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ABSTRACT

The microquasar GX 3394, known to exhibit powerful compact jets that dominatedtdio

to near-infrared emission, entered an outburst in 201(hififth time in about fifteen years.
An extensive radio to X-ray multi-wavelength campaign wasiediately triggered, and we
report here on ESO/FORS2+ISAAC optical and near-infrapgtsoscopic observations,
supported by ATCA radio anBXTHESwift X-ray quasi-simultaneous data. GX 339 was
observed at three different epochs, once in the soft staténdce in the hard state. In the soft
state, the optical and near-infrared continuum is largehsistent with the Raleigh-Jeans tail
of athermal process. As an explanation, we favour irraaliedf the outer accretion disc by its
inner regions, enhanced by disc warping. An excess is atsept at low frequencies, likely
due to a M subgiant companion star. During the first hard sthee optical/near-infrared
continuum is well-described by the optically thin synchootemission of the compact jet
combined with disc irradiation and perhaps another compopeaking in the ultraviolet.
The spectral break where the jet transits from the optidaligk to thin regimes, located
below 1.20 x 10'* Hz, is not detected and the extension of the optically thimchyotron
is consistent with the 3-50 keV spectrum. In contrast, thisgion during the second hard
state is more difficult to understand and points toward a neoraplex jet continuum. In
both cases, the near-infrared continuum is found to be lviarit timescales at least as short
as 20 s, although these variabilities are smoothed out lilkgdaw hundred seconds. This
implies rapid variations — in flux and frequency — of the lomatof the spectral break, i.e.
dramatic short timescale changes of the physical conditidthe base of the jet, such as the
magnetic field and/or the base radius.

Key words. binaries: close- X-rays: binaries- Infrared: stars- accretion, accretion discs
— Stars: individual: GX 3394 — ISM: jets and outflows

1 INTRODUCTION in the hard state (HS) and emit both through optically thick
. . . . and thin synchrotron radiation. Within the most acceptdwste
i, the optcal and near-infared (noar-1%) domains daong  (B1309101d & Konig) 197! Faicke & Biermatin 1905), their i
. ! . sion is well-modelled by a flat or weakly-inverted power lap{
interest. Indeed, most of the components in the system can be,. . . o
detected at these wavelengths, including the companionts&a tically t.hmk regime, £, oc v® with —0.1 < @ < 0.7) from
accretion disc, and material ejf'ecta In the last categbey,best the radio to some spgctral break, beyond Wtudanges. bet.ween
known are the so-called compact jets, which are only dafecte _ - 31d—1 depending on the electron energy distribution (op-
1815, y tically thin regime). The location of the break, thought twcor
in the IR domain, is a crucial piece of information as it issaty
* Based on observations performed with European Southerar@isry related to the physical conditions at the base of the jef) s

(ESO) Telescopes at the Paranal Observatory under progeanih?84.D- the magnetic field, the bas_e radius of .the jet, and the total en
5056 and 285.D-5007 ergy of the electron population. So far, it has only beenatete

+ E-mail: frahoui@cfa.harvard.edu in three sources, GX 339, 4U 0614+091, and Cygnus-XL
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Table 1. Summary of all the observations of GX 338 we made use of in this study. We give the observation nurtiteday of observation with FORS2
and ISAAC (in MJD), the day of quasi-simultaneous coveragk RXTE Swift and the ATCA telescope, as well as the ATCA flux levels at Bb%0 GHz

(in mJy).
Obs. # FORS2 ISAAC RXTE Swift ATCA ATCA flux density
5.5 GHz 9.0 GHz
1 55261.39 55261.37 55261.19 55261.05 55261.89 4900P0  9.6@:0.05
2 55262.39 55262.38 55262.93 - 55262.91 &Q@0€5 8.05:0.10
3 55307.29 55307.24 55307.02 - — — —

(Corbel & Fendet 200Z: Gandhi et al. 2071: Migliari etlal. 800
[2010:/ Rahoui et al. 20011), with additional observationatiemce
that this break can move with Iuminosit al. 2009;
[Rahoui et al. 2011; Gandhi etlal. 2011; Russell &t al. 2011).

If a broken power law is a good approximation of a compact
jet, this very simple modelling is also plagued with sevémgth-
tions. First, itis doubtful that the jet can sustain a sinmgever law-
like spectrum from the radio to the spectral break, and agdan
the optically thick spectral index is expected. Moreovegjitemis-
sion could simply be more complicated than a broken powey law
in particular when cooling is taken into account (Pe’er & €lks
). Finally, compact jets could contribute to the optiear-

IR (OIR) through other processes such as pre-shock symohrot
which would enhance significantly their emission at theseewna
lengths (see e.05). OIR spectroscopgenb
vations of microquasars are therefore crucial for coryectin-
straining the properties of compact jets; GX 33Bis obviously
one of the best targets to fulfil this goal as the jets strocigimi-
nate the OIR emission in the HS (see MOM;
Homan et all. 2005).

In early 2010, GX 3394 entered an outburst, only the fifth
time in fifteen years. Considering the rarity of such an evemst
triggered a large multi-wavelength observational campaigthe
source, which included X-rayINTEGRAL RXTE Swiff), OIR
(ESO, Faulkes), and radio (ATCA). Here, we report on the OIR
spectroscopy of the source in the HS and soft state (SS)sifugu
on the spectral continuum in the presence and absence of com
pact jets. A companion paper (Cadolle Bel €t al. 2011) presam
overview of this multi-wavelength campaign, with a partauo-
cus on X-ray behaviour. Finally, a detailed study of the &pec
scopic content of the OIR spectra will be object of a thirdgrap
(Rahoui et al., in prep). Sect. 2 is devoted to the data rémtuand
analysis. In Sect. 3, we present spectral energy distab{SED)
modelling. We discuss the outcomes in Sect. 4 and conclude in
Sect. 5.

2 OBSERVATIONS AND DATA REDUCTION

GX 339-4 was observed through low-resolution spectroscopy on
2010 March 6 (hereafter Obs. 1), March 7 (Obs. 2), and April 21
(Obs. 3) quasi-simultaneously in the optical with ESO/FQREd

in the near-IR with ESO/ISAAC, mounted on the VLT/UT2 and
UT3, respectively (Pl F. Rahoui). In the framework of the &&all

tic bulge monitoring, the source was also quasi-simultasio
observed with the Rossi X-ray Timing Experime®RXTE the
data are immediately public). Moreover, tisavift satellite also
observed the field of GX 3394 on a regular basis during
the 2010 outburst, and one of these pointed observations. (Ob
ID 00030943010, P.I. M. Cadolle Bel) was conducted quasi-
simultaneously to Obs. 1. Finally, GX 339 was detected in the
radio domain during Obs. 1 and 2 with the Australia Telescope
Compact Array (ATCA, P.I. S. Corbel) at 5.5 and 9.0 GHz. All
these observations are listed in Tdble 1.

2.1 Near-IR ESO/ISAAC observations

GX 339-4 was observed through the SWR1 arm (1’slit aper-
ture) with theJ, H, andK filters (R ~ 600 and 1.16-2.5 ym
spectral coverage). The sky was clear, and the airmass &ad se
ing at corresponding central wavelengths were lower tharatd
0’75, respectively. The total exposure time in each filter Wb
divided in4 x 3 x 20 s dithered frames for standard ABBA sky
removal. The same nights, the telluric standard stars HIB®4
(B8/9V, March 6 2010), HIP 86735 (B5/611l, March 7 2010), and
HIP 68124 (B2/3V, April 21 2010), were observed under theesam
conditions.

We reduced all the data wittRAH] by performing correction
for crosstalk and bad pixels, flatfielding, and sky subtoactirhe
spectra were then extracted, wavelength-calibrated byhimet
the spectral dispersion axis with that of an ArXe arc, andath®o-
spheric signatures were corrected with thed | uri c task. This
routine aligns the source’s and standard star's spectraseale
them according to their respective airmass; they are theded! to
remove the telluric features and atmospheric extinctidre dut-
put, once corrected for the exposure time discrepanciegeeet
the source and the standard star observations, can thebefonul-
tiplied by the flux-calibrated standard star’s spectrumiiam that
of the source. Unfortunately, very few spectro-photoneestan-
dard stars exist in the near-IR, and none of them was observed
during our program. The way we proceeded to flux-calibrage th
GX 339-4's ISAAC spectra therefore deserves some detailed ex-

planations.

We started from three synthetic Kurucz spectra correspgndi
to the HIP 84086, HIP 86735, and HIP 68124 spectral typesy The
were then reddened, convolved by Cousins-Bessel and 2MASS fi
ters, and scaled to match, throughfitting, the measure8, V, J,

H, andK flux densities of our three standard stars (see Figute Al).
The initial value of the optical extinctiorly, along their line-of-
sight (LOS) were obtained from their colour indices usirgstan-
dard relatiordy = Ry x E(B—V) with Ry = 3.1 (correspond-

ing to the diffuse ISM) and&(B — V') = (B —

B VE — EB — V)o.
The intrinsic colourg B — V'), were taken fro et Zi;§84)

for the corresponding spectral types, and we made use ofkthe e
tinction law given ink9) to get thé, values at
other wavelengths. Once flux-calibrated, the standard’sssn-
thetic spectra were multiplied by theel | uri ¢ outputs to get
the final GX 339-4’s flux-calibrated spectra. It is worth men-
tioning that the ESO/REM, H, andK photometric observations
quasi-simultaneous with Obs. |1 (Cadolle Bel et al. 2018 can-
sistent, with less than 5% discrepancies, with our reshkréfore,

in our analysis, we adopt an intrinsic 5% uncertainty forfthe-
calibration.

1 | RAF is distributed by the National Optical Astronomy Observiais,
which are operated by the Association of Universities fosd&ech in
Astronomy, Inc., under cooperative agreement with thedwali Science
Foundation.
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Table 2. Best parameters obtained from the fits to the GX -389 X-ray spectra during Obs. 1, 2, and 3, with the model
PHABSXREFLECTX (DISKBB+GAUSSIAN+POWERLAW). The errorbars are given at the 90% confidence level.
Obs. # N Q/2n T N Biron Tiron r - X7 (dof)
_ (x1022 em—2) (kev) ( 5/“11({ i‘;‘c ) 2 cos(i) (keV) (keV) - _ _
1 0.58700% 0497005 0.23700% 3507508 x 100 6311009 0.817030 173700 - 1.06(651)
2 0.58 (fixed)  0.3970 08 - - 6.247035 0.62705  1.72%00%  — 0.95(74)
3 0.58 (fixed) - 0.8370-0%  3.0370%5 x 103 597t04 1337038 2467012 - 1.03(73)

2.2 Optical ESO/FORS2 observations

We used the 300V and 3001 grisms’(aperture) with the GG435
and OG590 filters, respectively. The exposure time was J10s

in each filter, and the atmospheric conditions were good) wit
clear sky and airmass and seeing lower than 1.14 4Adréspec-
tively. For flux calibration purposes, the ESO spectro-phwtric
standard stars Hiltner 600 (B3V) and €32 9927 (AQV) were
observed under the same conditions. We reduced the datg usin
the | RAF suite. The process consisted of bad pixels correction,
bias subtraction, flatfielding, spectral extraction, andelength
calibration by matching the spectral dispersion axis wiitét tof

an HeAr arc lamp. The resulting GX 339 1D spectra were then
flux-calibrated using the CTIO extinction and flux tabBlesvail-
able withl RAF. The flux levels in the overlapping region of the
GG435 and OG590 filters appear consistent, with discrepanci
less than 5%, which allowed us to safely combine them. How-
ever, the strong limitation of this method is that the resgliop-
tical spectra do not overlap with the near-IR ones because th
ESO spectro-photometric standard stars are not definechbeyo
1.02 um. To cover the gap between the optical and near-IR, we
also reduced and flux-calibrated the FORS2 spectra withaime s
procedure as that used for the ISAAC data (see Fifude A2, for
the flux-calibrated synthetic Kurucz spectra). This gives/\sim-

ilar results, as showed in FigurelB1 (left panel). The opspec-

tra flux-calibrated with the ESO spectro-photometric stadd are
displayed in green, those flux-calibrated with synthetiecsga in
red. We also display th&band spectra in blue, and a good match
between the optical and near-IR continuum levels is reaiigiut
panel). Note that the displayed red spectra were rebinnadhtiod

of their resolution to improve the visibility of the opti¢aloverlap-
ping region. However, only the original ones were used foDSE
fitting.

2.3 RXTE and Swift observations

We present here the reduction and analysis of the high-giaeitg

we made use of. We use this only for the determination of tee-sp
tral state of GX 339-4 during the FORS2+ISAAC observations,
as well as the level of emission from the main components, i.e
the accretion disc and the coronaljet. A far more comprebens
X-ray study of GX 339-4 during the 2010 outburst is presented in
Cadolle Bel et al[(2011).

2.3.1 Data reduction

TheRXTEdata were reduced using tREASOFT v. 6.11 software
package, following the standard procedure described iIRMKEE
cookbook]. Spectra were extracted from the Proportional Counter
Array (PCA; 1. 2006), in the 3-50 keV range. We only

2 ctioextinct.dat h600.dat andcd32.dat
3 http://heasarc.gsfc.nasa.gov/docs/xte/datalysis.html
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used the top layer of the Proportional Counter Unit (PCU) R ias
the best-calibrated detector out of the five PCUs. Systeraatrs
of 0.5 per cent were added to all channels.

We reduced the data from the X-ray telescope (XRT) on board
Swift with the xr t pi pel i ne v. 0.12.6 using standard quality
cuts and event grades 0D2. The data were collected in windiowe
timing (WT) mode to avoid pile-up. We usedsel ect v. 2.4 to
extract source and background spectra using square boxes as
traction region, in the range 0.5-10 keV. The boxes haveeadfiz
40 pixels along the only spatial dimension available in WTdeo
We generated the ancillary response file (ARF) witht nkar f
and used the latest version (v. 012) of the response mapices
vided by theSwiftteam. We finally rebinned the spectrum to get a
minimum of 20 counts per channel.

2.3.2 Spectral state classification

To identify the spectral state of GX 339 during Obs. 1, 2, and

3 we fitted, withXSPEC v. 12.7, the three high-energy spectra
with a model combining the contributions from the accretion
disc ©IskBB, [Mitsuda et all 1984), an iron line around 6.4 keV
(GAuUssIAN), as well as a power law, all modified by photo-
electric extinction PHABS, abundances and cross-sections from
/Anders & Grevesse |_1989;| Balucinska-Church & McCanimon
@). When needed, a reflection comporremtLECTwas added
for an inclination angle fixed to the most recent measuredevyal
46° (Shidatsu et al. 201.1). However, it is worth remembering tha
several other measurements between 10 afid58t (see Table 6

in [Shidatsu et al. 2011, for a review), but the use dfa incli-
nation angle does not change significantly the fits. Moredher
disc’s contribution during Obs. 2 was too low to be detectéith w
PCA so thatpiskeB was not used in the modelling. The best-fit
parameters are listed in Talile 2. The results unambigushsiyw
that GX 339-4 is in the HS during Obs. 1 and Obs. 2 (hereafter
HS1 and HS2) , and in the SS during Obs. 3 (hereafter SS1).

3 NATURE AND PROPERTIESOF THE OIR EMISSION

We use spectral fitting to understand the origin of the OIR-con
tinuum of GX 339-4. To that purpose, we built the SEDs for the
three observations with all the available data listed ind@b The
OIR spectra were corrected for ISM extinction along the LO®Bw
the law derived i9). Among the severalsisn
tent values for the optical absorption (see n
[2003:[Hynes et &l. 20D4), we adopteld, = 3.25 + 0.50 (see
Il, and reference therein), but it is howexeth
remembering that it is not well constrained and may be hiégner
Ay = 3.7+0.3,1Zdziarski et al. 1998). In adopting the lowéx,,
our subsequent results, especially those related to tberission

in the optical, should be considered as lower limits. Thieug
HS1 and HS2, the source was detected in the radio domain with
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Figure 1. Near-IR sub-spectra for HS1 (top), HS2 (middle) and SSlt¢hot and in each band(to J, left to right) of GX 339-4. Each sub-spectrum

corresponds to a 20 s integration.

a relatively flat emission and we therefore expect a stromgrieo

bution from the compact jet@OOS). In cortrime

continuum should be dominated by the accretion disc durlhi). S

3.1 Near-IR continuum variations at short timescales

Figure[1 displays, for the three observations and in eachlfea
band, the twelve deredenned “sub-spectra” that were aiirodd
with a good signal-to-noise ratio (S/N). The comparisorhefitre-
spective continuum may therefore give reliable informatiout
the intrinsic spectral variations of GX 339 at timescales at least
as short as 20 s, both in the HS and SS. However, the optioad spe
tra being the result of one exposure only, their time-depahtde-
haviour cannot be known.

During SS1, the near-IR emission of GX 338 is constant
in each band over th&2 x 20 s exposures. On the contrary, in
the HS the emission is strongly variable in all bands on toaks
as low as 20 s. While this behaviour is consistent with the-nea
IR flickering already observed through photome !
-) it could also be the result of changing observing rmmrd;
in particular variable slit-losses due to a variable seehigw-
ever, the seeing was always lower than tHeslit width, and the

flux-calibration we reached during Obs. 1 is consistent iwifi%
with the ESO/REM photometry (Cadolle Bel eflal. 2011); thésy
likely points towards low slit-losses. Moreover, the atpiuaric
conditions were each time stable over the whole integration
deed, the airmass-corrected seeing at central wavelengdsured
by ESO, was clustered in the rangé$p-d'73, d'63-0' 74, and
0/57-0'66 during Obs. 1, Obs. 2, and Obs. 3, respectively. When
considered per filter, the maximum-to-minimum variationsrev
always lower than 10%, and even 5% during Obs. 1. This byfitsel
does not exclude slit-loss variations, but it is reasontbssume
that their effect is weak. Finally, the fact that the contimuis con-
stant during SS1 and variable during HS1 and HS2 despitdesimi
atmospheric and instrumental conditions strengthensntinesic
origin of the variations in the HS.

That said, the average maximum-to-minimum flux ratios
fmax/fmin in J, H, andK are 1.36 + 0.08, 1.42 + 0.08, and
1.72 £+ 0.13 during HS1, as well ag.84 + 0.12, 1.60 £ 0.10,
and2.29 4+ 0.17 during HS2, respectively. Becauderecededd
which itself precedek, it is not relevant to compare the variations
in a filter with respect to one another; it is however still gibe
to compare both hard states.JrandH, the continuum is clearly
more variable during HS2. 1K, although HS2 exhibits a higher
maximum-to-minimum flux ratio, it only stems from three sub-

(© 0000 RAS, MNRASD00, 000-000
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Figure2. ISAAC+FORS2+PCA SED of GX 3394 during SS1 fitted with
the irradiated accretion dismskIR model. Besides a relativistic iron line
needed to fit an X-ray excess around 6 keV, a near-IR exceswé¢higtted
with a~3348 K black body is present at lower frequencies. We algdalis
the irradiated disc with no OIR reprocessing.

spectra angmax/ fmin = 1.15+0.04 otherwise. Overall, the vari-
ations are therefore bluer in HS2 than in HS1, in agreemetft wi
their respective average continuum (see Sect. 3.3 andefBjur
this likely points towards two different origins.

3.2 Theaverage OIR continuum during SS1

The standard multicolour accretion disc alone is unableeto r
produce the OIR spectrum, and a possible explanation is an ex
cess due to X-ray reprocessing within the disc. In order to ge
a quantitative understanding of this phenomenon, we cersid
the DIskIr model (Gierlinski et al. 2008, 2009) combined with a
Gaussian, to fit the OIR to X-ray SED. Roughly, it is an extensi

of the DIskBB model that includes comptonisation of the black-
body disc’s photons by a corona of hot electrons (basedTon
cowmPp,|Zdziarski et al. 1996), as well as disc irradiation, botinir
the inner region of the disc itself and from the corona. Theleho
has nine parameters: the disc’s temperatifgs. and normalisa-
tion N (same a®IskBB), the photon indexX" of the hard X-rays
power law and the temperatukd’, of the comptonising photons,
the ratio between the corona’s and the disc’s luminosity Lq,

the fraction of hard X-ray emission that illuminates thecdjs,,

the irradiated radiugzi,. expressed in terms of the disc inner ra-
dius, the fraction of soft X-ray emission which is thermatisn

the outer discfout, and the logarithm of the outer radius of the
disclogl0(R,.:) expressed as a function of the inner radius. The
first seven parameters are completely defined by the higiggne
data while the two latter are characterised by the OIR ones. W
fixed several parameters: (1) the comptonisation temperafli,
was unconstrained and pegged to the upper boundary whétever
was. We fixed it to 250 keV, a value high enough to mimic a power
law like hard X-ray spectrum, (2}, was fixed to 0.3, well-suited
for the SS of microquasars ( 0.1 in the HS, Poutanen|et al);1997
lIbragimov et all 2005; Gilfanov 20110) (3) after several wtass-

ful attempts R;,» was fixed to 1.1 as it systematically pegged to the
lower value [(Gierlihski et al. 2009). Moreover, this moddbne
was never able to describe the whole SED due to a near-IRxces
We therefore added a black body for completion, but it is irtgoat

to note that this excess could have other explanations. &siefib
parameters are listed in Taljle 3 and the best-fit SED is disgla

(© 0000 RAS, MNRASD00, 000—000

Table 3. Best parameters obtained from the
fit to the GX 339-4 ISAAC+FORS2+PCA
SED during SS1. The best-fit model

PHABSX (DISKIR+GAUSSIAN+BBODY). The er-
rorbars are given at the 90% confidence level

is

Best-fit value

0.58 (fixed)
0.78%):01

Parameters

Ny (x10*? cm™?)
kT4isc (keV)

r 2.387010
kT, (keV) 2.50 x 10 (fixed)
Le/La 0.1275:03
fin 0.30 (fixed)
fout 0.05%5:0
1log10(Rout) (Rin) 4.3075:9%
N® 4.3570 %% x 10°
Eiron (kEV) 5.97 (flxed)
Tiron (keV) 1.33 (fixed)
Tss (K) 3.3575:0% x 103
RBB/DBB (R@/kpC) 1. 18t8(ﬁ
X: (d.o.f) 0.97 (4442)

2Same a®ISKBB

in Figure[2. It is clear that accretion disc irradiation doates the
OIR continuum during SS1. Nevertheless, the derived ptapor

of reprocessed X-rays within the disf.e = 0.0575:07, is very
high and at least one order of magnitude larger than prelyious
found in XTE J1817330 (Gierlihski et al. 2009) and twice the
value for GRS 1915+105 (Rahoui efal. 2010). Although we can-
not exclude that this is due to an overestimation of the ap#g-
tinction, no lower value has ever been confirmed et
(2004) derived4y > 2.64 from the interstellar Na doublet, but
acknowledged that it was probably too low because the Nab fea
tures were saturated. It is therefore very likely that eithother
source of thermal emission contributes to the optical spetof

GX 339-4 during SS1, and/or irradiation is enhanced.

3.3 Theaverage OIR continuum during HS1

Figure[3 displays the deredenned OIR spectrum of GX-3B8ur-

ing HS1 (left panel), as well as the radio to X-ray SED (right
panel). The OIR spectrum is best-described by two power laws
whose spectral indices at3a significance arexir = —0.63 +
0.05, typical of optically thin synchrotron emission from conepa
jets, anday = 2.73 £ 0.37. Moreover the extension, from the ra-
dio domain, of the optically thick emission (~ 0.15) matches the
near-IR spectrum, in agreement with a spectral break, whéto
not detect, located close 12 x 10** Hz (se 11).
Likewise, the extension of the jet optically thin emissierconsis-
tent with the high energy spectrum beyond albut10'” Hz, i.e.
2.5 keV (see right panel, Figuré 3). In the optical, the valfia

is larger than the spectral index expected for the Raleggims tail

of a thermal emission 2), which may mean that besides disc ir-
radiation, another component contributes to the ultraioptical
emission of GX 339-4 during HS1. Now, this could also be due
to an overestimation of the optical extinction and considgethe
large optical error bars, a good fit is also obtained whens fixed

to 2 (Figurd %, left panel). In this case;g = —0.74 & 0.04, still
consistent with optically thin synchrotron from the jett e ex-
tension of the jet power law does not match the X-ray spectrum
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Figure 3. Left: average OIR continuum during HS1. It is fitted with a powev laimicking the optically thin synchrotron from the compéet (g =
—0.63 £ 0.05), combined with a power law with a spectral indexcof = 2.73 = 0.37.

Right: ATCA+ISAAC+FORS2+XRT+PCA SED of GX 3394 during HS1. The jet's optically thick power law (=~ 0.15, magenta dotted-line) is extended
to the near-IR. The optically thin emission is roughly cetet, within the 3 uncertainties (black dotted-lines) with the X-ray spettrbeyond about
6 x 10'7 Hz, i.e. 2.5 keV. The accretion disc, derived from the X-rétjnig, is also superimposed.

(Figure[3, right panel). To perform a more quantitative gsial but at least one other process besides disc irradiation ptnchly
we usedDpIskIR combined with a jet near-IR power law to de- thin synchrotron must be taken into account to explain tleetsal
scribe the OIR/X-ray SED, but the best-fit, although stetidly continuum.
good, is rather unphysical. Indeed, the fraction of repssed X-
rays fout is found to be between 0.1 and 0.5, and the ratigLq
between the corona’s and disc’s luminosities as well assimpér- 41 GX339-4intheSS
ature of the disc are unconstrained. This either meanstipaige
of DISKIR is not relevant, or that disc irradiation combined with
the optically thin emission of the jet is not sufficient to céise Irradiation of the accretion disc has long been thought tmido
the OIR continuum of GX 3394 during HS1. nate the UV/optical emission of microquasars in the SS (sge e
Vrtilek et all[199D] van Paradijs & McClintock 1994), andstis

) ) certainly the case for GX 33%4. However, the derivedous =
3.4 Theaverage OIR continuum during HS2 0.050:57, although poorly constrained due to deredenning un-
Figure[B, which displays the OIR spectra during HS1 and HS2, certainties, is at least twice the value previously meabtioe
shows that the two spectra are very different. First, the B2~ GRS 1915+108 (Rahoui etlal. 2010). It would even be largeeif w
trum is clearly flatter in the near-IR, with a continuum lovieiK considered a higher value for the extinction along the L@Sy.(
but higher inH andJ. Then, the flux drops dramatically and it be- Av ~ 3.7,1Zdziarski et all 1998). We therefore believe that disc
comes fainter again fror We can exclude any calibration issue irradiation in GX 339-4 is enhanced, and two scenarios may be
as the explanation since the level reached in the opticatheat ~ invoked:
very well to that of thel barld. Moreover, we are not aware of (i) Pringlé [1995) anfl Maloney etlal. (1996) showed how non-
any FORS2 and/or ISAAC instrumental problem that could have 5yisymmetric radiation forces could induce warping of adiat.
occurred, so that we are forced to conclude that this dropas r |, ch a configuration, the disc’s surface illuminated ke ¢an-

4.1.1 Enhanced irradiation of the accretion disc

although the phenomenon responsible for such peculiaimanh tral source would be larger, and the higher the degree ofingrp
is difficult to understand. That said, v_ve7tested the stréagivard the higher the illumination. It is therefore possible tHae high
explanation, i.e. the detection of the jet’s spectral brégkfitting level of X-ray reprocessing observed in GX 339 is the con-

the spectrum with a model combining a broken and a simple powe sequence, at least partially, of a very warped accretion idia-
laws. We obtained a good fit, but the inferred slope{ —2 be- diated by the inner regions (see mooo coimger
yond the break at abo@5 x 10'* Hz) is steeper than expected GS 1124-68 and A0620-00). '

for optically thin synchrotron (see Figuié 6). This eithepiies (i) GX 339—4’s accretion disc is known to launch winds at
a more complicated emission mechanism within the jet sé@nar large radii M‘m4)_ Part of the X-ray and/or UYhis-
and/or another origin for the OIR continuum during HS2. sion could therefore be up-scattered by these winds backrtsw

the disc to heat it up locally. This would also enhance thé sel
irradiation of the disc, and would be added to the effect apivey
4 DISCUSSION (see e.d. Dubus etlal. 1999).

In the SS, the OIR continuum can be best described by irradia-
tion of the outer parts of the accretion disc. However, thiofthe
data with an irradiated disc model implies a high level ofroep
cessing, and an excess appears at lower frequencies. IrstheoH GX 339-4's emission exhibits a near-IR excess with respect to
only do the near-IR jet-dominated spectra exhibit rapidatems, the irradiated accretion disc emission. Before proceetlintper

4.1.2 The presence of a near-IR excess

(© 0000 RAS, MNRASD00, 000-000
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Figure 4. Same as Figuild 3 but here, the spectral index of the optigatplaw, oy, was fixed to 2 to mimic the Raleigh-Jeans tail of the irraatiadccretion
disc. In this case, the optically thin emissiamg = —0.74 & 0.04) is not consistent, within thead3uncertainties (black dotted-lines) with the X-ray

spectrum.

with our interpretation, we acknowledge that it could be tudis-
crepancies between the unknown spectral continuum of #re st
dard star HIP 68124 and the B2/3V synthetic model we made
use of in place to flux-calibrate our data. That said, the &xXse
magnitudes in the 2MASS, H, andKs filters are16.93 + 0.34,
15.70+0.22, and14.7640.15, respectively, approximatively sim-
ilar to the lowest published near-IR magnitudes to date 1(7,

~ 16, and15.2 + 0.3,/Chaty et al. 2002; Buxton & Vennes 2003).
Considering that the source is in the SS, when the radio-activ
ity is quenched[(Fender etlal. 1999), it is reasonable tonassu
that a compact jet contribution is at best marginal. We rathe
think that the near-IR excess is due to the secondary and, al-
though a very simple modelling, we believe that the use otalbl
body is appropriate. The companion star has never beeni-ident
fied, but based on the orbital parameters and lowest magsitud
in the optical bands, it is thought to be a G, K, or M giant or
subgiant [(Shahbaz etlal. 2001; Hynes ét al. 2004; Zdziatski e
[2004{ Mufioz-Darias et Al. 2008). The temperaflisg ~ 3348 K

that we derive is consistent with a M star. Moreover, a mass ra
tio ¢ ~ 0.125 (Mufioz-Darias et al. 2008) and a semi-amplitude
K. ~ 317 km s ! (Hynes et dl 2004) lead t®./a ~ 0.3
andasin(i) ~ 11.9 Ry (Zdziarski et al! 2004), henc®. ~
3.6/sin(i). The Rgs ~ 7.1 Ry value (for a minimum distance
Dpg ~ 6 kpc,l3), not unusual for an M sub-
giant, is therefore consistent if the inclination~ 30°, in agree-
ment with previous estimates. This implies~ 23.8 Ry and
Rouws ~ 1.2 R, which again are consistent with the orbital pa-
rameters of the system. However, Shahbaz|et al. (2001) meghsu
r = 20.1 £+ 0.1 in the off-state, and claimed that the undetected
companion star was responsible for 30% of the flux at maximum,
which givesr ~ 21.3. The inferred magnitude of the black body
is r ~ 20.4. While this seems to invalidate the companion star
hypothesis, such difference could actually be explainedrbital
variability (e.g. 0.4 magnitude in theband 2),
companion star irradiation by the accretion disc, and, niore
portantly, by the discrepancies in the optical between a sto
spectrum and a black body. We therefore believe that thisssis
indeed due to a M subgiant companion star, but further neat- a
mid-IR spectroscopic observations of the source in thetffe are
necessary for confirmation.

(© 0000 RAS, MNRASD00, 000—000

4.1.3 The HS1 case

There is a strong contribution of the optically thin syndhoa
emission of the jet to the OIR continuum. While this emission
seems to extend to the X-ray domain, whether or not it meats th
the jet is responsible for the hard X-ray emission is disedgze-
low. This result is not new and was first giveri in Corbel & Fande
M). Nevertheless, the use of spectroscopic OIR datiher
stead of photometric ones brings better constraints on dne c
tinuum, especially in the optical. As already mentioned;rec
tion disc irradiation as modelled with ti®skIR model cannot
alone explain the level of optical emission, as the derivadtion
of reprocessed X-rays is 10-50%, against 5% in the SS. Indeed
I@G) found that a maximum of a few percenteof th
incoming photons were absorbed by the accretion disc, aisd it
hard to believe that disc warping and/or wind up-scattedogld
increase the fraction to such a level. Moreover, the speicimlax
of the optical power law may be too high compared to that ex-
pected for the Raleigh-Jeans tail of a thermal procesxyudtihour
data do not allow us to be definitive. We therefore believe ltlea
sides irradiation, there must be some other physical, psrhan-
thermal, process to account for the OIR excess in the emisdio
GX 339-4. A self-consistent model including a more complex jet
and/or accretion physics is beyond the scope of this papse,H
we mention two processes that we believe to be the best atadid
at least in the case of GX 339

(i) the firstis pre-shock synchrotron as described in theé&a
work of the jet model presented lin Markoff et al. (2005). It-co
responds to the emission of a magnetised reservoir of electr
coming from the accretion flow (similar to a corona), that agm
in a thermal distribution at the base of the jet before theyam-
celerated into power laws. This region can produce a sigmific
UV/OIR emission, whose intensity and peak frequency roughl
depend on the region’s size and the distance within the ¢t fr
where the acceleration starts,

(i) the second, recently proposed in Veledina et al. (2patsp
involves synchrotron radiation from electrons located toeona
close to the BH. Nonetheless, the population has a non-tierm
distribution. This region produces a strong OIR emissiohose
intensity and peak frequency mainly depend on its size, arxi-a
ray/OIR anti-correlation is found. Combined with the titagging
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Figure 5. Comparison between the GX 33%@’s OIR deredenned spectra,
obtained during HS1 (gray) and HS2 (black).

X-ray/OIR correlation due to X-ray reprocessing within tisc,
this model can explain the pattern observed in the opticed{X

cross-correlation function of GX 3394 (Gandhi et di, 2008).

4.1.4 The HS2 case
42 GX 339—4intheHS

We are unsure of the phenomenon responsible for such peculia

continuum. A possible interpretation is that it is due to slaene
process that might be responsible, in addition to disc iatah,

for the optical excess during HS1. Indeed, we may be witness-

ing a shift of this component to the lower frequencies, where

peaks inH or J. This would explain the flatter slope of the opti-

cal excess, more consistent with disc irradiation. Suchi ishypre-
dicted for the two processes described in Sect. 4.2.1. Btarice,

.9), using the jet model presented in Mdr&bél

M), showed how changes in the emitting region’s sizécand

the distance from which acceleration starts led to prelsisgo-
chrotron peaking either in the UV/optical or the near-IRg(Fe 4

in their paper). However, another explanation could be aemor

complex compact jet’s spectral continuum, such as thosepted
inlPe’er & Casellal(2009). In their paper, the authors takelsdic
losses into account, both for power law and Maxwellian thetr

tions. Depending on the value of the magnetic field, they show

that this gives a large sample of continuum shapes. In pdatic
Figures 6, 7, and 8 in their paper, which displays profilesezor
sponding to a Maxwellian distribution for different magieedield
values, could correspond to the compact jet emission diBia.

4.2.1 Understanding the rapid near-IR continuum variaili

During HS1, the variability must be mainly driven by rapidctiu-
ations in the compact jet, and it is interesting that thisygimeenon
has almost no effect on the slope. This is a hint that the albfic

thin synchrotron emission is rapidly moving upwards or dewn
wards. This may imply rapid changes in the location — in flug an

frequency — of the undetected spectral br )2
i.e. significant variations at timescales at least as low(as Bf
the physical conditions at the base of the jet, such as theatiag
field and/or the base radius. Moreover, the fact that durigd H

) ) " Total
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Figure 6. Average OIR continuum during HS2. It is fitted with a broken
power law (g1 ~ —0.47 andajre &~ —2.94), combined with a power
law with a spectral index fixed tay, = 1.5. Clearly,ar» is too steep for
optically thin synchrotron radiation.

consistent with each other and that the extension of the-Ilfear
jet power law to the high energy domain roughly describes the
3-50 keVRXTE spectrum is surprising. It means that the opti-
cal and near-IR sub-second flickering observed in the HS.(se e
IGandhi et &ll. 2010; Casella eial. 2010) are smoothed outhead t
we observe the average behaviour of the compact jet beyand ab
a few hundred seconds. This is in good agreement with the exis
tence of tight near-IR/X-ray correlations in microquasiargen-
eral and GX 3394 in particular (see e.. Gleissner etlal. 2004;
9). In any case, in a recent study of Cygnud X

I@l), we argue that the extension of the alptic
thin synchrotron emission from the spectral break we détettte
mid-IR to they—ray domain matches pretty well to the ten-year
averaged polarised emission mentionmmm
contrast, the contribution of the compact jets to the X-rpgcs
trum RXTEPCA+HEXTE) is found marginal, a hint that it prob-
ably comes from a hot corona. In this context, a confirmatibn o
the domination of compact jets in the GX 339’s X-ray emission
could mean that both microquasars belong to two distinciiesn
perhaps differentiated by the mass-accretion rate lewvaloaru-
minosity (Russell et al. 2010; Coriat etlal. 2011; Sobolexekal.
2011).

Considering that we do not clearly understand the origin of
the near-IR emission of GX 339 during HS2, it is difficult to
speculate about the observed variations. The continuunore m
variable inH andJ than during HS1 and, althougk exhibits a
higher maximum-to-minimum flux ratio, it only stems froméler
sub-spectra angimax/ fmin = 1.15 + 0.04 otherwise. This be-
haviour could mean that the variations are not driven by #mees
processes, or that the compact jet contributes more tbl taiedJ
bands, in other terms that the spectral break is locateckindiar-

IR. It is also puzzling that the discrepancies observed én@iR
between both HS have no equivalent in RETHPCA spectra.
The reason could be that the X-ray data were obtained more tha
half a day after the OIR ones, i.e. an event could have oaturre
while GX 339-4 was being observed in the OIR before returning
to the “normal” during theRXTEobservations. But it could also
mean that the hard X-ray emission is due to another comppnent
and whatever happens to the jets has no consequence in the hig

the optical J, H, andK spectra, although non-simultaneous, are all energy domain, at least not at these timescales.

(© 0000 RAS, MNRASD00, 000-000
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5 CONCLUSION

We presented a comprehensive multi-wavelength study of
GX 339-4 inthe SS and HS, with a focus on the OIR spectral con-
tinuum. We showed that the SS is dominated by enhancedarradi
tion of the accretion disc, with an additional contributfoom a M
subgiant companion star. In one of the HS, the OIR emissamst
from the compact jet, disc irradiation, and maybe synchrofrom

the inner regions. The second HS spectrum exhibits a pecaia
tinuum which could be a hint of a more complex emission. Irhbot
cases, the near-IR spectrum is strongly variable on tinlesc

least as short as 20 s, which we suggested is a manifestdtion o

rapid variations of the magnetic field and/or nozzle radDar
results highlight the complexity of the OIR emission of a roic
quasar like GX 3394, and a good understanding of the source’s
behaviour in this spectral domain requires further in-degptectro-
scopic observations as well as theoretical modelling. htiqadar,

the use of an instrument allowing simultaneous integratiarthe
whole OIR range, such as ESO/X-shooter, would be of great hel
to investigate the variations — at long and short timescalefsthe
continuum in a more robust way. Finally, this strengtheesrnibed

of the James Webb Space Telescap&/'$7 for microquasar stud-
ies, as the unmatched sensitivity of NIRSpec and MIRI withal

a simultaneous spectroscopic coverage from 1 tpré0
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@ the optical spectra of GX 339 obtained using either the ESO
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Figure Al. Synthetic spectra used for the near-IR spectroscopic atdnd
stars in this study. Their measurBdV, J, H, Ks flux densities are super-
imposed.

APPENDIX A: FLUX-CALIBRATED SYNTHETIC
TELLURIC SPECTRA

In the near-IR, the lack of spectro-photometric standaadssm-
plies the use of synthetic spectra for flux-calibration s Fig-
ure[A] displays the Kurucz spectra we used in the near-IR, and
Figure[A2 displays the ones we used in the optical in ordexio e
tend the wavelength coverage beyond 1.02
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FigureB1. Observed optical andiband spectra of GX 3394 during Obs. 1 (top), 2 (middle), and 3 (bottom), full-scdédt) and zoom-in on the overlapping
region (right). The optical spectra derived using a symthstandard star template are displayed in red and the orieg thee ESO spectro-photometric
calibration in green. Thé band spectra are displayed in blue. Note that the tellusordiion features are still present in the green spectre.r@th spectra
displayed here are rebinned to a third of their real resmhutd improve the visibility of the optical/overlapping region. However, only the original ones
were used for SED fitting.
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