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ABSTRACT

Context. High-resolution spectroscopy has recently revealed in many low-mass X-ray binaries hosting a neutron star that the shape
of the broad iron line observed in the 6.4—-6.97 keV range is consistently well-fitted by a relativistically smeared line profile.

Aims. The presence of other broad features, besides the iron line, together with a high S/N of the spectra offer the possibility of testing
a self-consistent approach to the overall broadband reflection spectrum and evaluating the impact of the reflection component in the
formation of the broadband X-ray spectra.

Methods. We analyzed two XMM-Newton observations of the bright atoll source 4U 1705-44, which can be considered a prototype
of the class of the persistent NS LMXBs showing both hard and soft states. The first observation was performed when the source was
in a hard low flux state, the second during a soft, high-flux state. Both the spectra show broad iron emission lines. We fit the spectra
using a two-component model, together with a reflection model specifically suited to the case of a neutron star, where the incident
spectrum has a blackbody shape.

Results. In the soft state, the reflection model, convolved with a relativistic smearing component, consistently describes the broad
features present in the spectrum, and we find a clear relation between the temperature of the incident flux and the temperature of the
harder X-ray component that we interpret as the boundary layer emission. In this state we find converging evidence that the boundary
layer outer radius is ~2 times the neutron star radius. In the low flux state, we observe a change in the continuum shape of the spectrum
with respect to the soft state. Still, the broad local emission features can be associated with a disk reflecting matter, but in a lower
ionization state, and possibly produced in an accretion disk truncated at greater distance.

Conclusions. Our analysis provides strong evidence that the reflection component in soft states of LMXBs comes from to hard X-ray
thermal irradiation, which we identify with the boundary layer emission, also present in the continuum model. In the hard state,
the broad iron line if also produced by reflection, and the continuum disk emission can be self-consistently accounted if the disk is

truncated at a greater distance than the soft state.
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1. Introduction

In last few years, the Epic-pn instrument onboard the XMM-
Newton satellite has allowed deep investigation of the nature of
the broad emission lines observed in the iron Ka region of bright
accreting neutron star (NS) low-mass X-ray binaries (LMXBs)
(Bhattacharyya & Strohmayer 2007; Pandel et al. 2008; Cackett
etal. 2008; D’ Ai et al. 2009; Papitto et al. 2009; laria et al. 2009;
Di Salvo et al. 2009). The authors of these works have focused
their attention on the shape and origin of the broad iron line,
and they agreed on the interpretation of the line broadness being
the result of to special and general relativistic effects arising in
the disk reflecting matter at a few gravitational radii from the
compact object. This interpretation is supported by theoretical

* Based on observations obtained with XMM-Newton, an ESA sci-
ence mission with instruments and contributions directly funded by
ESA Member States and NASA.
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expectations and by general agreement between the fitting model
and X-ray (1-10 keV) data.

However, if this interpretation is correct, the reflected spec-
trum should encompass a variety of other disk reflection fea-
tures, because there are other low-Z, but abundant, emitting ion
metals in the low-energy band. The good spectral resolution and
the high S/N of the spectra has effectively shown in many cases
a more complex pattern of features, besides the broad iron line.
D’Ai et al. (2009) found in the spectrum of the bright Z-source
GX 340+0 a broad emission line of CaXIX and an absorbing
edge of highly ionized iron; laria et al. (2009) found in the spec-
trum of the Z-source GX 349+2 three broad lines, besides the
iron line, identified as Ca XIX, Ar XVIII and a blending of L-shell
transitions of moderately ionized iron. Di Salvo et al. (2009)
identified in the bright atoll 4U 1705-44 resonant emission
lines of CaXIX, ArXVII and S XVI, and an Fe XXV iron edge,
which appears broad and redshifted with respect to the expected
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rest-frame energy. It has been therefore suggested that all these
features, and not only the broad iron line, originate in the re-
flection component. To support this interpretation, it has been
shown that the smearing components of the broad iron line (i.e.,
the smearing parameters of the reflection component, the inner
and outer radii, inclination angle of the system, and the emis-
sivity index, which measures the dependence of the emissivity
power-law profile from the distance to the source of the irradiat-
ing photons) consistently describe the shape and the broadness
of all the observed emission lines (D’Ai et al. 2009; Di Salvo
et al. 2009; Iaria et al. 2009).

In this work, we perform a detailed analysis of two
XMM-Newton observations of the bright atoll source 4U
1705-44. In the first observation, the source was in a low flux
state, while in the second the source was in a bright soft state.
First results, using a phenomenological approach to model the
reflection component of the latter observation have been pre-
sented in Di Salvo et al. (2009). Here, we focus on the spectral
changes that occurred between these two observations using a
self-consistent reflection model.

The angular dependence of the reflected component formed
by a constant-density partially-ionized medium was originally
studied by Zycki et al. (1994), Zycki & Czerny (1994), and
Matt et al. (2003). Reprocessing in a medium in hydrostatic
equilibrium was then modeled by Raymond (1993), Nayakshin
et al. (2000), Ballantyne et al. (2001), Ballantyne & Ross (2002),
and Rézanska et al. (2002). Furthermore, Nayakshin & Kazanas
(2002) examined the photoionized accretion discs via a novel
time-dependent approach. A hot layer forms at the top of the
disk atmosphere, roughly at the inverse Compton temperature,
followed by a steep transition to colder, less ionized layers.

We use the reflection table model described in Ballantyne
(2004). First application of this table model to consistently fit
the X-ray spectrum of an NS LMXB can be found in Ballantyne
& Strohmayer (2004). This reflection model (hereafter refbb)
is calculated for an optically thick atmosphere, irradiated by a
blackbody incident spectrum of kT;,, temperature. The model
gives the reflected spectrum according to the ionization param-
eter &, and the relative abundance of iron with respect to the
other metals. In addition to fully-ionized species, the follow-
ing ions are included in the calculations: C mI-C VI, N 1II-N VII,
O1m-O v, NeIn-Ne X, Mg IIT-Mg X11, Si1V-Si X1V, STV-S X VI,
and Fe VI-Fe XXVI. The ionization parameter, log &, can vary
between 1 and 4, with the density ny of the illuminated slab
constant at 10'® cm™>. The constant density prescription can be
considered a good diluted approximation of the actual hydro-
static structure in the disk for the 1.0-10.0 keV energy range
(Ballantyne et al. 2001).

The kT, temperature can vary between 1 keV and 5 keV.
All the metals abundances are fixed at the solar value, except
for iron for which models were calculated for 0.1, 0.3, 1.0, 3,
and 10 times the solar value. The space parameters of this model
covers, therefore, a wide range of possible spectral solutions. In
particular, this is one of the few available reflection models in
which the primary incident spectrum is a soft thermal spectrum,
and, also on the basis of the results already shown in Di Salvo
et al. (2009), it is the most suitable for fitting the soft states of
NS LMXBs.

We show that, within the available energy range, the
continuum emission can be simply accounted for a three-
component model composed of thermal disk emission, a satu-
rated/unsaturated Comptonized harder emission, and a reflection
component. The last one arises from the disk reflecting matter,
where the impinging radiation field is the hard X-ray emission.
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Fig. 1. Long term X-ray light curve of 4U 1705-44. Data from the All
Sky Monitor (2-10 keV range) onboard the Rossi XTE, from 1 January
2006 (MJD 53736) to 1 January 2009 (MJD 54832). The two arrows in
the figure mark the day when the SoftObs (right arrow) and the HardObs
(left arrow) took place.

We study the chemical abundances of the reflecting disk matter,
the accretion flow in the two states, and possible scenarios for
explaining the spectral differences in the two states.

1.1. 4U 1705-44

The source is a persistently bright, accreting LMXB located in
the direction of the Galactic bulge (Forman et al. 1978), hosting
an NS. It shows type-I X-ray bursts, with recurrence times de-
pendent on the accretion state (Langmeier et al. 1987; Gottwald
et al. 1989; Galloway et al. 2008). From the peak luminos-
ity of bursts that exhibited episodes of photospheric radius ex-
pansions, which are thought to happen at the Eddington lumi-
nosity and are, therefore, used as standard candles, Haberl &
Titarchuk (1995) derived a distance of 7.4f(1)'51g kpc, later con-
firmed by Galloway et al. (2008). The companion source has still
not been identified, although a near-infrared counterpart, most
probably originated by X-ray reprocessing by the outer accre-
tion disk and/or the companion star, has recently been found by
Homan et al. (2009).

4U 1705-44 shows a secular trend toward alternating high-
and low-flux periods (see e.g., Fig. 1) on a variable timescale of
months. The spectral variability, on the contrary, can be much
faster, of days (Barret & Olive 2002). Classified by Hasinger
& van der Klis (1989) as an Atoll source, it was later shown
that its spectral and temporal states are intermediate between
the classic Atoll and the Z-sources division (Barret & Olive
2002). In particular, broadband X-ray data have shown that the
switch between hard and soft states can be explained using a
two-component model of a Comptonized inner emission and a
soft thermal emission. Barret & Olive (2002) and Olive et al.
(2003) interpreted the alternate hard and soft state transitions as
caused by different truncation radii of the accretion disk. During
hard states the disk is truncated at a large distance from the com-
pact object and a hot corona with high electron temperatures and
low optical depth forms around the NS. During the hard to soft
state transitions, the inner disk approaches the NS; this causes
an increase in its flux, thus providing a more efficient Compton
cooling for the hot electrons and softer spectra. This scenario
is supported by spectral modeling and by the timing analysis of
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the power-density spectra where the characteristic frequencies
of the band-limited noise and of the low-frequency noise com-
ponents are strongly correlated with the position of the source in
the hardness-intensity diagram. High frequency quasi-periodic
oscillations (QPOs) are also observed, usually in pairs (so-called
kiloHerzt QPOs, kHzQPOs), with the highest reported peak at
1160 Hz (Wijnands et al. 1998; Ford et al. 1998).

Spectral analysis with the Chandra high-resolution gratings
revealed, superimposed to the continuum, a set of local fea-
tures, the most prominent of which was an unambigous, intrinsi-
cally broad (FWHM ~ 1.2 keV) fluorescent iron line (Di Salvo
et al. 2005). However, it was not possible to distinguish among
different broadening mechanisms on the basis of the goodness
of the spectral fit. This motivated the need for new observa-
tions with the XMM-Newton satellite, given the much larger
collecting area in the iron region of the Epic-pn CCDs. A first
XMM-Newton observation caught the source in a low state, and
the S/N was rather poor in the iron range. A second observation,
performed as a target of opportunity when the source returned
to a high-intensity soft period was successful in disclosing the
asymmetry in the iron line shape, which Di Salvo et al. (2009)
interpreted as the result of reflection on a disk surface, very close
to the NS, of hard coronal photons. A similar scenario has also
been proposed for BeppoSAX broad band data in Piraino et al.
(2007), and a claim was also made, using INTEGRAL high en-
ergy data, of a signature of a Compton bump in Fiocchi et al.
(2007). Recently, Reis et al. (2009) using broad band SUZAKU
data also shows that the asymmetry of the iron profile are natu-
rally described by a disk reflection scenario.

2. Observation and data reduction

The XMM-Newton Observatory (Jansen et al. 2001) includes
three 1500 cm? X-ray telescopes each with an European Photon
Imaging Camera (Epic, 0.1-15 keV) at the focus. Two of the
Epic imaging spectrometers use MOS CCDs (Turner et al.
2001), and one uses pn CCDs (Striider et al. 2001). Reflection
grating spectrometers (RGS, 0.35-2.5 keV, den Herder et al.
2001) are located behind two of the telescopes.

XMM-Newton observed 4U 1705-44 on two occasions. The
most recent observation was performed on 24 August 2008
from 02:57:04 to 17:13:35 UTC (Obs. ID 0551270201, hereafter
SoftObs) for a duration of 51.390 ks and an effective exposure of
45.170 ks (owing to telemetry overflow during some part of the
observation), the second observation took place on 26 August
2006 from 05:04:54 to 14:55:38 UTC (Obs. ID 0402300201,
hereafter HardObs), with an exposure total time of 36.733 ks.

On both occasions, the Epic-pn operated in timing mode
with medium filter. In this mode only one central CCD is read
out with a time resolution of 0.03 ms. This provides a one-
dimensional image of the source with the second spatial dimen-
sion being replaced by timing information. RGSs operated in
spectroscopy mode.

Figure 1 shows the long-term X-ray variability of the source
as seen from the All Sky Monitor (ASM) of the Rossi XTE, from
1 January 2006 to 1 January 2009, the period when SoftObs and
HardObs were performed is marked in the light curve. HardObs
took place when the source activity was in a relatively low state
(ASM count rate ~5 count/s), while SoftObs was performed al-
most at the peak of one of the months lasting active state (ASM
count rate ~35 count/s). During the HardObs the source showed
a type-I X-ray burst, while no bursts were present in the SoftObs.
In Fig. 2, we show the Epic-pn light curves of the two observa-
tions. In HardObs the countrate variability, excluding the burst
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Fig. 2. Light curves for SoftObs (upper panel) and for HardObs (lower
panel). In HardObs, a type I X-ray burst is present at ~11 ks after the
beginning of the observation (see Sect. 4 for details.)

interval (see Sect. 4), is around a 10% level from the average of
33.4 counts/s, while SoftObs has an average of 870 counts/s and
a similar variability spread.

In Fig. 3, we show the color—color diagram for the two ob-
servations. The soft color is defined as the ratio of the counts in
the 1-3/3-6 keV band and the hard color as the ratio in the 3—
6/6—10 keV band. The source shows very little variability during
HardObs, while SoftObs is more variable, but always softer than
HardObs.

For spectral analysis we used Xspec version 12.5.0 (Arnaud
1996). The interstellar absorption (phabs component in Xspec)
is calculated using the cross-section table of Verner et al. (1996)
and the metal abundances table of Wilms et al. (2000). We used
the Science Analysis System (SAS) version 9.0 for the repro-
cessing of XMM-Newton data, with the ep proc pipeline for gen-
erating the Epic-pn scientific products and the rgsproc pipeline
for the RGS ones.

We used standard SAS tools for data selection, masks gen-
eration, ancillary and response matrices. Spectra were filtered
according to the PATTERN < 4 and FLAG = 0 criteria.
Background spectra above 12 keV were inspected to check for
periods of high solar background. Background spectra were ex-
tracted using the same filtering criteria of source spectra in the
RAWX 3-10 columns. Source spectra were extracted in the
RAWX 28-46 columns. We used the Epic-pn spectra grouped
to have 5 energy channels per resolution element and at least
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Fig. 3. Color—color diagram that shows the relative positions of the two
observations. Each point represents a time segment of 500 s. SoftObs
data in red, HardObs data in green.

25 counts per energy channel. This choice avoids an exces-
sive oversampling of the data, without loss of important spec-
tral information. RGS data were also grouped by adopting the
25 counts per energy channel criterion.

By testing different choices of channels binning, we ob-
served a change in the value of the reduced y? of the best-fitting
models, but still the best-fitting parameters are not significantly
dependent on this choice.

3. Spectral analysis
3.1. SoftObs the soft state

SoftObs was analyzed in Di Salvo et al. (2009); here we present
a self-consistent approach to the spectrum modeling using a
broadband reflection model. In Di Salvo et al. (2009), the main
focus was on the determination and the nature of the broad emis-
sion lines seen in the energy spectrum from 2.5 keV to 11 keV. It
was shown that the reflection scenario, including the relativistic
effects, is the most physically and statistically favored solution
for interpreting the broad emission features.

We analyzed these data again, using a slightly different ex-
traction mask for the Epic-pn, namely excluding the brightest
CCD column (RAWX = 37), in order to obtain a complete pile-
up free spectrum. We used the epatplot tool of the SAS package
to check the distribution of single vs. double event pattern dis-
tribution. This tool shows the theoretical normalized fractional
distribution of these events and the real data distribution. A mis-
match between the data and the theoretical predicted curves indi-
cates possible pile-up. The XMM-Newton data of 4U 1705-44,
including the brightest CCD row, deviate from the theoretical
curves for energies less than 2.5 keV (which indeed were ex-
cluded from the analysis published by Di Salvo et al. 2009) and
above 9 keV. The exclusion of the brightest row of the Epic-pn
CCD significantly reduces this problem (e.g. the gap between
data and theoretical curve passes from 0.02 to 0, from 0.03 to
<0.01, from 0.04 to <0.02 at 3 keV, 6 keV, 9 keV, respectively).

We also used RGS1 data in the 1.0-2.0 keV energy range,
while RGS2 data have been discarded since they are severely
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Fig. 4. Residuals, in units of o, in the broad 0.6—12 keV energy range,
of the Epic-pn spectrum when the 2.0-12.0 keV best-fitting model is
used (Table 1). A broad feature at 1.7 keV is clearly visible together
with soft residual emission below 1.0 keV.

pile-up affected'. Epic-pn data were first used in the broad en-
ergy range between 0.6—12.0 keV. This range, however, revealed
(as in HardObs) some very large systematic features around the
Au and Si instrumental edges that are difficult to reconcile with
any plausible physical scenario (see also Boirin & Parmar 2003;
Papitto et al. 2009). Also, a mismatch between the RGS and
PN spectrum in the 1.0-2.0 keV range is indicative of calibra-
tion uncertainties that affect the determination of the soft band.
In Fig. 4, we show the Epic-pn spectrum for clarity, when the
2.0-11 keV band is used for deriving the best-fitting model, and
then the 0.6-2.0 keV channels are noticed. The broad feature at
1.7 keV is also present in HardObs, and we found that this spec-
tral shape can be well-fitted using a simple broad Gaussian line.
These Gaussian parameters are consistent in the two datasets.
At very low energies, the spectrum shows a clear flux excess,
which, however, is ruled out by the simultaneous RGS1 dataset.
We therefore excluded the PN energy range below 2 keV in or-
der to get rid of any systematic problem that could affect our
analysis, and used only the RGS1 data to constrain the softest
band.

In analyzing these data, Di Salvo et al. (2009) decomposed
the continuum emission into the sum of a soft blackbody com-
ponent and a harder, optically thick, Comptonized component.
In the present work, we used a slightly different but physi-
cally and statistically similar continuum model. We replaced the
soft blackbody component by a multicolored disk component
(diskbb model in Xspec, Makishima et al. 1986), while the
Comptonized emission could be approximated well with a sim-
pler hard blackbody component. Having an additional contin-
uum component at energies above 7 keV from the reflection con-
tinuum gives, in fact, a Comptonization optical depth over 10,
while, at the same time, seed-photon temperature and electron
temperature get very near to each other (AE < 0.5 keV), so that
the blackbody approximation is reasonably justified (D’ Ai et al.
2009; Iaria et al. 2009). Moreover, instead of a number of local

! The RGS2 frame time is double with respect to the RGS1 CCDs
caused by an instrumental failure occurred in August 2007; the longer
frame time makes the RGS2 CCDs more easily subject to pile-up.
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Fig. 5. Data and best-fitting model with individual components separately shown (fop panels), together with residuals in units of sigma (lower
panels). Left panel: the best-fitting model without the Ar XvIII and Ca XIX emission lines. Right panel: data and residuals using the best-fitting

model of Table 1.

disklines and a smeared absorption edge, in this work we use
a self-consistent table reflection model (Ballantyne 2004), con-
volved with the rdblur component (Fabian et al. 1989) to con-
sider the relativistic effects in a Schwarzschild space-time (i.e.
relativistic Doppler boosting, light bending, and lensing effect
of the disk irradiated matter). The degree of smearing is set by
the disk’s inner and outer radius (in units of gravitational radii
R, = GM/c* ~ 2 km for a 1.4 solar mass NS), the inclina-
tion angle of the disk, and the emissivity law profile, assumed
to only depend on the distance of the source of the impinging
photons (e(r) = r~9). These parameters are well constrained by
the fitting, except for the disk outer radius, which is poorly con-
strained (Roue = 107.% x 10° R,), so that we choose to keep it

frozen at 10* Ry, given its much larger uncertainty with respect
to the other spectral parameters.

We tested that the kTio,, the temperature of the irradiating
flux is perfectly consistent with the same temperature of the hard
blackbody component, and we set the two spectral parameters
tied together during the fitting procedure.

This model adequately describes the continuum and the
shape of the iron line, and also takes the emission features of
SiXIv and S XVI into account, although some residuals are still
present at ~2.6 keV probably due to an overabundance of this
metal with respect to the other elements. There are still two
broad features at ~3.9 keV and ~3.32 keV that stand out in the
residuals (see Fig. 5, left panel). Following the interpretation of
Di Salvo et al. (2009), which ascribes these features to reso-
nant emission lines of He-like calcium and H-like argon ions,
we added two Gaussians to account for these residuals profiles,
given that our reflection model lacks, in fact, the relative emis-
sion lines for these elements. These lines are kept with 0 keV
frozen width and are convolved with the rdblur kernel, with the
smearing parameters identical to the refbb model. The reduced
x?, with the introduction of these two additional smeared lines
varies from 1.70 (710 d.o.f.) to 1.30 (706 d.o.f.), and the resid-
uals at the 3.3 keV and 3.9 keV energies are reasonably well
fitted (Fig. 5, right panel). These two lines have a similar equiv-
alent width (between 8 and 10 eV), and the line positions are
well constrained and in agreement with the expected rest-frame
emission line energies (the Ar XVIII at 3.30 + 0.02 keV and the
Caxix at 3.90 + 0.02 keV).

Given the high quality of the spectrum, we also tried to eval-
vate the fraction of iron abundance with respect to the other
metals. Setting the iron fraction overabundant with respect to

other metals by a factor of 3 provides a worsening of the fit
with respect to the assumed solar values (A,\,/2 = 10, F statis-
tic value 9.7 and probability 0.2%), and the same happens when
the iron fraction is assumed to be underabundant for the same
factor (Ay? = 12, F statistic value 11.7 and probability 0.06%).
We concluded that the iron fraction is well constrained by the
reflection model, and it is relatively consistent with the assumed
solar abundance values within a factor of 3.

Although this model is formally not satisfactory (,yrze g~ 1.3
with 706 d.o.f.), there is no evidence in the residuals of other lo-
cal features, and the residuals are so randomly distributed around
the best-fitting model that no other continuum component is re-
quired. The most probable explanation for this high y? is that, at
this very high count rate (>400 cts s™!), the statistical errors in
the channels becomes too small compared with the relative un-
certainty of the response matrix, giving an overall underestima-
tion of the systematic error to be attributed to the energy chan-
nels. Adding a 0.8% systematic error to the best-fitting model,
we find a value of y*> ~ 1.0. This error is added in quadrature
in order to self-consistently evaluate the error to be associated to
the spectral parameters, which are reported in Table 1. We also
report the unabsorbed fluxes of each spectral component in the
1-10 keV range, and in the extrapolated 0.1-100.0 keV range.
The blackbody radius and inner disk radius are calculated as-
suming a distance to the source of 7.4 kpc and a disk inclination
of 35°.

The observed 1.0-10.0 keV absorbed flux in this obser-
vation is 5.6 x 107 ergcm™2s~!, while the unabsorbed flux
is 1.2 x 1078 ergem™2s~!. Extrapolation of this model from
0.1 keV to 100 keV results in a bolometric unabsorbed flux of
1.6 x 1078 ergem™2s7!. The inferred X-ray luminosity in this
state corresponds to ~1 x 103® erg s~!. Figure 6 shows the contri-
bution of disk thermal emission, hard thermal emission, and re-
flection component to the absorbed 0.5-50 keV flux (left panel)
and to the unabsorbed 0.1-50 keV flux (right panel). The con-
tribution of the reflection component is dominant at very low
energies, below 1 keV, while, because of the very soft nature of
the incident spectrum, it falls off very rapidly beyond the iron
line region.

3.2. HardObs the hard state

In this section we describe the spectral analysis of the persis-
tent emission of HardObs, excluding the data close to the type-I
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Fig. 6. Best fitting model in the E X f(E) representation of the soft state of 4U 1705-44. Red line is the thermal disk emission, green line the black
body thermal emission, blue line the reflection component. Left panel shows the ISM absorbed model, right panel shows the unabsorbed model.

Table 1. Best-fitting values of the parameters obtained for the soft state
of 4U 1705-44.

Parameter Units Values
Ny 10”2 cm™ 2.70+0.02
Disk kT keV 1.15+0.03
Disk radius km 11.3+£0.5
Disk flux 10 ergem™2 s 5.59-7.17
BB kT keV 1906032
BB Radius km 53+0.2
BB flux 10°%ergecm™2s™! 5.14-6.70
Inner radius R, 6*7
Outer radius R, 104
Betor 2.30’:8:??
Inclination degrees 35.0+2.0
log ¢ 2.36f81?§
Refbb Flux ~ 10% ergcm™2s™!  0.81-2.21
X2, (dof) 726 (706)

X-ray burst (from 15 s before the burst peak to 200 s after the
burst peak). We first used Epic-pn data in the broad energy
range from 0.6 keV to 12.0 keV, RGS1, and RGS2 data in the
1.0-2.0 keV energy range. A single absorbed power-law model
fails to describe the data ()(fed ~ 4.07,826 d.o.f.); a power law
with exponential cut-off provides a better fit, but still unsatisfac-
tory (X?ed ~ 2.82,825 d.o.f.); replacing the exponentially cut-
off power law with a physical Comptonization model (comptt
in Xspec, Titarchuk 1994) again improves the fit significantly
(,yrzed ~ 1.61, 824 d.o.f.). Residuals at low energies, however, re-
quire the addition of an additional soft component. A blackbody
component or multicolored disk emission (diskbb in Xspec) is
able to satisfactorily model the continuum emission, although
from a statistical point of view, we are not able to distinguish be-
tween a single thermal temperature and the multicolored model

rzed ~ 1.40,822 d.o.f. for both models), and we discuss differ-
ent physical scenarios. The still high y? stems from the presence
of a broad local emission line in the iron range and to an S-
shaped pattern in the residuals at softer energies, which could be
fitted by a broad Gaussian at energies ~1.7 keV. This broad line
is, however, not easily identified with any physically reasonable
bound-bound transition so we discuss a possible instrumental
origin. In fact, the residuals pattern between 1.0 and 2.0 keV is
mostly guided by the Epic-pn channels, given the much larger
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collecting area compared to the RGSs. Fitting the RGS datasets
alone, we obtain a relatively good fit (reduced x> = 0.99) us-
ing either an absorbed power-law model or blackbody model as
continuum. RGS data alone indicate a higher Ny than the Epic-
pn data (Mg 3.0 + 0.4 x 10> cm™2 for power-law continuum,
2.2 + 0.3 x 10??> cm™2 for blackbody emission).

On the contrary, in the restricted 0.6-2.0 keV Epic-pn band,
we clearly observe large residuals that cannot be ascribed to
the shape of the continuum emission (see Fig. 7, left panel).
Inclusion of a broad line at 1.7 keV makes the model accept-
able; however, this line is not required in the RGSs spectrum,
for which we get only an upper limit on the line normaliza-
tion of 8 x 10~ photonscm™2 s~ (90% confidence level), which
not compatible with the lower limit of the Epic-pn spectrum
(2.9 x 107 photonscm™2s~" , 90% confidence level). This led
us to conclude that the line is probably an artifact due to incor-
rect modelization of the instrumental K Si and M Au edges of
the Epic-pn. Moreover, as mentioned above, the Epic-pn data re-
quire a much lower value of the Ny (1.3 + 0.2 x 10?2 cm™),
which does not match by far the high value as derived from the
RGSs and the Epic-pn data above 2 keV or the Ny value of
SoftObs, nor the Ny value as derived from the burst analysis.
This implies either an usual underabundance of light Z metals
(e.g., oxygen, neon, magnesium) with respect to high Z metals
or the presence of additional soft X-ray emission, or a soft flux
miscalibration of the instruments. The first hypothesis appears
the least probable. The second hypothesis can be, in principle,
correct and it is not difficult to image other physical mechanisms
that can play an important role at these very soft X-ray ener-
gies (X-ray reprocessing in the outer disk or at the surface of
the companion star), but our experience has shown that other
XMM-Newton observations in timing mode of moderately ab-
sorbed bright sources are affected by such soft excesses (D’ Ai
et al. 2009; Iaria et al. 2009), often in the form of strong and
very broad emission lines at 1.0 keV. Although possibly hiding a
physical origin, such excesses can introduce strong biases in the
determination of the correct physical model and physical conclu-
sions. In view of the above-mentioned considerations, we chose
not to consider Epic-pn data below 2 keV, in analogy with data
reduction of SoftObs, and to rely on the RGS data for the rest of
our analysis.

RGS data, however, have fewer statistics than the Epic-pn
data, and we noted that the determination of the soft component
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Fig.7. Left panel: data and residuals at the soft energies (0.6-3.0 keV), using an absorbed blackbody component. Residuals clearly display an
S-shaped pattern in the Epic-pn data (black data) between 1.5 keV and 2.0 keV and a general mismatch between RGS data (green and red data)
and Epic-pn data at softer energies. Data have been rebinned for clarity. Right panel: residuals in the iron range, when data 4.0-9.0 keV are fitted

with Model 1 and the iron line is subtracted from the data.

Table 2. Best-fitting values and associated errors for different modelization used to fit the hard state data of 4U 1705-44.

Parameter Units Values

Model 1 Model 2 Model 3
Ny 10%2 cm™ 2.7¢ 2.7¢ 2.7¢
Disk/BB kT keV 0.30 £0.04 043+0.03 0.23+0.12
Disk Normalization 70¢ 1200¢
BB radius km 14 +5
Disk/BB flux 107%ergem™2 s 0.16-0.30  0.19-0.48 0.08-0.29
Comptt kT keV 0557091 0.57 £0.03 0.50 £ 0.01
Comptt kT keV 144 +£0.2 13.8j8:§ 13.8j8:§
Comptt 7 5.5¢ 5.5¢ 5.5¢
Comptt flux 107%ergecm™2 57! 2.6-6.2 2.5-5.7 2.1-5.2
Iron line keV 6.50 + 0.07
Iron o 0.41 £ 0.08
Line EW eV 60 + 25
Inner radius R, 30759 30¢
Outer radius R, 70073000 1000“
Betor 2.3¢ 2.3¢
Inclination degrees 35¢ 35¢
kTion keV 1.8+0.3 1.6 £0.2
log ¢ <1.1 <1.04
Refbb Flux 1070 erg cm™2 57! 0.08-0.24 0.08-0.29
X2, (dof) 743 (727) 747 (726) 753 (726)

Notes.  Frozen parameter during the fitting procedure

is strongly correlated with the Ny value. We chose to use results
of the soft state analysis to derive better constraints for this ob-
servation, and we froze the Ny value to the best-fitting value of
Table 1. Adopting the value of 2.44 x 10?>x cm™? derived from
the burst analysis (see Sect. 4) does not significantly change the
determination of the spectral components, or our conclusions.

The broad ~6.4 keV line can be identified as a fluorescence
emission line of iron in a low ionization state (see Model 1 in
Table 2). The line is intrinsically broad, given that its width is
much greater than the energy resolution of the Epic-pn in this
energy band.

We present in Table 2 the results of three different spectral
decompositions. The models mostly differ in the choice of the

soft component and of the reflection model, but share the use
of a Comptonized component for the hard-energy part of the
spectrum. However, because the spectrum is only covered up to
12 keV and the Comptonized emission extends well above this
energy, we found a strong correlation, in all the models, in pa-
rameter space, between the electron temperature and the optical
depth of this component. In this state, the source has been previ-
ously observed many times with the Rossi XTE satellite, whose
higher energy coverage allows for much better constraints. In
Barret & Olive (2002), the optical depth of the Comptonized
component, in this hard state, shows a nearly constant value at
5.5. We chose, therefore, to keep this parameter frozen at this
value, to reduce the uncertainties in the determination of all the
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other spectral parameters, after having checked that this value is,
however, within the parameter error bar, if this is set free to vary
in the fitting procedure.

In Model 1, we use a thermal blackbody for the soft com-
ponent and a Comptonization for the hard component (Barret
& Olive 2002; Gierlinski & Done 2002). The iron line is fitted
using a Gaussian line. In Model 2, we use a multicolored disk
emission, with disk normalization N fixed to 70 (this value cor-
responds to an inner edge located at ~1.2 Rys) and the refbb
reflection model convolved with rdblur smearing kernel. The
use of the refbb model can be considered a good first-order ap-
proximation, within the 1-12 keV available band, of the actual
reflection spectrum, although the impinging radiation spectrum
now departs from a saturated blackbody-like spectrum. The re-
flection model is mainly used to reproduce the broad iron fluo-
rescence line as we have no other prominent feature available to
constrain other reflection models. The temperature of the black-
body incident spectrum, the ionization parameter, and the com-
ponent normalization are left free to vary. In this way, the reflec-
tion model provides the same information on the ionization state
of the disk reflecting matter, on the 1-10 keV reflection flux,
and on the hardness of the impinging radiation source, as would
be derived with other reflection models. In Model 3, we force a
spectral solution with disk normalization N fixed to 1200 (cor-
responding to an inner radius of ~5 Rys, or ~30 Ry). For both
Model 2 and Model 3, the smearing of the reflection component
is strongly required by the fit (Ay? > 50, without any smearing),
although the smearing parameters, when left free to vary, were
strongly correlated and uncertain. We chose to keep the inclina-
tion angle and the emissivity index of the rdblur component
frozen to the best-fitting values of the soft state fit (see Table 1),
because these parameters are not physically expected to vary be-
tween the two states. In Model 2 we left the inner and outer radii
free to vary. As can be noted, they are not very well constrained.
The inner radius is required to be less than 90 R,, with a best
fitting value of 30 R,. In Model 3, these two parameters are un-
constrained as well, and we chose to freeze the inner radius at
a reference value of 30 R, (matching it with the inner disk edge
value of the continuum component diskbb), while the outer ra-
dius is frozen at 1000 Rg.

In Fig. 8 we show the data and the residuals with respect to
the best-fitting models, together with the best-fitting unabsorbed
model in the extrapolated 0.1-100.0 keV range. Best-fitting val-
ues of the spectral components and corresponding fluxes, calcu-
lated in the unabsorbed 1.0-10.0 keV range and in the extrapo-
lated 0.1-100.0 keV range, are reported in Table 2. As observed,
irrespective of the model we used to fit the data, the bulk of the
emission is in the Comptonized component and the fluxes do not
differ substantially from one model to the next.

4. Burst analysis

In HardObs, the source showed a type I X-ray burst. The peak
of the burst was observed 10.844 s after the beginning of the
observation and lasted approximately for 100 s. The light curve
profile during the decay phase is well-fitted by an exponential
curve with a decay time 7 of 10.4 s. The spectral evolution of
the burst is similar to what is observed in other sources. We
used the source spectrum 15 s before the onset of the burst as
background file, and then we extracted a source spectrum ev-
ery 5 s, after the burst peak. The burst spectrum is well-fitted by
an absorbed blackbody spectrum and does not show any other
spectral feature, also because the low statistics and the short ex-
posure times. In Table 3, we show the variation in the burst flux
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Table 3. Time-resolved spectral evolution of the burst emission.

BB kT BB luminosity BB radius

Units keV ergs™ (x 10°7)  km

Timel 291+0.15 158=+1.5 4.1+0.6
Time2 241+0.11 102+0.8 4.8+0.6
Time3 1.74+0.07 4.0+02 5.8+0.7
Time4 1.53+0.09 2.0=x0.1 54+0.8
Time5 1.36+0.09 14=+0.1 5.7+0.9
Time 6 1.26 +0.09 0.96 +0.08 54+1.0

and the decreasing temperature of the continuum component as
a function of time. The burst does not show photospheric radius
expansion.

The study of this burst allows, for the first time in this source,
to independently constrain the value of the interstellar absorp-
tion towards the source direction. Past studies, in fact, relied on
the Rossi XTE data, where the spectra started from 3.0 keV and
gave nearly no constraint on the Ny. We fitted the six datasets
using a common fit, with the Ny tied for each dataset. The re-
duced X2 of the fit is acceptable, 1.03 for 472 dof, and we de-
rived a value for the Ny parameter = 2.46 + 0.22 x 10> cm™
(2.46 + 0.35 x 10*2 cm™2 for 99% confidence level). Using the
once common wabs interstellar absorption component, we get
Ny = 1.70 + 0.15 x 10%2 cm™2. We further checked that this
global Ny value is within the error bars, when this parameter
is independently free to vary for each spectrum. We report in
Table 3 the best-fitting blackbody parameters (blackbody radius
calculated assuming a distance of 7.4 kpc) for the six time inter-
vals and in Figs. 9 and 10 the burst light curve and the data with
the residuals in units of o for the common fit.

The evolution of this isolated burst is similar to some of
the bursts reported for this source in the RXTE burst catalog
(Galloway et al. 2008).

5. Discussion
5.1. The soft state

The two XMM-Newton observations of 4U 1705-44 offer the
opportunity of testing a self-consistent model for the 1.0—
12.0 keV energy band and, using spectral fitting, probing the dif-
ferent accretion states in this source. During SoftObs the source
was in a high-flux, soft state. The bolometric luminosity of the
source was at ~50% of the Eddington limit, with most of the X-
ray emission within the observed 1-12 keV band (~70%). This
state corresponds to one of the softest states ever observed for
this source. Because most of the flux, theoretically limited by
the Eddington rate, is radiated at soft energies (E < 10 keV),
we expect that the spectrum is relatively weak in hard X-rays,
(Barret & Olive 2002). Even considering the possible presence
of a nonthermal hard tail, which was reported when the source
luminosity corresponded to 4 x 10%” erg s~! (Piraino et al. 2007),
this characterization remains valid as the hard tail flux amounted
to only ~10% of the total source luminosity.

The spectrum can be well-fitted by the sum of two ther-
mal components together with the reflection component. This
model accounts for the energetics and spectral distribution be-
tween the different continuum components, if we associate the
blackbody hard emission with the boundary layer (BL) emission
(Done et al. 2002; Gilfanov et al. 2003; Revnivtsev & Gilfanov
2006). The boundary layer should, in fact, occupy a very small
region between the inner disk radius and the surface of the NS,
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Fig. 8. Right panels: XMM-Newton data and residuals in units of o with respect to the best-fitting models for the hard state. Left panels: the
theoretical unabsorbed model in the 0.1-100 keV range (in blue the iron line/reflection component, in green the Comptonized component, in red

the thermal soft disk emission).

and theoretically, it should Comptonize seed photons from the
disk and the surface of the NS in an optically thick corona in
these high-accretion states (Popham & Sunyaev 2001), resulting
in a saturated single-temperature Comptonization.

The blackbody radius of the hard component is 5.5 km, a
value that is remarkably in agreement with the asymptotic value
that we derived from the analysis of the burst emission. Taking
general relativistic effects into account and the hardening of the
spectrum (Shimura & Takahara 1995), this radius is compatible

with an emission region of size comparable to the NS surface.
The disk and the BL have comparable fluxes with a luminosity
ratio Lpr,/Laisk = 1.67 (assuming a spherical isotropic emission
for the BL and neglecting the reflection contribution) or 2.0 (con-
sidering the sum of the reflection emission and the hard compo-
nent).

We can express the ratio of these two components in terms
of the outer boundary layer radius, which can be written in units
of the NS radius as bRys, and of the spin frequency of the NS,
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Fig. 10. Data and residual with respect to the best-fitting model of the
six time selected spectra of Table 3.

which can be written as a fraction of the breakup spin frequency,
f = Vspin/Voreak (Popham & Sunyaev 2001),

L. _ 12 5p 5
— = - f+2b-1. (1)
Lask b
The spin frequency of the NS is not known; however, the dif-
ference between the upper and the lower kHz QPOs is, in some
sources, near the true spin frequency (see van der Klis 2004;
Méndez & Belloni 2007). In 4U 1705-44, this difference is
~330 Hz (Ford et al. 1998), which translates into a f value be-
tween 0.13-0.2 depending on the equation of state adopted for
the NS. A ratio of 2, as we found, constrains the b value in a very
narrow range between 1.8 and 2.1, which agrees with theoretical
expectations for such a high accretion rate, of the outer radius of
the boundary layer (Popham & Sunyaev 2001). In some sources
the difference in kHzQPOs peaks is near half the spin frequency.
If this were the case, on the contrary, we would obtain b values
above 2.6, contradicting both the theory and the inner disk radius
obtained from the reflection component.

The thermal disk component normalization N is related
to the inner disk radius by the simple expression Ry, =
D~/N/ cos 6, where D is the distance expressed in units of 10 kpc
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and 6 is the inclination angle. Using a distance of 7.4 kpc and
an inclination angle of 35°, we obtain a best-fitting value of
11.4 km. However, this value is generally considered an underes-
timation of the true inner radius by a factor of ~2 (Merloni et al.
2000). Taking these corrective factors into account, we derive an
inner disk radius of ~10 R,, consistent with the smearing factor
of the reflection component and with our estimate of the outer
boundary layer radius as derived by the ratio of the continuum
fluxes (D’Af et al. 2007; D’ Ai et al. 2009).

The reflection component in this state is remarkably strong,
and the reprocessed flux at the disk surface is about 30% of
the total Comptonized component. Although most clearly deter-
mined by the shape of the broad iron line, the reflection compo-
nent, gives its strongest contribution in the very soft X-ray band
(below 1 keV there is 62% of the overall bolometric flux of the
component, with the dominant H-like lines of oxygen and neon),
where it can be as competitive as the disk emission, as already
noted by Ballantyne (2004). In the 1-10 keV range, the relative
contribution is 33%, while above 10 keV, there is only a 5% flux,
owing to the very soft nature of the incident flux. We calculated
the reflection fraction (R = Q/2x) for this model to be 0.23 +
0.01, a value that is consistent with our proposed geometry of a
compact illuminating source.

The disk approaches the NS, and we obtain accurate con-
straints from the relativistically broadened reflection features,
which set the inner disk radius to less than 13 R,. After com-
paring our best-fitting model with the results of Di Salvo et al.
(2009), we note that the blurring parameters agree quite well,
with a difference only in the outer radius, which in our model
is found larger and in the inclination angle, which is required
to be somewhat lower (although still compatible at 3o level).
These differences are, however, impressively small if we con-
sider that we adopted here a different continuum model and
a self-consistent broadband reflection model instead of local
disklines.

5.2. The hard state

Bright Z-sources accreting very close to the Eddington limit, do
not show significant variation in the luminosity ratio between
disk and coronal emission when they move along their Z-track
on a color—color diagram, and the evolution of the spectral pa-
rameters is smooth, without jumps (e.g. Di Salvo et al. 2002;
Agrawal & Sreekumar 2003; D’ Af et al. 2007).

Atoll sources, in contrast, resemble the spectral decompo-
sition of bright Z-sources when they are in their soft state (also
called banana state), but strongly differ when they move into the
hard state (also called island state). In this state a very soft com-
ponent is occasionally detected (Barret et al. 2000; di Salvo et al.
2004), although the inferred emission radii are of a few kms,
and some authors identify this soft emission directly with the
NS surface/BL emission (Gierlinski & Done 2002; Barret et al.
2003). The luminosity is dominated by a Comptonized spectrum,
with moderate optical depth (1 < 7 < 6) and high-energy cut-
offs between 30 and 100 keV. There is no general agreement
about what causes these state transitions, although it is certain
that the soft-hard and the hard-soft transitions are switched at
different luminosities giving rise to a hysteresis pattern (Meyer-
Hofmeister et al. 2005). The difference in the switch luminosity
is not, however, universal, and 4U 1705-44 displays a small, or
null, hysteresis (Gladstone et al. 2007). The luminosity that we
derived using the models 1-3 is within 2—4 x 10°® erg s~!, which
is slightly below the threshold that Gladstone et al. (2007) quotes
for the state transition of 4U 1705-44.
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Comparing these results with the models proposed for the
soft state, we note the very small contribution of the soft compo-
nent to the overall energy emission. The source accretes at lev-
els less than 1% Lggq, so that the disk is theoretically expected
to closely approach the NS surface (at 1.1-1.2 Rys), because it
has a flux contribution higher, or similar, to the Comptonized
component (Popham & Sunyaev 2001). But, as can be seen in
Table 2, any soft component would make only ~1/10 of the over-
all total contribution. This aspect is well known as are the diffi-
culties in the spectral decomposition (see Lin et al. 2007, for a
complete discussion).

We showed the best-fitting parameters in Table 2, and the
residuals and the extrapolated models for three different mod-
elizations, which are able to describe the 1-10 keV energy spec-
trum in Fig. 8. The model with the lowest y? is Model 1, al-
though the two other models cannot be a priori ruled out, as
the difference in y is not significant and is given to tighter con-
straints imposed on Models 2 and 3. We discuss hereafter the
physical implications of the three models, focusing on the com-
bined broadband continuum and line broadening mechanisms.

5.2.1. Model 1

This model provides a very good fit to the data, and is also
proposed in Barret & Olive (2002) for RXTE spectral anal-
ysis of the same source and in Gierlifiski & Done (2002)
for the atoll source 4U 1608-52. It closely resembles the so-
called Birmingham Model (Church & Baluciriska-Church 2001;
Church & Batucinska-Church 2004), where the spectral decom-
position is resolved into a soft blackbody emission, ascribed
to the boundary layer, and a Comptonized emission that takes
place in an extended corona (coronal radius >10° cm) caused by
disk evaporation. The inferred blackbody radius is rather small
(14 + 5 km), but it can be still consistent with a surface physi-
cally associated with the BL. We derive good constraints for the
Comptonized component on the seed photon temperature and
the thermal temperature of the electron cloud. When comparing
our results with Barret & Olive (2002), we observe that the soft
blackbody component has a much lower temperature (0.3 keV
against 1 keV), while the electron temperature is well consistent
with the RXTE results. The discrepancy is, however, explicable
considering the much better low energy coverage of the spectrum
offered by XMM-Newton, while the RXTE data start only from
3 keV, not allowing any distinction between the Comptonized
curvature at the seed-photon temperature and the contribution of
any other soft thermal component. (In Barret & Olive 2002, the
seed-photon temperature is, in fact, kept frozen to a reference
value of 0.4 keV because not constrained by the fit.)

We note, however, that the blackbody temperature is too low
to be associated with the reprocessed emission from the NS sur-
face, while it is physically implausible to observe seed photons
for the Comptonized component more energetic than the emitted
photons for the BL or the NS surface. We find it more reasonable,
on the basis of the results of the soft state, to consider that the
continuum soft component still needs to be associated with the
thermal disk emission, while the Comptonized emission contin-
ues between the inner edge of the accretion disk and the surface
of the NS.

5.2.2. Model 2

In analogy with soft state, this model ascribes the softer con-
tinuum component to thermal disk emission and the harder

component to Comptonized emission. We tried two spectral so-
lutions to check, at least as a first order approximation, that the
iron line broadness could still be interpreted in terms of disk re-
flection. An optically thick, geometrically thin disk must, there-
fore, be present, so we tried in Model 2 to fit the low-energy
X-ray band with a disk emission, whose inner radius would
match an Ry, ~ 1.2 Rys, as is theoretically expected (Popham
& Sunyaev 2001). This corresponds to fixing the normalization
of the diskbb component to 70, a value we found to lie within
the error box, if the parameter is left free to vary. The reflection
component requires a kT, temperature between 1.5 keV and
2.1 keV.

The degree of smearing, given by the constraints imposed on
the rdblur component are sufficient to adequately describe the
iron line broadness. In this case, the reflection has a lower sub-
tended angle with respect to SoftObs, and the percentage ratio
of the extrapolated fluxes between the corona and the reflection
component is ~4%, which can physically correspond to a ge-
ometrical shrinking of the area of the BL, which from a quasi-
spherical shape around the NS in the soft state, is expected to de-
crease its area to an equatorial belt of a few kilometers diameter
(Inogamov & Sunyaev 1999). Half of the reflected energy is ab-
sorbed and re-emitted at energies less than 1 keV, while a higher
fraction, about 20%, with respect to the soft state, emerges above
10 keV.

This modelization has, however, the main flaw of unexplain-
ing the strong difference in the fluxes of the two components
(more than a factor of 10). A similar spectral decomposition
is also possible for black hole sources in their low/hard states,
where a very soft component, together with a reflection com-
ponent arising in an untruncated accretion disk, is claimed to
be present by some authors (Miller et al. 2006b,a; Rykoff et al.
2007), but it is rejected by others (Done & Gierlifiski 2006;
D’Angelo et al. 2008; Gierlinski et al. 2008; Hiemstra et al.
2009; Cabanac et al. 2009). However, in black holes, there is no
balance required in the energetics of the components that make
up the overall X-ray emission, as the quantity of energy advected
beyond the event horizon is an unknown variable. In contrast,
in X-ray systems harboring a neutron star, all the accretion en-
ergy must be dissipated and released as visible electromagnetic
radiation (excluding any strong beaming effect that could arise
in a state, but not in an another). Because the spectral solution
that we envisioned for SoftObs is perfectly consistent with the
presence of a standard accretion disk truncated at ~2 Ryg, from
an energetic distribution between the spectral components, we
conclude that, although statistically consistent, Model 2 lacks a
correspondingly coherent physical scenario. It is, therefore, pos-
sible that the disk structure strongly departs from the standard
Shakura-Sunyaev a-disk model, becoming less energetically ef-
ficient or losing its thinness (Maccarone & Coppi 2003; Meyer-
Hofmeister et al. 2005; Dullemond & Spruit 2005).

Recently, Taam et al. (2008) explored this scenario for the
low/hard states of black holes, finding that at luminosities of
a few percent of the Eddington limit, a cool, underfed, disk
can be formed by condensation of coronal matter onto the disk.
This disk would be under-luminous with respect to a standard
a-disk and still act as a reflecting medium for coronal pho-
tons. However, the shape of the reflection component would be
strongly influenced by Compton-scattering in the corona, if its
optical thickness is much higher than 1, as observed in the hard
state of this source, and the line should be strongly smeared and
practically undetectable (see the discussion in Di Salvo et al.
2005). We are therefore led to consider a different scenario,
where still we have a standard accretion disk, but truncated at
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some distance from the neutron star by an unknown physical
switch (magnetic pressure of the B-field of the NS or change
in the accretion flow or evaporation or a still unknown physical
mechanism).

5.2.3. Model 3

This model revisits Model 2 by forcing a spectral solution con-
sisting of a truncated accretion disk, Comptonized boundary
layer emission, and reflection component. The model is adequate
for describing the shape of the line, and it is only marginally sta-
tistically less favored than the two other models. The diskbb
normalization is set to correspond to a truncated disk at 30 R,
and the inner radius of the reflection component is also frozen at
the same value. We are not interested, here, in evaluating where
exactly the disk is truncated, as we do not have the necessary sta-
tistical constraints for it, but rather, we are interested in showing
a representative spectral solution, which is physically motivated
and still statistically acceptable.

Constraining the normalization of the diskbb component
to a higher value than for Model 2 produces in the best-fit a
lower disk temperature (from 0.4 keV to 0.2 keV) and a lower
Compton seed-photon temperature while it has no effect on the
determination of the hard part of the spectrum and on the shape
of the reflection component.

We observe a large change in the ionization parameter of the
irradiated disk when we compare the reflection component in the
hard and soft states. The & parameter, defined:

_ 4nF,

ny

& )
can be used to compare the changes in the impinging flux, as-
suming that density and distance do not strongly differ in the
two observations.

From &,/& =~ F),/F>, and the results quoted in Tables 1
and 2, we would expect a change in the fluxes of an order of
magnitude, which corresponds to the flux ratio of the hard black-
body component of the soft state and the Comptonized flux of
HardObs. We also calculated the reflection fraction for this hard
state. However, because the hard continuum component in this
state is a thermal Comptonized component and not a blackbody,
we measured the reflection fraction only in the restricted energy
band (5.5-8 keV), where we approximated the continuum emis-
sion with a blackbody-like spectrum. We obtained a value con-
sistent with the reflection fraction in the soft state (0.2 + 0.1), but
with a larger uncertainty. This value indicates that the geometry
has not noticeably changed and that the scenario of a compact
illuminating source is still valid.

5.3. The reflection scenario in the hard and soft states

The analysis of the XMM-Newton data in the soft state of 4U
1705-44 presented in this work confirms the results of Di Salvo
et al. (2009) regarding the reflection origin of the local emission
and absorption features and their relativistic broadening. Our re-
analysis excludes any possible influence of pile-up on the spec-
tral modeling of the continuum and of the broad emission lines.
Still, the quality of the data allows for tight constraints on the
main spectral parameters that are at the origin of the broadening.

In Di Salvo et al. (2009), the spectrum shows also a broad
feature in absorption seen at 8-8.5 keV, which has been inter-
preted as a gravitationally red-shifted smeared Ka absorption
edge of He-like iron ions. The presence and the degree of this
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smearing, however, becomes very significant only when the cen-
tral row of the Epic-pn CCD is considered. In our re-analysis
(that reduces the statistics of a factor of 2 with respect to a spec-
trum extracted including the central row), the absorption edge
is detected at a weaker confidence (A)(2 = =30, with 3 d.o.f.
more, than for the same spectral model of Di Salvo et al. (2009)
without the smeared edge), but the best-fitting spectral parame-
ters remain consistent with the values reported in Di Salvo et al.
(2009). In our re-analysis both the absorption and the emission
processes are consistently described by a smeared broadband re-
flection model that has a blackbody prescription for the irradiat-
ing source photons.

Suzaku data of 4U 1705-44 also support the reflection sce-
nario interpretation for the observed broad features (Reis et al.
2009). Although the spectral decomposition is different, both the
present work and the analysis of the Suzaku data clearly indicate
that the reflection component can vary according to the accre-
tion state of the source, that the source is seen at an intermedi-
ate inclination angle (30 = 1 deg in the Suzaku fits), that rel-
ativistic effects dominate because they arise from an accretion
disk extremely close to the compact object (R, = 10.5;% R,
in the Suzaku fits), and that the ionization degree of the disk
reflecting matter strongly depends from the accretion state of
the source (with ionization parameter values ranging from 10 to
3500 ergcm?s~! in the Suzaku fits). The model of the present
paper shows, however, some important differences with respect
to the model adopted in Reis et al. (2009): the continuum ther-
mal disk emission is consistent with a thermally hot accretion
disk, close to the NS surface; the reflection model has a different
prescription regarding the spectral shape of the disk illuminating
primary source; i.e., we propose that, during the soft state, the
Comptonized component approaches a blackbody-like spectrum
and this is the source of the primary impinging radiation on the
disk, whereas in Reis et al. (2009), the reflionx table model
(Ross & Fabian 2005) has been used, which assumes a power-
law spectral distribution of the irradiating flux. We showed that
the interpretation of a thermalized source for the disk’s illumi-
nating source is justified both by theory and by good model-to-
data fitting for the soft state.

This assumption may not be true for hard states, because
the Comptonized component is no longer optically thick, and
the spectrum substantially hardens, with most of its flux above
10 keV. Therefore, to test both the continuum model and the
shape of the reflected component, a coverage of the hard X-ray
spectrum (above 10 keV) is essential. If the nature of the disk’s
impinging radiation is still quite soft, with a low ionizing tem-
perature (less than 3 keV), then no reflection Compton curvature
is expected at higher energies, while a Compton bump should
be present, together with the fluorescence emission lines, in the
case of an extended power-law impinging spectrum. A claim of
a detected reflection Compton bump has been made by Fiocchi
et al. (2007) using INTEGRAL data; however, the strength of
the Compton bump was not correlated with the iron line flux,
and this would contradict a common physical origin.

6. Conclusions

We have examined and compared two XMM-Newton observa-
tions of the Atoll source 4U 1705-44, in a soft and in a hard
spectral state. The soft state is characterized by three main spec-
tral components: a multicolored thermal disk emission, a harder,
blackbody-like, boundary layer emission, and a relativistically
smeared reflection component. A self-consistent model of re-
flection has been successfully applied to fit the data, where the
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incident spectrum is assumed to have a blackbody shape. We
have shown that the temperature of this thermal irradiating flux
is consistent with the thermal boundary layer temperature and
found from independent constraints that the inner disk radius,
coincident with the outer boundary layer radius is located at
a distance of ~2 Ryns. The second observation, taken when the
source is in the hard state, is also characterized by a broad emis-
sion feature in the iron range, although its physical origin ap-
pears less constrained because of the much lower statistics and
lack of high-energy response. We applied different modeliza-
tions, and with the constraints obtained in the analysis of the
soft observation, we showed and discussed three possible spec-
tral decompositions. The scenario that appears more successful
in data fitting and in its physical implications is a model of very
soft thermal disk emission, with an inner edge truncated at rel-
atively large distance from the NS (between 20 R, and 90 Ry)
and a thermal Comptonized emission. The width of the iron line
in this state, can still be explained within the reflection scenario,
even with a truncated accretion disk. Although the line is in-
trinsically broad, it does not show any evidence of asymmetry,
because of the lower statistics with respect to the soft state obser-
vation and because relativistic effects are strongly reduced if the
disk is truncated at a greater distance from the NS. To address
the nature of the reflection component in the hard states, we still
need good spectral coverage of the overall X-ray emission, in
the soft (less than 1 keV) range to better constrain the contin-
uum disk emission, in the iron range to resolve the shape of the
iron line, and in the hard (above 10 keV) range to constrain the
reflection Compton-scattered continuum.

Note added in proof. During the peer review process of the
present manuscript, we become aware of a similar and related
work appeared on the arxiv.org pages by Cackett et al. (2009).
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