HIMS branch, while very
similar, is substantially lower than in 2002 indicates once more
that the transition is not driven by accretion rate only, but another
parameter must also play a role in causing it. Overall, the evolution
through the HID follows similar patterns as all other bright transients
observed by RXTE, which underwent state transitions (see Belloni
2005; Homan & Belloni 2005).

The evolution of the power spectra is very similar to that of the
previous outburst, but here we have the advantage of having a good
number of RXTE observation intervals just before the transition, so
that it was possible to follow the evolution of the timing compo-
nents. What we found is that, as expected, the multiple components
in the power spectrum increase their characteristic frequencies. All
these features can be identified with known components (Belloni
et al. 2002), with the exception of a broad bump around a few Hz
(see Fig. 4). The characteristic frequency of this component in-
creases steadily until it reaches a frequency compatible with that of
the type-B QPO that appears after the transition (see Fig. 3). It is
therefore possible to speculate that these components are related,
although we would need more observations of such transitions to
assess this identification.

The comparison of the light curves at low and high energies (see
Fig. 1) shows that at high energies (>20 keV), where the hard spec-
tral component dominates, the transition is smooth and takes place
over a longer time-scale than at low energies. The HEXTE light
curve shows that a considerable reduction in flux (a factor of ~2)
took place in a few days before the transition, and the ISGRI data
show a smooth decrease by the same factor within one day across
the transition. In other words, the high-energy curves do not al-
low to locate the transition. On the other hand, the transition is
much more abrupt at low energies (see the hardness changes in
Fig. 2 and the timing changes). Although we do not have com-
plete information on the transition at low energies, due to the lim-
ited coverage, we know from other systems that the switch be-
tween type-C and type-B QPOs can take place over a few seconds
(see e.g. Casella et al. 2004). The fact that spectral transitions are
slower than timing transitions was already reported by Kalemci et al.
(2004) and can also be seen in the colour/timing evolution of GX
339-4 in its previous outburst (Nespoli et al. 2003; Belloni et al.
2005).

Particularly important are the joint RXTE/INTEGRAL spectral
fits. The amount of information on the high-energy part of the spec-
trum in different states of black hole transients is patchy. In the
LS, the broad-band spectrum is well studied, both with simple phe-
nomenological models and with complex detailed physical models
(seee.g. Fronteraetal. 2001; Zdziarski et al. 2001; Merloni & Fabian
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2002; Turolla et al. 2002; Falcke, Kording & Markoff 2004; Malzac,
Merloni & Fabian 2004).

The main features of the LS spectra are a rather flat photon index
(I' ~ 1.6) and the clear presence of a high-energy cut-off around
100 keV. The high-energy spectrum of the HS is less well known,
due to its softness. Observations with OSSE showed that in states
different than the LS, there is no evidence of a high-energy cut-
off up to ~1 MeV (Grove et al. 1998). However, the integration
times needed to accumulate statistically significant OSSE spectra
are of the order of weeks, and these observations also cover other
states such as the HIMS and the SIMS, where the hard component
is stronger and flatter. Therefore, it is difficult to assess the shape of
the high-energy spectra of these states, as transitions can take place
on short time-scales. Our results constitute one of the first bona
fide broad-band spectral determination of the HIMS and the SIMS
on such a short time-scale. The disappearance of the high-energy
cut-off in the HEXTE energy band after the transition to the SIMS
was already reported for XTE J1650-500, albeit on a slightly longer
time-scale (Rossi et al. 2005). The HIMS, which can be considered
as an extension of the LS, shortly before the transition to the SIMS,
shows a spectral slope of ~1.9 and a high-energy cut-off around
70 keV. The spectrum is therefore steeper than in the LS and the
high-energy cut-off is at lower energies. After the transition, in the
SIMS, the power law is considerably steeper (I' ~ 2.3), although
slightly less than that was observed in the previous outburst (I" =
2.44; Nespoli et al. 2003), and there is no evidence of a high-energy
cut-off, with a 90 per cent lower limit of 84 keV (in 2002, there
was some evidence of a cut-off at ~100-200 keV (Nespoli et al.
2003). Although we cannot exclude the presence of a cut-off, our
results show that the cut-off measured in the HIMS either increases
significantly in energy after the transition, or disappears. As to the
4-200 keV luminosity of the system, adopting a distance of 6 kpc
(see Hynes et al. 2004), the HIMS has a luminosity of 2.3 £ 1.5 x
10 ergs™' (disc) and 1.1 £ 0.2 x 10*7 ergs~! (power law), while
in the SIMS the disc flux becomes 3.0 £ 1.2 x 10* ergs~! and the
power-law flux 9.0 & 2.1 x 10* ergs~!. The errors due to the flux
reconstruction are still rather large and at 90 per cent confidence the
disc and power-law luminosities before and after the transition are
consistent. These total disc and power-law luminosities are there-
fore around 1-2 per cent of the Eddington luminosity (for 6 M)).
Note that these values are considerably lower than those in Nespoli
et al. (2003) for the 2002 transition, as suggested by the difference
in detected count rate. Also, here the power-law component dom-
inates the flux, while in 2002 it did not: this is also reflected by
the difference in hardness at the transition. In comparison to what
was observed in 2002 (Fender et al. 2004; Gallo et al. 2004), we
would have expected a radio flare to be triggered by the transi-
tion (Homan 2004), but unfortunately we could not obtain radio
coverage.

5 CONCLUSIONS

The results presented above constitute one of the first determina-
tion of the changes of the broad-band X-ray spectrum of a BHC
across the HIMS—SIMS transition, which is crucial for the devel-
opment and testing of theoretical models. Although the transition
from the LS to the HS is a process that takes days to weeks (see e.g.
Belloni et al. 2005), a sharp transition in the properties of fast time
variability takes place on a much shorter time-scales. We showed
that this transition corresponds also to a change in the high-energy
properties.

A state transition of GX 339—4 1119
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