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ABSTRACT

Context. Most of the spectra of neutron star low mass X-ray binarieS IMXBs), being them persistent or transient, are chareetdrby
the presence of a strong thermal Comptonization bump, titdogriginate in the transition layer (TL) between the ation disk and the NS
surface. The observable quantities which characterizectiinponent dominating the emission below 30 keV, are thetrgpéndexa and the
rollover energy, both related to the electron temperatodeagptical depth of the plasma.

Aims. Starting from observational results on a sample of NS LMXBdifferent spectral states, we formulate the problem ofspectral
formation in the TL of these sources. We predict a stabilityhe thermal Comptonization spectral index in differenécpal states if the
energy release in the TL is much higher than the intercepted-timing from the accretion disk.

Methods. We use an equation for the energy balance and the radiatimsfér diffusion equation for a slab geometry in the TL, tawde
a formula for the thermal Comptonization index We show that in this approximation the TL electron temperat7. and optical depth
7o can be written as a function of the energy flux from the diskricepted by the corona (TL) and that in the corona it€@lfisk /Qcor. AS
spectral indexx depends o7, andro, this in turn leads to a relation = f(Qaisk/Qcor ), With & ~ 1 whenQuaisk/Qcor < 1.

Results. We show that the observed spectral indefor the sample of sources here considered lies in a belt drouh 0.2 a part for the
case of GX 354-0. Comparing our theoretical prediction$ whservations, we claim that this result, which is consistéth the condition
Qaisk/Qcor < 1, can give us constraints on the accretion geometry of theserss, an issue that seems difficult to be solved using bely t
spectral analysis method.
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1. Introduction pretation (White et al. 1986; White et al. 1988), the direBt B

) ) component was attributed to the NS surface, while an unsatu-
It is well known since the 80's that the spectra of low-masged Comptonization spectrum was thought to originate o
X-ray binaries (LMXBs) hosting a neutron star (NS) can bgot corona above the inner accretion disk, which suppliestmo
described up to about 30 keV by a two-component model regythe soft seed photons for Comptonization.
resenting the contribution from different emitting regsoof
the system. However, the interpretation of the spectra ts N0 |y fact, even after the advent @eppoSAX and RXTE,
unique as demonstrated using the variety of different modege persistent emission of NS LMXBs was described by
used across the years. the sum of a BB component plus a thermal Comptonization

Before theBeppoSAX andRXTE era, two concurring mod- (TC) spectrum, usually described by the XSPEOM®TT

els were classically used to described X-ray emission iiodel (Titarchuk | 1994; Hua & Titarchuk 1995). Despite
LMXBs. In the so-called “eastern model” (Mitsuda et al. 1984he significant improvement in our knowledge of the source
Mitsuda et all 1989) the spectra were fitted by the sum of a sgffectral properties by means of the broad-band observa-
blackbody (BB) emission (actually modeled by a multi-calotions, the BB+TC model resulted and subjected to a di-
disk BB spectrum) attributed to the accretion disk, plus & h@hotomy. Indeed, both of the cases where the temperature of
ter simple or Comptonized BB claimed to originate close ® thhe direct BB spectrunkTi,, is lower (e.g., Di Salvo et al.
NS surface. On the other hand, in the “western model” intex000a,b, 2001; Oosterbroek et al. _2001; Gierlinski & Done
2002) Lavagetto et al. 2004; Paizis etlal. 2005) or higher. (e.
Send offprint requests to: R. Farinelli, farinelli@fe.infn.it Paizis et al.| 2005; Farinelli et al. 2007; Farinelli et/al.080
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hereafter FO8) than that of the thermally Comptonized seezport on results related to the observed TC inddar a sam-
photons kT, provide in general equally acceptable good fitsple of NS sources. In Secti@h 3 we propose a theoretical model
The consequences of these results were the interpgoased on diffusion formalism for radiative transfer in ortie
tation of the BB emission as due either to the accrexplain the observational results. In Sectidn 4 we dischiss t
tion disk (T,, < kTs) or to the NS surfacek({}, > comparison between theory and data, while in Sediion 5 we
kTy). Moreover, in addition to the persistent X-ray emissiomraw our conclusions and give future observational petspec
BeppoSAX (e.g.,.Di Salvo et al. 2000b; Di Salvo et al. 2002)
RXTE (D’Amico et al.| |2001;/ Di Salvo et al. 2006) and later. ; P
alsoINTEGRAL (Paizis et all 2006, hereafter P06) allowed th%' Spectral index evolution in NS systems
possibility to discover in bright NS LMXBs a transient powerStarting from the considerations of the previous sectibis i
law (PL) X-ray emission above 30 keV . important to make a comparison between the index evolution i
Motivated by the need to put some order and give an umiecreting BH and NS sources. The spectral state of BH sources
fied scenario in the different NS systems spectral statégsisPamay be generally divided int@w/hard state (LHS), where the
et al. (2006, hereafter PO6) performed a systematic obserspectrum is dominated by a TC component with electron tem-
tional campaign with théSGRI (20-200 keV) monitor onbo- peraturekT, ~ 60-100 keV,ntermediate state (IS), with a BB
radINTEGRAL. Using long-term average spectra and includingump (presumably coming from the accretion disk) and a su-
formerINTEGRAL results on GX 354—0 (Falanga etial. 2006perposed PL high-energy component, argh/soft state (HSS)
P06 classified NS LMXBs into four main states: tegd/PL, where the BB component gets even stronger and the PL emis-
low/hard, intermediate andsoft. The high-energy>* 20 keV) sion gets steeper.
spectra in different sources were interpreted by P06 asethe r Actually, in BH systems generaliyne high energy photon
sult of the interplay between thermal and bulk Comptonarati index I" is observed [see e.g. recent results on GRS 1915+015
processes whose relative efficiency is ultimately dictdigd by Titarchuk & Seifina (2009) and Shaposhnikov & Titarchuk
the mass accretion rate. At high energies (where the dirBct BR009)] and its value evolves with the source mass accre-
component is negligible), thisard/PL state spectra can be fit-tion rate. The latter, which is not a direct observable quan-
ted with a simple PL component; thev/hard spectra by a TC tity, may be inferred in an indirect way by means of the the
spectrum of soft £ 1 keV) BB-like photons off an electron normalization of the disk fluxVgisi. In a T’ vS Nygjs/Quasi
population withkT, ~ 20 — 30 keV andry < 3; theinterme- Periodic Oscillation (QPO) frequency diagram, it was found
diate state spectra by TC spectrum witfi, ~ 3 — 5 keV and (Shaposhnikov & Titarchuk 2009; Titarchuk & Seifina_2009;
7o = 5 plus a PL component with photon indEx~ 2 — 3; the Montanari et al.. 2009) that the photon indExprogressively
soft state spectra by a TC component similar toititermedi- increases from~ 1.6-1.8 as the source moves from the
ate state but without the high-energy X-ray tail. low/hard to the high/soft states, until it reaches saturation
From the observational point of view, the quantities daroundl’ ~ 2.2 — 2.4 (depending on the source). This inter-
rectly measurable in the data are the cut-off enefgyof pretation of the observed BH spectra have been performed us-
the dominating TC bump and the spectral slope, parametrized “so called” the BMC model (Titarchuk et &l. 1997), whose
through the energy index (=I" — 1). For pure TC spectrayis emerging spectral shape is described by the formula
tightly correlated with the plasma temperatiéfg and optical c
depthr, (Sunyaev & Titarchuk 1980; Titarchuk & Lyubarskij F(E) = —~—[BB(E) + A x G(E, Ey) * BB(E,)]. (1)
1995, hereafter TL95), while in the presence of a converging A+1
flow (bulk motion), the shape of the velocity field also detn formula [3), the first term of the right-hand side reprasen
termines the emerging spectral slope (Titarchuk et al. [199fe direct seed photon BB-like spectrum, while the second
Laurent & Titarchuk | 1999, F08). In mathematical terms, one gives its modification due to Comptonization (convoluti
represents the index of the system Green’s function (GR)ith GF). The hardness of the spectrum is dictated by the en-
namely as it responds to monochromatic line injection. Tleegy indexa of the GF which, in BMC, is a broken-PL with
resulting emerging spectrum is then obtained as a convoleitE, Ey) o« E“*3 for E < Ey andG(E, Ey) < E~2 for
tion of the GF with the input seed photon spectrum. We aldo > FEy, whereEj is the monochromatic input energy. It is
emphasize that theard/PL, hard and soft states spectra of important to keep in mind that the GF in BMC does not con-
NS LMXBs are characterized by the presence of jasé tain the exponential spectral rollover, so when the lagenti-
Comptonization index (see Fig. 4 in P06). In the first case, gerved in the X-ray spectrum of a source, it can be taken oo a
value is interpreted as a result of a mixed TC plus BC proeunt by multiplying BMC with an exponential e-folding fact
cess, while in the latter two casesjs derived from pure TC. o e~ £/Fe,
On the other hand, thintermediate state spectra showvo The index saturation observed in BH sources as they move
Comptonization indexes, one is related to the persistent T€the HSS finds a natural explanation in the framework of a
component and the other one characterizes the transient Bllk-dominated scenario (see mathematical proof of thitest
like hard X-ray emission. ment in e.gl. Titarchuk & Seifina 2009). Moreover, it is inter-
In Sectior 2 we give an overview of the theoretical and olesting to note that when the sources are in the LHS, the points
servational issues related to spectral evolution in X-riaaty in theI' vs Ny /QPO diagram form a plateau aroufid-1.5
systems hosting a NS or a black hole (BH) outlining the dibefore the rising phase. This clear mapping of the energy (or
ferences among the two classes of sources. We subsequeptilyton) index evolution is possible in BH sources as they are
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generally strongly variable and their X-ray spectrum aiav importance. The limited broad-band resolution allows how-
one-to-one correspondence between the spectral statdhandetver the possibility to have different models with same good
energy indexy (or I') using spectral modeling according to forfitting results. For example, recent results of the analgsis
mula [1). One of the advantages of using BMC model is thathiCA/RXTE data for 4U 1608-52 by Ding et al. (2010 in prepa-
is ageneric Comptonization model, namely it allows to map theation) show that theoft state spectrum of the source can be
spectral evolution of sources through the Comptonizatidex fitted either by a two-BB model or by a single TC model (e.g.,
«, which is a direct measurable quantity, no matter which a@MmpPTB) with @ ~ 1. Note also that Falanga et al. (2006) fit-
the underlying physical conditions. The theoretical ipteta- ted thesoft state spectrum of GX 354—0 with a DBB+@VPTT
tion of the source spectral formation is in fact related tatad model, from which the inferred-value is again- 1. Actually,
scientific discussion. when looking at théBeppoSAX results obtained over years of

For NS sources however, situation is less straightforwaptiservations of NS LMXB sources, it results that toé state
to face. In fact, most variable sources such as, e.g., GX@54pectra of these systems, rather than 2 BBs, need to be de-
(Falanga et al.| 2006) or 4U 1608-52 (Gierlihski & Donescribed by the sum of a BB component plus an unsaturated TC
2002) when moving from théard state to thesoft state do spectrum with cut-off energy below 10 keV.
exhibit pure TC spectra, with electron temperatifie pro-
gressively decreasing and optical depghincreasing, respec-
tively. On the other hand, bright LMXBs of the GX class suc
as the classical six known Z sources (Sco X-1, GX 17+2, Cyge considered a sample of sources taken from the literature
X-2, GX 340+0, GX 5-1 and GX 349+2) and, more recentlgnd for which we can make a fiducial measurement.ofn
GX 13+1, show only a small evolution of their persistent X-raour choice of the sources, we adopted the criterion to censid
continuum (dominated by the strong TC bump With, ~ 3- those in whicha was determined either directly from the fit,

5 keV andr, >> 1). In addition they are characterized by thas it can be done using theo®PTB model (wherex is a free
presence of a transient hard X-ray PL-like componémie(- parameter, see F08), or can be derived from the temperature
mediate state). and optical depth obtained by theo@pPTT model (Titarchuk

Other persistently bright sources such as GX 3+1, GX 91D94).
and GX 9+1 have been only observed in tof state with no The sources belonging to the first case are Sco X-1,
evidence of hard X-ray tails. In fact, mapping the evolutisn GX 17+2, Cyg X-2, GX 340+0, GX 3+1 (see Table 2 in
the transient hard X-ray tail of NS sources in thieermediate FO08) and GS 1826-238 (see Table 2 lin_Cocchietal.
state has not been yet possible because of the insufficaistst2010). For GX 349+2 (Di Salvo et al. 2000a) and GX 354-0
tics available at high energies. Some attempts (Di Salvb let #Di Salvo et all| 2000b) we derived the value of spectral index
2000a| Di Salvo et al. 2002, 2006) were actually undertakiend using equation for the non-relativistic regime (see Eq] {22
establish changes in the intensity of the transient hatdyai Titarchuk & Lyubarskij 1995, hereafter TL95)
fitting it with a simple PL and, when statistics was poor, fix-
ing the index allowing to vary only its flux. But nothing could 3 9 B
be concluded about the index evolution. Thus, at the present a="5 + V2 + o’ (2)
status of knowledge, serious investigations can be peddrm
only on the evolution of the spectral index related to the pethere©® = kT./m.c* and -parameter defined in formula
sistent TC component. This was done for the first time Hy7) of TLO5 for spherical geometry as it was assumed by the
Titarchuk & Shaposhnikov!| (2005, hereafter TS05), who peuthors. In the case of X1658-298, Oosterbroek et al. (2001)
formed a systematic analysis of the variable NS X-ray binaggsumed a slab geometry, thusvas obtained from equation
4U 1728-34 from thenard state to thesoft state using obser- (2) and formula (17) of TL95 for a slab geometry. For 1E 1724~
vations from the Proportional Counter Array (PCA, 3-30 ke\§045, Barret et al. | (2000) report the best-fit value of optica
onboardRXTE. The source spectra were fitted with a two-BM@lepthr, of Comptonization region both for the case of spher-
model, withA >> 1 (see formulalJll]) and with the GF spectraical and slab geometry. We checked that the two derived val-
index fixed equal for both BMC components. Thus, the modeégs ofa are perfectly consistent. The errors arfor sources
used by TSO05 actually was for which kT, andry were reported, have been computed con-

sidering that the function[k T, 5(70)] gets its absolute mini-
F(F) = CysG(FE,Ey)*BB(Fy)+Caisk G(E, Eg)xBB(Ep). mum and maximum values at the boundary of the box of its do-
main delimited by the minimum and maximum valug ™",

The main result found by TS05 was that as the sour&&™x) and ", 75"*¥) obtained in computing the errors at
moved from thénard to thesoft state the indek' (= a+1) pro- 90% confidence level for the electron temperature and dptica
gressively increased with no evidence of saturation, ertlile depth by XSPEC.

BH case. Actually, the finadoft state of 4U 1728-34was repre-  In Figurel we report the measured valuea dér this sam-
sented by the sum of two BB component, becausexfos 1, ple of sources as a function of the electron temperatlie
G(E,Ey) * BB(Ey) ~ BB(E). This parameter can be considered indeed a good tracer of the

This result however needs a revision. Namely, fitting the Nsdurce spectral state becaide decreases when sources move
LMXBs soft state spectrum with a two-BB model can be posrom thehard to soft state as a result of a more efficient elec-
sible because of the lack of data below 3 keV, which is of kdéyon cooling by the enhanced seed photon supply. Moreover,

%.1. Observational results
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™ - L - - 3. A model of Comptonization region in the
I o ooxe neutron star case
X SCo X-1
g ?égéfufo ] The determination of spectral indexx obtained from
o | g x| Comptonization of seed photons in a bounded medium has
- 4 ox3sac0 o been faced since a long time. The emerging radiation spec-
s $ * 1B 172473085 | trum depends on several parameters such as the geometry of
------ - - — the plasma (e.qg., slab or sphere), the electron temperamare
- + 1 optical depth, and the space distribution of the seed pisaten
= @i e + 7 side the medium. Sunyaev & Titarchuk (1980) report the value
I 4 ¢L ] « obtained from the solution of the stationary radiative $ran
T B o fer equation in the non-relativistic case (Fokker-Plangk a
. R . . proximation) obtained as a convolution of the time-depande
1 2 5 10 20 equation with the time-escape probability distribution)#or

Electron temperature (keV) the case of source photons distributed according to the first

Fig.1. Thermal Comptonization index for sources in dif- eigenfunction of the space operator. Later Titarchuk ()994
ferent spectral states as a function of the electron temperua & Titarchuk (1995) and TL95 extended the results to the
ture k7. Reference papers: Cyg X-2, Farinelli et al. (20093ub-relativistic case considering both slab and sphegeaim-
Sco X-1, GX 17+2, GX 340+0 and GX 3+1, Farinelli et aletry.
(2008); GX 354-0, Di Salvo et al. (2000b); GX 349+2, Di |n order to understand what it does happen in NS LMXBs
Salvo et al. (2001), X 1658-298, Oosterbroek et al. (200KBurces, one has to consider the hydrodynamical conditions
GS 1826-238, Cocchi et al. (2010); 1E 1724-3045, Barrettge region between the accretion disk and the NS surface. We
al. (2000). will refer to this region as the transition layer (TL), oftatso
called boundary layer. Actually, the production of a strdity
bump in the persistent X-ray spectra of NS LMXBs is thought
to originate in this TL, namely the region where matter dmsa
from its Keplerian angular velocity in order to match thatiof
. . . slowly spinning NS. The radiative and hydrodynamical config
the electron temperatufel.. is a directly measurable quantity, ...o0 of the TL is mostly dictated by the Reynolds number
because it is related to the cut-off energy of the spectrufitan (Titarchuk et al.l 1998; Titarchuk & Osherovich 1999), which

presents the advantage of being diStance'independenh@n’éé)roportional to the mass accretion rate and is eventtiadly

. i
other hand, the instrumental energy-band coverage and agggo se of the viscosity parameter of the Shakura-Sunyia&v d

mL:Iat'an tlme can E’k?:y Tome rol? Im gg%'gg thefmeasduredqnqﬁ particular;y determinesthe radial extension ofthe TL and in
value. Forinstance, Ealangaetal._( ) performe arslystqum’ from the mass accretion rate, its optical depth. Itastiv

atic analygis of _GX 3_54_0 as a function of its position on t ointing out that determination of the vertical heightieaaf
hardness-intensity diagram whgn the source moved from 8 TLis in fact a very complicated problem, as it should re-
hard to soft state. The authors fitted the 3-100 keV spectruahire a complete 3D magneto-hydrodynamical treatmentef th

with a multicolour disk BB (DBBL Mitsuda et al. 1984) pluf@roblem. Using the slim disk (thus vertical-averaged) equa
C,:OMPTT model using the slab Qeometfy- We computed the ons for determining the radial thermo-hydrodynamicalst
rived a-values from their best-fit parameters but the trend w.

; . ) e of the TL may be in fact an issue (e.g., Popham & Sunyaev
not monotonic, covering the range 1-3 and reflecting such 2007)

a behaviour of thekT, — 7y parameters (decreasing bf, L
: . . The enhanced radiation and thermal pressure because of
was not followed by increasing afy, as expected). It is not

clear whether this was due to the lack of data below 3 ke jgher electron temperature are expected to increase the ve

o ) tical height-scale of the TL with Hx R, . Moreover, the
which is necessary to constrain the seed photon tempe@ture”, " . . .
o . solution for the angular momentum equation (Titarchuk et al

due to accumulation time. Thus we prefer to skip these még=—. 1= -
. o 1998: | Titarchuk & Osherovich 1999) for Reynolds number

surements. It is also worth mentioning that Oosterbroek =t a

- i i i <
(2001) perfrmed BeppoSaX analysis of GX 3+1 and Sery b o RS L RCE RO (L L
X-1, both sources characterized by typisaft state spectra, 9 '

fitting them with a DBB+@MPTT model, but they did not to approximate the TL geometry to a slab whose normal is di-

specify which geometry (sphere or slab) it was assumed r e?\;ed along the disk plane. It is worth emphasizing thatrétaa
found gy — 244795 anday, — 0.877042 for GX 3+1, araschi (1993, hereafter HM93) determined the theoret-

40.52 40.20 ical Comptonization index: considering a two-phase model
Qsph = 14175754 andey, = 0.457073, for Ser X-1, respec- for accretion disks in AGN in which a hot corona is surround-
tively. ing and sandwiching the underlying cold accretion disk. The
Looking at Fig[l we note that for all the analyzed sourcesodel can in principle be applied also to the case of solasma
the spectral index lies in a belt around + 0.2, a part for the BH sources. HM93 assume that the corona and the disk are two
case of GX 354-0 where ~ 1.6. We give a possible interpre-slabs at significant different temperatures and put in ainta
tation of thesebservational results in the Discussion. each other. The authors concentrated on the case of high tem-



Farinelli & Titarchuk: Thermal Comptonization index in N$IXBs 5

perature k7. 2 50 keV) and low optical depthr(<1) for the impinging photons with energg 10 keV. Another important
corona, so that the diffusion approximation cannot holdiken consideration to keep in mind is that the diffusion equa{@n
what we are considering. One of the consequences of the highto be considered frequency-integrated. This means that w
temperature treatment is that electron scattering is &njgic  are not dealing with the specific (energy-dependent) shépe o
with a significant fraction of the power back-irradiatingeththe reflected spectrum from the NS surface, we are only deal-
disk. In the HM93 model, theénner boundary condition of ing with the total energy density.

the hot corona is the disk cool surface (witfi,, < 5 eV) The solution for(7) is then given by

with energy-dependent albedo. Note also that in their geome 9

try, 100% of the disk flux is intercepted and reprocessed by th e(r) = 2Qrot [1 + %TO (l _ 7_2)} ) (7)
top plasma. In the geometry considered here on the other hand ¢ 2 T 27

it is possible that part of the disk emission directly essahe It is worth pointing out thatls/dr > 0 for < 7o, and as

system, while a fraction of its flux is intercepted by the TLe WFmd o de/dr for NS sources the radiative force always plays
are actually interested here on this portion of the intelextp against gravity, unlike the case of BH sources.

disk flux (see next Sec'glon). . Note that the spectra of NS sources both in the soft
Because of these differences between the two models, afiy harg state can be adequately fitted by single-temperatur
rect comparison of the derived theoretical results is maigt- Comptonization models (Pazis et al. 2006, Falanga et ab,200
forwgrq. The reader can refer to the paper of HMS3 for furthet, jnejj et al. 2008, Cocchiet al. 2010). This observaidact
details in order to better understand the differences oB@Ur yemonstrates that an assumption of isothermal plasma in the
their approaches. TL can be applicable to X-ray data analysis from NS binaries.
The question is how one can estimate this average temperatur

3.1. Energy release in the NS transition layer of the TL which is, in fact, established by photon scatteend
) . cooling processes.
The energy balance in the TL is dictated by Coulomb colli- |4 orderto establish this average plasma temperafuoae

sions with protons (gravitational energy release), wil@ise gp,ou1d estimate the mean energy density in the TL as
Compton and free-free emission are the main cooling chan-
70

nels (see a formulation of this problem in the pioneer work _ 1 _ Qrot
by Zel'dovich & Shakura 1969). In fact, for the charactécist <elr) >= 70 Jo e(r)dr = c 2+ 70). ®
electron temperature (3 ke¥ k7. < 30 keV) and density val-
ues  107° g cm™?) of these regions for LMXBs, Compton
cooling dominates over free-free emission and the reldi®sn
tween the energy flux per unit surface area of corQaa, the
radiation energy density(7) and electron temperatufg. is
given by (see also TLM98)

Qcor
T

0

It is worth emphasizing the similarity between equa-
tions [3) and [(B) in our paper and equation (13) in
Bisnovatyi-Kogan et al. | (1980) who studied the radiation
emission due to gas accretion onto a NS. If we now substi-
tute the result of equatioh](8) into equati@n (3), after adlbit
straightforward algebra we obtain
~ 20.2¢(7)Te(7), 3) kTeto(2 +710) 0.25 )

"neC2 1+ Qdisk/Qcor.

Keeping in mind the definition of the Compton param-
eterY ~ AN,. (Rybicki & Ligthman 1989), whered ~
d2e 3010t 4kT, /m.c* and Ns. ~ Max(7Z, 7o) are the average photon

- (4) energy gain per scattering and average number of scatsering

wherer is the characteristic optical depth of the TL.
The distributiore(7) is obtained as a solution of the diffu-
sion equation

F - CTo ’ . . .
. respectively, we can rewrite equatidmh (9) as follows
where NOWQiot = Qcor + Quisk IS the sum of the corona
(TL) and intercepted disk fluxes, respectively. The two kibun 1
. . . Y~v— (20)
ary conditions for equatiol(4) are written as 1+ Quaisk/Qcor
de Equation [[(ID) is one of the main points of our theoreti-
E|T:To =0, (®)  cal model and shows that in the diffusion approximation the
Compton parameter, which determines the spectral index, is
de 3 just a function of the corona and disk cooling fluxes.
E - §E|T:0 =0 (6)

which represent the case of albedo A=1 at the NS sourg® The radiative transfer model of small variations

(r = 19) and no diffusion emission falling from outside_ onto of index « during spectral state transition in NS
outer corona boundary (= 0). The condition for A=1 arises sources

from the well-established observational result of NS terape

ture kTy,, ~ 1 keV, which implies the presence of a ionized\s we have shown in Section 2.1, the observed spectral in-
NS atmosphere. This is different from the case considered dgxa of most NS LMXBs undergoes small variation around 1,
HM93, where the cool disk temperature b eV) gives rise to namelya = 1+0.2 when the electron temperature of Compton
an energy-dependent albedo with photoelectric absorfion cloud varies from about 2.5 to 25 keV (see Fify. 1). Thus here
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we propose a model the spectral formation in the TL (corona)
which can explain the stability of index if energy release in
the disk is much less than that in the TL. Namely we show that
a1 + O(Qdisk/Qcor)-

As already pointed out in classical works (Sunyaev &
Titarchuk 1980, 1985, hereafter ST85, Titarchuk 1994)¢cspe
tral formation in plasma clouds of finite dimensions (bowhde
medium) is related to the distribution law of the number @itsc
terings that seed photons experience before escaping,, If
denotes the average number of photon scatterings and the di-
mensionless scattering numbetis= N.orct, then the distri-
bution law foru > u,, is given by (see ST85)

1

0.1

<X

0.01

0.1 1 10

P(u) = A(ugw, T0)e % (11) 1,
For a diffusion regime when, 2 1.5, it results3 = A\2/3, Fig.2. Values of thes-parameter as a function of the optical

where \; is the first eigenvalue of the diffusion space operé&lepthro. The solid, dashed and dotted lines correspond to defi-
tor. As reported in ST85, the eigenvalue problem for photdtion of 3 given in equationg (15)(17) anid {18), respectively.

diffusion in a slab with total optical depthr, is derived from
solution of the differential equation for the zero-momenén- \yhereF, () is the exponential integral of the first order. In this

sity case, the derived value fgris (Titarchuk| 1994, TL95)
d*J 2 m -1.35 -3.7 10
- = = =—(1— "2970 4 AToln—. (17
= +AJ =0, 12 B 12(7_0_’_2/3)2( e )+ 0.45¢ 1137_0 a7)

with absorption boundary conditiods' /dr — (3/2)J = 0 and Now having in mind equatiof{9), we introduce the param-
dJ/dr + (3/2)J = 0, for 7 = 0 andT = 27, respectively. eter

This leads to the trascendental equation for the eigenvajue o 1 18
ﬂdlﬁ" 3 ( )
n=1,2,3. 70(2 + 70)
tan(An7o) = l7 (13) andin Figuré2 we show the valuesdfor the cases reported
3A\n in formulas [I5),[(17) and(18) as a function of optical depth
which has the solution for, > 1 andn = 1 70. It is possible to see that actually fay = 1.5 all values of
[ are practically close each other, but they deviaterfosS 1.
A = il _ (14) For example their difference is about 30% fgr1.
2(1o +2/3) Using the definition o (see Eq.R), wherg is replaced by

o . ~ Pair (Eq[18), and equatiohl(9), we obtain the diffusion spectral
It is important to emphasize that the same resultfpis jndex as

obtained by solving equatiof_(112) for a slab with total oplic
depthr, but with reflection conditionl.J/dr = 0 atT = 7. 3 n \/9 1 + Qaisk/Qcor

C - T = —= - 19
This is not surprising as such a condition is actually met at aditt 2 4 + 0.25 ’ (19)

the center of a symmetric slab with total optical depih and
y P m [ Qdif = 14038 Qdisk/Qcor for Qdisk/Qcor <1.

. X .0
<7 < 27. . i e .
Os7s< .270 Thus, the same mat.hema.tlcal result |s-obta|ned Thus as it follows from Eq[{19), in the diffusion regime the
for two different geometrical configurations. In the firssea lind b di h
(symmetric slab with total optical dep#hy) it represents, e.g .TC spectra Index can be expressed in tgr M98fic/ Qeor (the
0 ' 2" intercepted disk over coronal fluxes), instead of TL electro

an accretion disk (ST85 treatment), in our present case e & :
) . ) . emperaturéT, and optical depthy (see Eqs[]2] and15]). In
dealing with a boundary layer with total optical depghwhose urel3 we present a plot ofy as a function 00 i/ Quor,

asymmetry is due to the presence of a reflector (NS surface&}ﬁ

one of the two boundaries. In both cases one obtains ich shows that it ranges from 1 10 1.6 @isk/Qcor in- .
creases from 0 to 1. One can see the observable values of index

2 a ~ 1 takes place if the energy release in the disk is much less
B= W (15) thatin TL, namely ifQg4isk/ Qecor < 1.

Generalizing to the case of arbitrary optical depththe 4 Results and discussion
diffusion operatorLaig = (1/3)d*>J/dr? is replaced by the
radiative transfer operatdr, applied to.J(r) (see ST85 and In this Paper we compare observational data of a sample of
TL95) which for the disk geometry is NS sources (Fid.]1) with the theoretical results which foto
from the radiative transfer model in the diffusion approaim
tion. The data show thanhdependently of the source spectral

1
(16) state, which we have parametrized through the measured TL

27’0
L.J= 5/ J(TE (|7 — 7' |)dr" — J,
0
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the X-ray luminosity is very small. Given th@;s in equation
(19) represents the flux from the accretion disk intercepted
the corona and thus is smaller or at most equal to the directly
emitted part, this eventually leadsdo~ 1. In this framework,
we can make some considerations about the higher value of
(~ 1.6) measured for GX 354-0 (see Hig. 1). Di Salvo et al.
(2000b) fitted the broad-band spectrum of the source with a
BB plus ComPTT model (Titarchuk 1994) withT},,, < kT3, a
modelization corresponding to the case in which a signifigan
higher fraction of the X-ray luminosity comes from the aecre
tion disk. This would turn of course in an enhanced value of
Qaisk, and looking at FigurEl3 it is straightforward to see that
0 . 0'2 . 0'4 . 0'6 . 0'8 . 1 increasingQaisk/Qcor COrresponds to increasing Actually,
’ ' Q/Qu ’ it would be interesting to see what it does happen by fitting
_ ) S the BeppoSAX spectra of GX 354-0 with the same model but
Fig. 3. Theoretical thermal Comptonization indaxas a func- yiin kTy, > kT5. Note also in FiglIL that for 1E 1724-3045
tion of the ratioQaisk/Qcor according to equation (19). and two spectral states of GS 1826—238~1 with electron
temperaturéT, 2 20 keV. Using equatior{9) and the best-fit
values ofkT., reported for the two sources, Witaisk/Qcor ~
electron temperaturkT, the spectral index = 1 £ 0.2. We 0, we obtainr, ~ 1.3 for 1E 1724-3045 anf} ~ 1.6-1.7 for
derived an estimate of the energy indefor TC spectrain NS GS 1826-238, respectively. These values of the opticahdept
LMXBs using an equation for the diffusion approximation in @allow actually to deal with the diffusion approximation it
slab geometry with the reflection (100 %) boundary condjtioflegree of accuracy still satisfactory as can be seen from Fig
which is valid for optical depth, < 1.5. In particular, we find 2, Moreover, it is worth emphasizing that for a slab with epti
that in this approximation it is possible to express the@alfi cal depthr, and inner reflection boundary condition, photons
« as a function of the ratio of the flux from the accretion disighich are back-scattered from the reflecting surface befsre

intercepted by the corona (TL, see E.1[19]) and the energyping experience in fact an optical depti2r,, which further
release in the corona itself. The agreement of the model wéAhances the diffusion approximation validity.

the data takes place when the conditipfsk /Qcor < 1 holds
(see Fig[B).
This behavior of spectral index actually has important
consequences on putting constraints in the accretion geom- . i
: : hile there is a handful of sources for whiél8 < o < 1.
etry of NS LMXBs. In fact, as already pointed-out in the_. : : :
Introduction, the broad-band persistent X-ray spectraiese %lfferent reasons can in fact concur to this result. Firsalbfit

sources are usually fitted by a two-component model consi'§t—we" known that multi-component modeling of X-ray spec-

ing of BB-like emission plus a strong TC bump. Both the caség May have some influence in the determination of the best-fi
arameters. In particular, in the energy band where TC domi-

for which the BB temperature:((3,;,) is lower or higher than P . A
that of the seed photons of the TC buniff) provide equally nates £ 30 keV) Gaussian emission lines around 6.4-6.7 keV

acceptable fits. In the first caskl(,, < £T.), the origin of the are often observed and inclusion of narrow-feature compione

direct BB component is attributed to the accretion diskhia t It? the model can ?ffectt:]he contmutl)Jmé)arameters._Addllt;pn?
second casek(,, > kT;) to the NS surface. This dichotomy lases can come from the energy-band coverage (in particula

in the spectral analysis has not been overcome for a long time " u_smg_?XTE dat_a, Wh'Ch start f_rom about 3 keV) a_md un-
rtainties in the calibration of the instrumental effeetarea,

Some help in this direction has come with the discovery of tﬁ%. h | e i ticular f X hich
transient X-ray tails in some of the brightest sources (st + WhICh may piay some ro'e In particuiar for spectra which are
far away from being powerlaw-like.

ences in the Introduction): in fact, if the origin of the h&d-
like X-ray emission is attributed to a combined thermal plus
bulk (converging flow) effect in the innermost part of the TL  In terms of theoretical predictions, our analytical model i
close to the NS surface, then it becomes natural to suggsst thtended to provide a description of the observed stabilfty
the observed direct BB photon spectrum mostly originatestime spectral index but may of course have some limitations,
the TL/NS surface region, providing the seed photons fok buih particular the energy-independent treatment of theatamti
Comptonization (see Fig. 1 in Farinelli etlal. 2007). field and the simple slab approximation for the TL geometry.
The theoretical results derived in this Paper, in our opinidHowever it is possible that the vertical height-scHlef the TL
strengthen this scenario. In fact, when computing the tatal is higher than its radial extension, it is also likely thagrd is
ergetic spectral budget of the sources in the 0.1-40 keV gvhsome dependence &f on the radial distance from the NS sur-
most of the emission is produced) the dominating TC bump céace. Moreover, in the pure plane-parallel geometry photoa
ries out more than 70% of the source luminosity, the remginiallowed to escape only through the surface of the slab, virhile
part due to the direct BB component. If this BB originateselo this case the slab has limited extension and photons prédyma
to the NS surface, then it is evident that the disk contrdyuto can escape also from its “walls”.

The other issue to point out is that the lower limit @iffor
&H{a extreme cas€aisk/Qcor =0) derived by our model is 1,
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5. Conclusions Montanari, E., Titarchuk, L., & Frontera, F. 2009, ApJ, 692,

We reported results on the value of the thermal ComptomzatiOostcgerbroek, T.. Parmar, A.N., Sidoli, L., in’t Zand, J.J.)
(TC) spectral indexx for a sample of LMXBs NS sources in Heise, J. 2001, A&A, 370, 532

different spectral cases and we found that a part from GX 35ﬂ‘§izis, A.. Farinelli, R., Titarchuk, L., et al. 2006, A&A5,
Oitliesin a beltaround £+ 0.2. We proposed a simple theoret- 187

ical model using the diffusion approximation wherés found Paizis, A., Ebisawa, K., Tikkanen, T., et al. 2005, A&A, 435,
to be a function only of the ratio of the disk and corona fluxes. 599

In particular whenQaisk/@cor < 1 it resultsa ~1, which Popham, R. & Sunyaev, R. A. 2001, ApJ, 547, 355

is_consistent with o_bsgrvations. We are hopeful that Ou'kwoﬁybicki, G.B., & Lightman, A. P. 1979, Radiative processes i
will encourage to significantly extend the sample of obsgérve Astrophysics (New York: Wiley)

NS sources using archival data and observations from mes§ﬂ'nyaev, R. A. & Titarchuk, L. 1980, A&A, 86, 121
and future missions, in particular using as broad as pessif! Sunyaev, R. A. & Titarchuk, L. 1985, AQA, 143, 374
ergy band, especially below 3 keV in order to avoid biases §haposhnikov, N., & Titarchuk, L. 2009, ApJ, 699, 453
the spectral results. We also claim that our model can bémelpﬁtarchuk, L., & Seifina, E., 2009, ApJ, 706, 1463

in solving the dichotomy related to the fact that equally@oo}'itarchuk L., & Shaposhnikov, N. 2005, ApJ, 626, 298

fit are obtained for the cases in which the observed direct BB, . .huk L. & Eiorito. R. 2004 ApJ 612 088

component has a temperature higher or lower than that of the, .chuk L. & Osherovich. V. 1999 ’ApJ,518 L5

seed photons subjected to TC. Titarchuk, L., Lapidus, J., & Muslimov, A. 1998, ApJ, 499 81
Titarchuk, L., Mastichiadis, A., & Kylafis, N. D.1997, ApJ,
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