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ABSTRACT

We studied and compared the long term average hard
X-ray (>20keV) spectra of a sample of twelve bright
low-mass X-ray binaries hosting a neutron star (NS). Our
sample comprises the six well studied Galactic Z sources
and six Atoll sources, four of which are bright ("GX”)
bulge sources while two are weaker ones in the 2-10keV
range (H 1705-440 and H 1608-522). For all the sources
of our sample, we analysed available public data and ex-
tracted average spectra from the IBIS/ISGRI detector on
board INTEGRAL The two low-dim Atoll spectra are
dominated by photons upscattered presumably due to dy-
namical and thermal Comptonization in an optically thin,
hot plasma. For the first time, we extend the detection of
H 1705-440 up to 150 keV. The Z and bright "GX” Atoll
source spectra are very similar and are dominated by
Comptonized blackbody radiation of seed photons pre-
sumably coming from the accretion disc and NS surface.
The seed photons radiation is Comptonized in the opti-
cally thick cloud with plasma temperature in the range of
2.5-3keV. Six sources show a hard tail in thairerage
spectrum: Cyg X-2 (Z), GX 3480 (2), GX 1/+2 (2),

GX 5-1 (2), Sco X-1 (Z) and GX 181 (Atoll). This

is the first detection of a hard tail in the X-ray spectrum
of the peculiar GX 13-1 that we discover to behave like

a Z source not only in its variability and radio proper-
ties, but also from the spectral point of view. Using ra-
dio data from the literature we find, in all Z sources and
bright "GX” Atolls, a systematigositive correlation be-

tween the X-ray hard tail (40—100keV) and the radio lu-
minosity. This suggests that hard tails and energetic elec-
trons causing the radio emission may have the same ori-
gin, most likely the Compton cloud located inside the NS
magnetosphere.

Key words: X-rays: binaries — binaries: close — stars:
neutron.

1. INTRODUCTION

Low-Mass X-ray Binaries (LMXBs) are systems where
a compact object, either a neutron star (NS) or a black
hole candidate (BHC), accretes matter via Roche lobe
overflow from a companion with a madg < Mg. NS
LMXBs can be broadly classified according to their tim-
ing and spectral properties ([8]). On the basis of this clas-
sification, NS LMXBs are divided in Z sources and Atoll
sources from the shape of their track in the colour-colour
diagram and on the different timing behaviour that cor-
relates with the position on the tracks. The overall spec-
tra of Z sources are very soft ([2] and references therein)
and can be described by the sum of a coell keV)
blackbody (BB) and a Comptonized emission from an
electron plasma ("corona”) of a few keV. Instead, Atoll
sources perform quite dramatic spectral changes: when
bright, they can have soft spectra (similar to Z sources)
but they switch to low/hard spectra at low luminosities.
So far, only Atoll sources (and more generally X-ray



bursters) have been observed with low/hard spectra (i.e.
Comptonizing corona of fewensof keV). Z sources al-
ways have soft Comptonization spectra (energy of few
keV) and can display an additional hard X-ray component
dominating the spectrum above30keV. This compo-
nent is on top of the soft spectrum and is highly variable
with most of the emission remaining soft (see [1, 4] for
a review on NS LMXB spectra).Hence, we would expect
that the average high energy spectra of Atoll sources have
a strong component above 30keV and that in the soft Z
sources this component is less prominent and smeared 2Verage spectru
out in the time averaged spectrum. Z sources spend most
of their time in the high/soft state, but they may show Source D Rate SNR MaxEn .J,
the transition to harder states at lower luminosity. The (kpc) (cps) (keV) (ksec)
sensitivity of the past missions may have introduced an Z sources

observational bias, similarly to the lack of a continuous

coverage of the Galactic plane and Centre in the less ex- Sco X1 2.8 583 1757 150 266
plored hard X-ray range (above 20keV). Moreover, the ~ GX340+0 11 24 124 46 433

Table 1. LMXBs studied in this paperD: distance

(in kpc) from references in [10] except for (*) from [3]
and (**) from [6]; Rate average 22-40keV counts/sec
of the source as obtained from the mosaic image re-
ported in Fig. 1 of [12]. Multiply by~10 to obtain

a flux estimate in units of mCrab. F(1ImCra§) 0 ke
~6.8x10"2ergs ' cm2; SNR signal to noise ratio in
the 22—-40keV bandylaxEn maximum energy channel
(keV) with a signal to noise ratio higher than three in the
M. effective exposure time in ksec.

concentration of these sources towards the Galactic cen-  GX 34942 5 3.4 189 39 265
tre makes it difficult to observe them with non-imaging GX 5-1 92 3.8 330 80 1091
instruments. Consequently, data analysis and interpreta- GX 1742 14 4.4 203 80 248

tion of such observations is extremely problematic. All
these instrumental biases can be minimised with the use Cyg X-2 133 22 o7 55 149
of the recently launched INTErnational Gamma-Ray As-  Atoll sources
trophysics LaboratoryINTEGRAL([25]). The imager H 1608-522 4* 0.8 36 150 299
INTEGRALIBIS ([24]) has high sensitivity, about10 H 1705-440 11** 3 144 150 307
times better thaRANATSIGMA, coupled to imaging N
capability with 12 angular resolution above 20keV. In GX9+9 5 0.97 55 35 139
this paper we report the study of the average hard X-ray GX3+1 5.6* 096 86 43 2027
spectra of twelve NS LMXBs performed with the low GX9+1 ™ 1.2 91 37 491
energy (20-200keV) IBIS detector, ISGRI ([9]), using GX 13+1 7 0.96 57 80 290
a coherent and large sample of data, free from system-
atic effects which play a role when combining data from
different missions. The sample of the LMXBs chosen is
given in Table 1 and comprises six Galactic Z sources
and six Atoll sources, four of which are bright ("GX")
bulge sources while two are weaker ones in the 2-10 keV
range. Our approach is two-fold: on one side, for com-
parison purposes, we study the average spectra in terms in the 22—40 and 40-80keV energy bands. The images
of phenomenological models as done in the literature, on were used to build light curves as well as a final mo-
the other, we study the sources in the frame of a physi- saic. The mosaic images revealed the sources that were
cal model in the attempt to find a self-consistent scenario active in the field of view at the time of the observations.
that describes all the spectral properties we observe. We The list of all the detected sources (one per source of in-
discuss the similarities of such a scenario with the black terest) was then used in the spectral step, where spectra
hole LMXB case as well as the radio - X-ray correlation  for all the active sources in the field of view were simul-
that is typical of LMXBs. taneously extracted with the standard spectral extraction
method. The single pointing spectra were then averaged
into one final spectrum per source. These final average
2. OBSERVATIONSAND DATA ANALYSIS spectra have been used in our spectral study adding 1%
systematic error (with the exception of the bright Sco X—
1 for which we added 1.5% systematic error). In the fit,
We have analysetNTEGRALdata publicly available in only data points with more thanos3in the 22—-200 keV
which the sources in Table 1 were in the Fully Coded range have been considered. To cross-check our results,
Field of View (FCFOV) of IBIS. The additional criterion we also used the alternative method of extracting spec-
of a minimum of good time of 1000 sec for IBIS/ISGRI  tra from the mosaics. To do so, we re-ran the imaging
led to a total of 2263 pointings each with variable ex- step in twelve different bins (instead of the 22—-40 and
posure time (from about 1800 sec up to about 3600 sec) 40-80keV, previously mentioned) for all the pointings
spanning from January 2003 to May 2004. Version 5.1 and then extracted a spectrum using the flux from each
of the Off-line Scientific Analysis (OSA) software has  energy map. We verified that the two different methods
been used to analyse the data. The description of the al- give compatible results. In the this work we show only
gorithms used in the IBIS/ISGRI scientific analysis can the results of the former method (the standard extraction)
be found in [7]. For each pointing we extracted images for which we have a finer binning.
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Figure 1. IBIS/ISGRI average spectra of GX 354-0

(“pure” low/hard state, see text), H 1608-522 (low/hard
state), GX 5-1 (intermediate state) and GX 3+1 (very soft
state) .

2.1. A phenomenological approach

As a first attempt we tried to fit all the spectra with the
same simple model, in order to compare them directly. It
soon turned out that this was not possible since the long
term average spectra identified three main spectral states.
Phenomenologically, we can classify them in terms of a
widely used thermal Comptonization modelgMPTTby

[18]. We found that the spectra of GX 342, GX 9+1,

GX 949, and GX 3+1 are well described by a sin-
gle coMPTT component while we need two components
(thermal Comptonization plus powerla@oMPTT+PL)

to describe the data for Sco X-1, GX 5-1, GX 340

GX 1742, Cyg X-2 and GX 13-1. On the other hand
the spectral shapes of H 1608-522 and H 1705-440 can
be well fitted by a simple PL. By comparison with black
hole LMXBs, hereafter we call the above spectral state
fitted with a singlecoMPTT a very softstate for which

the spectral shape is well described by the BB-like shape
slightly modified by Comptonization. Using this analogy,
we call ourcompTT+PL-state arintermediatestate. In
fact, theintermediatestate in the BHCs is characterized
by the BB-like component at low energies and the steep
PL component at higher energies. In the low/hard state
spectra of BHCs, the BB signature is smeared out but the
PL is prominent. Keeping in mind this observational fact
for the BHCs, we can call our ("PL") state law/hard
state. The three states are shown in Fig. 1, while in Figs. 2
and 3 we show the deconvolved EF(E) spectra and best
fit models of all the sources. The best fit parameters of the
model are reported in Table 2 of [12]. In the plot of Fig.

1 we have also included the spectrum of the Atoll source
GX 354-0 ([5]) to point out that theow/hard state of our
classification, associated to H 1608-522 in the plot, is
not a “pure” low/hard state as in the case of GX 354-0
(thermal Comptonization with cut-off) but is a low/hard
state where an additional physical mechanism producing
a non-attenuated PL starts to be important.

2.2. Generic Comptonization Model

As we have mentioned above in our analysis of X-ray
spectra from NS LMXBs, we found similarities with
black hole LMXBs. The BHC and NS spectral shapes
are generic: they consist of BB-like and PL components.
Sometimes one needs an exponential rollover in order to
terminate the PL component at high energies. The main
difference is that NS spectra are usually softer for the
same state. Another difference in these spectra is that in
the NS case there are two BB components (not one as in
BHC spectra) which can be related to the emission from
the disc (BB colour temperature about 1keV) and NS
surface (BB colour temperature about 2.5keV). Refer-
ences [20] and [21] introduced the Generic Comptoniza-
tion model 6MC model inxsPEQ. The BMC model
reads as:

Cn

FB) =172

(BB + A x BB xG) 1)

whereG(E, Ey) is the Green function obtained as a so-
lution of radiative diffusion equation. BB stands for the
injected BB-like spectrum, namel8B « B, (Tcu),

BB * G is a convolution of BB with the (Comptoniza-
tion) Green functionG(E, Ey), Cy is the BB normal-
ization coefficient (that depends on the compact object
mass and distance to the source). The fattot + A) is

the fraction of the seed photon radiation directly seen by
the Earth observer, whereas the facthf(1 + A) is the
fraction of the seed photon radiation upscattered by the
Compton cloud. For a more detailed description of the
model we remind the reader to [20], [21] and [12]. The
free parameters of the BMC model (apart from the nor-
malizationC'y) are the BB colour temperature]y;,, the
spectral indexy (photon indeX” = a + 1) andlog A.

Itis worth noting that the BMC model is a generic Comp-
tonization model which can be applicable for any type of
Comptonization. The only limitation to its applicability

is that the upper limit of the photons energy should be
less than the mean energy of the plasma. In this case
the Comptonization Green function is a broken PL (see
[14], [16] and [17]). The Green function shape does
not depend on the nature of the central object (NS or
BHC) and it is also independent of the type of Comp-
tonization. The fact that the BMC model well fits the
shape of the observed spectrum means that the data con-
tain the information on the Comptonization power index
« (no matter whether it has thermal and/or bulk origin),
log A, kT, and the BB component normalization (see,
e.g., [13]). It also means but that no other information
in the data besides the above parameters which describe
the efficiency Comptonizatioa (which is reciprocal of

the Comptonization paramet&f), the seed photon en-
ergy kT and geometry of the illumination of the Comp-
ton cloudlog A. The results of the fits of OUNTE-
GRAL spectra with the BMC model are reported in Ta-
ble 2. It is worth noting that for GX 3400, GX 34942,

GX 9+9and GX 3+1only kT, is well constrained. This

is not surprising given that in their spectra only the ther-
mal bump is unambiguously detected. The best-fit colour
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Figure 2. Z sources: average IBIS/ISGRI spectra and bestditehreported in Table 2 of [12].
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Table 2. Best fit parameters for the bulk motion Comptoropatiodel Bmc). No error means the parameter was fixed to
the indicated valuekT,,: BB colour temperature, in ke\g: energy spectral indeX =« +1); log A: covering of the BB
by the Compton cloud FluxX2g_40 xev): flux obtained between 20-40keV. For the sources detectéal LHOkeV also

the 40-150keV flux is given.

Source Kb a log A x2ldof  Fluxoo_sokev)  FlUX(ao_150 kev)
(keV) (ergstcm=2) (ergs!'cm™2)
ScoX-1 25600 327005 -147°05 68/35 5.8¢107 2.2x10°10
GX 340+0 2.4301% <6 -1.127080 24/25  2.451071°
GX 34942 24709 <6 -1.6279-09  20/23  3.510°1°
GX5-1 233007 3.84072 -1.06702% 34/30  3.7510°1°
GX17+2 2.6800% 207190 -1.8710%5 32/30  4.510°'°
CygX-2 278700 <18  -05601, 26/26  2.x10°'°
H1608-522 1.49;37 150701 -1.24"3%  39/34 8.5¢10~ ! 9.6x10 !
H1705-440 0.84%4; 2.15700° -2.1371%% 36/35  2.%«10°1° 1.9x10°10
GX9+9 2537018 <6 -0.7079:31 24/22 941071
GX3+1  2.30701] <6 1277037 42/23 9.3%10° !
GX9+1 220700 <32  -1.09%18 2421  1.3x10°1°
GX13+1 2320030 2.020135  -1.34703  23/23 8.%«10° 1

temperatures are abo@t5keV using COMPTT or BB
models. GX 142 and GX 13-1 have similar best-fit
I"-values, even if not well constrained whereas the slope
of GX 5-1 is steeper but much better constrained than in
GX 1742 and GX 13+1. The upper value df reported

for Cyg X-2 (< 3) could be indicative of the presence
of photon upscattering (Comptonization) of BB photons
originated in the disc and NS surface. One can arrive to
similar conclusions for GX 91 even if the effect seems
to be less prominent ther& (< 4). On the other side, for
the two dim Atoll H 1608-522 and H 1705440 we find
thatT" is well constrained while there is no real informa-
tion on kTy,. This is not surprising given that in their
spectra we do not see evidence of the thermal bump (de-
scribed by the BB in the BMC model) and so it is impos-
sible to infer either the BB colour-temperature or its rel-
ative contribution to the merging flux. It is worth noting
that in Sco X-1, the whole set of the best-fit parameters
is well constrained, given that both thermal bump and the
hard tail are detected with high statistical significance.

3. DISCUSSION

We have analysed IBIS/ISGRI available public data on a
sample of twelve persistent LMXBs containing a heutron
star. As shown by their 22-40 keV and 40-80 keV light
curves (see Figs. 2 and 3 in [12]), the sources have some
degree of variability, which could somewhat complicate
the analysis of their average spectra. This is true in par-
ticular for the two dim atolls H 1608-522 and H 1705—
440, which show the highest degree of variability. Keep-
ing this limitation in mind, it is worth emphasizing that
the aim of the present work was not the detailed spectral
study of a single source (which could not be possible with

such approach), but rather the investigation of the high-
energy ¢ 20 keV)averagespectral properties of a sam-
ple of objects sharing some common properties (LMXBs
hosting a weakly magnetized NS). The study of a popu-
lation of sources, observed in different spectral states, i
somewhat like taking pictures of a single one at different
evolutionary stages. This is, for instance, the same ap-
proach used in the study of AGNs populations and in that
of stars in globular clusters.

3.1. A scenariofor spectral evolutionin NSLMXBs

We observe three main spectral states: a very soft state
with source spectra that can be well described by a sin-
gle thermal Comptonization component, an intermediate
state (thermal Comptonization plus PL) and a low/hard
state (single PL). We have successfully studied these
three spectral states in the frame of the Generic Comp-
tonization Model gmc, [20]). We present our scenario
of the spectral evolution of NS LMXBs starting from the
low/hard state. Théow/hard stateis characterized by a
low mass accretion rate in the disc. In this case the grav-
itational energy release in the disc is much smaller than
the one in the optically thin outer boundary of the corona
(Compton cloud). The coronal outer boundary is presum-
ably related to the adjustment shock ([19]). The corona
completely covers the seed photon area (high4) and

the emergent spectrum is a result of the upscattering
(Comptonization) of the seed photons in the corona. One
cannot see any trace of the seed photons in ISGRI (that
give the BB bump). Open magnetic field lines are ex-
posed to the observer but the outflow is weak because of
the low mass accretion rate (there is not enough radiation
in the disc to launch the wind) and the system is radio-



quiet. In thentermediate statéhe mass accretion rate in-
creases with respect to the low/hard state. It leads to high
efficiency of the Comptonization, particularly bulk inflow
Comptonization that is seen as an extended hard tail in the
spectrum. The thermal Comptonization becomes less ef-
ficient because the coronal plasma is cooled down by the
seed photons coming from the disc and NS surface. The
corona consists of a quasi-spherical component (related
to the closed field lines and bulk motion inflow) and of a
cylindrical component (related to the open field lines and
outflow, [22]). The vertical size of the cylindrical con-

mation than thermal Comptonization even with free-fall
velocities and any residual angular momentum will mean
it accretes rather more slowly, so bulk motion effects will
be smaller. We note however that it is not possible tosay
priory that thermal Comptonization is anyway dominant
over bulk dynamical one, given that the relative contribu-
tion among them strongly depends on the plasma temper-
ature. In fact, [17] showed that if the plasma temperature
of the converging flow is less than 10 keV, bulk Comp-
tonization is the dominant process in the formation of the
emergent spectrum, while for plasma temperature higher

figuration is suppressed as the mass accretion increases.than 50 keV the resulting spectrum is formed mostly due

We start to see the seed BB bumps (only the higher en-
ergy one in the IBIS/ISGRI range), because the coronais
cooled down and becomes more compact. V& soft
state is characterized by high mass accretion rate that is
very close to the critical (Eddington) values. The emer-
gent spectrum is a sum of two BB-like spectra, one is
related to the Comptonization of the NS photons (visi-
ble in the IBIS/ISGRI range) and the other one is related
the Comptonization of the disc photons. The seed photon
and plasma temperatures differ by factor of a few. The
electron plasma and the photons in the Compton cloud
are very close to equilibrium. In this state the corona
is quasi-spherical, there is no bulk motion and no radio
emission. In fact, the radiation pressure caused by the
strong emission from the NS surface stops the bulk in-
flow and the high accretion rate changes the configura-
tion of the field lines and the radio emission is quenched.
We also want to emphasize that the evolution scenario of
LMXBs presented by us, in which the efficiency of bulk
Comptonization (directly related to the accretion rate and
to the consequent radiation pressure coming from the NS)
plays a key role in determination of the spectral state for
a given source is not just amd hocassumption about
the presence of such a physical process, but in contrary it
is based on theoretical expectations. Indeed, [23] calcu-
late the radial velocity profile,. in the transition layer
between the geometrically thin accretion disk and the
NS surface; starting from the consideration that the ra-
dial velocity equals the magneto-acoustic veloaity,

at the outer (adjustment) radius of this transition layer
(postshock region R.q4;, they find thatv, is very close

to v, in the zone between the adjustment radiig;

and some radiug sy below which the accretion onto NS
occurs in almost free-fall, radiation pressure-corrected
manner. The position of?,4; is not put by hand, but
can be determined from the angular momentum transfer
equation ([15]) and, for a given viscosity in the disk, it
depends on the mass accretion rate only. Reference [11],
using Monte Carlo simulations, showed that the impor-
tance of bulk motion Comptonization becomes negligi-
ble above~ 80 keV (this upper limit depending on the
accretion rate), and thus could not explain the extended
PLs observed in BHCs soft states (or those observed in
NS LMXBs belonging to the Z class or the newly dis-
covered one in GX 13+1). However, in their calculations
there are some points which are not fully clarified: in par-
ticular, the optical depth along the beam path between A
and B points is different for AB and BA segments, and the
reason for this is not clear. Their calculations also show
that bulk motion is much less important for spectral for-

to thermal Comptonization. This is in agreement with
our results, where we show that the hard tails observed
in Z sources (and GX 13+1), whose typical plasma tem-
peratures are- 3 keV (see, e.g., [4] for a review), are
produced by bulk motion Comptonization, while those
observed in H 1608-522 and H 1705-440 are the result
of thermal Comptonization processeési{ ~ 120 keV
andkT, ~ 50 keV, respectively, when fitting their spec-
tra with a thermal Comptonization model, see Table 2 in
[12]).

A quantitative analysis of the sources X-ray and radio
properties (see Table 4 in [12]) has revealed a clear con-
nection of the emission in the two wavelength regimes.
This correlation suggests that the hard tail formation area
and the source of the energetic electrons, ultimately caus-
ing the radio emission, are closely connected. The most
probable site of this configuration is the NS magneto-
sphere. It can be suggested that the open magnetic field
lines of the NS magnetosphere are the base of the jet seen
in the radio emission. An increasing accretion rate leads
to a more efficient radio emission (low/hard state to in-
termediate state) up to a point where the extremely high
accretion rate (very soft state) changes the configuration
of the field lines and the radio emission is quenched.
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