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ABSTRACT

We report on the results of a 50 BeppoSAX observation of 1IRXS J170843100910, one of the five (plus
a candidate) known anomalous X-ray pulsars (AXPs). BhgpoSAX data are consistent with a power-law
blackbody spectral decomposition, making 1RXS J17684@0910 the fourth source of this class for which such
a spectral decomposition was found. The inferred power-law slope and blackbody temperaiure Za6e and
kTgs ~ 0.46 keV, respectively. We find that the pulse profile is significantly energy-dependent, a remarkable
feature for an AXP. By using the power-law blackbody decomposition, we detect a significant variation in at
least one spectral parameter, the power-law photon index, as a function of the pulse phase. This is the first
significant detection of a spectral parameter variation in an AXP. The implications of these results are briefly
discussed.

Subject headings: pulsars: general — pulsars: individual (1RXS J1708490910) — X-rays: stars

1. INTRODUCTION X-Ray Timing Explorer (RXTE) Proportional Counter Array
(Kaspi, Chakrabarty, & Steinberger 1999). The source was
found to be a quite stable rotator with phase residuals of only
~1%, i.e., comparable to or smaller than those measured for
most radio pulsars. However, in 1999 September, RX@E
satellite detected a sudden spin-up event from 1RXS
J170849-400910 that was interpreted as a “glitch” similar to
those observed in the Vela pulsar and other young radio pulsars

More than 20 years after the discovery of pulsations from
1E 2259+586, the nature of anomalous X-ray pulsars (AXPS)
is still an open issue. Although we can be reasonably confident
that AXPs are magnetic rotating neutron stars, their energy
production mechanism is still uncertain. It is also unclear
whether they are solitary objects or whether they are in binary
systems with very low mass companions (for a review, see .
Israel, Mereghetti, & Stella 2001 and references therein). Dif- (KaSPi, Lackey, & Chakrabarty 2000).

ferent production mechanisms for the observed X-ray emission A Search for optical counterparts in the field of 1RXS
have been proposed, involving either the accretion or the dis-J170849-400910 was carried out by Israel et al. (1999a). These

sipation of magnetic energy. Among the properties that distin- @uthors, based on two refin®DSAT HRI positions, were able
guish AXPs from known magneti¢(02 G) accreting X-ray to rule out a massive early-type companion (a distant and/or
pulsars found in high- and low-mass X-ray binaries are (1) spin @bsorbed OB star would appear more reddened). However, the
periods in a narrow range-6—12 s), (2) very soft and absorbed images were taken from a 1.5 m telescope and were not deep
X-ray spectra, (3) relatively stable spin-period evolutions, with enough to constrain any other proposed theoretical scenario
long-term spin-down trends, and (4) flat distributions in the such as a low-mass companion, a residual disk, or a magnetar.
Galactic plane and three clear associations with supernovarem- An association between 1RXS J17084800910 and the
nants. There are currently five ascertained members of the AXPsupernova remnant G346-6.2 located~12' away was pro-
class plus one likely candidate. posed by Marsden et al. (2001). However, as discussed by
The relatively bright source 1RXS J17084800910 was  Gaensler et al. (2001), such an association appears to be un-
discovered early in thROSAT mission (Voges et al. 1996); in  likely. An image at 1.4 GHz showed the presence of an arc of
1997, however, this source attracted much attention because ofiiffuse emission~8 away from 1RXS J170849400910
the ASCA discovery of~11 s pulsations (Sugizaki et al. 1997). (Gaensler et al. 2001), which was interpreted as a previously
Based on the pulse period and the unusually soft X-ray spec-ynknown supernova remnant (G346.1). Also, in this case,
trum, the source was tenta“vely classified as an AXP Cand|date.there are no Convincing arguments for a physica' association
This interpretation was confirmed througOSAT High Res-  petween G346.50.1 and 1RXS J170849400910. No radio
olution Imager (HRI) observations that provided the first mea- gmission was detected from 1RXS J1708490910, with up-

surement of the period derivative~ 2 x 10 ** ~ s's (Israel per jimits of 3 mJy on the continuum ¢gat 1.4 GHz; Gaensler
et al. 1999a). The source 1RXS J17084®0910 is one of ;5 2001).

the two AXPs for which a phase-coherent timing solution was In this Letter, we report the results obtained from a

obtained by a systematic monitoring program with RESS. g oAy ohservation of 1RXS J170848100910 that took
place before the glitchlike event detectedRYTE (part of the
! Osservatorio Astronomico di Roma, Via di Frascati 33, 1-00040 Monte- results presented in this Letter was reported in Israel et al.

porzio Catone, Italy; gianluca@mporzio.astro.it, stella@mporzio.astro.it. 2001) A two-component spectrum ie. a power-law plus a
2 Affiliated with the International Center for Relativistic Astrophysics. bl kB d f d. M Y SAX ob h
° Space Science Department of ESA, ESTEC, P.O. Box 299, 2200 AG ackboay, W.aS. Pun . Moreover, ti&eppo 0 Ser\_/at'on
Noordwijk, Netherlands; toosterb@astro.estec.esa.nl, aparmar@astro.estetevealed a significant energy-dependent pulse profile. Pulse-
-eia-nl- _ o , o phase spectroscopy (PPS) shows that, in the context of the
,taly(.)izfﬁ;}’f;fggtarrgtgorm'g;t% prera, Via E. Bianchi 46, I-23807 Merate. - plackbody+ power-law spectral decomposition, this effect is
S'|stituto di Fisica Cosmica G. Occhialini, CNR, Via Bassini 15, 1-20133  likely connected to a photon-index variation. This observation
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L65



L66 SPECTRUM OF 1RXS J170843100910 Vol. 560

L R B B L e RS T — T T ]
‘?’E 2 F 3
S5 4 A
- m o1 F —
05 F (a) 0.3-2 keV z E 3
I W TR T SR [ TR TR TN S NN MO T I T T 1 | ! | I | ! | 7
T T T T T T T T T T T T T T T T 35 E T | T I T | T I T ]
.o 3f 1 3
e} o ]
B F + 4 ]
% . ] =25 5_+_ E
L i 2 :_ -
E 0.5 3 (b) 2—4 keV r 1
o 4ttt 15
8 15 F {1 >06F E
=5 A E —— + E
E 1 & \:;0.5 c —— ]
o F 1 m ii =
Z 05 | (@ a-6ky | £04ET :
-+ ]
1.5 | H S 10 F .
[ ] E 10 C 1
= [ 1
1 F 1 > 5 [ ]
i m _ ]
: 1 .m —— ——4—
0® oy () 610 ke i SR R R

0 0.5 1 1.5 0.2 0.4 06 0.8

Phase

Phase

Fi6. 1.—(a—d) 1RXS J170849-400910 MECS and LECS light curves folded to the best peifoe-(10.99915 s) for four different energy intervals. For clarity,
two pulse cycles are shown. Zero phase was (arbitrarily) chosen to correspond to the minimum in the 0.3-2 keV folded light curve. The results akthe PPS a
shown for selected free parameteriglift panels; the absorption column in units of &) Phase intervals refer to those shown in the left panel.

spectral variations in an AXP. The implications of these results count rate) decreases fror0% to~30% from the lowest to
are also briefly discussed. the highest energy band.

2. OBSERVATIONS 3.2. Spectral Analysis

BeppoSAX observed 1RXS J170848100910 between 1999 Pulse-height analyzer (PHA) spectra were obtained from the
March 31 (14:27 UT) and April 1 (22:50 UT) with imaging BeppoSAX position (R.A. = 17°08"4&, decl. = —40°08'58,
Narrow Field Instruments: the Low-Energy Concentrator Spec- €quinox 2000; 90% confidence level radius of)2@f 1RXS
trometer (LECS; 0.1-10 keV; Parmar et al. 1997; 26 ks effec- J170849-400910 using an extraction radius of d@nd 8 for
tive exposure time) and the Medium-Energy Concentrator the MECS and LECS, respectively. Background subtraction
Spectrometer (MECS; 1.3-10 keV; Boella et al. 1997; 52 ks was performed using both standard blank-field exposures and
effective exposure time). background regions taken from the observation of 1RXS
J170849-400910 far from the position of the AXP, ending up
with similar results. The PHA spectra were rebinned in order
to have more than 40 counts in each bin such that minimum
x? fitting techniques could be reliably used. All those bins that
were consistent with containing zero counts after background

The arrival times of the 0.1-10 keV photons from 1RXS subtraction were rejected. Moreover, the analysis of the MECS
J170849-400910 were corrected to the barycenter of the solar and LECS spectra was restricted to the 1.8-10 and 0.1-5 keV
system, and a 1 s binned light curve was accumulated. Theranges, respectively, where the calibration of response files is
MECS counts were used to accurately determine the pulse periodmore accurate. A constant factor free to vary within a prede-
The data were divided into 12 time intervals, and for each in- termined range was applied in the fitting to account for known
terval, the relative phase of the pulsations was determined. Thes@ormalization differences between LECS and MECS.
phases were then fitted with a linear function giving a best-fit A simple power-law model did not fit the data well (with a
period of 10.99915+ 0.00002 s. The background-subtracted reducedy® of 1.24 for 204 degrees of freedom [dof]). All the
light curves, folded at the best period in different energy ranges other single-component models that we tried produced even
(Fig. 1, left panels) show an energy-dependent profile. In par- worse results. A much better fit (see Fig. 2) was obtained by
ticular, the phase interval of the minimum in the energy interval including, in addition to the power law, a soft thermal com-
0.3-2 keV folded light curve corresponds to a maximum in the ponent and a blackbody (with a reduced of 1.00 for
6—10 keV folded light curve. Moreover, the pulsed fraction (the 202 dof). This model was successfully fitted to the spectra of
semiamplitude of the modulation divided by the mean source three other AXPs. ArF-test shows that the inclusion of the

3. RESULTS

3.1. Timing Analysis
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FiG. 2.—LECS and MECS energy spectra of 1RXS J1708480910. The
residuals (in units of* ) of the best fit are also shown (see the text for details).
The power-law and blackbody components are shown with dot-dashed and
dashed lines, respectively.

Fic. 3.—LECS and MECS spectra of 1RXS J1708480910 for two se-
lected phase intervals, 0.2-0.4 and 0.8-1.0 keV, as reported in Fig. 2. The
power-law photon-index variation is clearly evident.

3.3. Phase-resolved Spectroscopy and Pulse Profiles
blackbody component is highly significant (with a probability > 4

of ~6 ¢). The best fit was obtained for an absorb&y, = PPS was carried out with the MECS and LECS data. A set
(1.42+ 0.15) x 10?* atoms cm? ] power law with a photon of five phase-resolved spectra (with phase boundaries 0.0, 0.2,
index of ' = 2.6 + 0.2 and a blackbody component with a 0.4, 0.6, and 0.8) were accumulated. After rebinning and back-
temperature okT,; = 0.46 + 0.03 keV (with a 90% confi- ground subtraction, these were then fitted with the powerttaw
dence level reported; see Table 1). The unabsorbed 0.5-10 ke\blackbody model described in § 3.1. Due to the small number
flux was1.3 x 107'° ergss' cnt . The blackbody component of photons in the LECS spectra, we removed all the PHA chan-
accounts for about 36% of the total absorbed flux in the samenels below 1 keV. Initially, the blackbody temperature was fixed
band. Figure 2 shows the spectral shape and components ot its phase-averaged best-fit value, and only the power-law pa-
1RXS J170849400910 as determined IBeppoSAX. rameters and blackbody normalization were allowed to vary,
We also tried to fit the spectra using different spectral decom- giving a cumulative (over the whole set of spectra) reduced
positions. Among these, we find a relatively good fit (with a x? of 1.10 for 466 dof. The fits were then repeated with the
reducedy?® of 1.10 for 202 dof) with a two-blackbody model power-law component fixed and the blackbody parameters free
(see Table 1). It is also worth mentioning that in this case, we to vary, resulting in a reduceg® of 1.32 for 466 dof for the
obtained a soft component (i.e., a blackbody) with a characteristicbest fit. Then all the parameters were varied and fitted together.
temperature similar to that inferred with the power-lavblack- In the latter case, the best fit gave a redugéd of 1.04 for
body model. 456 dof. AnF-test shows that the freeing of the blackbody and
The data from the High Pressure Gas Scintillation Propor- power-law phase-averaged parameters is highly significant (the
tional Counter and the Phoswich Detector System did not pro- reduction inx®> has a formal probability & x 10* arfdx
vide any useful information on 1RXS J17084800910. In 10 **for the blackbody and power-law parameters, respectively).
fact, due to the large fields of view of these instruments, the In the right panels of Figure 1 and in Figure 3, the results of
relatively short exposure time-25 ks), and the steep spectrum the PPS are shown for the most interesting parameters and phase

of 1RXS J170849400910, the source was not detected. intervals.
TABLE 1
BEPPOSAX PHASE-AVERAGED FIT OoF 1RXS J170849-400910
Spectral Parameter PL Pt BB BB + BB

N, (x 10 atoms cm? ) ......oooeunnns 188+ 0.08 142+ 0.15 09 = 0.1

P 3.28 0.05 2.62+ 0.17

PL flux (x 107** ergs s* cn? ) ...... 4.26 3.30

N (L 0.46 = 0.03 0.50= 0.02
1.54 + 0.06

BB radius (km) ..........coooiiiiinn. 4.0+ 04 44 + 0.2
0.30 = 0.02

BB flux (x 10 * ergs s* cn? ) ...... 1.2 28 =13
1.7

Xdof ..o 1.24 1.00 1.10

Ly (x10%ergss*) vvvviiiinnnnnn... 8.5 3.6 2.0

Note.—Fluxes and luminosities refer to the 0.5-10 keV band. Fluxes are not corrected
for the interstellar absorption. Flux uncertainties are about 10%. The source luminosities
were derived by settingl, = 0 and assuming a distance of 5 kpc=Ppower law;

BB = blackbody.
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A check was performed by fitting the power-law photon-
index values obtained in each phase intervals with a constant — 0.4 — T T T T T T

(see right panels of Fig. 1). This set-aB ¢ significant variation N _,+_ st .
in the power-law photon-index parameter. Statistical uncertain- ~— 0.35 4 1™ harmonic

ties prevent a firm detection of variations in the other param- & 0.3 E e
eters (see right panels of Fig. 1). 2 YOE _+_—+— ]

The upper two panels of Figure 4 show the pulsed fraction "3 025 F 3
versus energy during thBeppoSAX observation for the first © 02 B—+—+—+— I s I 7
two harmonics. These values were obtained by fitting the cor- E ) o nd o7
responding light curves with two sinusoidal functions. Note 0.15 F 2 harmonic 3
that definitions of the pulsed fraction that involve the maximum 8 E 3
and the minimum of the folded light curve should be used with 0.1 F———— | E
care since they are dependent on the binning time and, there- 3‘ 0.05 E =
fore, the presence of unusually low or high data points. The A, ) S T
sinusoidal fit, when feasible, is less sensitive to these data L L L
points. The first harmonic decreases fre186% to~26% as :§ 1 + gls _
the energy increases from 0.5-2 to 6-10 keV. A constant value =, " - —>|<— .
of ~10% is inferred for the second harmonic. The last two \__I % 0.8 -
panels refer to the ratio between the power law and the total 208 _,l(_—>|(— N

absorbed fluxes (i.e., the blackbody power-law spectral
model; third panel) and the ratio between the blackbody and 0.4 —

the power-law unabsorbed fluxdewest panel). From the com- 2—~0 ' 6 B ]
parison of these quantities, we can infer that (1) there is evi- hf‘" n Y- L —— i
dence for a decrease of the first harmonic pulsed fraction at ~_ "% 04 —
energies above 5 ke, although the statistics are poor, (2) there 8 ¢ 02 L —— h
is evidence for an anticorrelation between the power-law com- , = Y- i — |
ponent and the first harmonic pulsed fraction (see first and third ~ Ok, . ., | — —
panels), and (3) there is evidence for a direct correlation be-

tween the latter and the blackbody component (see first and 0 S 10
fourth panels). Energy (keV)

4. DISCUSSION Fic. 4.—Pulsed fraction of the first two harmonics of 1RXS J170849

The 0.1-10 keVBeppoSAX spectrum of 1RXS J170849 400910 as a function of the en_erg;pper two panels), together with the power-
. . law—to—total absorbed flux ratio and the blackbody—to—power-law unabsorbed

400910 is well modeled by the sum of a (absorbed) relatively g,y ratio gower two panels). See text for details.
steep power law and a low-energy blackbody. Therefore, 1RXS
J170849-400910 is the fourth AXP, after 4U 014514 (White
et al. 1996; Israel et al. 1999b), 1E 225886 (Corbet et al. also the hottest) and a larger area around the magnetic caps
1995; Parmar et al. 1998), and 1E 10485D37 (Oosterbroek  characterized by a lower temperature (see also DeDeo, Psaltis,
et al. 1998), for which such a spectral decomposition has been& Narayan 2001, @el, Psaltis, & Kaspi 2001, and Perna et
detected. We note that these sources are also the ones for whicll. 2001). Regardless the origin of the emission from these
good spectral data are available. This possible decomposition forregions, we note that the size of the blackbodies is always
1RXS J170849400910 was first suggested by Sugizaki et al. smaller than the neutron star surface, even for an unrealistic
(1997), although it was not statistically significant using the distance to the AXP ok15 kpc, with the smallest region
ASCA data. The comparison between BgppoSAX and ASCA (Rgg ~ 0.3 km) also being the hotteskT~ 1.5 keV). The re-
observations reveal that the source has remained nearly at theults of a more detailed and systematic spectral and timing
same (absorbed) flux level4.4 x 10 *and~4.3x 10 *ergs study of the AXPs observed bBeppoSAX will be reported
cm? st in the 0.8-10 keV band fd3eppoSAX and ASCA, elsewhere.
respectively). Also, the spectral parameters (in the blackdody An analysis of the pulse shape of 1RXS J1708400910 as
power-law model) are similar to those found A$CA with the a function of energy (in the 0.3—10 keV band) reveals a prom-
exception of the temperature of the blackbody, which is higher inent variation, with the minimum at low energies corresponding
in BeppoSAX: this is not unusual sincBeppoSAX instruments to the maximum at high energies (see also Fig. 1). Correspond-
have a higher sensitivity below 1 keV, allowing a better eval- ingly, the PPS detected a significant variation for at least one
uation of the absorption column and, therefore, of the blackbody- spectral component, the power-law photon index, as a function
component parameters. of phase. The peak in the pulse profile at the highest energy also

We also tried to fit the spectrum of 1RXS J1708480910 corresponds to the lowest value of the photon index, similar to
with other models. Among these, we used two blackbodies. what was observed in accreting X-ray pulsars (Makishima et al.
Such a decomposition is in agreement with accreting, magnetic1999 and references therein). Although energy-dependent
field decay and cooling models that have been invoked to ac-changes in the pulse shape were already observed for 4U
count for the main physical mechanism(s) responsible for the 0142+614 (White et al. 1996; Israel et al. 1999b; Paul et al.
X-ray emission of AXPs (see also Thompson & Duncan 1993 2000), the variations of 1RXS J17084900910 are also ac-
and Heyl & Hernquist 1997). Two (or more) concentric regions companied by a nearly total phase reversal between the low-
with different temperatures are in fact expected: the innermostenergy band and the high-energy band and are likely due to a
corresponding to the polar caps of the neutron star (which is changing power-law slope (as suggested by Sugizaki et al. 1997
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and Gavriil & Kaspi 2001, who also find similar pulse-shape
variations inRXTE data). We note that in the past, the lack of
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be to accurately monitor the period history after the event. We
note that the lack of the recovery of tie -value to the pre-

any conspicuous change in the pulse profiles as a function ofevent one (in contrast to the known behavior of glitches ob-
energy and/or pulse-phase—resolved spectra of AXPs was usederved in radio pulsars) would argue against “magnetar” mod-
to argue against the possibility that these sources are accretingls, at least in the current formulation, while its detection might

X-ray objects. We finally note that the pulse fraction as a function
of energy shown in Figure 4 is not in disagreement with that
recently reported by 2el et al. (2001), who used a different
definition of the fractional contribution (and assumed only one
harmonic) to the pulsations.

So far, 1RXS J170849400910 is the only AXP for which

not be conclusive for any model (magnetar or accretion).

The source 1RXS J17084200910 is also the first AXP
for which spectral changes as a function of pulse phase have
been significantly detected. These spectral/timing properties
make 1RXS J170849400910 an especially interesting AXP
to study. More sensitive and/or higher throughput observations

a sudden spin-up was observed (Kaspi et al. 2000). This wasof 1RXS J170849400910 might yield important additional
interpreted as a glitch similar to that observed in Vela and otherinformation on the spectral changes causing the pulse-shape

young radio pulsars. However, we note that glitches could in
principle be detected also in accreting (spinning-down) X-ray
sources with a sufficiently high magnetic field strength (in anal-
ogy with the known characteristics of radio pulsars) if they are
in a low noise level phase, as indeed AXPs are known to be
A way to distinguish, in the near future, whether 1RXS
J170849-400910 experienced a radio pulsar-like glitch or, per-
haps, an accreting X-ray pulsar-like spin-up behavior would

variations and extend the energy range over which the source
is detected above 10 keV.
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dell'Universitae Ricerca Scientifica e Tecnologica (MURST-
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