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A new type of high-energy binary system has been revealetid\NTEGRALsatellite. These
sources are being unveiled by means of multi-wavelengticalphear- and mid-infrared obser-
vations. Among these sources, two distinct classes areaaipge the first one is constituted of
intrinsically obscured high-energy sources, of which I@R318-4848 seems to be the most ex-
treme example. The second one is populated by the so-caifetgiant fast X-ray transients,
with IGR J17544-2619 being the archetype. We first give hegereeral introduction ofNTE-
GRAL sources, before reporting on multi-wavelength optical id-imfrared observations of a
sample constituted of 2INTEGRALsources. We show that in the case of obscured sources our
observations suggest the presence of absorbing mateuistl §ddor cold gas) enshrouding the
whole binary system. We finally discuss the nature of thesedifferent types of sources, in
the context of high energy binary systems, and give a saepétinification of all these dierent
types of high energy sources, based on their high energyepiep.
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1. Prelude

It was a couple of years ago the®™@nniversary of the discovery of the first X-ray extra-
solar source —Sco X-1-, reported on Decembér 262 by Giacconi et al. (1962) Nearly 50
years after these early X-ray ages, the X-ray sky has beengxely observed, but as we will see
unexpected discoveries are still to be expected! Sco Xelfitst X-ray source in the constellation
of Scorpius, became the prototype of Galactic high energwrli systems, in which it is now
commonly accepted that a compact objet (neutron star -N8lagk hole -BH-) accretes from a
so-called “companion”, “primary” or even “secondary” star

We will begin by a short introduction on the distinction beem low mass and high mass X-
ray binaries (LMXBs and HMXBs respectively). We will conti@ with a review oiINTEGRAL
sources (called IGRs in the following): the general resalitained byINTEGRAL the spatial
distribution, the modulation and absorption of sourcesalisred by this satellite. We will then
review some of the stellar winds properties, in order to ustded the basic theory on supergiant
fast X-ray transients (SFXTs), which will lead us to what wadl diere the grand unification of
supergiant X-Ray binaries.

The following section will describe an extensive multi-wngth study based on a sample of
IGRs, including the classical SFXT IGR J17544-2619, therimediate SFXT IGR J18483-0311,
and the obscured source IGR J16318-4848. We will finish wikhJA749.1-2733, which might be
the most obscured Be X-ray binary, before concluding anithgisome perspectives.

1.1 Galactic X-ray binaries

There are now 300 X-ray binaries (XBs) known in our Galaxyu(et al. 2006; Liu et al.
2007), that we can classify as LMXBs and HMXBs according ®nhture of the companion star
hosted in the high enery binary system.

1.1.1 LMXBs

There are 186 LMXBs (62% of the total number of high energyahinsystems): the com-
panion has a spectral type later than 8 &€ 1 My). The mass transfer is done through Roche
Lobe filling, via angular momentum loss through an accretiat. LMXBs are concentrated in
the Galactic bulge due to the fact that the companion staisgless massive than the Sun, are old
stars. The compact object can be either a BH or a NS. When this M8gnetized, they are Z or
Atoll sources according to their hardness-intensity diagnes.

1.1.2 HMXBs

There are 114 HMXBs (38% of the total number of high energyabjirsystems): the com-
panion has an OB spectral typil & 10 My). The mass transfer occurs either via a decretion disk
(O€gBe systems), or a strong wind or even via Roche lobe fillingH{a case of supergiant XBs,
later called sgXBs). These systems are concentrated indfeel® plane. They are separated in 3
distinct groups according to the nature of their compantarn s

IR. Giacconi won the 2002 Physics Nobel prize for this discpve
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e The group of BgX-ray Binaries (BeXBs, also called B&ray transients) constitute the ma-
jority of HMXBs. The companiofdonor star is in this case a main sequence Be spectral
type star. The compact object is a NS located on a wide and maiadie eccentric orbit,
and it is spending little time in close proximity to the dergeumstellar decretion disk sur-
rounding the Be companion (Coe 2000; Negueruela 2004).slanX-ray outbursts occur
when the compact object passes through the Be-star disetiagcfrom the low-velocity
and high-density stellar wind. It then exhibits hard X-rggstra during the outburst.

e The group of sgXBs is made of binaries hosting a donor supetrgarly-type OB star. The
compact object is a NS orbiting deep inside the highly supecsstellar wind (Kaper et al.,
2004). sgXBs are still separated in two distinct groupspetiog to the accretion process:

— In the wind-fed systems, the X-ray luminosity is powered bgration from the strong
steady radiative stellar wind, creating a persistent Xsayrce [ ~ 10336 ergst).
These systems exhibit large variations on short times¢diesto wind inhomogeneities),
and a stable flux on the long run. The compact object orbitsabosa orbit Pgrp < 15d)
with low eccentricity.

— In the Roche-lobe overflow systems (so-called classicaghliir sources), the matter
flows via the inner Lagrangian point forming an accretiorcdigiving a high X-ray
luminosity Ly ~ 10°8 erg s1) during outbursts. We point out that Cyg X-1 is the only
sgXB hosting a confirmed BH.

e Finally, the last group of HMXBs is constituted of all the ethmain sequence or giant type
companion HMXBs (including the symbiotic systems).

1.2 The Corbet Diagramme

Corbet (1986) reported a plot of the NS spin period versusthigal period of HMXBs. This
plot, now known as the "Corbet Diagramme", shows that thgp8gyf HMXB pulsators (BeXBs,
wind-fed and Roche-lobe filling sgXBs) segregate intibedent regions of this diagramme, owing
to the complex feedback processes between modulationdsesiod dominant accretion mecha-
nism.

A correlation is observed in Be systems, due to the fact theyt ccrete significant angular
momentum to be able to form an accretion disc. On the othed,h@ncorrelation is observed in
supergiant systems, because of the low net angular momenftaotreted matter: if an accretion
disc is formed during accretion of matter, it must be of ti@mg nature.

2. And then INTEGRALarrived...

TheINTEGRALobservatory is an ESA satellite launched on 17 October 29G2PROTON
rocket on an excentric orbit. It is hosting 4 instruments:ray coded-mask telescopes —the imager
IBIS and the spectro-imager SPI, observing in the range Y01KeMeV, with a resolution of 12
and a field-of-view of 19-, a coded-mask telescope JEM-X (3-100 keV), and an optitedtope
(OMC).
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One of the important results t(NTEGRALhas been obtained during the deep observation of
our Galaxy the Milky Way, allowing to show that thefilise X-ray background, below 80 keV,
could be entirely resolved into X-ray point sources (Lebetial., 2004).

2.1 They-ray sky seen byINTEGRAL

They-ray sky seen byNTEGRALIs very rich, since 499 sources have been detectedNby
TEGRAL reported in the 8 IBIS/ISGRI softy-ray catalogue, spanning 3.5 years of observations
in the 20-100 keV domain (Bird et al., 2067)Among them, 214 were discovered INTEGRAL,
while the remaining 285 were previously known.

Among these sources, there are 147 XRBs (29% of the total euofdNTEGRALsources),
163 AGNs (33%), 27 CVs (5%), and 20 sources of other type (4%)SNRs, 2 globular clusters,
2 SGRs and 1 GRB. 129 objects still remain unidentified (26%)e XRBs are separated in 82
LMXBs (16%) and 78 HMXBs (16%). Among the HMXBs, there are 2&@s (31% of the total
of HMXBs) and 19 sgXBs (24% of the total of HMXBS).

It is interesting to follow the evolution of the ratio betweBeXBs and sgXBs. During the
preANTEGRALera, HMXBs were mostly BeXBs systems. For instance, in thalegue of 130
HMXBs by Liu et al. (2000), there were 54 BeXBs (42% of the totamber of HMXBs) and 7
sgXBs (5%). Then, the situation changed with the first HMX@anitified byINTEGRAL in the
catalogue of HMXBs of Liu et al. (2006), out of 114 HMXBs$128 in Magellanic Clouds), there
were 60% of BeXBs and 32% of sgXBs firmly identified. Therefdhe ratio of BeXBAHMXBs
increased by a small factor of 1.5, while the one of sgkB4XBs increased by a much higher
factor of 6.

We will see later that the two highlights 6t TEGRALIN the XRB domain are first the emer-
gence of an obscured population of sgXBs, and then the emmrgef the SFXT class (12 candi-
dates). In the 4 following subsections we give a summary @ftady reported in Bodaghee et al.
(2007), for more details the reader can refer to this exhauanhd excellent paper.

2.2 The Galactic spatial distribution

We first examine the impact of stellar evolution of massivealies on the formation of binary
systems, by looking at the spatial distribution of binargteyns with known distances on a Galactic
spiral 4-arm model (based on locations of star-formingaegi-SFRs— and related complexes: OB
stars, molecular clouds, HIl regionsfldise ionised gas; see Russeil 2003).

LMXBs, hosting old companion stars which had the time to ietigidT the Galactic plangl|
> 3-5°), are found to be concentrated in or near the Galactic bulgersvold globular clusters
reside, peaking at the center and decreasing graduallytkéthalactocentric radius, suggesting an
association with the Galactic bar.

On the contrary, HMXBs, hosting young companion stars, ameantered in recent stellar
formation sites, in the outer disk and arms where young staagormed, following the HJCO
distribution. Underabundant in central few kpc, their wredistribution along the Galactic plane
reflects the Galactic spiral structure. Indeed, they cdmevith the active young massive SFRs,

2At the time of writing this paper, the 4th catalogue is neadynpleted. See an updated list of IGR sources at
httpy/irfu.cea.fySaplGR-Sources
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peaking afl ~ +3(° towards tangential directions of inner spiral arm tangéNtsrma and Scu-
tunmySagittarius) and towards a molecular ring located atkpc from the Galactic center.

The spread of latitude distributions from the Galactic planiarger in LMXBs than in HMXBs
due to the relative young HMXB companions. Such evolutipregnatures had been already no-
ticed by Ginga (Koyama et al., 1990) and RXTE (Grimm et alQ20but on smaller samples.
However we point out that the exposure map is heterogenebrsording to their angular distri-
bution and transience, the population of yet unclassifiedcss is likely composed primarily of
Galactic LMXBYCVs. The distribution of miscellaneous sources is simiafdMXBs.

Since the propagation of density waves promotes stellandtion in spiral arms (Lin et al.,
1969), the distribution of HMXBs isféset with directions of spiral arm tangents because it reguir
~ 10 Myr before one of the stars in a binary system collapsesaitiSBH. The Galactic rotation
induces changes in the apparent positions of the arms,ncpasdelay between star formation
epoch and time of maximum number of HMXBs. Therefore theantty active star-forming sites
should be about 40° away from regions which were active 10 Myr ago and producectthrent
HMXBs (Lutovinov et al. 2005; Dean et al. 2005; Bodaghee e2@07).

2.3 Absorption

IGRs column densities are higher (by a factorof) than expected from the radio maps. Pre-
viously known sources hadNy >= 1.2x 10?2 cm~2, while IGRs exhibit< Ny >= 4.8x 10%% cm 2.
Galactic IGRs are HMXBs with higiNy (~ 10°° cm™2). The question which arises is therefore:
are the Galactic IGRs intrinsically absorbed due to the gegnof the absorbing material, or ex-
trinsically due to their location along the dusty Galactiane? While the line-of-sight absorption
shows that there are potential clustering or asymmetritreeitocal distribution of matter, the high-
est value of GalactitNy is ~ 3x 10?2 cm 2 (Dickey & Lockman, 1990). It seems therefore that
the high absorption is intrinsic to IGRs. ISGRIZ0 keV) is immune to absorption that prevented
discovery of absorbed sources with earlier soft X-ray tipss.

The most heavily-absorbed Galactic sourddg £ 107 cm2) are found in the direction to-
wards the Norma Arm region, the most active formation sitgoafng supergiant stars (Bronfman
et al., 1996) —precursors to the absorbed HMXBs— and thec&GaBulge and Scutufagittarius
arms.

2.4 Modulations

Strong magnetic fields in NS XRBs produce non-sphericaligragtric emission patterns: due
to misaligned magnetic and rotation axes, pulsations ane isethe X-ray light curve. Most IGRs
have spin period®spin = 100 - 1000s, i.e. 10 times longer thaRsyin> of pre-IGRs.

IGRs exhibiting extreme modulations are:

e IGRJ0029%5934, withPspin = 1.7 ms, is the fastest accretion-powered pulsar (Galloway
et al., 2005),

e IGRJ16358 - 4726, withPspin = 6000 s, is the slowest NS rotator (Lutovinov et al. 2005;
Patel et al. 2007).
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Why do HMXB IGRs have longer pulse periods? sgXBs are wirtlsigstems with strong
magnetic fields that tend to have the longest pulse periads @orbet 1984).INTEGRALand
XMM-Newtonfeature long orbital periods around Earth. The distributid IGR Py, exhibit a
bimodal shape similar to the one known beféTEGRAL, with 2 populations: LMXBs (and
CVs, SNRs...) exhibit shortd?o,, and HMXBs longerPyrp. The CorbetPspin - Porp diagramme
shows that the majority of IGRs is located among other knowrdvfed sgXBs. BeXBs have in
general longePq, than sgXBs (this was already known, see e.g. Stella et ab)198TEGRAL
is therefore not just finding new HMXBs pulsars, but predamity long-period sgXBs.

2.5 Modulation vs Absorption

The accretion fliects thePspin of a NS, depending on the velocity at the corotation radig® (
where the magnetic field regulates the motion of matter:

e if Vo > Vkepler: the material is spun away, taking angular momentum, antighslows down
due to "propellor mechanism" (lllarionov & Sunyaev, 1975).

e if Vo < Vkepler: the material is accreted onto the NS, which either spinsrugpoewn depend-
ing on the direction of the angular momentum with respechs NS spin (Waters & van
Kerkwijk, 1989).

Since the spherically-symmetric accretion on a NS is drivethe wind of the companion star,
the HMXB pulsar spin rate is regulated by the stellar windudagmomentum of the companion
star. The wind density of a supergiant star has the fofec r=2. For Be stars, because stellar
winds have dense and slow equatorial outflows and thin fdat pands (Lamers & Waters, 1987),
the wind density drops fastep(r) o r=2 (Waters et al., 1988). In addition, there are stronger tignsi
and velocity gradients inside the capture radius of the N®pth radial and azimutal directions.
Wind-fed accretion is therefore moréieient at delivering angular momentum to the NS in BeXBs
than it is in sgXBs (Waters & van Kerkwijk, 1989).

3. Now that INTEGRALIs orbiting... let the show go on!

TheINTEGRALobservatory has performed a detailed survey of the Galpletize. The ISGRI
detector on the IBIS imager has discovered many new higlggreedestial objects, most of which
have been reported in Bird et al. (2007). The most importastilt ofINTEGRALto date is the
discovery of many new high energy sources — concentratdieiGalactic plane, and towards the
Norma arm, a region of our Galaxy full of star forming regiprsexhibiting common character-
istics which previously had rarely been seen (see e.g. Gh&dijliatre 2005). Many of them are
high mass X-ray binaries (HMXBs) hosting a NS orbiting aam OB companion, in most cases
a supergiant star. They divide into two classes: some of ¢éwe sources are very obscured, ex-
hibiting a huge intrinsic and local extinction, —the mosreme example being the highly absorbed
source IGR J16318-4848 (Filliatre & Chaty, 2004)—, and tteis are HMXBs hosting a super-
giant star and exhibiting fast and transient outbursts —rarswal characteristic among HMXBs.
These are therefore called Supergiant Fast X-ray Trarss{8ftXTs, Negueruela et al. 2006), with
IGR J17544-2619 being their archetype (Pellizza et al.6200
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Nearly all theNTEGRALHMXBs for which both spin and orbital periods have been messu
are located in the upper part of the Corbet diagramme (Cotl9&6). They are wind accretors,
typical of sgXBs, and X-ray pulsars exhibiting longer ptilsa periods and higher absorption (by
a factor~ 4) as compared to the average of previously known HMXBs (Bbda et al., 2007).
This extra absorption might be due to the presence of a cosbdusfcold gas enshrouding the
whole binary system in the case of the obscured sources.nfiirgsic properties of the supergiant
companion star could therefore explain some propertiebede sources. However fidgirences
exist between obscured sources and SFXTs, which might baie&g by the geometry of the
binary systems, aridr the extension of the wiridocoon enshrouding either the companion star or
the whole system. Indeed, obscured sources are naturglgiesd by a compact object orbiting
inside a cocoon of dust arat cold gas, while the fast X-ray behaviour of SFXTs needsimply
stellar wind environment, to account for fast and transéemretion phenomena (see Figure 2, left
and right panels respectively, and Chaty & Rahoui 2006).

How to reveal the nature of these newly discovered IGRs? Jdigdrgy observations are not
suficient to reveal their nature, since tHRdTEGRALISGRI localisation £ 2’) is not accurate
enough to unambiguously pinpoint and identify the couratgrpt other wavelengths. Once X-ray
satellites such a8MM-Newton Chandrag or Swiftprovide an arcsecond position, the hunt for the
optical counterpart of the source is open. However, the kagbl of absorption due to interstellar
dust and gas towards the Galactic pjaeatre makes the near-infrared (NIR) domain mdfeient
for identifying these sources.

On the other hand, multi-wavelength observations allovowstudy various components of the
system, emitting in various wavelength domains, dependimiie nature of the sources. There is a
complementarity of telescopes from space to ground, stawith the discovery of the high energy
source by Xy-ray satellites such alNTEGRAL, and then its localization in X-rays bYMM-
Newton Swift or evenChandrg bringing a sub-arcsecond localisation. After this |azatiion,
the counterpart can be further looked for in radio (VLA),ioat andor infrared wavelengths (for
instance using ESO facilities).

In this section we now report on multi-wavelength obseoratiof a sample of IGRs, belonging
to both classes described above, and we then give genentisres IGRs, before discussing them
and concluding.

3.1 Multi-wavelength observations oI NTEGRALSources

To better characterize this population, Chaty et al. (20B&houi et al. (2008) and Tomsick
et al. (2007) studied a sample of 21 IGRs belonging to botssela described above. Most IGRs
of this sample are X-ray pulsars, with higlpin from 20 to 5880s an.p, ranging from 3 to 14
days. They are therefore HMXBs wind accreting supergiatsording to the Corbet diagramme.
The multiwavelength observations were performed from 2@02008 at the European Southern
Observatory (ESO), using Target of Opportunity (ToO) ansitgi modes, in 3 domains: optical
(400- 800 nm) with EMMI, NIR (1- 2.5 um) with SOFI, both instruments at the focus of the
3.5m New Technology Telescope (NTT) at La Silla, and midardd (MIR, 5- 20 um) with the
VISIR instrument on Melipal, the 8m Unit Telescope 3 (UT3}luf Very Large Telescope (VLT) at
Paranal (Chile). They also used data from the GLIMPSE sunt/&pitzer With these observations
they performed accurate astrometry, identification, pimetoy and spectroscopy on this sample of
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IGRs, aiming at identifying their counterparts and the ranf the companion star, deriving their
distance, and finally characterising the presence and tetpe of their circumstellar medium, by
fitting their spectral energy distribution (SED).

Some results are reported in Table 1. Before describing sbthese multi-wavelength results
in detail, we first mention the main results of this study. 15hese IGR sources were identified
as HMXBs, and among them 12 HMXBs containing massive andriaas early-type companion
stars Chaty et al. (2008). By combining MIR photometry, attiihfj their optical-MIR SEDs,
Rahoui et al. (2008) showed that (i) most of these sourcetbigxm intrinsic absorption and (ii)
three of them exhibit a MIR excess, which they suggest to leetduhe presence of a cocoon
of dust angbr cold gas enshrouding the whole binary system, with a teatpes of T4 ~ 100K,
extending on a radius &y ~ 10 R, (see also Chaty & Rahoui 2006).

3.2 Supergiant Fast X-ray Transients
3.2.1 General characteristics

Supergiant Fast X-ray transients (SFXTs) are high-masayXbinary systems hosting NS
orbiting around sgOB companions. They constitute a newsad@isources identified among the
recently discovered IGRs, exhibiting the following comnutraracteristics: rapid outbursts lasting
only for hours, faint quiescent emission, high energy spequiring a BH or NS accretor, and
supergiant OB companion stars. The flares have the folloahiagacteristics: their rise last for tens
of minutes, the total duration is ef 1 hour, their frequency of 7 days, and their luminositlyy ~
10% erg s at the outburst peak. These sources are therefore chiadtély general properties
which are diferent from “classical” HMXBs.

3.2.2 IGR J17544-2619: Archetype of the SFXTs

IGR J17544-2619, a bright recurrent transient X-ray sodiseovered byNTEGRALon 17
September 2003 (Sunyaev et al., 2003), seems to be theetgpeh Observations witKMM-
Newtonhave shown that it exhibits a very hard X-ray spectrum, anelatively low intrinsic ab-
sorption Ny ~ 2x 10?2 cm™2, Gonzélez-Riestra et al. 2004). Its bursts last for hound jmbetween
bursts it exhibits long quiescent periods, which can reacterthan 70 days. The X-ray behaviour
is complex on long, mean and short-term timescales: rapiesfiare detected HNTEGRALon all
these timescales, on pointed and 200s binned lightcurvétéaderas & Chaty, 2008b). The com-
pact object is probably a NS (in't Zand, 2005). Pellizza e(2006) managed to get optigdIR
ToO observations only one day after the discovery of thigamuThey identified a likely coun-
terpart inside theXMM-Newtonerror circle, confirmed by an accurate localization fréfmandra
Spectroscopy showed that the companion star was a bluegsamteof spectral type O9lb, with a
mass of 25- 28 M, a temperature of ~ 31000 K, and a stellar wind velocity of 26520 km s
(which is faint for O stars): the system is therefore an HMX®l(izza et al., 2006). Rahoui
et al. (2008) combined optical, NIR and MIR observations sinowed that they could accurately
fit the observations with a model of an O9lb star, with a terapge T, ~ 31000 K and a radius
R, =219 R,. They derived an absorption,A 6.1 magnitudes and a distanceL3.6 kpc. There-
fore the source does not exhibit any MIR excess, it is wedlditty a unique stellar component (see
Figure 1, right panel, Rahoui et al. 2008).



Table 1: Results on the sample of IGRs; more details are given in Gitagly (2008). We indicate respectively the name of the sjithe region of the Galaxy
in the direction which they are located (No: Norma, GC: GataCentre), their spin and orbital period, (in seconds aagsdrespectively), and absorption
derived from observations of the interstellar, optica)-4Rd X-ray derived column density respectively (in unitd 6% cm2), their spectral type, their nature
and reference on these sources. Type abbreviations: A@btive Galactic Nucleus, B- Burster, BHC= Black Hole Candidate, C¥ Cataclysmic Variable,
D = Dipping source, H= High Mass X-ray Binary system, IR Intermediate polar, = Low Mass X-ray Binary, G= Obscured source, £ Persistent source,
S = Supergiant Fast X-ray Transient, T: Transient source, XfPayKPulsar. Reference are: c: Chaty et al. (2008), co: Catal. (2006), f: Filliatre & Chaty
(2004), h: Hannikainen et al. (2007), m1: Masetti et al. @0D2: Masetti et al. (2006) n1: Negueruela et al. (2005),M&gueruela et al. (2006), p: Pellizza
et al. (2006), t: Tomsick et al. (2006).

Source Reg &s) Py(d) Nuis NylIR  NyX SpT Type Ref
IGRJ16167-4957 No 0.2085 22 0.23 0.5 A0 Juavs t,m2
IGRJ16195-4945 No 218 29 7 OB 20 t
IGRJ16207-5129 No 1.73 2.0 3.7 BOI /@ t,m2
IGRJ16318-4848 No 206 3.3 200 sgBle] /OfP f
IGRJ16320-4751 No 1250 8.96(1) 2.14 6.6 21 sgOB /XPT/O o
IGRJ16358-4726 No 5880 220 33 33 sgOB /XA/T/O c
IGRJ16393-4643 No 912 4.2 219 219 2498 BIV-V? /XAT c
IGRJ16418-4532 No 1246  3.753(4) 188 2.7 10 sgOB? /XRAAS c
IGR J16465-4507 No 228 2.12 1.1 60 BO.5I J/H nl
IGRJ16479-4514 No 3.32 2.14 34 7.7 sgOB /SH c
IGR J16558-5203 - - - - - - Seyl.2 AGN m2
IGRJ17091-3624 GC 0.77 1.03 1.0 L /BHC c
IGRJ17195-4100 GC 11394 0.16875 0.77 0.08 /IeV  tm2
IGRJ17252-3616 GC 413 9.74(4) 156 3.8 15 sgOB /XPO c
IGRJ17391-3021 GC 1.37 1.7 29.98 O8lab(f) /S n2
IGRJ17544-2619 GC 4.926 1.44 11 14 09lb S p
IGRJ17597-2201 GC 1.17 284 450 L /B/D/P c
IGR J18027-1455 - - - - - - Seyl AGN m1,co

IGRJ18027-2016 GC 139 4.5696(9) 1.04 153 9.05 sgOB /XPAT c
IGRJ18483-0311 GC 21.05 1855 1.62 245 27.69 sgOB? /XPH c
IGR J1914@-0951 13.558(4) 1.68 2.9 6  sgBO.5l /O h
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Figure 1: Optical to MIR SEDs of IGR J16318-4848 (left) and IGR J17%84:9 (right), including data
from ESQNTT, VISIR on VLT/UT3 andSpitzer(Rahoui et al., 2008). IGR J16318-4848 exhibits a MIR
excess, interpreted by Rahoui et al. (2008) as the signatarstrong stellar outflow coming from the sgB[e]
companion star (Filliatre & Chaty, 2004). On the other hd@R J17544-2619 is well fitted with only a
stellar component corresponding to the O9lb companiorsgactral type (Pellizza et al., 2006).

In summary, IGR J17544-2619 is an HMXB at a distance 86 kpc, constituted of an O9lb
supergiant, with a mild stellar wind and a compact objectolviié probably a NS, without any MIR
excess.

3.2.3 Classification of SFXTs

We can divide the SFXTs in two groups, according to the domagind frequency of their

outbursts, and thei{:]—ia: ratio. The classical SFXTs exhibit a very low quiescehgeand a high
variability, while intermediate SFXTs exhibit a higheLty>, a Iowert%f: and a smaller variabil-
ity, with longer flares. SFXTs might appear like persistagXBs with <Ly> below the canonical
value of~ 10°® erg s1, and flares superimposed. But there might be some obsershtiases,
therefore the distinction between SFXTs and sgXBs is notaedined yet. While the typical hard
X-ray variability factor (the ratio between the deep quas®e to outburst flux) is less than 20 in
classicalabsorbed systems, it is higher than 100 in SFXTs (some soware exhibit flares in a
few minutes, like for instance XTE J1739-302 & IGR J17544:26 Intermediate SFXTs exhibit

smaller variability factors.

SFXT behaviour: clumpy wind accretion?

Such sharp rises exhibited by SFXTs are incompatible wighattbital motion of a compact
object through a smooth medium (Negueruela et al. 2006,hsehial. 2006, Sguera et al. 2005).
Instead, flares must be created by the interaction of thesthiegrcompact object with the dense
clumpy stellar wind (representing a large fraction of smeﬂ%). In this case, the flare frequency
depends on the system geometry, and the quiescent emissilre ito accretion onto the com-
pact object of diluted inter-clumps medium, explaining #eey low quiescence level in classical
SFXTs. To explain the emission of sgXB&XTs, Negueruela et al. (2008) and Walter & Zu-
rita Heras (2007) invoke the existence of two zones arouadstipergiant star, of high and low
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clump density respectively. This would naturally expldie smooth transition between sgXBs and
SFXTs, and the existence of intermediate systems; the mi@@mehce between the classical sgXBs
and the SFXTs being in this scenario the NS orbital radius:

e Obscured sgXBs (persistent and luminous systems) woukl$tast and circular orbit inside
the zone of high clump densitRgn ~ 2 R,).

¢ Intermediate SFXTs would have short orbits, circular oreatgc, and possible periodic
outbursts.

e Classical SFXTs would have larger and eccentric orbitalsad

Macro-clumping scenario
Each SFXT outburst is due to the accretion of a single clusgyming that the X-ray lightcurve
is a direct tracer of the wind density distribution. The tgliparameters in this scenario are:

e a compact object with large orbital radius: RQ,
e aclump size of a few tenths dR,,,

a clump mass of #-23g (for Ny = 107223 cm2),

a mass loss rate of 166 Mg/yr,

a clump separation of ord®, at the orbital radius,

a volume filling factor: 0.02-0.1

The flare to quiescent count rate ratio is directly relatem% density ratio, which
ranges between:

e 15-50 for intermediate SFXTs, and

e 107 for "classical" SFXTs.

A very high degree of porosity (macroclumping) is requiredeproduce the observed out-
burst frequency in SFXTs, in good agreement with UV line pesfand line-driven instabilities at
large radii (Oskinova et al. 2007; Runacres & Owocki 2005]t@va& Zurita Heras 2007). The
number of clumps vs radius in a ring of width,2. and height 2 is given in Oskinova et al.
(2007), for a velocity law with bete0.8 and porosity parametep = 0.35.

Difference between sgXB and SFXT

A basic model of porous wind predicts a substantial changfesiproperties of the wind "seen
by the NS" at a distanae~ 2 R, (vertical asymptote in Figure 1 of Negueruela et al. 2008)ere
we stop seeing persistent X-ray sources. There are 2-regime

e either the NS sees a large number of clumps, because it isdelethén a quasi-continuous
wind;
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e or the number density of clumps is so small that the NStiscéively orbiting in an empty
space.

sgXBs can only lie within a given distance between the NS hadtipergiant star (Negueruela
& Schurch, 2007).

Classes of wind accretors

In their Figure 2, Negueruela & Schurch (2007) represensthttar wind of high (coloured
area) and low (blank area) clump density respectively. Theuced area represents the left part of
the asymptote in Figure 1 of the same paper. The HMXB configura are:

e SFXTs on the left (circular orbit, NS outside the high dgnzitne);

e SFXTs on the right (highly eccentric orbit, longer quiesteintervals), with the NS grazing
the coloured area at periastron (as IGR JOGHAR22);

¢ Intermediate systems if the NS is inside the narrow tramsitione;

e sgXBs: the NS is always inside the coloured area.

The observed division between sgXBs (persistent sgXBs,TSEF)éegular outbursters) is there-
fore naturally explained by simple geometricaffdiences in the orbital configurations.

IGR J18483-0311: an intermediate SEXT?

X-ray properties of this system were pointing towards an FXguera et al., 2007), however
it exhibits an unusual behaviour: its outbursts last fovadays (to compare to hours for classical
SFXTs), and the rati.may/Lmin ~ 10° (its quiescence is therefore at a higher level than the ratio
~ 10* for classical SFXTs). Moreover, its orbital peri®g,;,=18.5d is low compared to classical
SFXTs (with larggeccentric orbits). Finally, its orbital period and spinipér(Pspin=21.05s) lo-
calized it inbetween Be and sgXBs in the Corbet Diagrammegefore in an ambiguous position.
Rahoui & Chaty (2008) identified the companion star of thitegn as a B0.5la supergiant, unam-
biguously showing that this system is an SFXT. Furthermibrey suggest that this system could
be the first firmly identified intermediate SFXT, charactedizy short, eccentric orbit (e between
0.4 and 0.6 according to Rahoui & Chaty 2008), and long ostbur This "intermediate” SFXT
nature would explain its unusual characteristics amorgg4ital" SFXTSs.

3.3 Obscured HMXBs: IGR J16318-4848 —an extreme case—

IGR J16318-4848 was the first source discovered by ABISRI onINTEGRALon 29 Jan-
uary 2003 (Courvoisier et al., 2003), with ahcertainty. XMM-Newtonobservations revealed
a comptonised spectrum exhibiting an unusually high lef@bsorption:Ny ~ 1.84x 10?4 cm™2
(Matt & Guainazzi, 2003). The accurate localisationXiiM-Newtonallowed Filliatre & Chaty
(2004) to rapidly trigger ToO photometric and spectroscagiservations in opticdlIR, leading
to the confirmation of the optical counterpart (Walter et2003) and to the discovery of the NIR
one (Filliatre & Chaty, 2004). The extremely bright NIR soei(B>25.4+/-1; 1=16.05+/-0.54,
J=1033+0.14; H=8.33+0.10 and Ks= 7.20+ 0.05 magnitudes) exhibits an unusually strong
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intrinsic absorption in the opticald; = 17.4 magnitudes), 100 times stronger than the interstel-
lar absorption along the line of sighf( = 11.4 magnitudes), but still 100 times lower than the
absorption in X-rays. This led Filliatre & Chaty (2004) toggiest that the material absorbing in
X-rays was concentrated around the compact object, whilertaterial absorbing in optigallR
was enshrouding the whole system. The NIR spectroscopyei@@b— 2.5 um domain allowed

to identify the nature of the companion star, by revealingiansual spectrum, with many strong
emission lines:

e H, Hel (P-Cyq) lines, characteristic of defisaised wind at a velocity of 400 kfs,
¢ Hell lines: the signature of a highly excited region,
¢ [Fell]: reminiscent of shock heated matter,

e Fell: emanating from media of densities10° — 10° cm3,

Nal: coming from colddense regions.

All these lines are originating from a highly complex andsfred circumstellar environment
of various densities and temperatures, suggesting themgesof an envelope and strong stellar
outflow responsible for the absorption. Only luminous e&ypye stars such as supergiant sgBJe]
show such extreme environments, and Filliatre & Chaty (2@@fcluded that IGR J16318-4848
was such an unusual HMXB, hosting a sgB[e] with characteristinosity of 1¢ L, and mass
of 30 My, (see also Chaty & Filliatre 2005).

The question of this huge absorption was still pending, anlgt MIR observations would
allow to solve this question, and understand its origin. Bgnbining these optical and NIR data
with new MIR observations, and fitting these observationt \ai model of a sgB[e] companion
star, Rahoui et al. (2008) showed that IGR J16318-4848 whibiirg a MIR excess (see Figure
1, left panel), that they interpreted as being due to thengtsiellar outflow emanating from the
sgB[e] companion star. They found that the companion stdrah@mperature off, = 22200 K
and radiusR, = 204 R, = 0.1a.u., consistent with a supergiant star, and an extra coempaf
temperature E 1100K and radius R 119 R, = 1a.u., with A, = 17.6 magnitudes. Recent MIR
spectroscopic observations with VISIR at the VLT showed tha source was exhibiting strong
emission lines of H, He, Ne, PAH, Si, proving that the extraabing component was made of
dust and cold gas.

By taking a typical orbital period of 10 days and a mass of th@aganion star of 20, we
obtain an orbital separation of #%,, smaller than the extension of the extra component of gast
(= 240Ry), suggesting that this component enshrouds the wholeybsyastem, as would do a
cocoon of gg&lust (see Figure 2, left panel).

In summary, IGR J16318-4848 is an HMXB system, located atstadce between 1 and
6 kpc, hosting a compact object (probably a NS) and a sgBe] (dtis therefore the second
HMXB with a sgBJe] star, after Cl Cam; see Clark et al. 1999heTmost striking facts are (i)
the compact object seems to be surrounded by absorbingiahated (ii) the whole binary system
seems to be surrounded by a dense and absorbing circumstatierial envelope or cocoon, made
of cold gas an@r dust. This source exhibits such extreme characterigtatst might not be fully
representative of the other obscured sources.
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3.4 The Grand Unification: different geometries, diferent scenarios

In view of the results described above, there seems to betamgoos trend, from classical
andor absorbed sgHMBS, to classical SFXTs. We outline in thieiohg this trend.

e In"classical" sgXBs, the NS is orbiting at a few stellar radhily from the star. The absorbed
(or obscured) sgXBs (like IGR J16318-4848) are classicABsghosting NS constantly or-
biting inside a cocoon made of dust @mdcold gas, probably created by the companion star
itself. These systems therefore exhibit a persistent Xemjssion. The cocoon, with an
extension of~ 10R, = la.u., is enshrouding the whole binary system. The NS hasadl sm
and circular orbit (see Figure 2, left panel).

e In "Intermediate” SFXT systems (such as IGR J18483-03hE) NS orbits on a small and
circulayexcentric orbit, and it is only when the NS is close enouglh¢osupergiant star that
accretion takes place, and that X-ray emission arises.

¢ In"classical" SFXTs (such as IGR J17544-2619), the NS @dnita large and excentric orbit
around the supergiant star, and exhibits some recurrerghantitransient X-ray flares, while
it comes close to the star, and accretes from clumps of maiteing from the wind of the
supergiant. Because it is passing through more diluted umedhe {22* ratio is higher for

"classical" SFXTs than for "intermediate" SFXTs (see FégRyright panel).

Although this scenario seems to describe quite well theaataristics currently seen in sgXBs,
we still need to identify the nature of many more sgXBs to aomthis scenario, and in particular
the orbital period and the dependance of the column densitytiae phase of the binary system.

3.4.1 Obscured Be X-ray binary systems?

Now that we have described the obscured sgXBs, we point atiintb might have found the
most highly absorbed and distant Be star in a HMXB system: A%9.1-2733. This system is an
HMXB pulsar, with aPy,=185d and &spin=66s, and flares lasting for 12 days. Its characteristics
are therefore typical of Be star in HMXB pulsars. Zurita HegaChaty (2008a) have identified
its optical counterpart: it is a Be star exhibiting a highdesf absorption Kl = 2x 10°° cm2),
located far away in our Galaxy-(8.5 kpc), probably similar to the BeXB 2S 1845-024.

3.4.2 Population synthesis models

These sources revealed lWTEGRAL namely the sgXBs, will allow to give constraints and
finally to better understand the formation and evolution iokby systems, by comparing them to
numerical study of LMXBHMXB population synthesis models. Many parameters do infiee
the various evolutions of these systemsffatences in size, orbital period, ages, accretion type,
and stellar endpoints... Moreover, stellar and circurtat@iroperties also influence the evolution
of high-energy binary systems, made of two massive comgsngually born in rich star forming
regions. Finally, these new systems might represent a maicstage of what is known as the
"Common envelope phase" in the evolution of LM)BVXB systems.

These sources are also useful to look for massive stellaggmitors”, for instance giving birth
to coalescence of compact objects, throughNMSor NSBH collisions. They would then become
prime candidate for gravitational wave emitters, or eveshiorfhardy-ray bursts.
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Figure 2: Scenarios illustrating two possible configurationsTEGRALsources: a NS orbiting a super-
giant star on a circular orbit (leftimage); and on an ecdewibit (right image), accreting from the clumpy
stellar wind of the supergiant. The accretion of matter isigéent in the case of the obscured sources, as in
the leftimage, where the compact object orbits inside tlo®on of dust enshrouding the whole system. On
the other hand, the accretion is intermittent in the casé=ofT3$, which might correspond to a compact ob-
ject on an eccentric orbit, as in the rightimage. A 3D anioratif these sources is available on the website:
http;Avww.aim.univ-paris7 f€HATYResearctidden.html

4. Conclusions and perspectives...

The INTEGRALsatellite has tripled the total number of Galactic sgXBg)stibuted of a NS
orbiting around a supergiant star. Most of these new sowgbibit a largeNy and longPspin
(~1ks): they are slow and absorbed X-ray pulsars. The influehtee local absorbing matter on
periodic modulations is €ierent for sg or BeXBs: sgOB or BeXBs are segregatedffierint parts
of NH-Porb or NH-Pspin.

INTEGRALrevealed 2 new types of sources. First, the SFXTs exhibgimgt and strong
X-ray flares, with a peak flux of 1 Crab during 1-100s, everd00 days. These short and intense
flares can be explained by accretion through clumpy windso®t the obscured HMXBs are
composed of supergiant stellar companions exhibiting @angtintrinsic absorption. They are X-
ray pulsars with persistent emission, and I&gn. The NS is deeply embedded in the dense stellar
wind, which forms a dust cocoon enshrouding the whole bisgsem.

These results show the existence in our Galaxy of a domirgmilation of a previously rare
class of high-energy binary systems: sgXBs, some exhipaimigh intrinsic absorption (Chaty
et al. 2008; Rahoui et al. 2008). A careful study of this pagpiah, recently revealed byNTE-
GRAL, will provide a better understanding of the formation andletion of short-living HMXBs.
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Furthermore, stellar population models will hencefortlrehto take these objects into account, to
assess a realistic number of high-energy binary systemsrialaxy. Our final word is that only
a multiwavelength study reveal the nature of these obscigtdenergy sources.

The recently successfully launched Fermi satellite (eXAST for Gamma-ray Large Area
Space Telescope, operating in the 10 keV - 300 GeV energyeyamit] certainly discover such
new and unexpected objects. Indeed, although these sgXBesodio not seem to be GeV Emitters,
there are peculiar members of this family which emit at thersergy ranges, for instance L$61
303 (a "disguised" pulsar, Dubus 2006), LS 5039 (Paredds 20@0; Aharonian et al. 2005), and
Cygnus X-1 (Albert et al., 2007). This high energy sateltitss a huge potential: 200 individual
sources have been detected by EGRET... we expect thousabesietected by Fermi!
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