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ABSTRACT

The first shoriChandraand XMM -Newton observations of the young and energetic pulsard4&89 pro-
vided indications of a tail-like pulsar-wind nebula assted with this object, as well as pulsations of its X-ray
flux with a pulsed fractiorp; 2 50% and a thermal component dominating at enerfgigs2 keV. The elon-
gated nebula is very compact in size and might be interpastedidence for a pulsar jet. The thermal radiation
is most plausibly emitted from the entire neutron star sierfaf a 10 km radius and adt 0.1 MK temperature,
covered with a hydrogen atmosphere. At higher energiesutsaps emission is of a nonthermal origin, with
a power-law spectrum of a photon indEx= 1.1+ 0.2. This makes the properties of PSR J1357-6429 very
similar to those of the young pulsars J1119-6127 and Velaadetected thermal radiation.

Subject headings: pulsars: individual (PSR J1357-6229) — stars: neutron +s:s¥rays

1. INTRODUCTION two dozen currently known pulsérsvith 7. < 15 kyr. The

Once discovered in radio, young rotation-powered pulsarsglcr;[ilgl ?/glllsgr’(s)fatlﬁg r%(;lgﬁettjﬁziégl/e [rl;;ai]i ﬁglfng;; f§r3a
with characteristic ages of = P/2P ~ 10 kyr (Pis pulsar spin ; ; y e
period) often become targets for X-ray observations becaus Radio data on this pulsar (C04) revealed a strong glitch of

; . i o 6 i X
these objects usually possess large values of the rothtiona 'S SPIN period AP/P o =2.4x 10°, similar to those expe
rienced by some other young pulsars (e. g., Vela), support-

- 6 sl
energy LOSSE sz103 erghs ST alnd hence arehexpected_ tok%en- ing the hypothesis that PSR J1357-6429 is a young NS. It is
erate observable nonthermal (magnetospheric) emission an,,c4teq relatively close to the supernova remnant (SNR) can
power detectable pulsar-wind nebulae (PWNe; see Kargalt-gija1e G309.8-2.6, but a possible connection between these

ISD?/\\’/'NPaVII(\)AV’ & Garmire 2007 for fprﬁperties of a nhum_ber ((j).f two objects has yet to be established (see C04 for detais), o
>WNe). Measuring parameters of the magnetospheric radiayosite to the case of the majority of young pulsars assatiate
tion is particularly important for inferring emission pesses with SNRs.

operating in pulsar magnetosphere. Studying a PWN is essen-" A« \ith many other young pulsars, PSR J1357-6429 has

tial for determining the energy of the pulsar wind, probingt  p.an been a target of bo@handrand XMM -Newton. Sec-
ambient medium, and understanding the shock accelerationjong > and 3 describe these observations and analysis of the

mechanism(s). } ; ;
On the other hand, neutron stars (NSs), born hot in Super_coIIected X-ray data. The results are discussed in Sec. 4.

nova explosions, cool down via neutrino emission from the
entire NS body and heat transport through the stellar enve- 2. OBSERVATIONS AND DATA REDUCTION
lope to the surface and subsequent thermal radiation. The NS XMM-Newton observed PSR J1357-6429 on 2005 August
cooling rate is determined by various processes of theimeutr for 11.6 and 14.5 ks of effective exposures with the Euro-
emission, as well as the (unknown) properties of the NS innerPean Photon Imaging Cameras, EPIC-pn and MOS (respec-
matter (Yakovlev & Pethick 2004). Till recently, young pul- tively), operated in Full-Frame Window mode. The high-
sars were thought to be such powerfu| nonthermal X-ray emit- est achieved _tlme resolution of 734 ms is not sufficient for
ters that their thermal radiation would be completely kairie timing of a signal of a 166-ms period. The data were re-
under the nonthermal component. However, new observa-Processed with th¥MM-Newton Science Analysis Software
tions revealed the pulsars Veta € 113 kyr) and J1119-6127 (SAS v. 7.0.0). Due to strong particle flares a background
(r-=1.6 kyr) as examples of young NSs with the bulk of the X- level during about 85% of the total observational span was
ray flux of a thermal origin (Pavlov et al. 2001; Gonzalez et higher by a factor of 3—20 than the “quiescent” rate.
al. 2005). The surface emission is of a special interestizeca ~_ The pulsar was observed with ti¥andraHigh Resolution
confronting observational data with model thermal radiati ~ Camera (HRC-S) operated in Timing mode on 2005 Novem-
presumably formed in NS atmospheres, can allow one to in-Per 18 and 19, for 16.1 and 17.1 ks of effective exposure
fer the surface temperatures and magnetic fields, constrain ~ and with a 16uxs time resolution. TheChandrainteractive
NS mass K1) and radiusR), and understand the properties of Analysis of ObservationsQ AQ) software (v. 3.4,CALDB
the superdense matter in the NS interior (see Zavlin 2007aver.3.3.0.1) was used to generate the level 2 event files from
[hereafter Z07] for a review). the two observations. Those were combined with@héO

At a distance ofd ~ 2.5 kpc derived from the pulsar dis- Script’ merge_al | *, that resulted in the data product of
persion measure and the Galactic electron density modeP 33.2 ks exposure. The pulse-invariant (Pl) channels with
of Cordes & Lazio (2002), PSR J1357-6449 166 ms, PI<25 or Pt>150 were filtered out to minimize background
7. = 7.3 kyr, E = 3.1 x 10°® ergs s, surface magnetic field contamination.
B ~ 8 x 10* G), discovered by Camilo et al. (2004; here-
after C04) during the Parkes multibeam survey of the Galac- 3. OBSERVATIONAL RESULTS
tic plane, is one of the nearest objects in the group of about

1 http://ww. at nt. csiro. au/research/ pul sar
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FiG. 1.— ChandreHRC-S 16’ x 16" image smoothed with &8 FWHM
Gaussian showing PSR J1357-6429 surrounded by an extetrdetui®
elongated in the east-north direction (indicated by thetevdlashed box of
a 1’ x 1”5 size). White contours correspond to intensity values &% 0.

0.55, and 1.74 counts arcsé&s ™.
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3.1. Spatial analysis
Figure 1 presents a smoothed HRC-S image of tHex16

16" region around the radio position of PSR J1357-6429 de-
rived by CO4. The image reveals a point-like source sur-
rounded by a weaker diffuse emission. The source is centere

at the position R.A.= 1572554 and Dec.=64°29"30/0.

The difference of 74 between the X-ray and radio posi-

tions is very close to thedlerror in theChandraHRC-S po-

sitional astrometr The diffuse emission feature, extending

toward northeast to a distance of aboflitf®bm the center of

the point-like source, is seen in the both HRC-S datasets an
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FiG. 2.— Distribution of counts detected with ti@handraHRC-S in-
strument (solid histogram) in rectangular apertures wift 84 height and
varying widths (&’ 13 or 0’40) shifted along the main symmetry axis of the
box shown in Fig. 1. The dashed histogram shows the HRC-S-ppiead
function computed for the same apertures.

be associated with the SNR candidate G309.8-2.6 (Sec.1)
were found in these data. An upper limit on the averaged
surface brightness of the possible SNR emission, estimated
from the 25-radius circle centered at the position R.A.=
13'56M57%0 and Dec.=64°28"00, is 5 counts k8 arcmir?,

3.2. Timing analysis

For the timing analysis, 137 counts were extracted from
the 1’05-radius circle centered at the pulsars X-ray position,

ith 132 counts estimated to belong to the pulsar. The photon
imes of arrival were corrected to the solar system baryrent
using theCl AO’ axBary’ tool and the pulsars radio posi-
tion and convolved with the accurate timing solution obdalin
from radio observations of the pulsar conducted at the Barke
telescopein the interval from 2005 April 27 to 2005 Decem-
qt[)er 10 (53,487-53,714 MJDY: = 6.019298216(5) Hz and,

"= -1.29968(6)x 10711 Hz s at the epoch 53,694.0 MJD

is not an image artifact caused by the instrument anomalies, ; i | .
and/or backg?our?d The presenceyof the extended emission (91venwith the I uncertainties; F. Camilo 2007, private com-

is also apparent in Fig.2 showing two 1-D distributions of munication). This radio solution leaves a timing residual o
countsin rectangular apertures shifted along the main ssgmm only 5"6 ms (2.2% of the spin period). At this ephemeris,
try axis of the box plotted in Fig. 1: one histogram presems t the sz_tGSt o '23 number of hqrmomcs) rgsults in the value
distribution of detected counts, the other indicates the€rgR ~ 0f Z = 120 (Z; = 14.6), or a signal detection at a 99.752%
point-spread function computed from a 2-D simulation per- confidence level. _
formed with theCl AO’ mkpsf’ tool. The proximity of the Figure 3 presents the pulse profile of PSR J1357-6429 ex-
X-ray and radio positions and the morphology of the extended{racted at the radio spin parameters, with the estimatesedul
feature strongly suggest that the detected X-ray radiasion fraction, pr = 63+ 15% (defined as the fraction of counts
emitted by PSR J1357-6429 and its possible PWN above the minimum in the light curve). Thé-test yields the
The 1705 x 1”58 box shown in Fig. 1 contains 18 counts, Valuex; =4.07 forv =9 d.o.f, meaning a 95.996% probabil-
of them only 14% belongs to background. Hence, the elon-ity that the puls_e proﬂle differs from a constant Ilne._ Besmau
gated “tail” of the diffuse emission (within the box) emits Of the poor statistics, the shape of the pulse profile is ndit we
at a rate of 8+ 0.14 counts kst. Modeling the tail’s determined. The only rather certain fact is that the pulsed
emission with a power-law (PL) spectrum of a photon in- fraction is large, implying special properties of the dégelc
dexT = 1.5 (typical for X-ray PWNe — e. g., Kargaltsev et X-ray emission (see Sec. 4).
al. 2007) absorbed with the hydrogen column density; =
ny/(10?tcm™?) = 5.0 (see Sec. 3.3) yields the tails's (unab-
sorbed) fluxk, ~ 3.3 x 101* ergs cm? stin 0.5-10 keV, or To optimize the signal-to-noise ratio, the EPIC spectraawer
the luminosityl ~ 2.5 x 10*1d3 . ergs §(d5 =d/[2.5kpc]). extracted from 20-radius circles centered at the pulsar posi-
No large-scale signatures of a diffuse emission which couldtion (these include the emission of the faint PWN suggested
by the HRC-S data). The extraction regions contain about

3.3. Spectral analysis

2 [nttp: /7 asc. harvar d. edu/ cal / ASPECI/ cel non

3|http: /7 cxc. harvar d. edu/ pr oposer/ POG ht mi / ARC. ht mi
4 No other point-like source as a possible counterpart of faure is
found in available observational catalogues.

5 The Parkes Observatory is part of the Australia Telescopgchnis
funded by the Commonwealth of Australia for operation as tiddal Facil-
ity managed by CSIRO.
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99.9998% (4.8) confidence level. The thermal component
can be equally well described with both a blackbody (BB)
spectrum and a NS magnetizégi< 1 x 1013G) hydrogen at-
mosphere mod&l However, as in many other cases, the esti-
mates on the temperature and size of the emitting area derive
from these two models are very different(see Zavlin 2007a
for details): Ty = 1.7+ 0.2 MK and R}y = (2.5+0.5)d25
““““““““““““ km (redshifted values) in the BB fit, anids = 1.0+ 0.1 MK
(effective temperature) foR = 10 km atdys =1 in the NS
atmosphere fit. The correspondmg bolometric luminosities
areLs ~ 3.7 x 10%%d2, ergs §* andLam ~ 7.1 x 10°2 ergs
st (Lg,=[1-2GM/c?R]Lagm =~ 0.6Lam for M = 1.4M, and
R=10 km). The parameters of the nonthermal component
are similar,I' = 1.3+ 0.2 and 11+ 0.2, in the BB and at-
mosphere fits (respectively), withhonth =~ 1.4 x 10%2d3 . ergs
_ s=4.5x 10°Ed3,. The inferred hydrogen column density,
FiG. 3.— Pulse profile pf PSR J1357-6429 extracted from@handra Npo1 = =4.9+2.0, is somewhat Iarger than in the smgle PL in-
HRC-S data. The dashed line indicates the mean evel. terpretation but still consistent with the standard esllmsag-
gested by the pulsar dispersion measure DM =22 pc,
Nupm/ (107 em2) =DM /(10%°cm2) ~ 4.0 (assuming a 10%
ionization degree of the interstellar hydrogen), and isoea
ably lower than the galactic neutral hydrogen density esti-
mated in the direction to PSR J1357-6429,/(10°*cmi?) ~
10.0. It is also worth mentioning that the thermal componet
contributes 72% of the X-ray flux observed Bt< 2 keV,
regardless of whichever model is used to describe the com-
ponent. The best two-component fit involving the NS atmo-
sphere model is shown in Fig. 4.
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4. DISCUSSION

The first X-ray observations of PSR J1357-6429 have re-
Lot 5 — vealed interesting properties of this obfeéhcluding the in-
dication of the compact tail-like PWN associated with thé pu
sar. The estimated efficiency with which PSR J1357-6429
N\ powers the PWNL/E ~ 0.8 x 10, can be considered as
105 \ . “medium” among those measured for tail-like PWNe associ-
ated with other pulsars. For example, it is lower by about an
\ PL order of magnitude than the efficiencies of the PWNe of the
\\NSA young pulsar B1757-24 (Kaspi et al. 2001) and the millisec-
10-6 T \ S ond pulsar B1957+20 (Stappers et al. 2003; Zavlin 2007b)
0.5 1 3 10 but larger by a factor of a few than those inferred for the
Energy (keV) Geminga’s tail (Pavlov, Sanwal, & Zavlin 2006) and the
FIG. 4.— Spectra of PSR J1357-6429 detected withXM\ -Newton Vela’s southest jet (Pavlov et al. 2003). On the other hded, t
EPIC instruments and fitted with a two-component, NS atmespkiNSA) derived luminosity of the PWN associated with PSR J1357—-
plus power law (PL), model. 6429 is about by a factor of 5—8 smaller than the nonthermal
luminosity emitted by the pulsar itself, that does not match
the correlation,Lpywn =~ SLnonth, inferred by Kargaltsev et
al. (2007) for a sample of pulsars. Itis premature to make firm
75% of the source flux. The instrumental responses were geneonclusions about the properties of the possible PWN. How-
erated with thé&8AS‘ r nf gen’ and' ar f gen’ tools. Back- ever, despite the fact that the proper motion of PSR J1357—
ground was evaluated from similar regions in vicinity of the 6429 has yet not been measured, the shape and estimated lu-
pulsar position. The estimated source count rates (cedect minosity of this elongated feature may suggest a hypothesis
for the finite extraction aperture) are &% and 1742 counts  that it is a pulsar jet along the pulsar spin axis aligned vtéth
kst in 0.3-10 keV, for EPIC-pn and MOS, respectively. velocity, similar to the interpretation proposed for thiélife
A single PL model fits the spectra rather well, with = features of the Crab, Vela, and Geminga pulsars (Weisskopf e
1.17 forv =59 d.o.f, yieldingl' = 2.1+ 0.4 andny 21 = 2.3+ al. 2000; Pavlov et al. 2003; Pavlov et al. 2006). On the other
0.8 (1o errors are given here and below). The derived non- hand, if the elongation direction and that of the proper oroti
thermal (isotropic) luminosity in 0.5-10 keV ligonth >~ 2.0 x turn out to be perpendicular to each other, it would indicate
10°%d2 . ergs §'= 6.5 x 107°Ed3 (of this, about 10% belongs _
0 the PWN) On the other hand, it is reasonable to assume . The' nsa’ code in the XSPEC package.

7 Esposito et al. (2007) analyzed the same data, obtainethsirasults
that PSR J1357-6429 emits observable thermal radl"’monm the PL and BB-plus-PL spectral fits and put an upper lipit< 30% for

Adding a thermal component imprOVeS the fit, fF0.76 a possible sinusoidal signal. They searched for a diffusioission of a 16
for v=57 d.o.f, indicating that it is required by the data at a size and failed to notice the small extended feature.

Photons s~! cm~2 keV-!
-
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case of PSR J1357-6429, as tkandraHRC-S instrument
is most efficient aE < 2 keV, the pulsed fraction gi; = 50%
suggests that the thermal emission is intrinsically aniguot,
as predicted by the NS atmosphere models — otherwise the
effect of strong gravitational bending of photon trajeter
near the NS surface would strongly suppress the pulsations.
This obviously contradicts the simplistic (isotropic) Bier-
pretation. Such a pulsed fraction also indicates that thBa$S
a strong nonuniformity of the surface temperature and mag-
netic field. Hence, the temperaturg inferred from the NS
atmosphere fit assuming the uniform surface should be con-
sidered as an approximate estimate on the “mean” surface
. \{_% temperature. The same conclusions stand for PSR J1119—
R RN PN SN AN L P 6127 with a pulsed fractiop; = 60% (Gonzalez et al. 2005),

1 2 3 4 5 6 as well as PSR 0538+2817 whose pulse profile of the ther-

Log 7 (yr) mal flux emission shows a complicate dependence on photon

FIG. 5.— NS cooling models (Yakovlev & Pethick 2004) with the *Ppo- energy (Zavlin & Paviov 2004).

ton superfluidity (solid curves) and without the superflyiddashed curves), Assuming that the characteristic ages of the five pulsars of
for different NS masses. The crosses indicate the pulsafdst93-6127 (1),

J1357-6429 (2), Vela (3), B1706-44 (4), J0538+2817 (5) BEBA+61 (6). this group are close to the true ofgsis illustrative to com-

(MK)

Ts

The redshifted surface temperaturdds = [1-2GM /c2R1Y 2Tog (= 0.7 7Tt pare NS cooling models with the surface temperatures esti-
for M/Mg = 1.4 andR = 10 km), with Tegt being the effective temperature of ~ mated for these objects from the NS atmosphere fits. Figure 5
the NS surface obtained in the fits with the NS atmosphere mode presents cooling models with and without proton (‘2p’ mgdel

superfluidity in the NS core (Yakovlev & Pethick 2004), as
well as the measured temperatures. The superfluidity reduce
that the X-ray emission of the PWN emerges from a torus as-the neutrino emission by suppressing the Urca processes and
sociated with the equatorial pulsar wind. Future measuneme hence, decelerates the NS cooling. This effect depends on NS
of the pulsar proper motion is important for validating this mass, being stronger for higher masses. The comparison sug-
potheses. gests that the interiors of these six pulsars are superéuid,
The spectral data on PSR J1357-6429 show that the bulkhe NS masses may be in the rarge= [1.5-16]Mg (note

of the pulsar X-ray flux is probably of a thermal origin. It f[hat this range would be different for another model superflu
makes this object the second youngest NS in the group of enidity). ] ) . .
ergetic pulsars with a thermal component dominatirfg £t2 However, despite the important X-ray information on
keV. In addition to PSRs J1119-6127, J1357-6429 and Vela,PSR J1357-6429 available, the pulsar’s properties renedin y
the group also includes PSRs B1706—44 withx 17.5 kyr, rather uncertain because of the scanty number of photons de-
J0538+2817 with the derived true age~ 7./20.5 = 30 kyr tected in these short exposures. Therefore, deeper observa
(Kramer et al. 2003), and B2334+61 with= 40.9 kyr (see tions are required to provide data of much better quality to
Z07 for details). Similar to the situation with other memer firmly establish the actual shape, size, and spectrum of the
of this group, the origin of thermal component of PSR J1357— possible PWN, and accurately infer the X-ray spectral and
6429 cannot be unambiguously determined from the spectrafemporal properties of the pulsar.
data alone. The parameters of the thermal component ob-
tained in the BB fit may be interpreted as radiation from a
small hot area (polar caps) on the NS surface, although the es
timated radiusRyy ~ 2.5 km, is much greater than the canon-

ical polar cap estimatdc = (27R®/cP)Y2 ~ 0.3 km. Oppo- The author thanks F. Camilo for providing the pulsar radio
site to this, the fit with the magnetized NS atmosphere modelsephemeris and remarks to the manuscript, D. Yakovlev for
indicate that the thermal emission originates from therenti making available the NS cooling models, and A. Tennant and
NS surface. One could discriminate between these two inter-M. Weisskopf for useful discussions. This work is supported
pretations invoking pulsations of the X-ray emission. la th by a NASA Senior Associateship Award at the NASA MSFC.

8 This assumption should be taken with caution — see the case of

PSR J0538+2817.
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