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GX 339-4 is a well-known microquasatr. In this contributioa show the obtained results with
the INTEGRAL and XMM-Newton observatories of the outburstiartaken on 2007. The ob-
servations cover spectral evolution from the hard, soffrmediate states to the high/soft state.
Spectral hardening correlated with the appearance of aesk&@ line is detected during one of
the observations during the soft intermediate state. Iispictral states joint XMM/EPIC-pn,
JEM-X, ISGRI and SPI data were fit with the hybrid thermal/sibarmal Comptonization model
(EQPAIR). With this model a non-thermal component seemsteeluired by the data in all the
observations. Our results imply evolution in the coronalgarties, the most important one being
the transition from a compact corona in the first observatahe disappearance of coronal ma-
terial in the second and re-appearance in the third. We skisihie results obtained in the context
of possible physical scenarios for the origin and geomdtiii@ corona and its relation to black
hole states.
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1. Black Hole States

When a Black Hole (hereafter BH) transient starts an outbitrevolves through different
states (low/hard, hard intermediate, soft intermediaigt/boft states) characterized by different
spectral, timing, optical, IR and radio properties. Foraere prescription of the state classification
scheme we refer to [12] and [1]. In the earlier times of thiersce (before 1990s) it was thought
that the state evolution of a black hole was drivenNby([5]). But, since some states can span
a large variation in luminosities, it was suggested ([1hPttother parameter may play a role in
these state transitions. This parameter could be, e.g.ottom& compactness of the high-energy
emission.

In the state evolution of most Black Hole Binaries (BHB) ([fl2]), these start their outbursts
in the Low/Hard (LH) state and evolve to the High/Soft (H3tst passing through Hard Inter-
Mediate (HIMS) and Soft InterMediate (SIMS; formerly cal¥ery/High) states and, afterwards,
they return to the LH state showing a noticeable decreasaxmoflthe order of 50%, in a hysteresis
behaviour ([21], [24] and [16]; see evolution in Figure 1).the following, we list some spectral
characteristics of all the different states from the re@eascription, apart from the quiescent state
in which black hole transients spend most part of their lifes

e Low/hard state (LS): this is the state in which the outbupgtgin and end. The X-ray spec-
trum is characterized by very low disk emission and very irtaod high-energy emission in
the form of a powerlaw with photon index in the rarige- 1.3—1.4. A high-energy cut-off is
usually seen ([25] and [10]), associated to the kinetic terapire of the thermal distribution
of electrons in the Comptonizing corona. Sometimes, lowfemcy QPOs are observed.
Flat-spectrum radio emission is observed, associated ampact jet ejection ([6]).

e Intermediate (soft/hard) states (SIMS/HIMS): showinghbbtight disk and high-energy
powerlaw emission components. Photon index is within tinged = 1.5— 2.5. The few
instances of HFQPOs appeared in the SIMS (formerly callatgkagHigh state). Just before
the transition to the SIMS, [6] suggested that the jet vé&ydoicreased rapidly, giving rise to
a fast relativistic jet.

e High/Soft state (HS): the disk component is the dominanthim $pectrum, with a weak
powerlaw high-energy emission. No core radio emission seoked ([6]). Some timing
properties ([26]), that were thought to be characteristihe LH and HIMS are still present
in this state, although in a much weaker form. This would 8@ common origin in the
characteristics found in these states. No high-energpffug-observed in this state ([10]).

2. Source of the high-energy emission

The Xly-ray spectra (1-1 000 keV) from black holes can be descrigeidnft disk emission
(< 10keV) plus a high-energy emissiorr Q0 keV) in the form of a powerlaw. The soft X-ray
spectra often show signatures from the inner parts of theetion disk, such as the relativistic
Fe line (6.4-6.97 keV) and the correspondent reflection b(20p30 keV), both being different



The high-energy emission from GX 339—-4 M. D. Caballero-Garcia

SIMS v ow
1000 TR o g%% E o o
r Lo °
. . <]
~ | < ——JET LINE o
o |
G B o —o0 \
Rooes oo x
Pt |
e °
. “
) e — \
¢ ) - .
= ° ‘
3 100 e \
O t Va e
N r ® 'i‘ ol ° o PR ° o o |
o) oo — ‘.‘:")’. oy
8 oo o ° |
o '1} ‘
HS HIMS |
? |
< ||
:
WEAK NOISE STRONG BAND-LIMITED NOISE |
—> TYPE A/B QPO TYPE C QPO @ ‘
l NO RADIO JET RADIO JET » |
10+ =
0.1 1

Hardness

Figure 1: Hardness-Intensity diagram of the 2002/2003 outburst 0f338—4 as observed by the RXTE
PCA. The gray lines mark the state transitions describetlartéxt. The inset on the lower left shows the
general time evolution of the outburst along tiehaped pattern. From [1].

aspects of the same physical origin (i.e. fluorescence df¢hens and Compton back-scattering,
respectively, both being the most obvious reactions of radiated disk by a high-energy source;
[81).

The high-energy emission comes from the (inverse) Compation of the soft seed photons
from the inner accretion disk by a corona (consituted bytedes and positrons). Both the geom-
etry and location of this corona are a matter of debate. Iddimer model ([5]), this corona was
filling the inner regions of a truncated disk. [18], [19] shemhthat the base of a jet could replace
an extended corona for the high-energy emission sourceepémtletly, [20] found the existence
of an inner disk in GX 339—4 during LH state from X-ray obseivas. All these issues can be
better explained if the base of a jet is the source of hardyXeraission. This scenario is very
tempting, due to the non-thermal emission already obsarnvBits during different states ([14] in
the LH, [17] and [9] in the intermediate and HS states, respey), which could be understood
as, e.g. synchrotron processes occurring at the base ddtthimjthis study we will show wether
the coronal properties inferred from yrfay spectra are well compatible by coming from the base
of a jet, as the previous ideas would suggest.

We will show in the following that the base of a jet, which exed in properties (opacity,
compacticity and distance from the BH) during the outbwstld give rise to the X/ properties
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Epoch XMM-NewtonID INTEGRAL XMM-Newton
(yyyy/mm/dd) (UTC hh:mm ; yyyy/mm/dd)

1 — 2007/01/30-02/01 —
2 0410581201 2007/02/17-19 00:03-04:44 ; 2007/02/19
3 0410581301 2007/03/04-06 11:15-11:15 ; 2007/03/05
4 — 2007/03/16-18 —
5 0410581701 2007/03/29-31 14:34-20:07 ; 2007/03/30

Table 1: INTEGRALandXMM-NewtonObservations LOG.

1 39758 040785 239791 275+12 0387959
0057952 090+0.10 <002 694 040753,
0287953  0.84+0.03 141709 108+03 1(f)
0247002 049992 25+05 43408 1(f)
013052 0.38£0.02 08939 105+0.7 0727915

b~ wDN

Table 2: Best-fit parameters of the joint XMM/EPIC-pn, JEM-X, ISGRISPI spectra for the 5 obs. Fits
have been performed simultaneously with EQPAIR combined bWAOR.

already observed in the black hole candidate GX 339-4.

3. INTEGRALand XMM-Newtonobservations of GX 339-4

In [2] we present simultaneodsMM-Newtonand INTEGRALobservations of the luminous
black hole transient and relativistic jet source GX 339—X 339-4 started an outburst on Novem-
ber of 2006 and our observations were undertaken from Janoadarch of 2007 (see Table 1).
We triggered fivdNTEGRALand threeXMM-Newtontarget of Opportunity observations within
this period. Our data cover different spectral states, hahtard Intermediate (obs. 1), Soft Inter-
mediate (obs. 2 and 3) and High/Soft (obs. 4 and 5).

The hybrid thermal/non-thermal Comptonization EQPAIR eld@3]) provides the injection
of a non-thermal electron distribution with Lorentz fasttetween i, andl" maxand a powerlaw
spectral indexX ;. The cloud is illuminated by soft thermal photons emittecabyaccretion disk.
These photons serve as seed for inverse Compton scattgrimgiibthermal and non-thermal elec-
trons. The system is characterized by the power (i.e. lusity)d_; supplied by its different compo-
nents. We express each of them dimensionlessly as a corapagiarametef; = Lot /(Rmc?),
whereR is the characteristic dimension aggl the Thompson cross-section of the plasma. Thus,
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L, Lin, Untn @andlp = by + £neh cOrrespond to the power in a soft disk entering the plasneaurtél
electron heating, electron acceleration and the total pewgplied to the plasma. The total number
of electrons (not including e~ pairs) is determined byr, the corresponding Thompson optical
depth, measured from the center to the surface of the dogttexgion. If we consider injection
from pairs € e, then the total optical depth of the thermalized scatteglegtrons/pairs is ex-
pected to bat>1p. We used the LAOR model ([15]) to model the relativistic ilore emission,
with the emissivity indexf8) free and tied to the opposite value of that of the EQPAIR.

In the EQPAIR model, emission of the disk/corona system islefesd by a spherical hot
plasma cloud with continuous acceleration of electronsrilhated by soft seed photons from the
accretion disk. At high-energies the distribution of elens is non-thermal, but at low energies a
Maxwellian distribution with temperatut€l is established.

In general, the spectral shape is insensitive to the exaat vl the compactness, but it depens
strongly on the compactness ratidg/{s and{nn/¢h). Thus, we frozes to a fiducial value (s =
10), as commonly reported for other sources with similarattaristics (e.g. [13]). In the fits
reported below, we fit the data with a powerlaw distributegdtion of electrons and compare
with the results obtained with a mono-energetic distributgection of them as well. The former
distribution is expected in the case of shock acceleratfgmadicles, while the second could be
achieved in reconnection events that are expected to ptweaxorona ([7]).

Spectra and unfolded models of the five different periodeHaeen plotted in Figure 2. In
Table 2 we show the evolution of the most important pararsetdéerred from the model.

The results obtained by applying EQPAIR fits to the data @@ high value for the coronal
compactness for obs. 1, but within the range of values founthe literature. For obs. 3, 4
and 5 this value is high as well (when compared to that obthineobs. 2). We thus confirm
the correlation between coronal compactness and covadetjdn of the cold reflecting material
by [22] for obs. 2 to 5. The high value of the coronal compassntund for obs. 1 (HIMS)
would indicate that the Comptonizing high-energy sourceoisipact in size. This would be in
agreement with the proposed scenario of [19], in which trselwH the jet could be the source of
the Comptonizing elecrons. The fact that we are detectiaght@rmal cut-off would be consistent
with the detection of the coronal emission as well. Otheswfigr obs. 2 (SIMS), the values for both
the coronal compactness and opacity found are extremelyNaweover, the kinetic temperature
found for the thermal electron distribution of the coronaasy high (and close to the high-energy
limit indeed). We understand them as issues indicative efabk of coronal emission during this
observation. During obs. 3 to 5 (SIMS to HS), both the cor@moahpactness and opacity increase
again (accompanied with the significant detection of aikédic line in obs. 3), thus indicating
re-appearance of the corona after obs. 2.

We fit the data with a powerlaw distributed injection of aecated non-thermal electrons
(with Lorentz factors in the range 6f= 1.3— 100) and compared with the results obtained with
a mono-energetic distributed injection (with Lorentz tadi = 5) of them as well. The former
distribution is expected in the case of shock acceleratigmadicles, while the second could be
achieved in reconnection events that are expected to ptweecdrona ([7]). We found that the
first model is better than the second for epochs 1, 3, 4 andfyfag an F-test and looking at
the residuals, i.e. see Table 3 and Figure 3). This is ingieatf a corona of particles distributed
at different speeds being the source of the high-energystmnisHowever, for epoch 2, albeit the
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Figure 2: Unfolded spectra from epoch 1 to 5 (black, blue, red, cyangradn, respectively).

first proposed scenario is not discarded, and contrary toetmainder epochs, a mono-energetic
distribution of particles is a good description of the spatt It seems that magnetic reconnection
events are driving the high-energy emission in this epoch.

Thus, we conclude that we detect spectral evolution in otar dampatible with disappearance
of a part! of the corona in epoch 2 (SIMS). This was followed by its r@egrance in epoch
3 (SIMS) and maintained in epochs 4 and 5. Giving strengthi® interpretation is the fact
that [4] detected a series of plasma ejection events durid@ 4f February (2007) in radio, just
previously to our observations of epoch 2. Also, the sudderease in flux in the 15-50 keV of the
SWIFT/BAT light curve (Figure 4) of 15% could be related t@alges occurring in the source of the
high-energy emission during the transition from epochs 2 tdhe possible disappearance of the
corona during epoch 2 resembles what claimed by [23] in the 0GRS 1915+105. This behavior
could be understood as the fact that the ejected medium otlomal material responsible for the
hard X-ray emission. The spectra of epochs 1, 3, 4 and 5 shigmificant fraction of non-thermal
particles as well, indicating that it could partially be digeother processes apart from thermal
Comptonization. For example, synchrotron or self-syncbroemission ([18],[19]) occurring at
the base of a jet.

1Since the model still requires a high-energy component.
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HIMS, powerlaw acceleration model

HIMS, mono-energetic acceleration
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Figure 3: Unfolded spectra from epoch 1 to 5 (top to bottom) applyindPB@R fits to the data with both

mono-energetic (right) and powerlaw (left) acceleratiaseas. The vertical jumps between the different
spectra are due to the different cross-calibration fadtete/een the instruments (not accounted for in this
unfolded representation).
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Epoch Mono-energetic acceleration Powerlaw acceleration F-test probability

(red. chi-square; number of d.o.f.) (red. chi-square; nemab d.o.f.)

1 1.1(83) 1.0 (82) 0.003

2 1.7 (143) 1.7 (142) -

3 1.9 (139) 1.5 (138) 7.1e-09
4 4.5 (45) 1.5 (44) 2.8e-12
5 1.7 (100) 1.6 (99) 0.008
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Figure 4: SWIFT/BAT and RXTE/ASM daily light curves of GX 339—4 duritige overall outburst in 2007
(red and black dotted lines, respectively), illustratihg spectral evolution between the different states.
Intervals of time in which the INTEGRAL observations weredertaken (solid black lines) and the period
of time when the radio ejection events were detected (whibih dotted black vertical lines) are also shown.



The high-energy emission from GX 339—-4 M. D. Caballero-Garcia

References

[1] Belloni, T., Homan, J., Casella, P. et al., 2005, A&A, 4207
[2] Caballero-Garcia, M. D., Miller, J. M., Diaz Trigo, M.,llkers, E., Fabian, A. C., et al., 2008, ApJ,

[3] Coppi, P. S., 2000, Bulletin of the American AstronontiSaciety, 32, 1217

[4] Corbel, S., Tzioumis, T., Brocksopp & Fenfer, R., P., 208Tel 1007

[5] Esin, A. A., McClintock, J. E. & Narayan, R., 1997, ApJ,31865

[6] Fender, R. P., Belloni, T. M. & Gallo, E., 2004, MNRAS, 35BL05

[7] Galeev, A. A., Rosner, R. & Vaiana, G. S., 1979, ApJ, 228 3

[8] George, I. M., Fabian, A. C., 1991, MNRAS, 249, 352

[9] Gierlifski, M., Zdziarski, A. A., Poutanen, A. A,, et al., 1999, MAR, 309, 496

[10] Grove, J. E., Johnson, W. N., Kroeger, R. A., McNaromwn, K., Skibo, J. G. & Phlips, B. F., 1998,
ApJ, 500, 899

[11] Homan, J., Wijnands, R., van der Klis, M., Belloni, TarvParadijs, J., Klein-Wolt, M., Fender, R. &
Méndez, M., 2001, ApJS, 132, 377

[12] Homan, J., Belloni, T., 2005, Ap&SS, 300, 107

[13] Ibragimov, A. Poutanen, J. Gilfanov, M., et al., 2009\RIAS, 362, 1435
[14] Joinet, A. Jourdain, E., Malzac, J., Roques, J. P.,.e2807, ApJ, 657, 400
[15] Laor, A., 1991, ApJ, 376, 90

[16] Maccarone T. J., Coppi P. S., 2003, MNRAS, 336, 817

[17] Malzac, J., Petrucci, P. O., Jourdain, E., et al., 2@G&A, 448, 1125

[18] Markoff, S., Nowak, M., Corbel, S., Fender, R. & Falckk, 2003, A&A, 397, 645
[19] Markoff, S., Nowak, M. A., Wilms, J., 2005, ApJ, 635, 120

[20] Miller, J. M., Homan, J., Steeghs, D., Rupen, M. et a00&, ApJ, 653, 525
[21] Miyamoto S., Kitamoto S., Hayashida K., Egoshi W., 198pJ, 442, L13
[22] Nowak, M. A., Wilms, J. & Dove, J. B., 2002, MNRAS, 332,85

[23] Rodriguez, J., Shaw, S. E., Hannikainen, D. C., BelldniCorbel, S., Cadolle Bel, M., et al., 2008,
ApJ, 675, 1449

[24] Smith D. M., Heindl W. A., Swank J. H., 2002, ApJ, 569, 362
[25] Sunyaev, R. A. & Titarchuk, L., 1980, A&A, 86, 121
[26] Wijnands, R., Homan, J., & van der Klis, M., 1999, ApJ65233


http://arxiv.org/abs/0810.5470

