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ABSTRACT

We have analyzed a long-term database for Sco X-1 obtained with the telescope IBIS onboard the INTEGRAL satellite in order to
study the hard X-ray behavior of Sco X-1 from 20 up to 200 keV. Besides the data used for producing of the INTEGRAL catalog of
sources, this is the longest (412 ks) database of IBIS on Sco X-1 up to date. The production of hard X-ray tails in low-mass X-ray
binaries is still a matter of debate. Since most of the fits to the high-energy part of the spectra are done with powerlaw models,
the physical mechanism for the hard X-ray tail production is unclear. The purpose of this study is to better constrain those possible
mechanisms. Our main result shows a strong correlation between the fluxes in the thermal and nonthermal part of Sco X-1 spectra.
We, thus, suggest that comptonization of lower energy photons is the mechanism for producing hard X-ray tails in Sco X-1.
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1. Introduction

INTEGRAL (Winkler et al. 2003) has played a key role in
the observations of cosmic X- and y-ray sources over the past
decade. Our study here is a long time-span (~7 years) obser-
vation of Sco X-1 (Giacconi et al. 1962). INTEGRAL has the
maximum sensitivity for observing Sco X-1 in energies above
~30 keV. Our database was chosen to maximize the sensitivity
in our timespan, and it is the longest sample of IBIS/INTEGRAL
observations of Sco X-1, besides the 4th INTEGRAL catalog
(Bird et al. 2010). Such a homogeneous database has been im-
portant for reducing any systematic error due to (e.g.) differ-
ent flux normalization factors when comparing data from two
different instruments.

Sco X-1 is a Z source. The Z sources are low-mass X-ray
binaries (LMXBs) fed by accretion onto a neutron star with a
low magnetic field (see, e.g, van der Klis 2006). In these sys-
tems, an accretion disk is always present, making the Zs per-
sistent sources at the hard X-ray domain (£ = 20 keV) up to
40 keV. The spectra of the Zs can be divided into two distinct
components: a thermal one, which dominates the emission up
to ~40-50 keV, and a nonthermal, highly variable component,
which dominates the spectrum at higher energies. The origin of
this highly variable component above ~50 keV is still a matter
of debate. Hard X-ray spectra of Z sources have already been
extensively reported (e.g., Di Salvo et al. 2000, 2001; D’ Amico
et al. 2001a,c; Iaria et al. 2004; Lavagetto et al. 2004). Sco X-1
plays a key role in understanding these sources, and it was ob-
served well with INTEGRAL (e.g., Di Salvo et al. 2006; Paizis
et al. 2006).

In this work, based on a long-term sample of Sco X-1
INTEGRAL observations, we show evidence of the comptoniza-
tion of (softer) photons up to energies ~200 keV. This is one of

the few proofs to date of comptonization at £ > 50 keV for
Sco X-1.

Article published by EDP Sciences

2. Data selection and analysis

The data presented here were collected by the IBIS (Imager
on Board the Integral Satellite) telescope (Ubertini et al. 2003)
onboard INTEGRAL. It is noteworthy that the JEM-X (Joint
European Monitor for X-rays, Lund et al. 2003) count rate is
saturated (in almost every practical situation) by Sco X-1. In
this way, not having coverage in the low-energy X-ray band of
JEM-X, we lost the ability to track Sco X-1 movement along the
Z diagram. Such a movement might be driven by the mass ac-
cretion rate (e.g. van der Klis et al. 1996). Following the recom-
mendations of the IBIS cookbook, we adopted a 2% systematic
error in the IBIS data. This work made use of the version 9.0 of
the INTEGRAL/OSA software (e.g., Goldwurm et al. 2003). We
took into account, as stressed by IBIS cookbook, the need to ex-
tract the spectra of all the sources in the field of view (FOV)
simultaneously to avoid any possible sources of errors. Only
sources with a signal-to-noise ratio (S/N) greater than ~6 in the
FOV needed to be included for the (time-consuming) spectrum
extraction. Taking a conservative approach and considering the
relative emptiness of the FOV around Sco X-1, we included all
the sources with S/N > 2 for the extraction process.

Data were selected based on two primary goals: (1) select the
longest observations to maximize IBIS sensitivity; and (2) select
(public) observations from 2003 to 2010, creating a long-term
database. Our spectral analysis in XSPEC clearly indicates the
need for a two-component model. For the first component (re-
ferred to here as the thermal component), we used the comptt
model in XSPEC. It may sound unusual to use a model that is
based on the comptonization of (seed) blackbody Wien’s pho-
tons (Titarchuk 1994) and to call it thermal. We just want to
emphasize that this part of the Sco X-1 spectra can be adjusted
by thermal models and that the comptt uses a thermal seed for
photons.
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Table 1. INTEGRAL/IBIS/ISGRI observations of Sco X-1.

compTT PEGPW

Start of observation  Livetime® MJD KT, (keV)  Flux? r Flux¢ Flux? Xie 4
31/07/2003 492 52852008 2867004 543+013 9402 3 x4 3014043 (608
11/08/2003 147 52863709  3.06%003  691'0IS 263038 3904078 379408 (g/0 6
12.008/08/2003 494 52864008 2811005 338011 990 | geH0d | 75409 (5/07
12.137/08/2003 155 52864137 28500  5g0+012 1.874038 282408 203t12 (1 6/06
13/08/2003 438 52865010 280700 4867011 2601030 | 504045 | 46046 (4/0.4
15/02/2004 942 53051100  2.66°0%5 3431021 360+ (9008 (784091 (5/0.5
27/08/2004 164 53245377 271%006  549+00T 978030 9 gou08 5754077 j 4717
12/03/2005 122 53442603 2.6070%5  206%036  475t1%  (58:045 (504043 10/0.9
19/09/2005 121 53633.054 236021 569%012 <0.05" 1.49
21/02/2006 380  53788.124  2.6170% 436006 3414068 | 0gu0dd | 03+043 1)
22/02/2006 421 53780.041 2487007 475+013 9 g3u0ds 9 (u030 | gpH030 1618
20/03/2006 376 53815102 2.65%095 407007 3514077 p3:048 | gor0de )]
08/02/2010 353 55236060 273007 4247013 0007|406 ] 79+072 6] 6
09/02/2010 360 55237176 2741008 41102 355107 (34055 (g9H0ST 1 0/09

Notes. Uncertainties at 90% confidence level for the derived parameters of the model applied. > IBIS livetime in units of 10*s. ® Flux
of the thermal component in the 20-50 keV band in units of 10™ erg cm™ s~'. © Flux of the nonthermal component the 50-200 keV
band in units of 107! erg cm™ s7'. @ Flux of a comptt model applied at the 50-200 keV band in units of 107! erg cm™2 s
© model=comptt-+pegpw/model=comptt+comptt (see text). > 3o~ upper limit on the (pegpw) flux. @ model=comptt alone: 50-200 keV compo-

nent is absent (see text).

Actually, fits with a simple blackbody also provide ade-
quate fits to the thermal part of our spectra (20-50 keV). In
our database, nevertheless, there is a subset that was analyzed
(Di Salvo et al. 2006) using the comptt model. In such a way, to
maintain uniformity within our study and to make comparisons
with other observations, we decided to use the comptt model.
This thermal component of the spectrum extends to energies up
to ~40-50 keV. The need for including of a second component
in the spectrum can be easily verified by (1) the residuals of the
fit using only the thermal part and by (2) the significant S/N of
the channels from ~50-200 keV.

For this second component, a simple pegpw model in
XSPEC adjusts the spectra very well. It is interesting, however,
to note that this second part of the spectrum can also be fitted
as a second comptonization in the spectrum. Accordingly, we
performed the fits for the spectra in our database with two mod-
els, (i) comptt+pegpw; and (ii) comptt+comptt, both of them
providing adequate fits. We noticed that, in general the fits with
comptt+pegpw are better, so we interpreted our results here,
taking this model into account.

3. Results

Table 1 summarizes key results of our data analysis. In Fig. 1 a
time history of the two fluxes (thermal and powerlaw) is shown
for our database. Only on one occasion (MJD =53 633.054) was
the powerlaw component not necessary to achieve a good fit.
This absence of the powerlaw component (only 1 out of 14 ob-
servations) for Sco X-1 represents a variability to a lesser degree
than observed with RXTE/HEXTE (High Energy X-ray Timing
Experiment) long-term observations (D’Amico et al. 2001a,c).
It is unclear what causes the powerlaw component to disappear.

Observations from the year 2000 up to now of Sco X-1 are
shown in Table 2. It can be seen that our database presented here
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Fig. 1. INTEGRAL/ISGRI thermal (20-50 keV: circles) and powerlaw
(20-200 keV: squares) fluxes for Sco X-1 plotted against MJD — 50 000
(as derived from OSA software). Data span of 7 years of observations
(from 2003 to 2010). The arrow is a 30" upper limit of ~5 x 1072 in the
50 to 200 keV flux.

is the longest one for Sco using INTEGRAL/IBIS, besides the
fourth INTEGRAL catalog itself.
From the results shown in Table 1, the average fluxes are

thermal _ -9 -2 -1 powerlaw _
F20—50 eV = 487 +0.81 x 107" ergcm™ s~ and F50_200 v =

1.76 + 0.84 x 10710 erg cm™2 s~!. Using the 2.8 kpc distance to
Sco X-1 (Fomalont et al. 2001), we have Lyperma = 4.6 £ 0.8 X
1036 erg s~! and Lpoweraw = 1.6 £ 0.8 X 10% erg s~!. For com-
parison, the thermal flux given by D’ Amico et al. (2001c) was
F %?;X; 'i, =7.1+1.8x107° ergcm™2 s~! characterizing a high
degree of variability in the thermal component.

In Table 1 we also list the fluxes in the 50-200 keV de-
rived from the comptt+comptt model. For our database the
average plasma temperature of the second comptt was found
to be 60.4 + 1.1, as would be expected to extend the fit up to
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Table 2. Modern observations of Sco X-1.

[HEXTE/RXTE] [SP/INTEGRAL] [IBIS/INTEGRAL]

2001a 2001b” 2003 2006a’ 2006b¢ 20107 This study
Exposure time? 1.04 2.03 9.58 2.66 3.72 63.0 4.12
FR30 kv 7.82+£0.68  7.82+62 4.71+0.28
FL0A0 eV 3.47 +0.03 5.8" 6.1+02  446+0.15 4.69=0.28
Fi0-200keV ] 2.6+ 1.8 274+ 0.34
FA0-150 keVk 2.2m 2.48 +0.29
F20-200 keVt 107£1.6  100x1.2 6.27 + 0.35 5.57+047
averaged value of ' 0.98 +0.60 0.84 + 0.41 3.857001 3.31+098 3.03 +0.20

References. > D’ Amico et al. (2001a). @ D’ Amico et al. (2001c). © Paizis et al. (2003). @ Paizis et al. (2006). ¢ Di Salvo et al. (2006). ) Bird

etal. (2010).

Notes. @ In 10° s. ® Flux of the thermal component, 20-50 keV, in units of 10~ erg cm™2 s~'. @ 20 to 40 keV flux, in units of 10~ erg cm™2 57!,
() 40 to 200 keV flux, in units of 107'° erg cm™2 s7!. ® 40 to 150 keV flux, in units of 107'° erg cm™? s~!. ® Flux of the powerlaw component, 20
to 200 keV, in units of 10~ erg cm™2 s~!. @ Quoted with no errors in the original reference.
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Fig. 2. Powerlaw (solid lines) and comptt (dashed lines) 50-200 keV
components plotted against the thermal component (20-50 keV) using
the results displayed in Table 1. As in Fig. 1, the arrow denotes a 30 up-
per limit of ~5 x 10712 erg cm™ s7! to the powerlaw flux.

~200 keV (Farinelli et al. 2008). It is also important to highlight
that the temperature of the seed (Wien) photons for this (second)
comptonization are on the order of 1 keV, again as we would
expect.

Although, variability can be noticed from the results dis-
played in Table 2, it is noteworthy that, taking only INTEGRAL
observations into account (Cols. 4-8 in the Table 2), the de-
gree of variability is not extreme (exception to this is the to-
tal 2040 keV flux). When compared to RXTE/HEXTE results
(Cols. 2, 3), this is no longer valid. Our observations do not
confirm the steep spectra measured by HEXTE in some occa-
sions. Also, our fluxes are much lower than the ones reported
by HEXTE.

Thanks to our long-term INTEGRAL/IBIS database on
Sco X-1, we were able to track the behavior of its hard X-ray
emission (E > 50 keV). As shown in Fig. 2 the hard X-ray emis-
sion from 50 to 200 keV has a tight correlation with the emission
between 20 and 50 keV. Up to this energy, the spectral modeling
of our data (as well of Di Salvo et al. 2006) is the comptoniza-
tion of seed photons of lower energies by a hot plasma. Due
to the compelling correlation of Fig. 2 we thus suggest that the
physical mechanism responsible for the emission up to 200 keV
in Sco X-1 is comptonization.

4. Discussion

The INTEGRAL observations of Sco X-1 reported here show
that a nonthermal hard component is almost always needed to fit
the Sco X-1 X-ray spectra, contradicting earlier results based on
HEXTE/RXTE data.

The most important result of this work is the tight corre-
lation between the thermal and nonthermal fluxes found in the
IBIS data. This seems to indicate that the same mechanism re-
sponsible for the thermal component is also at work in the case
of the nonthermal powerlaw component. We, thus, interpret the
high-energy component as a second comptonization. As we have
shown here (see Fig. 2, this second component can be fitted by
the comptonization of seed photons by a ~60 keV plasma (a
second comptt). In this scenario the spectra up to 50 keV can
be interpreted as comptonization of seed photons coming from
the neutron star itself, by a ~2.71 + 0.04 keV plasma (cloud),
as derived from the values shown in Table 1. As we have high-
lighted, a pure blackbody model also provides an adequate fit to
our Sco X-1 spectra up to 50 keV. The second comptonization
component (50 to 200 keV) must be interpreted as originating
in an outer part of the system, requiring (as expected) an (elec-
tron) temperature on the order of 60 keV. But, as we have shown
here, the tight correlation between the fluxes of the two compo-
nents is also held with the 50 to 200 keV spectra modeled as
a simple powerlaw (see Fig. 2). Based on this correlation, it is
our suggestion that the flux of Sco X-1 up to 200 keV is due
to comptonization. Beacause the fits from 50 to 200 keV with
a powerlaw model are slightly better (as we have shown, see
Table 1), we are also suggesting that the comptonization in this
part of the spectrum is nonthermal in origin.

Figure 3 shows a simultaneous RXTE and INTEGRAL ob-
servation. The data from 5 to 50 keV is well fitted by a sin-
gle comptt component with a temperature of 2.90%0%. This
strengthens our interpretation for the Comptonization origin
of the soft Sco X-1 spectra. As already mentioned, the aver-
age plasma temperature derived from the results of Table 1 is
2.71 £ 0.04 keV, which is in very reasonable agreement with the
joint fit.

In our database, the average powerlaw index is 3.06 + 0.21,
in agreement with values for LMXBs (e.g., Di Salvo et al. 2006).
This result differs, however, from the reported values derived
from long-term HEXTE/RXTE observations (D’Amico et al.
2001c). It is not clear what causes this discrepancy, but it may
be the long-term intrinsic variability of the source.
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Fig. 3. Joint PCA/RXTE and IBIS/INTEGRAL observation of Sco X-1.
The spectrum was fitted by a model with a normalization constant (be-
tween PCA and IBIS), photoelectric absorption, plus a comptt and pow-
erlaw components. Because the PCA cannot constrain the equivalent
hydrogen column for the absorption, its value was fixed at a value of 4.
The plasma temperature (derived from comptt model) is 2.907092. The
reduced y? is 1.3. Also displayed in the figure are the relative con-
tributions (at the IBIS part of the fit) from the comptt and pegpw
components.

Our thermal luminosities are within 2.8-6.5 x 10%® erg s7!.
It has been claimed before (D’ Amico et al. 2001b) that the ap-
pearance of the powerlaw component in Z sources is tied to a
thermal luminosity greater than 4 x 10° erg s™!. Our results
here, as well as others (e.g., Di Salvo et al. 2006), contradict this
statement.

5. Conclusions

We shown evidence here of comptonization up to 200 keV in
Sco X-1 spectra, which is supported by a strong correlation
between the fluxes from 20 to 50 keV and 50 to 200 keV.
This (second) comptonization might be nonthermal in origin.
We analyzed a seven-year database of IBIS/INTEGRAL
data, which turned out to be the longest IBIS database
on Sco X-1 (besides the 4th source catalog). We found
no evidence of any preferred luminosity state for the thermal
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component regarding the appearance of the hard X-ray tail. Our
powerlaw indexes are fully compatible with the reported values
for LMXBs. We found no evidence of any states with I' ~ 0
reported before in the literature. By analyzing a simultaneous
PCA/RXTE and IBIS/INTEGRAL observation of Sco X-1, we
were able to fit the thermal part of the spectrum from 5 to 50 keV
with a single Comptonization model. The production of hard
X-ray tails in Z sources is still a hot topic of debate, and the
power and unique capabilities of IBIS/INTEGRAL is a fun-
damental tool for better constraining physical models of their
origins.
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