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ABSTRACT

The return to the quiescent state of the Anomalous X-raygoMM3 E J18106-197 following

its 2003 outburst represents a unique opportunity to probetirface emission properties of
a magnetar. The quiescent emission of XTE J18197 is composed of two thermal compo-
nents, one arising from the whole star surface, and the étber a small warm spot on it.
By modeling the magnitude and shape of the pulse profile iromespectral bands, we have
been able to constrain the physical characteristics anchgiral parameters of the system:
the two angles that the line of sight and the spin axis makh vaspect to the warm spot
axis @ and¢ respectively), the angular size of the spot, and the ovsuaface temperature
distribution. Our modeling accounts for the general reistiic effects of gravitational redshift
and light bending near the stellar surface, and allows fmallanisotropic emission. We found
that the surface temperature distribution on the neut@ristonsistent with the expectations
of a dipole magnetic field configuration; the local radiatiequires a pencil-beamed emis-
sion pattern, suggesting the presence of a magnetized pitieies For a typical value of the
radius, R=13 km, the viewing parameters (symmetric for aerainange betwees and¢),
range fromy) = £ = 38° to (¥, £)=(52°,29°). These angles are consistent with those obtained
by modeling the AXP in outburst, with uncertainty contowduced by a factor of 2.5.
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1 INTRODUCTION

XTE J1810-197 is an isolated neutron star (NS) belonging to the
class of the Anomalous X-ray Pulsars (AXPs); these obj¢ots,
gether with the Soft Gamma-ray repeaters (SGRs), are el
be magnetars: isolated neutron stars whose thermal emiasit
occasional outbursts are powered by their extremely stroag-
netic fields (Duncan & Thompson 1992; Thompson & Duncan
1995). Originally one of the thousands of the faint X-ray rees
cataloged by ROSAT, the variable nature of XTE J18167 was
revealed by the outburst of 2003, with its sudden increasg-in
ray luminosity by a factor~ 100, decaying on a time-scale of
years. The source rotation period and its derivative werseo
quently measured and found to /e = 5.54s and P = 1.1 —

2.1 x 107! s/s. These timing properties imply a magnetic field
Baip ~ 3 x 10 G, confirming the magnetar classification of
the source (Ibrahim et al. 2004, Gotthelf at. al. 2004). Thece
was monitored repeatedly for more than 7 years with severalyX
observatories, up to the return to quiescence (Gotthelf dgéta
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2005, 2007; Halpern & Gotthelf 2005; Bernardini et al. 2088;
bano et al 2010). These studies presented a unique oppggrtuni
to probe the emission mechanisms of a strongly magnetized NS
by taking advantage of the flux evolution during its decay.il¢/h
analysis of phase-averaged spectra alone cannot uniqistig-d
guish among competing emission models, the addition ofttrealy
change of the spectrum and pulse profile over time greatteases

the diagnostic power.

Perna & Gotthelf (2008) developed a detailed emission model
for the energy-dependent pulse profile of XTE J18107 follow-
ing its outburst. This model, which was tailored to the sfieci
surface emission distribution in the post-outburst phaae, take
on any viewing geometry, includes the general relativisffects
of light deflection and gravitational redshift, and alloves focal
anisotropic emission. The application of this model to tist f
sets ofXMM-Newtondata acquired during the temporal evolution
of the flux from XTE J1816-197 following the outburst (Septem-
ber 2003 - September 2004), provided a constraint on therunde
lying emission geometry and radiation properties of thamsient
magnetar in its post-outburst phase.

In this paper we present the results of the modeling of the
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Figure 1. XMM (red) andChandra(blue) 0.5-10 keV flux measurements

of XTE J1810-197 following its outburst. It is evident from the data
that XTE J1816-197 has now reached quiescence. The dashed line rep-
resents the X-ray flux levek{ 7.5 x 10713 ergcm=2s~1) as recorded

by ROS AT, Einstein, andA.SC A before the outburst onset (Ibrahim et al.
2004, Gotthelf et al. 2004). The analysis presented in themia performed
over three closXMM-Newtonpointings represented by the last data point.

spectral and timing data of XTE J182Q297 obtained with 3 com-
bined XMM-Newtonpointings (September 2009) upon the return
of the source to quiescence (see Fiddre 1, last point). thame
goal here is that of studying the properties of the quiesestigsion
of this magnetar, which carries information on the surfacegera-
ture distribution of the star, and hence on its magneticltapo We
model these data using a modified version of the emission mode
by Perna & Gotthelf (2008), updated to include) the presence of
quiescent emission from the full surface of the dfaythe changed
and reduced emission from the region heated by the outburst.
The new data and its spectral and timing analysis is reported
in §2. In §3, we discuss the properties of the quiescent emission.
The theoretical emission model is described in detajdinand the
results of its application to the data are givergh following with
a discussion ig6.

2 OBSERVATIONS

The quiescent state of the source was observeNiyl-Newton
during three consecutive close pointings (18 days tota tsman)

in 2009, on September 5, 7, 23 ft9, 18, 12 ks, respectively. All
the observations were performed with the PN instrumenti¢@&ir

et al. 2001) in large window mode, with the medium filter apg)i
and the MOS 1 and MOS 2 instruments (Turner et al. 2001) inlsmal
window mode, with the use of the medium and thin filter, respec
tively. The PN resolution time with this configuration4%.6 ms
while the MOS1/2 resolution time is 0.3 s. Data were proagsse
with SAS version 10.0.0, using the updated calibration {{&SF)
available in August 2010. Standard data screening critegzia ap-
plied in the extraction of scientific products. Time windovite-

ria were used for removing time intervals contaminated Hgrso
flares. A total of 48 ks of good exposure time was obtained- Pho

ton arrival times were converted into barycentric dynairniicaes
(TBD) using the SAS todbar ycen and the milliarcsec radio po-
sition of Helfand et al. (2007): RA=1809™ 510870, Dec=-19
43 517,931 (J2000).

Source photons were extracted from a centered circulasmegi
of radius 5% containing 90% of the source counts. For both the
timing and spectral analysis we extracted the backgrowrd the
same PN or MOS CCD where the source lies using a circular re-
gion of the same size as that of the source. In the followiradyais,
we combine the three PN spectra collectedddM-Newtonover
an interval of18 days, after verifying that the individual spectra
were consistent with each other within the uncertaintié® 3pec-
tra were binned to have at least 30 counts per fitting chammel t
insure adequate fit statistics.

For each observation and instrument we extracted and
summed data into four energy bands (following Perna & Got-
thelf, 2008): 0.5-1, 1-1.5, 1.5-2 and 2-3 keV. Lightcurves were
generated at the minimum allowed bin time of 0.3 s. We phase
connected the three multi-instrument lightcurves usirggpghase-
fitting technique outlined in Dall'Osso et al. (2003). Thmitg
solution, referred to epoch MJD 54079, includes only onenter
the rotation period, which was found to ¢ = 5.5406556 +
2 x 1077 s. The brief span of the observations did not allow for
a spin-down measurement, but only for @ Bpper limit of P <
9 x 1072 s/s (consistent with the valué = 0.8 — 1.0 x 10~ *! s/s
reported by Camilo et al. 2007 for the 2006-2007 observaien
riod). The pulse profile at different energy bands was detech
by means of theé” value reported above. The profile was found to
be nearly sinusoidal and energy independent in analogyeaitlier
epochs (Halpern and Gotthelf 2005; Bernardini et al. 2009).

3 PROPERTIES OF THE QUIESCENT EMISSION

Halpern & Gotthelf (2005) and Gotthelf & Halpern (2005) steziv
that the post-outburst spectrum was composed of a multkbtzly
(BB) made up of two thermal components, which they integatet
as a warm ring surrounding a hot spot. Bernardini et al. (2009
ther showed evidence for a third, cooler thermal componemsis-
tent with emission from the whole surface of the star. Themed
outburst flux was a factor 100 times higher than in the quiescent
state. They also found that, while the intensity of the eioisom

the whole NS surface was constant during the outburst (andl eq
to the one recorded in quiescence), the flux from the two hodte
gions decreased exponentially with time (on a timeseale1 yr).
Spectral analysis showed that the warm and the hot regions we
shrinking with time, and the total luminosity of the star vwam-
sequently declining towards the quiescent level. When tlece
eventually returned to quiescence, its spectrum was folgistent
with that recorded by ROSAT before the outburst. More in itleta
the quiescent flux was found to be composed of a cool BB compo-
nent consistent with emission from the whole NS surface ttier
best estimated distance value of 3.3 kpc; Camilo et al. 2006,
Minter et al. 2007, Durant & van Kerkwijk 2006), and a warmer
BB emission coming from a small, residual spot. The quiescen
spectrum of the source is therefore composed by two BB oeky (s
Figure[2 left panel). It should however be noted that the speat
spectrum also displays a statistically significanto) absorption
feature around 1.1 keV. This feature, discussed in Bernagdial.
(2009), is of unknown origin. It could be a proton cyclotranel

if the magnetic field isB = 2.2 x 10'* G (an electron cyclotron
line would imply aB field about 2000 times weaker, out of the
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Figure 2. Left panel The quiescent spectrum of XTE J181097 modeled with a 2BB model with the softer component assediwith the entire surface
and the hotter component, with a higher level of PF, asstiaith a localized warm spdRight panel Pulse profile of the surface component (black square)
compared to the warm spot pulse profile. Both profiles showai pethe same phase interval £ 0.85).

magnetar range). In our spectral fits, the feature is modeltd
an edge. We have verified that, within uncertainties, themqti®n
depth ¢.) at the energy thresholdy.) is independent of phase, and
of magnitude< 7. >= 0.32 £ 0.02. Hence the presence of this
feature is not expected to affect the results from the tirainglysis
and is not included therein. Such a feature is however irdud
all spectral fits in the present work.

Since XTE J1816197 has now returned to quiescence, the
temperature distribution on the star surface reflects teeathmag-
netic field distribution, as the conductivity is enhanceshgl mag-
netic field lines. For most AXPs, the high level of pulsed fiat
cannot be produced by a temperature distribution folloveidgpole

by the warm spot. Therefore, one the two (warmer) regionden t
star surface associated with the magnetic poles must beclesy
to the center of the warm spot. It is important to note thai|enthe
highest energy bands (dominated by the emission from thggesin
hot spot), naturally produce produce a single-peaked prafilthe
lowest energy band, dominated by the surface emissiondctear
ized by two symmetrically opposed warmer regions), a sipgkk
profile is expected only for geometries for which only oneepisl
visible as the pulsar rotates (e.g. Page 1995).

These results and considerations represent the basisdmgdev
a model that allows us to predict the energy-dependent ghiriae-
tion and pulse profile, and use it to determine, for diffenaities

magnetic field (De Deo, Psaltis & Narayan 2000). In the case of of the NS radius, the viewing geometry and beaming pattetheof

XTE J1810-197, on the other hand, the low level of pulsed frac-
tion of the soft X-ray bands could be the result of such a field-c
figuration, which we hence adopted as our starting point. t&rde
mination of the XTE J1810197 surface temperature distribution
would allow to unveil its magnetic field configuration.

The spectral component corresponding to the cold NS surface

easily dominates the emission below 1 keV, while the emissay-

emitted radiation that best match the observations. Theeimned
described in detail in the next section.

4 MODELING THE SPECTRUM AND THE PULSE
PROFILE OF XTE J1810—197 IN QUIESCENCE

responding to the warm spot dominates over 2 keV (see fldure 2 Following the motivations given in the previous sectiorg thcal

left panel). Our first goal was the localization on the stafeme of
the warm spot with respect to the maximum intensity of thdero
surface emission (corresponding to the magnetic axis)e liwit,
albeit the NS surface is expected to have a temperatureegitadi
however, due to the limited S/N ratio of the spectral datzaifitonly
be identified as a single BB in the spectral analysis (i.ectider

one). The pulse profiles of the two BB components were conse-

quently generated separately by taking into account onbtgsts
emitted in the 0.5-1 keV and 2-3 keV energy bands respectively.
The result of this test shows (see figlite 2 right panel) tratthx-
imum of the pulsed emission coming from the NS surface resnain
in phase with the maximum in the hardest energy band, dosdnat

temperature distributioriin (7, 6) (in spherical coordinates), on
the surface of XTE J1810197 is modeled as expected from ther-
mal cooling under the influence of a dipole magnetic field (Key
Hernquist 1998; see also Perna et et al. 2001):

4cos® 0,

——— (0.75 29 0.25)%2
P 300520p+1( cos™ Op + ) ’

Tin(0,9) = @
whereT,, is the pole temperature arg is the angle between the
radial direction at positiorif, ¢) on the surface of the star and the
magnetic pole.

Superimposed to the emission from the whole (cold) surface

of the star is the emission from a small (hot) spot, whose @oiis-
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cides with the dipole axis. The mathematical descriptiothefspot

on the rotating surface (of temperatdfg and angular radiug;,)
follows the theory developed by Pechenick et al. (1993) witine
generalizations presented by Perna & Gotthelf (2008).défines
the angle between the spot/dipole axis and the rotation ari$

1 the angle between the observer’s direction and the rotaba)
then the anglex that the axis of the hot spot makes with respect to
the line of sight to the observer can be written as

a(t) = arccos(cos ¥ cos € + sin ¢ sin € cos y(t)) . 2

This angle is a function of the phase anglg) = Q(t)t swept by
the star as it rotates with angular velociiyt). The surface of the
star is described by the angular spherical coordinédeg), and
the coordinate system is chosen so that4texis coincides with
the direction of the line of sight to the observer. The hottdpo

described by the conditions:
0 < Bn, if a=0 3)
and
a_B}L<9<a+/B}L (4)
2r—dp <<y if a#0 and B <a
where
¢Z — arccos {cos B;L‘ — co-s acosf ®)
sin v sin

On the other hand, it is identified through the condition
0< 0", Bn,0), i a#0 and B> a, (6)

where the outer boundas} (a, 8, ¢) of the spot is computed by
numerical solution of the equation

. b h
cos By, = sin 0, sin a.cos ¢ + cos 6, cosa .

@)

Due to the strong NS gravitational field, photons emittechatNS
surface suffer substantial deflection on their way to theenles.
A photon emitted at a colatitud® on the star makes an ange
with the normal to the surface at the point of emission. Tletin
betweens andd is given by the ray-tracing functiBr(Page 1995)

R,

9(5)—/()RS/2Rxdu/\/<1—%> <2

having definedc = sin ¢. Here,R/ R, is the ratio between the NS
and the Schwarzschild radiuBs; = 2GM/c2 (we assumeVl =
1.4Mp).

A blackbody model for the local emission is assumed. While
it would be desirable to perform this analysis with reatistiag-
netized atmosphere models, the lack of an extensive setobf su
models for highB-field strengths, B > 10'* G) and arbitrary
inclinations (with respect to the NS surface) makes thisanoom-
plete analysis not yet possible. This is particularly theecfor the
present study, since we are modeling the emission from the en
tire surface of the star, and over this there are large regidth a
non-normalB. We note, however, recent work extending NS emis-
sion models to non-normal fields. In particular, LLoyd (2608
presented model spectra Br< 10'* G and for arbitrary orienta-
tion, for pure Hydrogen composition, and in the limit of cdetp
ionization. Ho, Potekhin & Chabrier (2008) constructedtipdly
ionized Hydrogen models for arbitrary field orientation &iod

)2 — (1 - 2u)u2a?

1 In the emission code, to improve the computational effigieat the
above equation, we use the approximation derived by Betalmr (2002).

strengths in the rang®'? < B < 3 x 10*2 G. While these models
are very useful for exploring NSs with moderate fields (e.griM
& Ho 2007), they are still not appropriate for the magnetiddfie
strengths needed for a self-consistent modeling of XTE G4&17
(Baip of about3 x 10** G). Hence here we adopt the empirical ap-
proach of parameterizing the level of anisotropy with thection
f(8) o cos™d (since 'pencil’ beaming dominates in atmosphere
models), and perform the timing analysis with differentues of
n within a reasonable range as suggested by beaming in realist
descriptions of magnetized atmosph@res

The observed spectrum as a function of phase apgdethen
obtained by integrating the local emission over the obdxevsur-
face of the star, including the effect of gravitational feftsof the
radiation (Page 1995)

2 R%

F(Eoo,7)

27
X/
0

in units of photons cm? s=! keV~. In the above equation, the ra-
dius and energy as observed at infinity are givetiRhy = Re ™"+,
andE., = FEe™, whereR is the star radiusE is the energy emit-
ted at the star surface, ard is defined through the relation

/ R
As — _ S
e’ =4/1 R

For the spectral function, given byn(E,T)
1/[exp(E/kT) — 1], the temperaturel’(0, ¢) is equal toTy
if {0, #} satisfy any of the condition§](3) throughl (7), and it is
given by T'(0,¢) = T (0, ¢) otherwise. Correspondingly, the
weighted intensitylo(0, ¢) is given by the beaming function
f16(0)].

The phase-averaged flux is then readily computed as

1
E2 *NHU(Eoo)/ 2rd
53 T oot ; xdx
d¢

o5 10(6,9) n[Exe™ " T(0,9)] ,

9)

(10)

1

27
= — dyF (Eso,”) .
27T/0 YF (Eso,7)

Fave(Fo) (11)

Note that the phase dependendea Eq.[3) comes from the viewing

,(8)angles implicitin«(t) and from the series of conditiond (3) through
@.

We also included a multiplicative factor which accounts for
the hydrogen column density between the observer and the sta
Note that absorption does influence the predicted pulsetidres,
when these are computed over finite energy intervals (Perak e
2000). The magnitude of absorption was fixed to that obtafirced
the spectral fit (seg5.1). The model described in this section was
imported into the spectral fitting package XSPEC (Arnaud6}99
and used to fit both spectra and pulse profiles.

2 In the magnetized atmosphere models by van Adelsberg & IGOGR
the beaming strength depends on the magnitude oftlield, on the at-
mosphere temperature, on the observation energy, as wefl #g angle

¢ itself. For fields and temperatures in the magnetar rangemibdels by
van Adelsberg & Lai (2006) predict a strong forward beamiagdngles

6 < 40 — 60 deg, and a much lower anisotropy level (fan-like) at larger
angles. For example, fd8 ~ 10'* G andT" ~ 0.4 keV, an approximation

to the intensity fors < 50 deg isf(8) o« cos?86 at E ~ 0.2 keV, and
f(8) x cos?datFE ~ 1keV.



5 RESULTS
5.1 Spectral modeling

Fitting the phase averaged-spectrum with the mode! ir By r@-
quires fixing the viewing angles, v». However, since the viewing
geometry is not knowm priori, we followed an iterative proce-
dure for our combined spectral and timing analysis. We btags-
sumingy = £ = 0, the face-on geometry, with the observer look-
ing directly down the co-aligned rotation axis and magnptite.
This impliesa = 0 and speeds up the spectral fitting substantially
as the geometric condition describing the hot spot (cfrEqle-
pends only on the coordinafe reducing the flux integral in EJ(9)
to a single dimension. After fitting the phase-averaged tspex;
the spectral parameters are used to compute the pulse pifofile
£, 1p; this restricts the range of viewing anglgsnd¢ to those that
best match the pulsed fractions. We then refit the phasegeer
spectrum to refine the spectral parameters, but now use 8te be
1, &€ from the timing analysis. This procedure is iterated uihid t
change in the parameters are consistent with the measuremen
rors. This procedure is found to converge in only one iteraéind
thus allows us to explore a wide grid of viewing angles (likg &
Gotthelf et al. 2010) in a reasonable time.

To begin with, the source distance was first fixed to D=3.3 kpc,
based on radio pulse dispersion measure (Camilo et al. 2866)
consistent with the measurement derived from HI absorgtion-

3.5 + 0.5, Minter 2007) and the measurement derived from Red
Clump Stars in the direction of the sourd@ & 3.1 £ 0.5 Durant

& van Kerkwijk 2006). For completeness, we then also stuthed
cases corresponding to the distance fixed at 2 kpc and 5 kpchwh
correspond to the borderline values of the uncertainty on the
distance. All the fits were performed in the 6.3 keV spectral
band. Above 3 keV, source detection is not significant. Weaégd
the spectral analysis for several values of the beamingetean

(in the ranged — 2.5, using steps of 0.5), and found that, within the
measurement uncertainties, the inferred spectral paeasetere
all consistent. Hence, for the spectral analysis, weiset0.

Like in the case of the analysis performed by Perna & Gotthelf
(2008), an important technical issue for these fits is theeteof
degeneracy between the radilisand the variable parameters, in
this casekT}, 81, kT,). Without fixing the radius and the distance
there is no unique solution, and we considered a range oftpess
values,9 < R < 15 km, in 1 km increments, for the radius, and
the above3o range of2 < D < 5 kpc.

For the distance values @ = 3.3 kpc andD = 2 kpc, over
the sampled range of radii, spectral analysis providespaabke
fits, but did not allow a preferred radius based ontReneasure-
ment (see tablgl 1). In the caseldf= 5 kpc, spectral fits showed a
significantly highery? value, ranging from 1.4 (foR = 15 km) to
2.04 (forR = 9 km). These fits resulted to be statistically unaccept-
able; consequently, the timing analysis described in tHeviing
is only performed fotD = 3.3 kpc andD = 2 kpc.

5.2 Pulsed fraction and pulse profile modeling

Given the smooth and nearly sinusoidal pulse shape, theguls
fraction (PF) of the signal has been determined using thesexp
sion

Enax - Fmin
Fmax + Fmin
Fluxes are integrated over the given energy bands. In thetedo
geometry, the maximum and minimum fluxes of the mod&l.x

PF = (12)

The quiescent emission of XTE J181®7 L5

and Fiin, correspond to phases= 0 andy = w, respectively. As
discussed i3, this is true for any combination of viewing angles
in the higher energy bands 1keV, in which the emission is either
dominated, or largely influenced, by the (single) hot spotthie
lowest energy band (0.5-1keV), where the contribution fri@
surface emission is dominant, a single peak can only beradutdor
viewing anglest, v < &maax, Ymaz. The latter depend mildly on
n, R, and are generallg 50° —55°. Our viewing parameter search
is restricted to the range of angles for which the lowestgnband
remains single peaked. Incidentally, the high) parameter range
is alsoindependentlyuled out by the PF in the highest energy band
alone: for most combinations ef, R, the predicted PF would be
much higher than the measured value.

A measure of the PF in each energy interval was obtained us-
ing the timing solution, phase-connecting the three pog#i The
background level, which was variable during the three pogs
was subtracted for each multi-instrument lightcurve. Wanfb
that the PF increases with enerddF o.5_1kevy = 17 £ 1%,
PF(l—l.5keV) = 26 + 08%, PF(1A572keV) = 36 *+ 13%,
PF (5 31ev) = 47 & 2.6% (all the uncertainties are hereafter re-
ported atlo confidence level, c.l., unless otherwise stated). Above
3 keV, due the low S/N ratio, only an upper limit on the PF could
be obtained (but this is not an useful value for the purpoghief
work). Hence our timing analysis uses the data up to 3 keV.

Starting with the best spectral fit model parameters presgent
in Table[1, obtained foy) = ¢ = 0, the best values af* and¢*
needed to reproduce the observed pulsed fraction werensehfio
the case of D=3.3 kpc and D=2 kpc). Given the high S/N of the,dat
both the pulsed fraction and the full pulse profile were medel

For each value of the NS radius fitted forgBa.J (9—-15 km),
the pulsed fraction, defined in Hg.{12), was computed owegthd
of angles(&,v) < (&max, ¥max) deg, in 1 degree intervals. For
each value on the grid, the model predictions were comparéd w
data. Notice that the flux depends on the angleand ¢ only
through the parameter in Eq.[2), and therefore it is symmetric
with respect to an exchange andq.

In order to explore the behaviour of the PF with béttandn
independently, we first examined how the PF varied \&itht fixed
n, and then how they varied with at fixed R. In the following, we
first report the results fon = 1 andR = 9 — 15 km, in steps of
1 km and then folR = 9 km andR = 15 km, forn = 0 — 2.5,
in steps of 0.5. The behaviour for other combinations of patars
can then be inferred from the results shown.

For the casen = 1, Table[2 reports the best geometry (ex-
pressed through the anglgs and ¢*), for each sampled radius,
and the corresponding predicted PF as a function of the gnerg
band, in comparison with the data. For this case, we furtker e
plored the dependence of the results on the source distemite
case ofD = 3.3 kpc, low radius valuesy(< R < 12 km), un-
derpredict the observed PF for low energy intentals < E < 2
keV. Moreover, forR = 11 and R = 12 km, the model overpre-
dicts the observed PF in the highest energy band E < 3 keV;
se€B). The different trend of the PFs with radius in the lod an
high energy bands is due to the fact that the flux in these iS-dom
nated by different components: the cooler component frarath
NS surface in the low energy band, and the hotter small sgbiein
high energy band. The smooth temperature gradient of timeefior
makes the PFs less sensitive to changes in the viewing gapmet
and hence the dominant factor in determining the changeciPth
with R is the general-relativistic suppression of the pulsedtivac
asR decreases. On the other hand, the pulsed fraction prodyced b
the small hot spot is much more sensitive to changes in vigwin
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Table 1. Spectral fit parameters as a function of the radiusdRc.l. uncertainty is reported.

D = 3.3 kpc
R nH kT KTy Bu Xred
km  x10%! em—2 keV keV deg (for 75 d.o.f.)
9 6.9+0.1 0.57 £ 0.02 0.267 £0.001  2.1+8% 1.42
10 7.1+0.1 0.54 £0.02 0.250 £0.001 1.8£0.4 1.34
11 7.3+£0.1 0.52+£0.03  0.238+£0.002 2.0£5¢ 1.28
12 7.4+£0.1 0.4740.01  0.226+0.001  2.4+51 1.22
13 7.5+0.1 0.45 £ 0.01 0.218 £0.001  2.0+83 117
14 7.74+0.1 0.44+0.01  0.2114+0.001 2.1+0.3 1.13
15 7.8+0.1 0.43 £0.01 0.205+0.001  2.2+83 1.10
D = 2.0 kpc
9 7.9+0.1 0.48 £ 0.01 0.235£0.001 2.6 £0.2 1.08
10 8.140.1 0.452 £0.003  0.2214+0.001  2.243§ 1.06
11 8.240.1 0.43+£0.03  0.211£0.002 2.5+52 1.03
12 8.4+0.1 0.416 £0.003  0.2024+0.001 2.240.2 1.02
13 8.5+0.1 0.403 £0.002  0.1944+0.001 2.44+0.3 1.01
14 8.7+0.1 0.3914+0.002 0.188+0.001  2.143§ 1.00
15  8.840.1 0.383£0.002 0.1834£0.001  2.0£J% 1.00
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Figure 3. Model predicted PF (for the best emission geometry as regantTabléP) for different radius values, compared wittadaeft panel is forD = 3.3
kpc, while right panel is folD = 2.0 kpc. Beaming factor is equal to 1. Dashed and dot-dashes temresent the model prediction for low radius values
(9 < R < 12 km), while continuous black lines are obtained for high uadialues {3 < R < 15 km). 1o c.l. uncertainty is reported.

angles with the result that small& s, which are best fit by larger
values of¢, ¢ (see Tabl€12), yield higher PFs. We found that it is
not possible to reproduce the observed pulsed fractiorofera-
dius values § < R < 12 km), which are hence rejected by the
model for this distance. The predicted PF for high radiusiesl
(13 < R < 15 km) is instead fully consistent with the data, within
1o uncertainty. Figurg]l3 shows the model predicted PF, fohall t
values of the radii considered, compared with the data.|&ime-
sults are obtained fab = 2 kpc; however in this case the range
of allowed radii is wider, including als& = 12 km. For, e.g.,
an intermediate value of the radiug, = 13 km (D = 3.3 kpc),
the best viewing geometry angles range frgrh = £* = 38° to
(1,&) = (52° 29°) at3o c.l. (see Tablg]2). The angleg (£) that
provide the best match to the PF data clearly vary withfor a

fixed value of the beaming facter. Smaller radii require a larger
variation ina(t) (« varies betweem — & andy + £) to compensate
for the stronger general-relativistic suppression of the fhodula-
tion.

The x2 map, computed for both the case Bf= 9 km and
R = 14 km (Figure[3), displays the 68%, 90% and 99% confi-
dence levels. This map is produced by comparing the model and
observed pulsed fraction over a range of possifl@) angle pairs,
for our best fit spectral model parameters. The viewing gégme
was found to be well constrained, with the range of allodedo-
lutions a factor of 2.5 smaller than (but consistent with)atwvas
found by Perna & Gotthelf (2008) in the analysis of the ousbur
decay (where th&c c.l. of the viewing parameters were ranging
from ¢* = & = 37° to¢,& = 85°,15°). This consistency is
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Figure 4. Reduced chi-squarexf) maps obtained by comparing data and
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ria set by the measurement errors. The final spectral vatuell i
cases are consistent with those foundfoe= ¢ = 0. (Table 1).
For example, for the special cases®f= 13 km, D = 3.3 kpc,
and¢y* = 38° and¢* = 38° we findng = 7.5 £ 0.1,
kTgp = 0.45340.003, kT, = 0.218 +0.001 andf;, = 2.0+9%,
with x? = 87.7 for 75 d.o.f. (see Figuild 7); as another example, for
R = 13 km, D = 2.0 kpc, andy* = 42° and¢* = 28°, we find
ng = 8.4 +0.1, kTgs = 0.413 £+ 0.003, kT, = 0.24 £ 0.03 and
Bn = 2.0£3%, with x* = 76.4 (for 75 d.o.f.). Given the consis-
tency between the spectral parameters determineduniths = 0
and with those for the best viewing angles, £*, the iterative pro-
cess did not need to be continued further. For the best fitispec
parameters and viewing angles, the resulting pulsed frastand
pulse profile, for several radii, are show in Figure 3 and Spee-
tively. It is important to note that, for a pre-determinedigsion
pattern of the radiation (here parameterized by the beapargm-
eter n), there are values of radii (e.&,< 12 km forn = 1) for
which no good solution to the combined spectral/timing prtips
of the source can be found. Hence this type of analysis pesvid
useful limits on the NS radius in the context of the model.

To consider the effect of the angular distribution of radia-
tion on our spectral and timing modeling, we repeated thev@bo
analysis for various assumed beaming indexes. Table 3teether
model predicted PF fob < n < 2.5, in 0.5 step increments, for
R = 9km andR = 15 km (see Figur€l6). For = 0 (isotropic

¥ and§. The 68%, 90% and 99% confidence levels are shown for the best emission), we found that not even the largest radii were tabde-

match to the observed pulsed fractions using the beamingrpat = 1 for

R =9kmandR = 14 km. The results are clearly degenerate with respect
to an interchange of¢, ¢). A comparison with Fig. 2 in Perna & Gotthelf
(2008) shows the substantial reduction in the confidenageran

0.5-1 keV 1-1.5 keV 1.5-2 keV

15 -

Normalized Intensity

05 -+
05 1 15

05 1 15
Phase

Figure 5. Predicted pulse profile foR = 13 km (black line), andR =

9 km (red line),D = 3.3 kpc andn = 1, in four energy bands, compared
to data (orange squares). The two caRes 14 and R = 15 km give fully
consistent results witlik = 13 km. Each profile is computed with the best
fit viewing angles as reported in Table 2.

not surprising, since the warm spot appears to be the renmfant
the heated regions during the outburst. The elongated sifape
contour plots shows that the two angkesand¢ are highly corre-
lated in the fit. This is a result of the fact that the PF dependa
combination of these two angles.

count for the observed level of modulation. The modeled Phis
fact, produced by the interplay of two flux components: the on
from the whole NS surface, and the other from the small, hot sp
The high level of pulsation which could have been producethby
hot component alone, is strongly reduced by the presenceisf e
sion on the entire NS surface. If the local emission is igptranot
even the largest radii can provide sufficiently large PFsvéier,

as the value of: increases, the range of allowed radii becomes
wider; we found that fom = 0.5, only R = 15 km provides a
marginal match for the energy-dependent PFyfee 1, the range

R > 13 km provides a good overall representation of the data. For
n = 2.5, due to the resulting strong increase of the PF at all ener-
gies, a good match to the PFs can be found for each valRglofit
clearly for different combinations of the anglés¢). While our re-
sults provide a hint to the presence of a magnetized atmosjpine
the NS surface, they also show that without a priori knowéedfy
f(9) for each ¢, ) on the NS surface, the timing analysis does not
allow to break the degeneracy with the radius (at least withir
measurement uncertainties).

6 SUMMARY AND DISCUSSION

The decline of the post-outburst emission of XTE J18107 has
allowed us to perform a detailed spectral and timing anslgsthe
emission of this source in its quiescent state. The mairitssfsam
the modeling described herein can be summarized as follows:

(i) The temperature distribution on the surface of the N®isc
sistent with the expectations of a dipole magnetic field cumé-
tion. We remark that our analysis does not guarantee thagh di
lar magnetic field represents the only possible solutiorprinci-
ple, other magnetic field configurations and beaming pagteam

Having assumed a face-on spectrum to derive the spectralbe ad-hoc produced and tested for this source. However,a dip
model parameters used to compute the pulsed fractions, we no lar field is the simplest magnetic field configuration for asau)

proceeded to refit the spectrum, for each radius, using tee be
viewing geometry)™, £*. This is iterated to a convergence crite-

and one that yields a single peak, nearly sinusoidal (asrodde
in XTE J18106-197), for a wide range of viewing angles. Hence,
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Table 2. Best emission geometry anglgs and£* and corresponding predicted pulsed fraction,7ioe= 1 and variableR, compared to the datdo c.l.
uncertainty is reported

D =3.3kpc
R PFos:1kev  PFiziskev  PFis:okev  PFaizkev  ¢*.67

km % % % % degree
9 10.0 15.7 24.9 45.8 48,48
10 12.6 19.3 28.8 49.2 46,46
11 15.0 22.7 33.8 54.4 44,44
12 16.6 24.7 35.6 52.1 40,39
13 17.5 25.3 34.9 49.8 38,38
14 17.5 25.2 34.8 48.1 40,31
15 17.7 25.4 35.3 47.8 41,28

D =2.0kpc
9 12.1 19.0 32.3 54.2 46,46
10 14.8 22.2 34.9 55.9 44,44
11 16.5 24.3 36.6 51.2 39,38
12 17.6 25.1 36.1 49.1 37,36
13 17.6 25.2 36.3 47.2 41,28
14 17.7 25.1 36.2 48.2 45,25
15 17.7 25.0 35.8 47.3 46,23

observed PF 17+£1.0 26.0 £ 0.8 36 +1.3 47 + 2.6

Table 3.Best emission geometry anglgd and&* and corresponding predicted pulsed fraction, for diffexatue of the beaming facter and D = 3.3 kpc,
compared to datd.o c.l. uncertainty is reported

R =9km
n PFgs5-1kev  PFiz1s5kev  PFiszokev  PFaiziev  ¥*.6*
% % % % degree
0.0 0.7 2.0 6.4 23.2 55,55
0.5 5.3 9.0 16.1 35.6 50,50
1.0 10.0 15.7 24.9 45.8 48,48
15 141 21.8 324 52.8 45,45
2.0 16.5 249 35.0 51.1 39,38
25 171 25.4 351 49.2 37,31
R =15km
0.0 8.8 14.4 26.1 51.7 51,48
0.5 15.9 23.5 34.8 52.5 42,41
1.0 17.7 25.4 353 47.8 41,28
15 17.6 25.3 35.3 47.7 44,21
2.0 17.4 25.0 35.0 47.2 43,18
2.5 17.6 25.2 35.3 47.5 38.18
observed PF 17+£1.0 26.0£0.8 36+ 1.3 47+ 2.6
although not formally unique from a mathematical point céwj n in the range 0-2.5 (in steps of 0.5), and radii between 9-15 km

the proposed solution is physically motivated, and the faat it (in steps of 1 km). We found that no match to the PF data could
provides such a good match to the data yields confidencettisati be obtained fom = 0 (isotropic radiation pattern), no matter the
indeed a reasonably good representation of the quiescéssiem value of the radius, while fon = 2.5, a good match to the PFs
of this transient magnetar. could be found even foR = 9 km (smaller values of the radius
are increasingly allowed asincreases). For each valuermfn be-
tween there is a range of radii which are not allowed by thed&& d
(e.g. forn = 1 no good match could be found fét < 12 km).
Therefore, our analysis has clearly demonstrated how detbta

(i) The pulsed fraction of the NS emission requires an
anisotropic, pencil-type radiation pattern, which is &lkindica-
tion of the presence of a magnetized atmosphere on the N&surf
For a cos™ § emission profile, we performed a timing analysis for
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Figure 6. Model predicted PF (starting from the best emission gegnastreported in Tab[g 3) for different values of the beamiatjgonn. Left panel is for

R=9 km, while right panel is for R=15 km c.l. uncertainty is reported.

priori knowledge of the spectral distribution and emission patter
as a function off, ¢) on the entire surface of the star has the power
to allow a radius constraint for the NS.

(iii) The overall emission geometry is constrained by idfgirg
likelihood regions in the) — £ parameter space. The most signifi-
cant range according to our fits is consistent with the resflthe
earlier, post-outburst analysis of Perna & Gotthelf (20@8i) the
30 allowed region is now reduced by a factor of 2.5. We note that
the hot-spot axis used in the earlier work coincides withdipele
axis in the current study.

A spectral and timing analysis of the post-outburst emissib
XTE J1810-197 has been performed also by Albano et al. (2010).
They fitted the first 7 observations using a three-tempezahadel.
The X-ray emission is produced in a globally twisted magneto
sphere, and parameterized by the twist angle, the electiogity
and the seed photon temperature. In the the last two setiuxtie
approaching the quiescent level, and only two temperatnese-
quired to fit the X-ray spectrum. For these observationy, finend
that the angle between the magnetic axis and the rotatianigxi
£ = 30.0°7323 in the 6th observation, angl= 22.7° 353 in the
7th, 6 months later, while the angle between the line of sagfat
the rotation axis was found to he = 153.9° 7125 in the 6th and
¥ = 145.8°13%" in the 7th observation. While the values of the
angle¢ are roughly within the range of what we find, the anglis
inconsistent with ours. A direct comparison between our elind
and theirs is however not possible due to some fundamerftet-di
ences in the basic assumptions. Our quiescent emissiosumas
to be thermal, and we leave the anisotropy level of the |cadil-r
ation as a free parameter. On the other hand, the twistedetmgn
sphere model has a well determined angular radiation pafiée
NS surface temperature is assumed to follow a dipolar-léeepn
in our model, while in theirs it is assumed to be constantttfesr
more, our modeling includes the general relativistic affe#dight
deflection (which heavily influences the pulsed fractiond la@nce
the viewing geometry that we infer), while their modelingedaot.

Our study has allowed us to establish some important prop-
erties of the quiescent emission of XTE J181®7 . The spec-
tral analysis has shown evidence for the presence of a veajl sm
hot spot, only a couple of degrees in size. This emission eemp
nent dominates the X-ray flux above about 1 keV. Interestjingl

a small hot region is also characteristic of the quiescensson
of another (transient) AXP, CXOU J164716.255216 (Israel et
al. 2007; Skinner et al. 2006). The most natural interpitat
in the case of XTE J1810197 as well as in the case of CXOU
J164710.2455216 , is the association of this warmer region to a
concentration of magnetic field lines, since the surface theaof
a magnetar scales sensitivelya$* (Thompson & Duncan 1996).
It is then not surprising that this region coincides with kbeation
of the outburst, as our analysis for XTE J1811B7 has shown.

Our constraints on the viewing geometry could in principge b
combined with those obtained from radio measurementsvioiip
the outburst, to further restrict the allowed parametecsp@amilo
et al. (2007a) showed that the radio and X-ray locations were
aligned, within some rather large uncertainty due to thellsman-
ber of counts of theiChandradata. Camilo et al. (2007b) used ra-
dio polarimetry to fit for the angle angle between the magrfetid
and the rotation axi(in our notation), and for the angle between
the magnetic field axis and the line of sight,(;,, = 1) — £ in our
notation), finding two possible configurations: one wfth= 70°
andamin ~ 20° — 25°, and another witl§ = 4° andamin = 4°.
Polarization observations of XTE J181097 were also used by
Kramer et al. (2007) to constrain the viewing geometry o fhil-
sar. They identified a main pulse and a mid pulse, produced-in d
ferent locations on the star. Their best fitted angles (vithdame
notation as above) werg = 44° and amin = 39° for the main
pulse, and¢ = 76° and am:n = 6° for the inter pulse. Given
some discrepancies between the different angle estimatesré-
dio data, and the lack of a firm and accurate association leettie
radio and X-ray emitting regions, we refrain in the curremrkyv
from using the radio angle determinations to restrict olovatd
parameters range. However, we take the opportunity to esigga
the importance of simultaneous radio-X ray observatiorsukh
another outburst occur (either in this or in another magheta

Our analysis has allowed us to explore the consistency of the
data with the expectations for the temperature distriloutio the
NS surface if theB field is dominated by a dipolar component.
The angles¢ and ) that provide a good match to the observed
pulsed fractions (Fig. 3 and Table 2) also ensure that th&lgro
remains single-peaked in the lowest energy band, domirtéue
surface/dipolar component. Combinations of the beamimgme-
ter and the NS radius can be found for which our model provéaies
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excellent match to spectra, pulsed fractions and, morerglyeo
the full pulse profile. Within the context of magnetars, Ilgeable
to infer the magnetic topology is important for a number af-re
sons. Firstly, measurements of the magnetic field stremgth
and P make the implicit assumption of a dipolar field; substantial
departures from this configuration will result in biasedraates.
Second, the magnetic field topology in magnetars also playsa
portant role in the resulting outbursting behaviour (Theomp &
Duncan 1995, 1996), in that it regulates the intensity, fespy
and location on the NS surface of the starquakes, and hertbe of
outbursts (Perna & Pons 2011).

Ultimately, we note how the combined spectral/timing analy
sis that we performed has the potential to constrain the ectp
ness ratio of the neutron star (or equivalently the radiusafgiven
mass). However, obtaining this type of constraint requéres pri-
ori knowledge of the spectral and radiation pattern of thzallo
emission. This is particularly difficult in the case of higmhagne-
tized objects, since the local emission depends on the $treaigth
and orientation of the3 field, which in turn would need to be de-
termined as a part of the fitting procedure. This analysischvhas
begun for NSs with magnetic fields in the'? — 10'® G range
(Ho & Mori 2008), will become possible for magnetars once@tm
spheric models for arbitrary field orientations (Lloyd 2608 Ho
et al. 2007) are extended to strengfhs- 10'* — 10'° G.
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Figure 7. Upper panel XMM-Newtonphase-averaged spectrum of XTE J181@7 obtained with the model presented in the text, for theipease of
R=13 km, D=3.3 kpc, and the best fit angigs = 38° and¢* = 38°. Model residuals are shown in the lower panel. The parasmétethe best fit model are
reported in Tabl€]1. The data show the summed spectra frothtbe observations.ower panel Same as the upper panel, but for unfolded source spectra.
The contribution of the different model component is alsovaf surface (black dotted line), warm spot (red dotted)line
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