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ABSTRACT

We present the analysis of the high-energy emission of the Galactic black hole binary GX 339—4 in a low/hard state
at the beginning of its 2004 outburst. The data from 273 ks of INTEGRAL observations, spread over 4 weeks, are an-
alyzed, along with the existing simultaneous RXTE HEXTE and PCA data. During this period, the flux increases by a
factor of ~3, while the spectral shape is quite unchanged, at least up to 150 keV. The high-energy data allow us to detect
the presence of a high-energy cutoff, generally related to thermal mechanisms, and to estimate the plasma parameters in
the framework of the Comptonization models. We found an electron temperature of 60—70 keV and an optical depth of
around 2.5, with a rather low reflection factor (0.2—0.4). In the last observation, we detected a high-energy excess
above 200 keV with respect to thermal Comptonization, while at lower energies the spectrum is practically identical
to the previous one taken just 2 days before. This suggests that the low- and high-energy components have a different

origin.

Subject headings: accretion, accretion disks — black hole physics — gamma rays: observations —
stars: individual (GX 339—4) — X-rays: binaries

Online material: color figures

1. INTRODUCTION

Since its discovery more than 30 years ago by Markert et al.
(1973), the X-ray binary GX 339—4 has been extensively studied
with several optical, infrared, X-ray, and y-ray observatories. The
optical companion is undetectable (Shahbaz et al. 2001), but
upper limits on its luminosity allowed the source to be classified
as a low-mass X-ray binary that could belong to the Galactic bulge
(with diin 2 6.7 kpc; Zdziarski et al. 2004). Hynes et al. (2003)
propose to classify GX 339—4 as a black hole with a mass func-
tion of 5.8 M.,

The source has complex variability behavior with nearly per-
sistent outbursting X-ray and y-ray activity and the presence of
quite long periods of quiescence (Kong et al. 2002). In the soft
X-rays it was observed at high resolution with Chandra and XMM-
Newton (Miller et al. 2004a, 2004b), while Belloni et al. (2005)
reports on the source timing and color analysis. At higher energy
its emission has been studied by all the major observatories, such
as Granat SIGMA (Grebenev etal. 1993; Bouchet etal. 1993) and
the Compton Gamma Ray Observatory (CGRO; Grabelsky et al.
1993). Zdziarski et al. (2004) present an extensive spectral analy-
sis of the source covering the 1987-2004 period using CGRO
BATSE, Ginga ASM, and Rossi X-Ray Timing Explorer (RXTE)
data. Homan et al. (2005) present a coordinated multiwavelength
study of the 2002 outburst and suggest a nonthermal/jet origin
for the optical/near-infrared emission (Corbel & Fender 2002) in
the hard state, while the accretion disk dominates in the soft state.

In transient Galactic black holes such as GX 339—4, the ac-
cretion rate varies by several orders of magnitude. They con-
sequently exhibit a complex spectrotemporal variability. X-ray
monitoring campaigns (with, e.g., RXTE) demonstrated the exis-
tence of two main X-ray spectral states. Sources are usually ob-
served with a X-ray luminosity lower than a few percent of the
Eddington luminosity in the so-called low/hard state (LHS),
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characterized by a relatively low flux in the soft X-rays (<1 keV)
and a high flux in the hard X-rays (~100 keV). In the LHS, the
high-energy spectrum can be roughly described by a power law
with spectral index I" varying in the range 1.4—2.1 and a nearly
exponential cutoff at a few hundred keV (see, e.g., Gierlinski
et al. 1997). When the luminosity exceeds a few percent of the
Eddington luminosity, the sources can switch to the high/soft state
(HSS). The high-energy power law is then much softer (I" > 2.4),
without any hint of a high-energy cutoff, and the bolometric lu-
minosity is dominated by the disk thermal component, peaking
at a few keV. Beside the LHS and HSS, there are several other
spectral states that often appear, but not always, when the source is
about to switch from one of the two main states to the other. Those
states are more complex and are difficult to define. We refer the
reader to McClintock & Remillard (2006) and Belloni et al. (2005)
for two different spectral classifications based on X-ray temporal,
as well as spectral, criteria and radio emission (Fender 2006). The
hard power-law plus cutoff spectrum of the LHS is usually in-
terpreted as thermal Comptonization in a hot (k7, ~ 100 keV)
optically thin plasma (the corona). In addition to the dominant
Comptonization spectrum, there are several other less prominent
spectral features:

1. A weak soft component associated with the thermal emis-
sion of a geometrically thin, optically thick disk is occasionally
detected below 1 keV, as observed in Cygnus X-1 (Balucinska-
Church et al. 1995) or in XTE J1118+480 (McClintock et al.
2001; Chaty et al. 2003).

2. A Fe Ka line at ~6.4 keV and a Compton reflection bump
peaking at ~30 keV are believed to be the signature of the irra-
diation of'the cold, optically thick disk by the hard X-rays from the
corona (George & Fabian 1991).

3. A high-energy (>200 keV) excess with respect to simple
thermal Comptonization models was detected in GX 339—4 by the
Oriented Scintillation Spectrometer Experiment (OSSE; Johnson
et al. 1993) during the LHS of its 1991 outburst. A similar excess
was detected by COMPTEL in the LHS of Cyg X-1 (McConnell
etal. 2000). This excess is possibly produced by a tiny population
of nonthermal electrons that could be part of the coronal plasma,
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TABLE 1
INTEGRAL OBservaTiONs oF GX 339—4

Aty Exp.

Rev. INTtart INTstop (ks) ID RX start RX stop (ks)
166.......cocueen. 53057.07 53059.45 152 90109-01-01-00 53058.99 53059.17 16.1
167 53061.62 53062.22 40 80132-01-07-00 53061.75 53061.86 9.3
174, 53080.99 53081.67 38 90118-01-06-00 53081.51 53081.54 2.8
1750 53084.77 53085.45 43 80102-04-66-00 53084.46 53084.49 2.5

Nortes.—For each INTEGRAL revolution (“Rev.”), we give the beginning, INT,y, and the end, INTqp,, of the INTEGRAL
observations, in MID. The quantity At is the useful duration for SPI observations, “ID” indicates the identification pro-
gram number of RXTE observations, RX i, and RX o, are the beginning and the end of the RXTE observations taken
(quasi-)simultaneously with INTEGRAL observations, and “Exp.” is the exposure time for PCA.

or not. With the INTEGRAL SPI, we have the opportunity to monitor
the excess above 200 keV, which, as discussed in § 4, is crucial
to be able to address the emission mechanism at these energies.

In this paper, we focus only on observations performed when
GX 339—4 was in the LHS, while Belloni et al. (2006) study the
evolution of the high-energy cutoff during the transition from
the low/hard to the high/soft state. We present here the overall
available INTEGRAL SPI+IBIS and simultaneous RXTE Propor-
tional Counter Array (PCA) and High-Energy X-Ray Timing Ex-
periment (HEXTE) data (see Table 1) that cover the rising phase of
the 2004 outburst.

The analysis is based on the data registered from MJD 53057
(INTEGRAL revolution 166 on 2004 February 4) to MJD 53085
(INTEGRAL revolution 175 on 2004 March 21), limiting us to
the low/hard state study. We briefly describe the INTEGRAL and
RXTE telescopes, as well as data analysis methods, in § 2. The
results, which concern mainly spectral evolution, are presented
in § 3 and then discussed in § 4.

2. OBSERVATIONS AND DATA ANALYSIS

The first indication of a new reactivation of GX 339—4 was
provided by Buxton et al. (2004), who reported a radio and op-
tical source flux increase on 2004 February 4—5. Then on 2004
February 9, the X-ray activity was definitively renewed (Smith
et al. 2004; Belloni et al. 2004), and the source was detected by
INTEGRAL on 2004 February 19 (MJD 53054; Kuulkers et al.
2004). This paper is based on data taken during the first part of
the outburst, when the source was in the hard state. Table 1 gives
the details of each INTEGRAL revolution and corresponding quasi-
simultaneous RXTE observations used in this analysis (i.e., for
the LHS). Figure 1 shows the RXTE all-sky monitor (ASM) light
curve of the source in the 1.5—12 keV energy range, together with
INTEGRAL observation periods.

2.1. INTEGRAL
2.1.1. SPI

The spectrometer SPI (Spectrometer for INTEGRAL; Vedrenne
etal. 2003; Roques et al. 2003) is dedicated to the spectral analy-
sis of ~y-ray point sources and extended regions in the 20 keV—
8 MeV energy range. The detector plane features an array of
19 hexagonal high-purity Germanium crystals, operating at a tem-
perature of 85 K. A hexagonal coded aperture mask is located
1.7 m above the detection plane in order to image the sky over a
16° (corner to corner) field of view, with an angular resolution
of 2.5°. In order to reduce background radiation, the camera is
shielded by a veto (anticoincidence) system that extends around
the bottom and side of the detector plane almost completely up to
the coded mask.

The INTEGRAL revolutions last ~3 days, during which the ob-
servations are realized through a combination of several 30—
40 minute duration pointings, separated by 2° and covering the
same sky region (“‘dithering strategy” see Jensen et al. 2003).
While the number of SPI detectors (pixels) is small, this method
increases the amount of data in excess of the number of un-
knowns for a better determination of the background and source
fluxes.

INTEGRAL SPI data were reduced as explained in § 4.1 of Joinet
et al. (2005), with the exception that only 18 detectors have been
used, as detector 2 failed during revolution 140.

For each source, the timescale has been chosen on the basis of
its intensity and its a priori known or observed temporal behavior.
As the errors increase with the degrees of freedom, i.e., the num-
ber of considered temporal bins, it is important not to oversample
the variability. See § 3 for the details.

We have checked that the background flux is stable within each
of the considered revolutions. We have thus used only one nor-
malization parameter per orbit, with an uniformity map deter-
mined for the 18 detector configuration.

The photon spectra have been constructed from the counts spec-
tra in 19 energy bins and were deconvolved with the energy re-
sponse matrix corresponding to each pointing (Sturner et al.
2003). We added a 3% systematic error to all spectral channels,
and the spectra were fitted from 23 to 600 keV in XSPEC.

Only pointings for which GX 339—4 was at a distance lower
than 12° from the central axis were taken into account for the
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Fi. 1.—RXTE ASM and SPI light curves of GX 339—4, showing a quiescent
period followed by the 2004 outburst. The different states harbored by the source
are summarized on the graph as follows: Q: quiescent, LH: low/hard, and HS:
high/soft (see Remillard 2005). The arrows represent the INTEGRAL obser-
vation periods (revolutions 166, 167, 174, and 175).
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analysis. We excluded pointings affected by a solar flare or by
exit/entry into the radiation belts. We obtained 273 ks of useful
data with 140 pointings during the observation period covered
by revolutions 166, 167, 174, and 175 (see Table 1).

2.1.2. IBIS

The Imager On Board INTEGRAL (IBIS) is a coded mask tele-
scope with a total field of view of 29° x 29° (down to 0 response)
composed of a two-layer detection plane. We use here only data
from the upper layer, the INTEGRAL Soft Gamma-Ray Imager
(ISGRI; Lebrun et al. 2003). This detector is sensitive from ~13 keV
to ~1000 keV. Due to its low efficiency and the general faint-
ness of the fluxes of sources above ~400 keV, it generally has a
limited use above that energy.

The IBIS ISGRI has excellent imaging capabilities, with an an-
gular resolution of 12’ and a positional accuracy of ~1’, depend-
ing on a given source’s signal-to-noise ratio. ISGRI also possesses
spectral capabilities, although with a much poorer resolution than
SPI, with AE/E ~ 0.1 at 60 keV.

The data from IBIS ISGRI were reduced in a manner strictly
identical to the one reported in Rodriguez et al. (2006), which
focuses on the same field, with the exception that the latest version
of the Offline Scientific Analysis (OSA) software (version 5.1) was
used. To quickly summarize, we first produced images in two en-
ergy ranges (20—40 keV and 40—80 keV) to identify the most ac-
tive sources. We then extracted spectra from all the sources in this
field that had a detection significance higher than 7. We rebinned
the original response matrix (isgri_rmf_grp_0016.fits)to
63 channels before the extraction. The latest time-dependent an-
cillary response file (isgri_arf_rsp_0013.fits) was then
associated with the file for the spectral fits. We added 2% system-
atics to all spectral channels, and the spectra were fitted (together
with those from the other instruments) from 25 to 200 keV.

2.2. RXTE

We also analyzed the public PCA and HEXTE (Bradt et al. 1993;
Rothschild et al. 1998) data. Table 1 summarizes the set of RXTE
observations performed contemporaneously with the INTEGRAL
data observation periods.

We limited the energy range from 3 to 25 keV and from 25 to
200 keV for the PCA and HEXTE data, respectively. The data
reduction was done using the FTOOLS routines in the HEAsoft
software package distributed by NASA’s HEASARC (version 5.2).
We followed the steps of standard reduction as explained in the
RXTE Cook Book.* The spectrum extraction was performed from
data taken in “Standard 2" mode. The response matrix and the
background spectra were created using FTOOLS programs. Back-
ground spectra were made using the latest “bright source” back-
ground model.

Only proportional counter unit (PCU) number 2 of the PCA
(Bradt et al. 1993) detector has been used for the data extraction.
We added 0.8% as a systematic error up to 7 keV and 0.4% above
7 keV (for the details of how we estimated systematic uncer-
tainties, see Tomsick et al. [2001]).

For HEXTE, we used the response matrix created by the
FTOOLS and applied the necessary dead-time correction
(Rothschild et al. 1998). The HEXTE background is measured
throughout the observation by alternating between the source and
background fields every 32 s. The data from the background re-
gions are merged. HEXTE channels were grouped by 2 for chan-

4 Available at http://heasarc.gsfc.nasa.gov/docs/xte /recipes/cook _book. html.
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TABLE 2

Sources DeTecTED BY SPI IN THE FiELD oF ViEw oF GX 339—4
DURING REvVOLUTIONS 166+167

Source ® (23-50) o (23-50) o (50-95) o (95-195)
4U 1700—377 .cccc...... 2335+ 6.1 383 119 53
4U 1630—47 .............. 85.6 + 2.1 40.1 10.6 75
GX 3394 .o, 442 +23 19.6 10.5 8.5
IGR J16316—4028..... 219 +£238 7.9

OAO 1657415 ........ 267+ 1.9 13.6

4U 1636—536............. 444 £25 17.6

H1705—440....... 682 4+ 22 31.0

GX 354-0.... 1502 + 5.8 259 6.6

GX 34040 .....oooonnn. 313421 14.9
1E 1740.7-2942........ 62.6 £ 15.9 3.9 22 22
4U 162533 v 275 + 44 6.3 2.9 22

Note.—The quantity ® is the flux in the 23—50 keV energy range, and o is the
significance in the 23—50, 50-95, and 95—195 keV energy ranges.

nels 16—31, by 4 for channels 32—59, by 10 for channels 60—99,
and by 64 for channels 100—227.

By fitting HEXTE data during the observation period of rev-
olution 175 with a power-law plus cutoff model, we found a x?
value of 2.15 (12 degrees of freedom [dof ]). All the fits, including
these HEXTE points, are clearly degraded. Therefore, we suspect
a problem for this particular data set (see x? values in Tables 4, 5,
and 6 below). Thus, we decided to perform the analysis both with
and without the HEXTE data for this particular revolution. We
stress that including the HEXTE data vastly degrades the x? value,
and thus we do not consider the corresponding results in the
discussion.

3. RESULTS
3.1. Field of View around GX 339—4: Flux Extraction

Several hard X-ray sources are present in the GX 339—4 field
and have to be carefully taken into account with appropriate
variability timescales in the SPI analysis. The sources detected
above 20 keV using SPIROS for revolutions 166+167 are listed
with their 23—50 keV mean fluxes in Table 2.

As mentioned in § 2.1, the errors increase with the number of
sources and temporal bins. So we make sure that each additional
degree of freedom really does improve the x2. First, due to its
highly variable behavior, the 4U 1700—377 light curve in the
23-200 keV energy range requires the use of the highest time-
scale resolution; that is, one pointing (whose duration is about
1770 s during revolution 166 and 2700 s for the others). Then
timescale variabilities of a duration of three (for 4U 1630—47,
GX354—0, and GX 340+0) and two (for OAO 1657—415) point-
ings were found to significantly improve the values of 2. We
consider finally six, four, and two other sources, including GX
339—4, with a constant flux for revolutions 166+167, 174, and
175, respectively.

The resulting 23—44 and 44-95 keV fluxes obtained with SPI
for GX 339—4 are presented in Table 3. The quoted errors are at
the 1 o level. It appears that the source flux increases by a fac-
tor of 3 between revolutions 166+167 and revolutions 174 and
175. When going to higher energies, the sources’ significances
decrease (see Table 2), and we thus consider only five sources to
extract fluxes above 150 keV.

3.2. Spectral Evolution

The GX 339—4 spectra corresponding to each set of data de-
tailed in Table 1 have been fitted with various models available



No. 1, 2007

TABLE 3
Frux oF GX 339—4 OBSERVED BY SPI

Revolution @23,44 @44,95
42 +£2 59 +4
156 £ 6 211 £10
152 £ 6 201 £10

Norte.— Flux for the data sets introduced in Table 1,
in the 23—44 and 44-95 keV energy ranges (ex-
pressed in units of mcrab).

in the standard XSPEC 11.3.1 fitting package (Arnaud 1996). In
all cases, we account for the interstellar absorption (PHABS in
XSPEC) by using a column density Ny of 3.7 x 10*! em~2 (Miller
et al. 2006). In all fits, the iron emission line was modeled by a
narrow Gaussian fixed at an energy of 6.4 keV. As the width of
the line is only weakly constrained, it was fixed at 0.1 keV. For
all models, the inner disk inclination was fixed at 50°. The data
of revolutions 166 and 167 have been added together to improve
statistics, due to the low flux of the source and short duration of
revolution 167.

We used the simultaneous PCA (3—-25 keV), HEXTE (25—
200 keV), IBIS (25-200 keV), and SPI (23—600 keV') data for the
spectral analysis.

3.2.1. PEXRAV Model

First we fitted all data with the PEXRAV model (Magdziarz
& Zdziarski 1995), which consists of a power law with a high-
energy cutoff and reflection from a neutral medium. Fixing the
reflection fraction to 2 = 0 provides a marginally acceptable fit
for revolutions 166+167 (reduced x2 of 1.11) and a very poor
description of the data for revolutions 174 and 175 (reduced x>
of 2.12 and 2.86, respectively). The pattern of residuals is char-
acteristic of the presence of Compton reflection. Adding a re-
flection component improves the fit dramatically, reducing the
X2 t0 0.82,0.91, and 1.09 for revolutions 166+167, 174, and 175,
respectively (see Table 4). The addition of a Compton reflection
gives a better fit at a high significance during all those observa-
tions, with a probability of <10~!3 that adding this component is
not required by the data (as obtained using the F-test).

We see in Table 4 that the reflection fraction increases and
reaches a value of ~0.5 when the flux is high. The photon index
is around 1.6—1.7, as is usually observed, but the energy cutoff
is rather high (300—400 keV). To test the reality of the cutoff,
we perform fits with the same model but fixing £, to 2 MeV
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(i.e., outside our energy range). The fit with a free high-energy
cutoff is significantly better in all cases, with an F-test probability
of 10712,3 x 1077, and 2 x 10~ "2 for revolutions 166+167, 174,
and 175, respectively. We attempted to fit with ionized reflection
using the PEXRIV model, but the best-fit ionization parameter
tends to zero.

3.2.2. Physical Models Based on Comptonization

To go more deeply into the understanding of the source be-
havior, we have used more sophisticated models that are based
on the Comptonization process, as it is thought to be the main
mechanism that is able to produce the emission observed in our
energy domain.

3.2.2.1. COMPPS Model

First we modeled the X-ray and vy-ray spectrum with the ther-
mal Comptonization model COMPPS (Poutanen & Svensson
1996). Blackbody seed photons are injected into a spherical co-
rona of uniform optical depth 7 and temperature k 7, where they are
Comptonized. The temperature of the blackbody component can-
not be constrained and was frozen to 390 eV (Miller et al. 2006).

A fraction of the hard X-rays is scattered back into the disk
where it is reflected. We consider the case of reflection from cold,
neutral material with solar abundances.

As can be seen from Table 5, the temperature and the optical
depth can be considered as constant, as well as the equivalent
width, which was found to have a value of about 90 eV. Only the
reflection fraction varies, increasing from 0.2 to 0.4 between the
first two (low intensity) and the last two observations (brighter
by a factor of 3).

We see from Figure 2 that the global shape of the spectrum is
unchanged between revolutions 174 and 175, as well as the flux of
the source (see Table 5). But in the latter, an excess of emission
relative to the model appears above 200 keV. This is unexpected
from the thermal model, and we thus investigated this point more
deeply.

We first reconstructed the image in the 200—437 keV energy
band for both revolutions 174 and 175 (Fig. 3). While the image
of revolution 174 does not reveal any significant feature, the
highest excess detected by SPIROS for revolution 175 coincides
with the GX 339 position. Note that the distribution and the
level of the residuals in both images follow the expected ones,
thus allowing one to be confident in the data reduction process.
We can assess that all statistical tests show a low level of system-
atics. Thus, the measured significance of the emission (4.6 o) does
not have to be corrected.

TABLE 4
PCA, HEXTE, SPI, anp ISGRI Data Firtep SimuLtaneousLy, Usiné PHABS* (PEXRAV+GAUSSIAN)

Ec WFe
Rev. T (keV) Q27 V) x 2 (dof) F-test

1664167 oo 1.5873% 3651190 0.22+9:0¢ 88733 0.82 (172) 1.0 x 10712
1657001 2000 fr 0.35%0:% 793 1.10 (173) .

174 e, 1.647302 293189 0.43 1008 948 0.91 (114) 2.7 x 10717
1774501 2000 fr 0.8075-0¢ 94+34 1.68 (115)

175 e 1.6773% 32588 0.5019:08 7738 1.09 (100)  1.53 x 10712
1.78+0:01 2000 fr 0.8570%7 82+4 1.78 (101)

| A 1.69+5:02 402+ 0.52+508 77+38 1.60 (114)  1.94 x 1077
1795001 2000 fr 0.8270¢ 72438 2.02 (115)

Nortes.—The quantity I is the photon index, and E, is the energy cutoff. The Gaussian line was fixed at an energy of
6.4 keV with a width fixed to 0.1 keV. The quantity W, is the equivalent width, and §2/27 is the reflection fraction. The
F-test is calculated between models with free cutoff and no (i.e., fixed) cutoff. We show, for the data set of revolution
175, the fit parameters in the case for which the HEXTE data have been included (indicated as “175*”).
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TABLE 5
PCA, HEXTE, SPI, anp ISGRI Data Firtep SimuLtaneousLy, Usiné PHABS* (COMPPS+GAUSSIAN)

kT WFe L2—600
Rev. (keV) T (keV) Q2r (x10%6 ergs s71) ¥ x 2 (dof)
166+167 .......... 72724 2407072 87128 0.23+0:96 12.8719 1.35 0.88 (172)
|2 64710 2434048 91+3) 0.37+0:9¢ 355401 1.22 0.82 (113)
175 e 61742 2.547948 90739 0.43730¢ 34.97%1 1.22 1.28 (98)
175% oo 594! 2.64704¢ 9173] 0.4175:08 349701 1.22 1.46 (113)

Notes.—The Gaussian line was fixed at an energy of 6.4 keV, with a width fixed to 0.1 keV. The seed photon temperature
kTyeeq Was frozen to 390 eV. The quantity Wk, is the equivalent width, (/27 is the reflection fraction, and L ,_ 4 is the luminosity
of'the source in the 2—600 keV energy range. We show, for the data set of revolution 175, the fit parameters in the case for which

the HEXTE data have been included (indicated as “175*”).

Figure 4 presents the high-energy part of the source spectrum
for revolutions 174 and 175, while Figure 5 displays the data for
all instruments, together with the corresponding residuals relative
to the COMPPS model. They show that SPI and IBIS data are in
agreement, even if the IBIS points above 200 keV are not sig-
nificant. The IBIS measurement in the 200—437 keV energy band

vFv

O/‘ \\H‘ |

10 100
ENERGY (keV)

Fig. 2.—Deconvolved spectra of GX 339—4, with simultaneous PCA (3—
25keV), HEXTE (25-200keV), SPI1 (23-600 keV), and ISGRI (25-518 keV)
data, for revolutions 166+167 (black plus signs), 174 (dark gray squares), and
175 (light gray squares). The lines correspond to the best fits with the EQPAIR
thermal model (see Table 6). [See the electronic edition of the Journal for a color
version of this figure.]

gives an 3 o upper limit of 223 mcrab, which we compare to the
SPI measurement of 218 (£47) mcrab.

We have thus used only the SPI data to quantify this ex-
cess relative to the thermal emission. The shape of the SPI spec-
trum during revolution 175 has been fitted using the COMPPS
model. The best-fit parameters are an electron temperature k7 of
44 keV and an optical depth of 4.4 (with a reduced x 2 of 1.35).
We found that the addition of a simple power law leads to an
improvement of the fit of the SPI data that is significant at the
90% level according to an F-test, with a best-fit photon index of
1.07.

3.2.2.2. EQPAIR Model

We finally applied the hybrid thermal/nonthermal Compton-
ization model EQPAIR (Coppi 1999). This model assumes a
spherical plasma cloud with isotropic and homogeneous distri-
bution of electrons, positrons, and soft seed photons within the
plasma. The properties of the plasma depend on its compactness
[ = Lot/Rm,c?, where L is the power of the source, R is the ra-
dius of the sphere, which is assumed to be 107 cm, and o is the
Thomson cross section. We use a hard compactness /;,, which
corresponds to the power supplied to the electrons, and a soft
compactness I, corresponding to the power supplied in the form
of'soft seed photons. The amount of heating of the Comptonizing
medium is specified through the ratio of the compactnesses of the
Comptonizing medium /, and the seed photon distribution, Z,/I,
with [ fixed to 1. The seed photon blackbody temperature kTeeq
is frozen to 390 eV. The reflection component is modeled as in
COMPPS, and the reflection fraction of /27 obtained from the
fit corresponds to the unscattered part of the Compton reflection
component. The total optical depth, 7y, is the sum of the opti-
cal depth of e*e™ pairs (7.+.- ) and of e~ coming from ionization
of atoms (7). The fitted parameters are /,/[; (which is related
to the coronal temperature) and the ionization electron optical
depth, 7.

In order to consider the case of a hybrid plasma, the model
contains an additional parameter: the ratio /. /., where /¢, is the
compactness corresponding to the nonthermal and /g, to the ther-
mal part of the e*e™ distribution. The rate at which nonthermal
electrons appear in the source is assumed to be a power law,
~~ 7 between the Lorentz factors Yy, = 1.3 and vy = 1000.
The quantity ;,; is assumed to be equal to 2. We combined
EQPAIR with a Gaussian iron line centered and fixed at 6.4 keV
with a width of 0.1 keV. Table 6 shows the evolution of the best-
fit parameters.

We first fixed the compactness of the nonthermal electrons to
zero in order to consider the case of a purely thermal plasma.
Spectra extracted during all the observations are well fitted with
X2 ~ 0.8—1.1. The hard-to-soft compactness ratio is in the range
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Fic. 3.— Significance maps obtained with SPIROS in the 200—437 keV energy range; the gray scale is from —3 o to 4.5 o; the grid spacing is 5°. Lefi: Revolution 174.

The significance of the GX 339—4 flux is below 1.5 0. Right: Revolution 175. GX 339—4 is the only significant source in the field of view detected with a flux of 193.4 +
46.6 mcrab (4.2 0). [See the electronic edition of the Journal for a color version of this figure.]
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Fic. 4—High-energy part of the GX 339—4 deconvolved spectra for revolution 174 (/eft) and for revolution 175 (right), with data from HEXTE (black squares), SPI (dark

gray squares), and ISGRI (light gray squares). The line corresponds to the best fit with the EQPAIR thermal model (see Table 6). [See the electronic edition of the Journal for a
color version of this figure.)
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Fic. 5.— Spectra of GX 339—4 with simultaneous PCA, HEXTE, ISGRI, and
SPI data for revolution 175. The COMPPS model used is described in Table 5. The
residuals obtained for each instrument are presented in the lower panels. [See the
electronic edition of the Journal for a color version of this figure.]

of 5-6, yielding a coronal temperature of about 65 keV, given
the fitted optical depth of 1.6 in revolutions 174—175, while the
kT (98 keV) and 7y (1.1) parameters of revolutions 166+167
are very different. Part of the difference between the kT and 7
best-fit values can be explained by the fact that the Compton-
ization model suffers from a degeneracy in their determination
due to low statistics. Indeed, the spectral slope depends only on
the Compton parameter y = 4kT'7/m,c?, which does not vary a
lot along the observations (see Table 6). In fact, if we freeze the
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optical depth in revolutions 166+167 to the value obtained in
revolution 174, we obtain an acceptable 2 value, and the difference
in temperature between both revolutions decreases. Neverthe-
less, the y-parameter seems to be larger in revolutions 166+167,
which is confirmed by a significantly higher value of /,//;. The
reflection component fraction is similar to the value found with
the COMPPS model, and the iron line equivalent widths are still
about 90 eV.

In a second step, the compactness of the nonthermal distri-
bution has been freed in order to consider the case of an hybrid
plasma. For revolution 174, this leads to a thicker (7 =~ 2.0)
and cooler (k7, ~ 50 keV) solution, relative to the thermal case,
with both solutions being equivalent from a statistical point
of view. Moreover, when determining the confidence range of
the /,a/ly, parameter, we found it unconstrained, forbidding any
conclusion.

The situation seems different for revolution 175, as the intro-
duction of a nonthermal component allows a slight improvement
of the value of y? (with an F-test probability of 1072), even
though the nonthermal fraction is not really constrained. How-
ever, the parameters are the same as in the thermal case, except
the hard compactness, which slightly increases.

4. DISCUSSION
4.1. Comparison with Previous Observations

Broadband X-ray and ~v-ray spectra of GX 339—4, using data
collected from the SPI, IBIS, HEXTE, and PCA instruments,
allowed us to follow the source behavior during the low/hard
state corresponding to the rising phase of its 2004 outburst. During
this period we observed a flux increase by a factor of 3 in the
whole energy domain (3—200 keV) without any major change
in the spectral shape (see Fig. 2). This is similar to results from
previous outbursts reported by Zdziarski et al. (2004, their Fig. 4)
where, during the LHS, in the rising phase, the source flux in-
creases at constant spectral slope.

4.1.1. High-Enerqy Cutoff and the Reflection Component

We have showed that both a reflector and a high-energy cut-
off in the primary emission component were required to describe
the spectral shape during the LHS, as typically observed for
GX 339—4. Simultaneous fits from PCA, HEXTE, IBIS, and SPI
data give photon indexes I in the range of 1.6—1.7, with cutoff en-
ergies around 300—400 keV. The amplitude of the reflection com-
ponent reaches similar values to those reported by Revnivtsev
etal. (2001), who modeled the low/hard state of GX 339—4 during

TABLE 6
PCA, HEXTE, SPI, anp ISGRI Data Firtep StmurtaneousLy, UsiNng THE EQPAIR MobpeL CoMmBINED WITH A GAUSSIAN IRON LINE

Wre kT
Rev. W/l L/l Tes (eV) Q/2n Tiot (keV) » x? (dof)
166+167 ....... 5.7450% 0 fr 1.15%99 77439 0.30+:93 1.15 98 0.88 0.94 (173)
6327010 0 fr 1.60 fr 83732 0.26705 1.60 72 0.90 0.98 (174)
| 2 S 5.08017 0 fr 1611098 97+32 0.421003 1.61 64 0.81 0.82 (114)
6357988 0.40103 1984014 10235 0.39+0:94 2.00 50 0.78 0.82 (113)
AT 5.09+0L3 0 fr 16679 903 0.4370% 1.60 64 0.80 1.10 (99)
5611213 0.28704 1.54704 90730 0.4719% 1.56 64 0.78 1.06 (98)
175" s 5.08%017 0 fr 1.6175%7 90735 0.427903 1.61 64 0.81 1.47 (114)
7.08+0:48 0.65717 1924503 94+% 0.45+0:9¢ 1.93 50 0.76 1.45 (113)

Notes.—See text for the description of the parameters. The quantity & 7y.cq has been frozen to 390 eV, with an inclination angle of 50°. Both 7
and kT are calculated from fitted parameters. We show, for the data set of revolution 175, the fit parameters in the case for which the HEXTE data

have been included (indicated as “175*”).
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its outbursts of 1996—1997 as observed by the PCA. They
found photon indexes I' in the range of 1.7—1.9 and a reflection
amplitude of 0.3—0.5. Moreover, the reflection fraction increases
with the photon index of the power law and flux in a way similar
to the correlation already observed by Nowak et al. (2002) for
GX 339—4 and in a large sample of Seyfert and X-ray binaries
by Zdziarski et al. (1999, 2003). Zdziarski et al. (1999) have in-
terpreted the 2-I" correlation as being due to feedback in an inner
hot (thermal) accretion flow surrounded by an overlapping cold
disk. Then, the closer to the central black hole the cold disk ex-
tends, the more cooling of the hot plasma by blackbody photons
occurs (indicated by the decrease of the electron temperature
kT fitted by the COMPPS model), and the softer the spectrum
becomes (as shown from the power-law slope I fitted by the
PEXRAV model).

4.1.2. Comptonization Parameters

We then introduced the physical models COMPPS and EQPAIR
to describe the GX 339—4 observations with the Comptonization
process. From a statistical point of view, both models give ac-
ceptable solutions. Data from revolutions 166+167 and 174 are
well fitted with the Comptonization model in a purely thermal
case, while the last revolution suggests the presence of a non-
thermal component.

Wardzinski et al. (2002) modeled the outburst of 1991
September observed by the Ginga LAC and the CGRO OSSE,
as well as the outbursts of 1996 and 1997 observed by the RXTE
PCA and HEXTE with the COMPPS model. The Comptoniza-
tion spectrum was characterized by Thomson optical depths 7
of 2.4-3.0 and an electron temperature of 60 keV. The reflection
component was found to be moderately ionized, with amplitudes
ranging from 0.2 to 0.4. We have tested the ionized case, but the
ionization parameter tends to zero. We have thus fixed it to zero
and in fact have deduced very similar best-fit parameters.

The EQPAIR thermal model has been used by Nowak et al.
(2002) to interpret the spectra obtained during the low/hard state
observations of the GX 339—4 outbursts in 1997 and 1999 by
PCA and HEXTE. With a fitted seed photon temperature of 30—
100 eV, they found coronal compactnesses /. ranging from 5 to
14 and electron optical depths 7, ranging from 0.01 to 0.6, yielding
total optical depths 7, between 0.1 and 1 and values of k7, around
200 keV. The reflection fractions are between 0.1 and 0.5, and the
equivalent widths of the iron line range from 80 to 240 eV. We find
similar values for the reflection fraction, the iron line width, and
the coronal compactness, but with thicker (7,; around 1.6—1.7)
and colder (KT, around 65 keV) plasma parameters.

4.2. The High-Enerqy Excess

An interesting feature appears in the SPI data at revolution 175
as the emission extends beyond the thermal cutoff. Such an excess
above 200 keV has already been observed by the OSSE instru-
ment (Johnson et al. 1993) in the low/ hard state of the GX 339—4
outburst event in 1991 September . Assuming a distance of 6 kpc,
the luminosity above 200 keV was 11.3 x 1036 ergs s~! (Johnson
et al. 1993), with a 35-300 keV luminosity L35_3qg ey Of 2.5 X
1037 ergs s~!. These values are comparable to what we found for
the excess observed during revolution 175, with a luminosity
above 200 keV of 7.2 1.6 x 10%¢ ergs s~! and L3s_300 kev =~
1.54 x 10°7 ergs s~!'. More recently, a similar feature has been
reported in one RXTE observation (Nowak et al. 2002), where
the HEXTE spectrum exhibits a hardening above ~100 keV.
Similar behavior is observed for Galactic black hole transients
in the LHS during the outburst decays, especially after the de-
tection of compact jets (Kalemci et al. 2005, 2006).
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The flux extension above a thermal Comptonization com-
ponent can be explained by a second Comptonization region/
population or, more or less equivalently, spatial (gradient) and/or
temporal variations in the plasma parameters. As our fitting models
assume them to be homogeneous and constant during one obser-
vation, such variations can produce deviation relative to the pre-
dicted spectrum. Another possibility could be the presence of a
large annihilation line, which would produce a bump extending
down to 250-300 keV. Alternatively, some models include the
presence of a nonthermal electron population in the plasma. The
high-energy power-law tail observed for Cyg X-1 in its LHS has
been modeled with hybrid Comptonization by injecting an elec-
tron population consisting of a Maxwellian distribution coupled
to a power law with an index of 4.5 (McConnell et al. 2000). The
presence of a high-energy electron tail has also been proposed
by Wardzinski et al. (2002) for simultaneous observations of
GX 339—4 with PCA+HEXTE and CGRO OSSE during the
outburst of 1997, even though the COMPPS model fits the data
reasonably well. They found that the introduction of a nonthermal
fraction of electrons improves the value of y2, and it corre-
sponds to 34% of the nonthermal emission.

The EQPAIR hybrid plasma allows a marginally better de-
scription of the spectrum during revolution 175. Adding a non-
thermal parameter /.4, to the purely thermal plasma case gives
an F-test value of about 1072, However, the value of the I, /I,
fraction (~0.28) is similar to the value found for the LHS of
GX 339—4 by Wardzinski et al. (2002), even though these values
are in fact not constrained.

In Galactic black holes, nonthermal emission is generally as-
sociated with the soft state (Grove 1999; Ling et al. 1994) or with
state transitions (see, e.g., Cadolle Bel et al. 2006; Malzac et al.
2006), where power-law tails are observed and are attributed to
Comptonization of soft photons by accelerated electrons. During
the transition from the low/hard to the high/soft state on 2003
August 15, Belloni et al. (2006) observed that the high-energy
cutoff increases/disappears.

In the LHS, the hard X-ray/v-ray emission comes from a
thermalized electron population. The presence in the low/hard
state of a significant nonthermal emission above the thermal
cutoff can, however, be interpreted in terms of an additional com-
ponent. Contrary to the soft state, in which power-law tails are
commonly observed, this characteristic is much rarer in the LHS.
In our observations, this feature is detected only in one revolution;
nevertheless, the statistic is not high enough to conclude on its
variability. Moreover, as the low-energy part of the spectrum is
not affected (the spectral shape is similar up to ~150 keV in rev-
olutions 174 and 175), this may suggest that the involved phe-
nomenon varies independently of the thermal Comptonization
process and could come from another location, such as jets or
active regions. A jet can easily produce hard X-ray emission via
synchrotron radiation, in addition to inverse Compton upscat-
tering (see, e.g., Markoff et al. 2003).

5. CONCLUSIONS

We investigated the high-energy spectral characteristics of
GX 339—4 in the low/hard state (the rising phase of the out-
burst), using observations from INTEGRAL SPI and IBIS and
RXTE PCA and HEXTE. The plasma parameters deduced from
thermal Comptonization models are identical to those obtained
during previous observations performed when the source was in
a similar spectral state, with a plasma temperature k7 of around
65 keV, an optical depth 7 ~ 1.5-2.5, and a reflection factor lower
than 1 (0.2—0.4), supporting an anisotropic primary emission or
a large value of the disk internal radius. An emission in excess
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relative to the thermal cutoff has been detected during one rev-
olution, despite being absent 3 days before. The corresponding
flux (typically emission above 200 keV) is not highly signifi-
cant, with only 4.6 o, but can be compared to features reported
by OSSE and HEXTE in GX 339—4 or Cyg X-1. This may be
evidence that an additional component is sometimes present in
the spectrum, unless variabilities (spatial and/or temporal) of
the k7T'and 7 plasma parameters can mimic such spectral evolu-
tion affecting only the energy domain above 200 keV.
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