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Abstract. We report on the BeppoSAX observation of thérum is better described by-a6 keV bremsstrahlung (Barret et
X-ray source X1724308 in the globular cluster Terzan2al. 1998, in preparation).
The broadband spectrum can be described as the superposiTerzan?2 is a relatively dim globular cluster, with an esti-
tion of a power—law with photon spectral indEx~ 1.6 — 1.9 mated distance of-10kpc and visual extinctiory, = 4.03,
and a thermal component with typical temperafkife~1 keV. according to Djorgovski (1993). The scatter on the values re-
X 1724-308 is detected in the PDS up to 150keV with ported in the literature for these quantities is however rather
SIN ratio >3, notwithstanding a sharp exponential cutoff witthigh (~ 30% and=+1>%, respectively; see Ortolani et al. 1997
Ecutor =~ 90keV. The broadband spectrum can be best inteand references therein). The power—law intensity profile of its
preted as due to the Comptonization of a Wien photon dmsurface brightness and the relatively low core star density argue
tribution with kTvw ~21keV by a spherically-symmetric hotfor a complex dynamical history (Djorgovski et al. 1986).
plasma with electron temperatukd’, ~ 30 keV and optical Terzan 2 is one of the two globular clusters from which X-
depthT ~ 3. A comparison with the fainter and steeper stateay emission was detected at energid® keV bySigmaBarret
which was observed by EXOSAT, suggests a correlation bet-al. 1991). Th&igmasource (GRS 1724308) was observed
tween the temperature of the Comptonizing electron distributisaveral times between 1991 and 1994 and appears to be vari-
(or the plasma optical depth) and the X-ray intensity. The Xable (Goldwurm et al. 1994). The 1991 detections (at a total
ray thermal component could originate from a boundary lay&r8s confidence level) are consistent with a simple power—law
between the accretion disk and the compact object, or from gectrum withl’ = 1.6f8:‘é and a 38-200keV flux of5.8 x
accretion disk itself. 10~3photons cm? s~!, corresponding to a poorly determined
1-20keV flux of between 1.5 an3 x 10~ %ergcenr2s1.
Key words: X-rays: stars — globular clusters: individualROSAT HRI observations by Mereghetti et al. (1995) did
Terzan 2 stars: neutron stars: individual: X 12308 — bina- not reveal any other X-ray sources withit63¥rom the clus-
ries: close accretion, accretion disks ter core, supporting the identification of GRS 17308 with
X1724-308. The existence of a population a low-luminosity
(i.e. < afewl1033 ergs!)sourcesin Terzan 2, similar to those
discovered in the cores of 47 Tuc (Hasinger et al. 1994)©@en
(Johnston et al. 1994) cannot be excluded. The X—ray flux of
The globular cluster Terzan 2 has been known to contain a these sources would be3 orders of magnitude lower than that
minous X-ray source since the late 1970s. An X-ray burst froai X 1724—308 and their existence therefore would not affect
a region including the cluster was observed by OSO-8 (Swaaky of the conclusions in thigaper
etal. 1977), and the same mission detected persistent emissiorRecent RXTE observations of X172808 (Olive et al.
from a location consistent with the clustglhuru(Forman etal. 1998) suggest that its timing properties are typical of an “atoll”
1978) ancEinsteinHigh Resolution Imager (HRI, Grindlay et al.source. The Power Spectrum Density (PSD) can be well mod-
1980) observations placed this source in the core of the clustded with the sum of two “shot noise” components, with shot
The source is known either as X 172308 (Parmar et al. 1989; decay timescales 6§16 anc~680 ms. A Quasi-Periodic Oscil-
hereafter P89) or 1E 1724805. It has a rather hard (photorlation (QPO) feature at-0.8 Hz was also detected in the PSD.
indexI’ ~2) power—law spectrum, with a 1-20 keV flux whichl he claim of another QPO featurerat~ 0.092 Hz observed by
varies by about a factor of 26 — 10 x 10~%ergs ' cm~2). the Medium Energy (ME) instrument on board EXOSAT (Belli
Einsteindata suggest that in a higher flux staf& (0 .y ~ et al. 1986) remains unconfirmed. The X-ray spectral hardness
2.1x 1079 erg cnm 2 s~1) the source softens and the X-ray spe@nd the continuum properties of the PSD resemble those of some

black hole candidates.
Send offprintrequestsitbl.Guainazzi, (mguainaz@astro.estec.esa.nl)

1. Introduction
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As part of the BeppoSAX Core Program, a number of X-ragtandard dwell time of 96 s for each on- and off-source posi-
luminous globular clusters are being observed. A discussiontioin were used. The LECS was operated only during satellite
the properties of the sample will be deferred to a forthcomingght-time and was switched-off during the second half of the
paper. Here, we report the results of the BeppoSAX observatiaimservation for technical reasons.
of X1724-308.

3. Data analysis

2. Observation and data reduction LECS and MECS data were extracted centered on the position

Results from all the co-aligned instruments on board BeppoSAX X 1724-308 using radii of 8and 4 respectively, corre-
(Boella et al. 1997a) are presented: the Low-Energy Concaponding ta~ 95% of the instrumental Point Spread Functions.
trator Spectrometer (LECS; 0.1-10keV; Parmar et al. 199Background subtraction in the imaging instruments was per-
the Medium-Energy Concentrator Spectrometer (MECS; 1.8fmed using standard files, but is not critical for such a bright
10keV; Boella et al. 1997b), the High Pressure Gas Scintillseurce. Background subtraction in the HPGSPC and PDS was
tion proportional Counter (HPGSPC, 4-120keV, Manzo et gerformed using data from the offset detectors. The background-
1997) and the Phoswich Detection System (PDS; 15-300 kebtracted count rates of X 172308 are 3.23!, 10.4s!,
Frontera et al. 1997). The MECS consisted at the time of th&.2s ! and 6.1s in the LECS, MECS, HPGSPC, and PDS,
X'1724-308 observation of three identical grazing incidenagspectively. Spectra have been rebinned so as to have at least
telescopes with imaging gas scintillation proportional counte38 counts per energy channel and to sample the instrumental en-
in their focal planes (now only two are operating). The LEC&rgy resolution with no more than 3 spectral channels, in order
uses an identical concentrator system as the MECS, but utiliteensure the applicability of? fitting techniques. A system-
an ultra-thin (1.2%m) entrance window and a driftless configuatic error of 1% has been added to each channel of the rebinned
ration to extend the low-energy response to 0.1 keV. The fieldddCS and MECS spectra, to account for the residual systematic
view (FOV) of the LECS and MECS are circular with diametersncertainties in the detector calibration. Publicly available re-
of 37 and 56, respectively. The non-imaging PDS consists afponses at 1997 September have been used, and spectral fits per-
four independent units arranged in pairs each having a sepafatemed in the following energy ranges: 0.1-4 keV (LECS), 2.2—
collimator. Each collimator can be alternatively rocked on- arid.5 keV (MECS), 4-40keV (HPGSPC), 15-200keV (PDS).
off-source to monitor the background counting rate. The hexdg-the spectral fits, a normalization factor has been included to
onal PDS FOV is 78ull-width at half maximum. The HPGSPC account for the well-known mismatch in the BeppoSAX instru-
was similarly operating in rocking mode, but only the “off-" poiment absolute flux calibration (Cusumano et al. 1998). The fac-
sition has been employed to monitor the background. Severats have been left completely free, except for the PDS to MECS
pieces of evidence indicate that there are no significant contasme, which has been constrained to be in the 0.82-1.02 range
inating sources present in the PDS FOV, both in the “on” and {Cusumano et al. 1998). The values of the LECS to MECS and
the “off” positions: the “off” count rates are in good agreememiPGSPC to MECS relative normalizations derived from the fit
with the long—term increasing trend of instrumental backgroutid in the intervals 0.80-0.82 and 1.05-1.06, respectively. They
studied by Guainazzi & Matteuzzi (1997); the “on” and “off"are in good agreement with the values typically observed (0.7—
light curves show the same variability patterr20% of count 1.0 and 0.8-1.05, respectively; cf. Grandietal. 1997; Cusumano
rates in the whole energy bandpass), which is due to the vagaal. 1998). Uncertainties are given at 90% confidence level for
tion of the particle background around the orbit, thus excludirge interesting parameter, unless otherwise specified.
the presence of a strongly variable or transient unknown source
and finally the PDS spectrum aligns very well with those fror@
the other instruments (see Sect. 3). Similar arguments apply t
the HPGSPC data. The source underwent a type | burst starting frerh2825s

The region of sky containing X 1724308 was observed by from the beginning of the observation, with affolding time
BeppoSAX between 1996 August 17 04:29:05 UT and August 25 + 3 s. In this paper we define the “persistent” emission
18 05:05:11 UTC in an observation lasting 65 ks and spanniegcluding the data from the occurrence of the burst up to the
12 orbital cycles. Good data were selected from intervals whend of the next orbit. The cut correspondsth0* s of elapsed
the elevation angle above the Earth’s limb wa$> and when time. Fig[l shows light curves of the so defined persistent emis-
the instrument configurations were nominal, using the SAXioninthe 1.5-10.5keV (MECS), 0.1-1.5keV (LECS) and 13—
DAS 1.3.0 data analysis package (Lammers 1997; custom s@fi0 keV (PDS) energy ranges. These energy ranges have been
ware has been used to reduce the HPGSPC data). Additionalhgsen in order to sample different spectral components (see
PDS data within 5 minutes after each South Atlantic Anomafyect. 3.3). The? of a constant fit for these light curves is 245
passage were excluded to avoid intervals were the gain wasfoe-220 degrees of freedom (dof), 96.5/62 dof and 252/210 dof,
covering to its nominal value following switch-on. This givesespectively. At energies 1.5keV there is no evidence of
exposure times of 7.3ks, 37.1ks, 10.5ks and 16.7 ks for tariability, while the relatively high? obtained from the light
LECS, MECS, HPGSPC, and PDS, respectively. The standatdves at energy. 1.5 keV is mainly due to an intensity increase
PDS (HPGSPC) collimator rocking angle of 23@80), and of about 15% between the pre—burst and the post-burst phases.

%. Timing analysis of the persistent emission
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tinuity of the burst profile in the plot, since some of the event
%} _| scientific packets at the peak of the burst were missing due
W 1 to telemetry losses. The burst shows a typical exponential de-
cay with e-folding time25 + 3 s. We have performed a spectral
-| analysis of the burst in 7 contiguous time intervals (labeled as
[15-105 kev] 1 phases “A’ to “G” in the following). The borders of the inter-
} E vals are shown as dashed vertical lines in [Hig.2. The LECS

m 4 and HPGSPC were switched off during most of the burst and
| | ( 1 PDSdetectionis generally too faint to allow time-resolved spec-
1 troscopy on these small time scales. Therefore, spectra of the
- MECS data only have been extracted, except for the phases “F”

1 and “G”, when LECS data were available. The average persis-
J W - tentspectrum has been used as background. Since the persistent
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emission in the 2-10 keV band is constant on timescald® s

| ‘ ‘ 7 within 5%, time-resolved burst spectra were extracted under

2x10% 4x10* 6x10% the condition that that 2—-10keV count rate was20% of the
Elapsed time (s) persistent one. At lower count rates, the uncertainties on the true

Fig. 1. Light curves in the 0.1-1.5 keVupper pand, 1.5-10.5 keV instantaneous level of the persistent emission make the deter-

(central panel and 13-200keV Igwer pane) energy ranges. The mination of .the sp_ectral lparameters meanln.gle.ss. The spectra

binning time is 128s. The LECS and MECS light curves are n§2ve been fitted with a simple blackbody emission, photoelec-

background-subtracted. Only time bins with an exposure fractifically absorbed by a column densifyy, of neutral matter.
> 25% are shown. Data from the two orbits after a Type | burst (coAll the parameters were allowed to vary, except the absorbing

responding to 12800 to 24200 s) have been removed column density in the phase “C” spectral fit, which turned out to
be unconstrained and was therefore fixed to the average of the

aB€OD ®_ v G bestfit values in phases “E” and “F” and “G”. Best—fit param-
§ ‘ ] eters and results are reported in Table 1. The blackbody tem-

perature decreases along the burst profile, as typically observed
in this kind of burst. The apparent blackbody radius (obtained
assuming spherical geometry) is consistent with being the same
in all phases within the statistical uncertainties, except for the
first ("A”) and the latest (“F”) phases, for which the best-fit
is ~ 5 — 6 km. While the value obtained in the former phase
is likely to be strongly affected by the mixing of blackbodies
with a rapidly changing distribution of temperatures during the
sharp rise of the burst (and therefore probably unreliable), the
latter could suggest a true decrease of the emitting region typi-
o L cal size with time; this suggestion is supported by the fact that
1.28x10% 1.285x10% 1.29x10% 1.295x10% 1.3x10* 1.305x10* the nominal best-fit value in phase “F” is indeed lower than be-
Time from the beginning of the obs. (s) tween phases “B” to “E”. However, better statistical quality of

Fig. 2. Zoom of the MECSC'SELO ratemeter light curve around thethe datais requweq to confirm such a conclusion. The weighted
X1724-308 burst. Dashed vertical lines indicates the contiguous tirﬁ\éerage of th&py, is < R"?b">: 9‘;9"1 0.7km (_11'6 +0.8km
intervals used for the time-resolved burst spectroscopy. For sakddinly Phases between "B and “F" are considered). The peak
clarity only a fraction of the “G” phase is shown, which extends fdfluxis~ 5.0 x 10~ ergcnr? s~ !, corresponding to a luminos-

~ 400s fromt ~ 13000's ity ~ 6 x 1038 ergs!. The simple parameterization adopted

yields an adequate fit for all spectra.

100 150

50

MECS1 CSELO Ratemeter (s™')

HOWeVer, we W|” in the f0||OWing analyze the time—averageg_:g_ Spectral ana'ysis of the persistent emission
spectra of all instruments. In Sect 3.4 we show that the induced

systematic uncertainties are smaller that the statistical errors®¥@ Performed the spectral analysis of the persistent emission

the spectral parameters, even in the simplest parameterizatifrseveral steps. First LECS/MECS and HPGSPC/PDS spectra
were fitted separately with purely phenomenological models.

The spectra of all detectors were then fitted simultaneously,
3.2. The burst assuming different physical scenarios.

A profile of the burst in the full MECS bandpass is shown in Asingle componentmodel with absorption provides arather
Fig.l2. The ratemeteE’SELO (which registers the total countPoor description of the LECS/MECS spectrum. Power—law,
rate above a low energy threshold) is used to preserve the d@igmsstrahlung and blackbody spectral models were tried. All
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Table 1.Best-fit parameters angf values when a simple photoelectric absorbed blackbody model is applied to the time-resolved spectra of the
X1724-308 burstT ., is the exposure timeR the (persistent emission subtracted) count rate in the 2—-10 keV MECS banBpass the
radius of a spherical blackbody emitting region dndthe total X-ray luminosity. Errors on CR correspond te 1-

Phase Texp CR N KT Rbb Lx x* /dof
(s) (shH 1022 cm™2 (keV) (km) (10*®ergs™)
A 2.8 14948 < 6.3 3.1458 543 3.5402 4.6/9
B 117 420420 < 4.0 2.2493 13+3 5.4+489 6.6/10
C 0.79 480+ 20 1.2f 1.934+9:29 18+4 6.0+0.2 5.5/8
D 3.9 250 + 8 < 1.7 2.1493 1143 31404 25/20
E 31.7 78.0+17 14405 1.3640.06 125412  0.69+0.04 41.2/40
F 104.7 18.840.5 1.3492  1.08+0.08 9.2+1%  0.151+38¥  60.3/40
G 401.9 32240.19  0.8+3% 0.87+£31s  5.8+1%  0.02540.004 65.9/65
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Fig. 3. LECS and MECS spectraigper panél and data/model ratio FE ‘

(lower pane) when a photoelectric absorbed power—law is applied 20 ‘ 0 100
Energy (keV)

Fig. 4.Ratio of the PDS spectra of Terzan 2 and Cugtper panéland
ofthese give large excesses above the extrapolations of the hiﬁf%erence residualddgwer pane) when a power—law model is applied
energy data at-1 keV (see Fid.1B). A two—component model igo fit the ratio in the 13—30 keV band and extrapolated to higher energies
needed to account for the observed spectrum (see[Table 2). Esutid ling). Each data point has a S/N rato20
mally, the best combination is a relatively flat £ 1.6) power-
law + a blackbody withkT ~ 1 keV. Other combinations yield
a null hypothesis likelihood- 1%. core”, with spectral index- 1.6 — 1.9 (probably gently steep-

X 1724-308 is detected in the PDS up te 150keV. ening with energy); a sharp cutoff abowe50 keV and a soft
One-component models give similarly poor descriptions of tiegcess at energies belaw1 keV.
HPGSPC and PDS spectra (see Table 3). There is strong evi-The models proposed so far to explain the X-ray emission
dence of a sharp roll over of the PDS spectrum abeowd keV  from low-mass X-ray binaries (LMXRB) can be categorized in
(see Fid.}). The inclusion of a cutoff in the power—law modéivo main classes. The first one (originally proposed by Mit-
significantly improves the quality of the fitA(x> = 129, suda et al. 1984) postulates the superposition of a multicolor
X2 = 1.06), yielding best-fit parameters bf= 1.86+0.04and blackbody emission from the inner region of an accretion disk
Ecutof = 90412 keV. There is evidence in the HPGSPC datéypical effective temperaturéy;,, ~1keV) and of a sim-
that the spectral index undergoes a smooth increase with engrigy blackbody originating on the surface of the neutron star
(see Fid.b) fronT" ~ 1.80 at 5keV tol’ ~ 1.90 at 30 keV. (T, ~2keV). Another class invokes unsaturated Comptoniza-
tion of low-energy photons (White et al. 1985, 1986), possi-
bly coupled with a blackbody (White et al. 1988). It has been
recently suggested that these models characterize different lu-
Three spectral region can be phenomenologically recaginosity states in LMXRB (see e.g. Tanaka 1995), the former
nized in the X 1724308 broad-band BeppoSAX spectrumprevailing forLx 2 1037 ergs™'. Actually, the double black-
an intermediate-hard.é.. 1.5-50 keV) power—law “emission body scenario is ruled out by the present data, at least in its

3.3.1. Comparing physical scenarios
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Table 2. Best-fit parameters angf values when the models in the first column are applied simultaneously to the LECS and MECS spectra. In
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column 1 or in the subscriptsia = photoelectric absorptiomo = power—law;bb = blackbody;brems= thermal bremsstrahlung.

MOdel NH F or karcms Tbrcms or Tbb or Ebrcak X2/ dof
(102 cm=2) (keV) (keV)
wa*po 1.86+0.05  1.83449:3%%, . 303.4/76
wa*bknpo 1.4249:98 1.554908 4.3483 108.4/74
1.9149-33
wa*(po+bb) 1.314£0.08  1.61+0.05 1.0845:93 89.5/74
wa*(po+brems) 2.394+0.09 1.924+0.018 0.18 +0.02 101.6/74
wa*brems 1.38 +0.04 11.6+9:2 . 123.5/76
wa*(brems+bb) 1.4649:98 11.2493 0.10 +0.03 104.0/74

~ | Table 3.Best-fit parameters angf values when the models in the first
o S | column are applied simultaneously to the HPGSPC and PDS spectra.
= o 0.19+F~1-72-0.11*Log(E) 1 cutoffpl= power—law+ cutoff.
3 2
5w Model KTbr X"/ dof
a SF (keV)
g
5 po 2.104 £ 0.014 266.6/131
brems . 28.240-2 667.6/131
cutoffpl 1.86 +0.04 137.6/130
o po+brems 2.14 £+ 0.08 3042 171.7/129
£ 0
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Fig. 5. In theupper panethe ratio of the HPGSPC spectra of X1724-
308 and the Crab Nebula multiplied By~ (typical value of Crab ¢ |-
Nebula photon index, see e.g. Cusumano et al., 1998). The solid line is
the best—fitwith the energy dependency law9 x F—1-72—0-11 log(£)

The residuals in ratio between the normalized Crab ratio spectrum and

the best-fit law above are shown in tlogver panel
0
o~ [

| 1 1 1 1 | 1 1 1 1 |
simplest form. The fit with such a model yields a very pgér 5 30 35

(x2 = 21); the proposed model does not produce enough flux at kT (keV)
high energy to account for the relative hardness of the obser\f_q& 6.Contour plotr vs. kT. for the model #5 in Tablg4. Isg? curves

spectrum. o o are at 90% and 99% level of confidence for two interesting parameters
We have tested the viability of the Comptonization sce-

nario with thexspEc modelcompTT (Titarchuk 1994; Hua &

Titarchuk 1995; Titarchuk & Lyubarskij 1995), which calculates

self-consistently the spectrum produced by the Comptonizatiwith a Gaussian line, even if its intrinsic width is allowed to be
of soft photons in a hot plasma. This model contains as frbmad. The results are summarized in Table 4.

parameters the temperature of the Comptonized electrgns T The above scenarios cannot be discriminated on purely sta-
the plasma optical depthand the input temperature of the softistical grounds, since the values gf are all very close to
photon (Wien) distribution V. Both a disk and a spherical ge-one. The Comptonized plasma is characterized by an electron
ometry for the Comptonizing plasma were tried. Again, a samperature~25-35 keV (90% confidence level for two inter-
excess remains aroune 1keV if compTT alone is applied. esting parameters, see Hifj. 6) and a geometry-independent pa-
We have tried to model this excess either with a single temperameterss ~ 0.2, which expresses the probability of photon
ture or with a multi temperature blackbody, for each of the twarattering through the exponential factor’ (Titarchuk 1994).
plasma geometries. The soft excess cannot instead be mod&leel other fit parameters are slightly dependent on the assumed
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Table 4. Best-fit results when Comptonization models are applied simultaneously to the LECS, MECS and PDS digkbtyva. multi-
temperature accretion diglompTT= Comptonization. For theompTTmodel the letter in bracket indicates the disk (“d”) or spherical (“s”)
geometry for the Comptonizing plasma. y is the Comptonization parameti(T. /m.c*]7]) and Ry is the typical size of the input photons
emitting region (following Titarchuk 1994)

# Model Nt kT, T y KTw Rw KTse R x2Idof
(10*2cm=2)  (keV) (keV) (km)  (keV) (km)
1 wa*(compTT (d)) 2.06+55% 2443 1.42454% 04 0.15+99% 350 ... ... 518.6/203
2 wa*(compTT (d)+bb) 0.78+3:8% 20428 1174317 03 1.024813 7.9 0.60+89%  1243%  199.1/201
3 wa*(compTT (d)+diskbb) 1114998 28483 1.3432 0.4 2104338 1.8  1.5043% 254047 194.4/201
4  wa*(compTT (s)) 0.48+55% 2343  3.74£3% 25 0.720+3%% 15 ... ... 337.6/203
5 wa*(compTT (s)+bb) 0.784392 3048 29483 2.0 1.024813 83 060+598 1243 198.5/201
6 wa*(compTT (s)tdiskbb) 1.134+0.04 27432 33432 23 1.98+9%2 21 1.444538 274337 194.9/201
" R = R’ cos(#)/?, wheref is the inclination angle anR’ is the inner radius of the disk

model used to describe the soft X-ray excess, typical valudstected with a S/N> 3 up to ~150keV, confirming the pre-
being Ny ~ 0.8(1.1)x10%2cm™2, kTw ~ 1(2)keV, kT, ~ vious Sigma/GRANAT results (Barret et al. 1991). The supe-
0.6 (1.5)keV and R> 12(3)km, when it is described with arior combination of broadband coverage, sensitivity and en-
single- (multi-) temperature blackbody. The best-fit model #5gy resolution has however allowed an unprecedentedly de-
in Tabld4 superposed to the observed spectra is shown [ Figailed spectral deconvolution, albeit formally not unique. Qual-
It corresponds to the following fluxe&:4 x 10~ 1% ergcnr2 s~ itatively the spectrum can be described as the composition of
(2-10keV), 10.3 x 10~ %ergcnr?s~! (1-20keV), 4.7 x a “core”, power—law emission, which undergoes a significant
10~ %ergenr?s! (38-200keV)18.3 x 10~ %ergecnT2s™!  steepening at £ 50keV, and a soft excess above the extrap-
(0.1-200keV), the last one corresponding touarabsorbed olation of the higher energy X-ray spectrum. The 20-200 keV
X-ray luminosity Ly ~ 2.3 x 1037 ergs™! for a distance of flux is ~ 3.4 x 10~ ergcnr2s~!. The corresponding lumi-
10kpc (Djorgovski 1993). Given such a continuum, the 90#osity at 10kpc is~ 4.1 x 1036 ergs™!, which is typical of
upper limit on the equivalent width of a narrow line at 6.7 keXX-ray bursters (van Paradijs & van der Klis 1994; Barret et al.
is 17 eV. 1996).

However, it must be noted that the broadband spectrum can Formally, the spectrum can be described by a suitable com-
be formally accounted by a suitable combination of three thédaination of three thermal models (models #7 and #8 in Table 5).
mal models, as shown in Talple 5. A bremsstrahlung with teffhe characterizing feature of these models is the need for a very
perature T, ~ 45 — 60 keV is required to fit the PDS hard tail,high temperature thermal bremsstrahlung.(¥ 50 — 60 keV)
a 0.8—-1keV blackbody can account for the soft excess, whiléoaaccount for the highest energy PDS data points and cut-off
1.9keV blackbody or a~ 9 keV bremsstrahlung are needed tooll over. The presence of such a component had already beenin-
fill the gap between the two “extreme” spectral components. Woked to explain the hard tail observed in several X-ray bursters
both cases, thg? is as good as for the Comptonization model§Churazov et al. 1995). The luminosity inferred by the Bep-
POSAX observationis i, ~ 1.4 x 1037 ergs™!, which implies
an emission measure n,V? > ~ 3 x 103 cm?; the optically
thin requirement leads to a size of a single uniform emitting
After the burst, the 0.1-1.5 keV flux increasedbyt5%. LECS  cloud >7 x 10'° cm. Such a large region is unlikely to be di-
and MECS spectra corresponding to these intervals were seetly powered by the neutron star.
tracted and analyzed with the same model (model #5 in Table 4 The high-energy tail rules out the “double-blackbody”
with kT, = 28 keV andr = 3.1), in order to investigate if there model (multi-temperature disk + neutron star surface), which
is any significant spectral variability associated with this fluxad originally proposed by Mitsuda et al. (1984) to explain the
change. The best-fit parameters are summarized in[Table 6. Xhay emission of LMXRB. If a transition from a thermal- to
x? forthe combined fitis acceptabley = 1.13). Allthe best-fit a Comptonization-dominated hard X-ray spectrum is present in
parameters are mutually consistent between the two intervads.724-308 (as generally believed for LMXRB), it occurs at
We conclude that the systematic uncertainties introduced lyninosity 2, a few103” ergs!.
mixing models with different normalizations are well below the Models of the BeppoSAX spectrum of X 172808 which
statistical uncertainties, given the quality of the current data.involve a Comptonized component appear therefore more plau-

sible. A plasma with kT ~27-30keV angi ~ 0.2 is required.

_ _ A disk and a spherical geometry of the Comptonizing region

4. Discussion fit the data comparably well. We note however, that somewhat

We report on the first X-ray broadband spectrum of the bursféigher values of the Comptonization parameger@.0-2.3) are
X1724-308 in the whole 0.1-100 keV domain. The source ftained for a spherical geometry. Similar Comptonized spec-

3.3.2. The soft X-ray variability
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Fig. 7. Left LECS, MECS, HPGSPC and PDS spectra of X 17388 (upper panéland residuals in units of standard deviatiolosver pane)
when a the best-fit model #5 in Table 3 is applied. Each data points has a S/I¥ ratiRight the inferred photon spectrum with the best—fit
model, deconvolved in the Comptonizethéhed ling and disk @ot-dashed lingblackbody components

Table 5.Best-fit results for the “thermal scenarios” of the Terzan 2 broadband spectrum. The subscripts of the kT refer to the thermal components
in the model in column 1 read from the left to the right, s the size of a spherical optically thick blackbody emitting region

# Model Nt kT, Rob kT2 kT3 x>2/dof
(10%2 cm™2) (keV) (km) (keV) (keV)
7 wa*(bb+bb+brems) 0.95+99%  0.83+£39%7  6.5457  1.984+91S 48+ 3 212.3/201
1174918
8 wa*(bb+brems+brems) 1254997 0.99+£39%  2.8+331 9.34+1% 6242  202.2/201

Table 6.Bestfit parameters for the joint fit of the LECS and MECS spectra extracted before and after the burst

Temporal phase N KTw KTob Nbb

(102 cm—2) (keV) (keV) (10~ Ligergs—1 Digkpe)
Before the burst  087+31% 1.14+0.2  0.64+£319 2699
Afterthe burst  0.84+3:82  0.99+31  0.57+8:9% 2.34+0.5

tral components have been observed in a variety of neutron starln the case of a multi-temperature blackbody disk model,
LMXRBs, although in most cases the spectra are substantidilyth the derived temperature 2 keV) and radius of the inner-
softer and the inferred electron temperatures in the 2—4 ke\ost disk region{-3/(cos #)'/? km) are close to those obtained
range (White etal. 1988). In a few Atoll sources, however, X-rdgr the “seed” Wien spectrum for the Comptonized component
spectra extending up #9100 keV or more have been reveale@see e.g. the model #6 in Table 5). An inclination angle af0°
throughSigmdGRANAT (Mandrou et al. 1994) and BeppoSAXwould be required for the inner radius of the disk to accommo-
(Church et al. 1998b) observations. These spectra have a ctiste a neutron star. On the contrary the absence of a sizeable
resemblance to the spectrum of X 1723D8 discussed here, andorbital modulation of the X-ray flux (absorption dips in particu-
require comparably high electron temperatures. It has also td&g suggests a substantially lower inclination (P89; Olive et al.
considered that hard tails extending to hundreds of keV are 1@08).
longer believed to be exclusive to black hole candidates, at leastIf the soft thermal emission of Terzan 2 is interpreted in
when the LMXRB luminosity does not exceedd03” ergs™!  terms of a single temperature blackbody, the inferred linear size
(Barret et al. 1994; van Paradijs & van der Klis 1994). of the emitting region+ 12 km) is in good agreement with a

In the Beppo-SAX observation of X 172808 an addi- typical neutron star and with the size inferred from the analysis
tional soft spectral component is needed to fit the low energfthe type | burst occurred during the BeppoSAX observation.
spectrum. However, the quality of the data does not allow diffdt-is worth emphasizing the (single) blackbody temperature of
ent models for this component to be discriminated. We find the¢rzan 2 (kK 0.6 keV) is afactor of 2-3 lower than that derived
a multi-temperature blackbody disk model, or a simple blackom most other neutron LMXRBs (cf. White et al. 1988). In the
body spectrum provide acceptable fits. single temperature blackbody scenario, the parameters also are
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close to those derived for the input spectrum to the Comptonized -1
component, such that the neutron stellar surface might represent
the source of “seed” photons. Alternatively, the analogy with

the hard spectra of black hole candidates (where, of cou@e, -2
there is no star surface or boundary layer) suggest that eve@in
disks around accreting neutron stars there is a hot Comptonizifig
plasma that coexists with a dense cold phase responsible for the
generation of the “seed” photons (cf. Eardley & Lightman 1975;T
Galeev et al. 1979; Molendi & Maraschi 1990). 8

The two spectral decompositions discussed above diffe;Ea

great deal in the physical interpretation of the two spectral corg- -4
ponents. In the former case the Comptonized hard compongnt

-3 +

originates from the boundary layer close to the neutron star r Ly
surface, whereas the soft component is produced by the sum of . | .
blackbody spectra emitted by the accretion disk. Inthe latter case 0 1 2
the (single) blackbody spectrum likely arises from the boundary Log(E,keV)

layer close to the neutron star surface, while the accretion djsk o Beppo-SAX and EXOSAT count spectra. EXOSAT data point

. . . . . [
gives rise t‘? the Comptonized spectrum. S|mple apcrenon dﬁe@/e been multiplied by 2.5 to align the spectra below the photoelectric
theory predicts that, unless the neutron star is rotating very clgggorption cut-off

to its break up velocity, the ratio of the accretion luminosity re-
leased in the disk to that released in the boundary layer should
be equalto 1. Sunyaev & Shakura (1986) show that this ratio cgtplain the low frequency QPOs observed in several LMXRBs
be as low as- 0.45 if the accretion disk ends at the marginallye.g.: 4U1820-30, Stella et al. 1987), and would be in line with
stable orbitand this, inturn, is larger then the neutron star radittge likely low inclination of the system, as inferred from the
Recent observations of fast quasi periodic oscillations, QPQsk of significant intensity eclipses. Alternatively, exchange of
in LMXRBs testify that the neutron stars contained in them r@-nergy between the magnetosphere and the accretion disk via
tate much slower than break up (periods in th@ms range), material torque from the accretion matter could reduce the lu-
and that the inner radius of the accretion disk (as inferred frafiinosity available at the surface of a neutron star, spinning at
the frequency of the higher kHz QPO power spectrum peak}ate close to the inner disk Keplerian frequency (Priedhorsky
is often larger than the marginally stable orbit. This would furgge).
ther decrease the predicted ratio of disk and boundary layer The optical reddening iy = 4.03 (Djorgovski 1993). If
luminosity. The 0.1-100keV luminosities of the disk (multi-lve convert the visual absorption in an X-ray absorbing column
blackbody component and the (boundary layer) Comptonizgdnsity with Ny = 1.8 x 1021 Ay cm™2 (Predehl & Schmitt
component inferred from the BeppoSAX spectrum of Terzam39s), the corresponding column density is roughly consis-
are~8.5 x 10°° ergs ™ and~ 1.5 x 10*” ergs . The derived tent with the Galactic one along the line of sight to Terzan 2
ratio of ~0.55 is in agreement with the predictions above. HOWNy.., = 6.5 x 10%! cm~2, Dickey & Lockman 1990). How-
ever, observations of dips in several X-ray can be convincingdyer, the BeppoSAX observation requires a 20-75% excess ab-
explained ifthe Comptonized componentis extended (Churchsgrption (depending on the spectral descriptions), in agreement
Balucihska-Church 1995; Church et al. 1998a), almost at od@gh previous estimates, although rather poorly constrained and
with the former interpretation. model dependent (P89; Mereghetti et al. 1995; Verbunt et al.
In the latter interpretation the ratio of the luminosity of the 995).
Comptonized (disk) spectrum.¢ x 10°" ergs™") and the lu- EXOSAT observed X 1724308 in a factor~5 fainter and
minosity of the (boundary layer) single temperature blackbogly a much softer state than BeppoSAX. This is shown in[Fig. 8,
(2.4 x 10° ergs') is ~ 8, i.e.much higher then expected. Anyhere the photon spectra observed by BeppoSAX and EXOSAT
anomalously high ratio of the two components has also beg compared. The hardness difference can be parameterized as
found in a number of other neutron star LMXRBs (see White gIAT" ~ 0.7 between the observed power law photon indices. If
al. 1988). Obscuration by an inner accretion corona or a thigke electron temperature remains the sathe, 0.3 and there-
ened disk could decrease the relative strength of the boundgype a~50% smallet- (Hua & Titarchuk 1995) at the EXOSAT
layer contribution (Lamb 1986; van der Klis et al. 1987). In thgpoch is implied (we note however that in this regime the an-
standard Shakura-SunyaeV disk, the inner radiation presswmm approximations on which the Comptonization Monte-
dominated disk can be as thick asfew tens of kilometers, Carlo simulation by Titarchuk (1994) are no longer valid and
and the effect of thermal and/or secular instabilities can furthgerefore the condition that, and3 determines univocally the
enlarge it (Shakura & Sunyaev 1973; Pringle 1981). Radiatigpectral index is not fulfilled, Hua & Titarchuk 1995). Alterna-
fromthe boundary layer might be partly scattered out of the pok@fely, a steeper spectrum could imply a lowerkihd therefore
channel or attenuated through a not completely optically-thigkspectral cut-off at lower energy. To check this possibility, we
disk. A “bloated-disk” geometry has already been proposeddgtracted from the public archive and re-analyzed the EXOSAT



810 M. Guainazzi et al.: The comptonized X-ray source X 172d@8 in the globular cluster Terzan 2

ME spectrum of P89. A simple absorbed power—law model givBfrgovski S., 1993, in “Structure and Dynamics of the Globular Clus-
a reasonable fity® = 77/61 dof), with best-fit parameters as  ters”, Djorgovski S. & Meylan C. eds. (S.Francisco:ASP), pag. 373
in P89. However, the inclusion of a cut-off results in a reductidrardley D.M., Lightman A.P., 1975, ApJ 200, 187

in x* of 8 which is significant at 98.9% confidence. The best-firrman W., Jones C., Cominsky L., etal., 1978, ApJS 38, 357
parameters are thenyN= (1.5 +0.2) x 1022 cm2 (very sim- Frontera F., Costa E., Dal Fiume D., et al., 1997, A&AS 122, 357

ilar to the BeppoSAX value in model #6 her&) = 2.0 - 0.2 Galeev A.A., Rosner R., Vaiana G.S., 1979, ApJ 229, 318

. . Goldwurm A., Cordier B., Paul J., et al., 1994, in the API Confer-
_ 14421 g ) ) ) ) )
and Eue—onr = 1475 keV. We caution that this cut-off energy ence Proceedings n.304, “The Second Compton Symposium”, eds.

is very close to the upper energy range of the ME detector. If Fichtel C.E., Gehrels N., Norris J.P. (New York:AIP), p.421
the EXOSAT result is correct, then an explanation of the dig andi p., Guainazzi M., Mineo T, et al., 1997, A&A 325, 17

ference in the two spectra may be a factor lower electron Grindlay J.E., Marshall H.L., Hertz P., 1980, ApJ 240, L21

temperature during the EXOSAT epoch. In such a scenario tbgainazzi M., Matteuzzi A., 1997, BeppoSAX SDC technical Report
energy of the electrons is physically linked with the high-energy TR-011
intensity. Hasinger G., Johnston H.M., Verbunt F., 1994, A&A 288, 466
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