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ABSTRACT

The first short Chandra and XMM-Newton observations of the young and

energetic pulsar J1357-6429 provided strong indications of a tail-like pulsar-wind

nebula associated with this object, as well as strong pulsations of its X-ray flux

with a pulsed fraction above 40% and a thermal component dominating at lower

photon energies (below 2 keV). The elongated nebular is very compact in slze.

about 1" x 1'.% and might be interpreted as a pulsar jet. The thermal radiation

is most plausibly emitted from the entire neutron star surface of an effective

temperature about 1 MK covered with a magnetized hydrogen atmosphere At

higher energies the pulsar's emission is of a nontherma] '_magnetospheric) origin,

with a power-law spectrum of a photon index F _ 1.1. This makes the X-

ray properties of PSR J1357-6429 very similar to those of the youngest pulsars

Jl119-6127 and Yela with a detected thermal radiation.

Subject headings: pulsars: individual (PSR J1357-6229) - stars: neutron

stars: X-rays

1. Introduction

Once discovered in radio, young rotation-powered pulsars (with characteristic ages of

rc -- P_ 2/5 ,_ 10 kyr, where P and ]5 are pulsar spin period and its derivative) often become

_argets for X-ray observations. The reasons for this are rather straightforward: these ob-

jects usually possess large values of the rotational-energy loss, E -- 4752IPP -3 _ 1036-103s

ergs s-1 (I _ 104_ g cm 2 is the momen_ of inertia of a neutron star INS]). and are expected

_o generate observable nontherma] (magnetospheric) emission and power pulsar-wind nebu-

lae (PWNe) detectable a_ different energies (see Kargaltsev. Pavlov. _z Garmire 2007 for a

compilation of properties of X-ray PWNe generated by a number of young pulsars_ Mea-

suring luminosities, spectra, and angular distribution of the magnetospheric radiation is

particularly impor_an_ for inferring emission processes operating in pulsar magnetosphere
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anddistinguishingbetweenthe twocompetingapproaches,polar-capandouter-gapmodels
(e.g.,Harding& Muslimov2005:Zhang& Jiang2006).Studyingthe spectrumandmor-
phologyof a PWN is essentialfor determiningthe energyof the pulsarwind. probingthe
ambientmedium,andunderstandingthe shockaccelerationmechanism(s).On the other
hand.NSsarebornveryhot in supernovaexplosionsandcooldownvia neutrinoemission
fromtheentireNSbodyandheattranspor_throughthestellarenvelopeto thesurfaceand
subsequentthermalsurfaceemissionof photons. The rate a_whicha NS coolsdownis
mainlydeterminedby variousprocessesof theneutrinoemission,aswellasthe (unknown)
propertiesof the matter in the NS interior (seeYakovlevet al. 2005for a reviewon the
NScooling).Till recently,it wasgenerallythoughtthat youngpulsarsaresopowerfulnon-
thermalX-rayemittersthat thermalradiationfromthe stellarsurfacewouldbecompletely
buriedunderthe nonthermalcomponent,makingit virtually impossibleto accuratelymea-
surethethermalflux: only upperlimits on the surfacetemperaturecouldbederived,asit
wasdonefor the famousCrabpulsar(Tennant et al 2001) and PSR J0205+6449 in the

supernova remnant ISNR) 3C 58 (Slane et al. 2004). However. recent observations with

Chaudra and XMM-Newton showed that this is not always the case: the famous Vela pulsar

[To = 11.3 kyr, and PSR Jl119-6127 (%=l.6kyr) are examples of young NSs with the bulk

of the X-ray flux of a thermal origin (Pavlov et al. 2001: GonzaIez et al. 2005L Thermal

emission of the NS surface is of a special interest because confronting observational data

with theoretical models of the thermal radiation, presumably formed in NS atmospheres.

can allow one to infer the surface temperatures, magnetic fields, and chemical composition.

constrain the NS mass and radius and. eventually, understand the fundamental properties

of the superdense matter in the NS interior (see Zavlin 2007a for the latest review on the

theory and observations of NS thermal emission

According to the ATNF Pulsar Catalogue _ Manchester et al. 2005), about two dozen

young pulsars with ages of _-¢ < 15 kyr axe currently known. At a distance of d _- 2.5

kpc derived from the pulsar's dispersion measure and the NE2O01 galactic electron density

model of Cordes & Lazio (2003), PSR J1357-6429 IP = 166 ms. % - 7.3 kyr,/_ = 3.1 x 1038

ergs s -1 . is the third nearest object in this group (after the Vela and Crab pulsars, with

d ----0.3 and 1.7 kpc, respectively_. As discussed by Camilo et al. (2004_ the actual pulsar%

age, _-. could be related to the characteristic one as r = 2_-¢[1- (Po/P)_-l]/[n - 1], with a

typical value of the magneto-dipole braking index n --_2-3 _see Livingstone et al. 2006 and

references therein_ and a probable initial spin period of the pulsar tat its birth} Pc << P. If

true. then _- <_15 kyr. still making PSR J1357-6429 a young pulsar In addition, radio data

on this pulsar collected during a 4.5-yr period Camilo et al. 2004) revealed a strong glitch

lhttp ://www. atnf .csiro au'research/pulsar
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of its spin period, AP P __ --2.4 × 10 -6. similar to those experienced by some other young

pulsars, supporting the hypothesis that PSR J1357-6429 is indeed a young NS. It is located

at a distance of a few arcsecs from the SNR candidate G309.8-2.6 [Dtmcan et al. 1997),

but there m no obvious connection between these two objects, opposite to the case of the

majority of young pulsars associated with SNRs (see Manchester et ai. 2002 and Camilo et

al. 2004).

Alike many other young pulsars, PSR J1357-6429 has been observed in X-rays, with

both Chandra and XMM-Newton. Sections 2 and 3 of this paper describe the X-ray obser-

vations of the pulsar and analysis of the collected data. The obtained results are discussed

m Sec. 4.

2. Observations and data reduction

XMM-Newton observed PSR J1357-6429 on 2005 August 5 for 14.5 and 11.6 ks of

effective exposures with the European Photon Imaging Cameras. EPIC-MOS and EPIC-pn

(respectively). These instruments were operated in Full-Frame Window mode. covering a

25_× 25 / field of view. The highest time resolution of 73.4 ms achieved in the the EPIC-pn

data is not sufficient for timing of a pulsar with a spin period of 166 ms. The EPIC data

were reprocessed with the XMM-Newton Science Analysis Software (SAS v. 7.0.{] ), using the

latest calibration flies. Unfortunately, this XMM-New_on observation suffered from strong

background flares. Because of that. the background level during more than 80_ of the total

observational span was higher by a factor of 3-6 and 5-20 than the "'quiescent" rate (in the

EPIC-MOS and EPIC-pn data. respectively).

Shortly after the XMM-Newton data had been collected. PSI% J1357-6429 was observed

with the Chandra High Resolution Camera (HRC-S] operated in Timing mode in two occa-

sions on 2005 November 18 and 19. for 16.1 and 17.1 ks of effective exposure. After correcting

time-tags of detected events for the instrumental wimn_ error: this mode provides the time

resolution of 16 tts. The HRC-S data were reprocessed with the Chandra Interactive Anal-

ysis of Observations (CIA0) software (v. 3.4: CALDB ver.3.3.0.1 ), starting from the level 1

event files and applying the latest degap corrections. The level 2 event files from the two

observations were combined together using the CIA0 script 'merge_all '. that resulted in the

final data product (with a 33.2 ks exposure) used for the analysis. The pulse-invariant (PI)

channels with PI< 25 or PI> 150 were filtered out to minimize background contamination.

The Chaudra HRC-S data were used for a spatial and timing analysis, whereas the

XMM-Newton EPIC data provided spectral information on X-ray emission associated with
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PSRJ1357-6429.

3. Observational results

3.1. Spatial analysis

Figure 1 presents a smoothed image of the 8" x 8-" region around the radio position

of PSR J 1357-6429 derived by Camilo e_ al. (2004). This image reveals a point-like X-ray

source surrounded by a weaker diffuse emission. The source is centered at the position

R.A.-- 13h57m_.54 and Dec.= -64°29"3ff'0. The difference of ff.'74 between this X-ray

position and the pulsar's radio position is very close to the lcr error in the Chandra HRC-

S positional astrome_ry 2. The diffuse-emission feature, extending toward east-north to a

distance of about 2" from the center of the point-like source. [s seen in the both HRC-

S datasets and cannot be an image artifact caused by the instrument anomalies and/or

background 3. The presence of the extended emission is also apparent in Fig. 2 which shows

two one-dimensional distribution of counts in rectangular apertures with a Y/84 height and

widths of either ff._13 or 0.'40 (see bin sizes in Fig. 2) shifted along the main symmetry axis

of the box plotted in Fig. 1 (the height of the apertures is parallel to the shorter side of

the box): one histogram presents the distribution of detected counts, the other indicates the

HRC-S point-spread function computed from a two-dimension simulation performed with

the CIAO 'mkpsf' tool. The proximity of the X-ray and radio positions and the morphology

of the extended feature strongly suggest that the detected X-ray radiation is emitted by

PSR J1357-6429 and its PWN.

The elongated "tail" of the diffuse emission lwithin the 1('0.5 x i'.'58 box shown in

Fig. 1) contains 15.5 • 4.5 background-subtracted counts, that corresponds to the averaged

brightness of 0.28 counts aresec -2 ks -i. Modeling the tail's emission with a power-law (PL)

spectrum of a photon index F = 1.5 (typical for X-ray PWNe see. e.g., Kargaltsev et

al. 2007 absorbed with the hydrogen column density nH.2i = nil/If02i em -2) ----5.0 (see

See. 3.3) yields the tai]s's intensity [t_l _ 2.2 × 10-i_d_.5 ergs cm -2 s iaresec -2 (d2.5 =

d/[2.5 kpc]) in the 0.2-10 keV range, or the luminosity Lt_l -_ 2.5 × 1031d_.5 ergs s -i.

No large-scale signatures of a diffuse emission which could be associated with the SNR

candidate G309.8-2.6 _Sec. 1 were found in the HRC data. An upper limit on the averaged

surface brightness of the possible SNR emission, estimated from the 2:5-radius circle centered

2http://asc.harvard.edu/cal/ASPECT/celmcn

3http://cxc.harvard,edu/proposer/POG/html/HRC.html
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at the position R.A.= 13h56'_5_0 and Dec.= -64°28"00. is 5 counts ks -1 _rcmm -2.

3.2. Timing analysis

For the timing analysis, 137 counts were extracted from the l_!05-radius circle centered at

the X-ray position of PSR J1357-6429 (Sec. 3.1). Of them. 132 counts were estimated to be

associated with the pulsar. The times of arrival for the extracted photons were corrected to

the solar system barycenter using CiA0 ' axBary' tool. The standard Z_-test (e. g., Zavlin et

al. 20001 was used to search for pulsations of the pulsar's X-ray flux. At the radio ephemeris

obtained by Camilo e_ al. (2004) and extrapolated to the epoch of the Chandra HRC-S

observations, this test results in the values of Z_ -- 11.0 and Z_ -- 14.8. that corresponds to

a signal detection at a 99.6% '3_r) significance level. As the pulsar might have experienced

a glitch during or shortly before the Chandra HRC-S observations, the Z_ statistic was

computed in a vicinity of the radio spin frequency, with the maximum values of Z_ -- 12.9

and Z_ = 15.5 at a frequency deviating from the radio one by about 1 pHz--_ O.1/t,p_,

(where t_p_, -- 94.6 ks is the total time span of the two combined HRC-S observations). This

indicates that the timing solution found by Carnilo et ah (2004) and formally valid only till

2004 April (53.104 MJD} is applicable for the HRC-S data.

Figure 3 presents the pulse profile of PSR J1357-6429 extracted a_ the radio pulsar

parameters. Because of the poor statistics, neither the shape nor the pulsed fraction, fp =

57 4- 20%. is well determined. One may speculate that the extracted (energy-integrated)

light curve has two peaks of different widths and heights, separated by A¢ --_ 0.4 in phase.

The only rather certain fact is that the pulsed fraction is large, implying special properties

of the pulsar's emission.

3.3. Spectral analysis

To optimize the signal-to-noise ratio, the XMM-Newton EPIC-pn and MOS spectra were

extracted from 20"-radius circles centered at the pulsar position obviously, these included

the emission of the faint PWN suggested by the HRC-S data_. The extraction regions

contain about 75% of the source flux. The instrumental responses were generated with

the SAS 'rmfgen' and 'arfgen' tools the latter accounts for the size _f the extraction

area,. Background was evaluated from similar regions in vicinity of the pulsar position. The

estimated source count rates _corrected for the finite extraction aperture _ are 56 =z 5 and

17 ± 2 counts ks -_ in the 0.3-10 keV range for EPIC-pn and EPIC-MOS, respectively. The
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upper panel of Fig. 4 shows the extracted spectra.

A single PL model fits the observed spectra rather well. with min _:_ -- 1.17 for v -- 59

d.o.f, yielding the photon index F = 2.1 ± 0.4 and T_H,21_ 2.3 ± 0.8 "1_ errors are given

here and below). The derived nonthermal _isotropic) luminosity in the 0.2-10 keV range is

Lnonth --_2.1 × 1032d_.s ergs s -I- € 8 × 10-_Ed_._ (of this. about 10% belongs to the PWN). On

the other hand. it is reasonable to assume that PSR J1357-6429 emits observable thermal

radiation, as PSR Jl119 6127 and Vela. with similar pulsar parameters, do (see Sec. 1).

Adding a thermal component improves the fit. min y_=0.76 for u-57 d.o.f, indicating that

it is required by the data at a 99.9998% (4.80) confidence level. The thermal component

can be equally well described with both a blackbody (BB spectrum and a NS magnetized

(B_1013 G) hydrogen atmosphere modeP. However. as in many other cases, the estimates

on the temperature and size of the emitting area yielded by these two models are very

different(see Zavfin 2007a for details}: T_ - 1.7 ± 0.2 MK and R_ =- (2.5 ± 0.5)d2._km

(redshifted values) in the BB fit. and T_ = 1.0±0.1 MK (effective temperarure) for R -- 10

km at d2.5 -- 1 in the NS atmosphere fit (the NS radius and distance were fixed to reduce

the correlation of fitting parameters}. The corresponding bolometric luminosities are L_b --_

3.7 × 1032d_.5 ergs s -1 and Latin _- 7.1 × 1032 ergs s -1 'note that L_ = [1- 2GM/c2R]Latm _-

0.6L_m for the standard NS mass M = 1AM e and radius R = 10 kin). The parameters of the

nonthermal componen_ are similar. F = 1.3 ± 0.2 and 1.1 ± 0.2. in the BB and atmosphere fits

/respectively), with L_o_th _ 1.5 × 10S2d_.5ergs s -1- 4.8 × 10-5/_d_.5. The inferred hydrogen

column density (the same in the both fits nil.21 -- 4.9 ± 2.0. is somewhat larger than in

the single-PL interpretation but still consistent with the standard estimate suggested by the

pulsar dispersion measure DM = 127.2 cm -3 pc, nH.DM/(1021 cm 2) = DM/(1020 cm-2)

4.0 (assuming a 10_0 ionization degree of the interstellar hydrogen), and is reasonably lower

than the galactic neutral hydrogen density estimated in the direction to PSR J1357_6429.

hill/if021 cm -2] _ I0.0. The increase in the hydrogen column density inferred in the two-

componem fit explains the difference in the total X-ray luminosity measured in this and

single-PL fits. The best two-component fits involving the NS atmosphere mode]s is shown

in Fig. 4.

4. Discussion

The first short observations of PSR J1357-6429 with Chandra and XMM-Newton have

revealed rather interesting X-ray properties of this object. First of all. it is the s_rong

4Implemented as the 'nsa' code in the XSPEC spectral fitting package.
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indicationof the compacttail-likePWN connectedto the pulsar.Theestimatedefficiency
with whichPSRJ1357-6429powersits PWN. Lt_l/E ,-_ 0.8 X 10-5. can be considered as

"medium" among those measured for tail-like PWNe associated with other pulsars. For

example, it is lower by about an order of magnitude than the efficiencies of the PWNe

of the young pulsar B1757-24 (Kaspi et al. 2001 _, and the millisecond pulsar B1957+20

tStappers e_ al. 2003: Zavlin 2907b) but larger by a factor of a few than those inferred for

the Geminga's tail (Pavlov. Sanwal. &: Zavlin 2006) and the Vela's southest jet (Pavlov et

al. 2003). On the other hand. the derived luminosity of the tall-like X-ray feature associated

with PSR J1357-6429 is about by a factor of 5-8 smaller than the nonthermal luminosity

emitted by the pulsar itself, that does not match the correlation. LpwN _ 5Lnonth. inferred

by Kargaltsev e_ al. (2007) for a sample of pulsars with ages T¢ _ 10--30 kyr powering X-ray

nebulae. Obviously, it is premature to make any certain conclusions about the properties of

the possible PWN because of too scanty data available. However. despite the proper motion

of PSR J1357-6429 has not been measured yet, the shape and estimated luminosity of this

elongated feature suggest a feasible hypothesis that it is a pulsar jet along the pu]sar's spin

axis aligned with its velocity, similar to the interpretation proposed for the tail-like features

of the Crab. Vela. and Geminga pulsars (Weisskopf et al. 2000: Pavlov e_ al. 2003: Pavlov.

Sanwal _z Zavlin 2006".. Future measurement of the pulsar's proper motion is impor_an_ for

validating this hypothesis

The spectral data on PSR J1357-6429 show at a rather high confidence level that the

bulk of the pulsar's X-ray flux is of a thermal origin It makes this object _he second youngest

NS in the group of young and energetic radio pulsars with a thermal X-ray component

dominating at lower photon energies (E _<2 keV). In addition to PSRs Jl119-6127. J1357-

6429 and Vela. the group also includes PSRs B1706-44 with % = [7.5 kyr, J0538+2817

with the true age T --_ 30 kyr Kramer et al 2003), and B2334+61 with _-_ -- 40.9 kyr

(see Zavlin 2007a and details and references} 5. Similar to the situation with the thermal

radiation of all other members of this group, the omgin of thermal component of PSR J1357-

6429 cannot be unambiguously determined from the spectral data alone. The parameters of

the thermal componen_ obtained with the BB model may be interpreted as radiation from

a small hot area _polar caps] on the NS surface, although the derived radius. R_ -_ 2.5

km. is much greater than the canonical polar cap estimate. Rp_ = (2_R3/cp) 1/2 _ 0.3 kin.

Opposite to these results, the fit with the magnetized NS atmosphere models indicate that the

thermal emission originates from the entire NS surface. One could discriminate between these

_wo interpretations mvoking pulsations of the X-ray emission In the case of PSR J1357

5One more plausible candidate to this group is the putative young pulsar CXOU J061705.3-222127
powering a bright X-ray PWN near the SNR IC443.
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6429. as the Chandra HRC-S instrument is most efficient at E _<2 keY. the large estimated

pulsed fraction of the X-ray flux, fp > 40%, suggests that the thermal emission is intrinsically

anisotropic, as predicted by the NS atmosphere models -- otherwise the effect of strong

gravitational bending of photon trajectories near the NS surface would strongly suppress the

pulsations [e. g., Zavlin. Shibanov. & Pavlov 1995). This obviously contradicts the simplistic

(isotropic) BB interpretation. In addition, the large pulsed fraction also indicates that the

pulsar has a strong nonuniformity of the surface temperature and magnetic field. Hence. the

temperature To_ inferred from the NS atmosphere fit assuming the uniform surface should

be considered as an approximate estimate on the "mean" surface temperature. The same

conclusions stand for PSR Jl119-6127 with a pulsed fraction fp _>60% (Canzalez et al. 2005L

as well as PSR 0538+2817 whose pulse profile of the thermal flux emission shows a complicate

dependence on photon energy Zavlin & Pavlov 2004L

Assuming that the characteristic ages of the five pulsars of this group are close to the

true ones 6. one can compare NS cooling models with the surface temperatures estimated for

these objects from fits with NS atmosphere models. Figure 5 presents cooling models with

and without proton ('2p' model) superfluidity in the NS core (Yakovlev & Pethick 2004:

Yakovlev et al. 2005). The supcrfluidity reduces tire neutrino emission by suppressmg the

Urca processes and. hence, decelerates the NS cooling. This effect depends on NS mass.

being stronger for higher masses. Comparing the estimated surface temperatures with the

cooling models suggests that the interiors of these six pulsars are superflind, and the NS

masses may be in the (1.5-1.6) Me range but note that this range would be different for

another model superfluidity).

To conclude, despite the important X-ray information on PSI_ J1357-6429 already avail-

able. longer and dedicated observations are required to provide new data of much better

quality to firmly establish the actual shape, size. and spectrum of the possible PWN. and

accurately infer the X-ray spectral and temporal properties of the pulsar in a phase-resolved

spectral and energy-resolved timing analysis.

The author thanks Dmitry G. Yakovlev for providing the NS cooling models. This work

is supported by a NASA Fellowship Award at the NASA MSFC.

SThis assumption should be taken with caution as, e. g., Tc -_ 20.5z for PSR J0538-2817.
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Fig. 1.- Chandra HRC-S 8" x 8" image (smoothed with a 0':4 FWHM Gaussian) showing
PSR J1357-6429 surrounded by an extended structure elongated in the east-north direction
(indicated by the white-dashed box of a 1" x 1':5 size). White (solid) contours correspond to
intensity values of 0.17, 0.55, and 1.74 counts arcsec-2 ks- 1.
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Fig. 2. Distribution of counts detected with the Chandra HRC-S instrument (solid his-

_ogra_n) in rectangular apertures with a 1'.'84 height and varying widths (fill3 or fir40) shifted

along the main symmetry axis of the box shown in Fig. 1. The dashed histogram shows the

HRC-S point-spread function computed for the same apertures.
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superfinidity (solid curves) for NS masses M/M e = 1.35. 1.49. 1.56. 160. and 1.62 (from

the upper curve to the lowe_ one) and without the superfluidity (two dashed curves for

M, Mc -- 1.35 and 1.62). The crosses indicate the pulsars: Jl119-6127 (1), J1357-6429

(2), Vela (3), B1706-44 (4), J0538+2817 (5), and B23344-61 (6/. The redshffted surface

_empera_ure is estimated as T_ = [1 - 2GM/c2R]i/2T_f: -- 0.77Te_ Ifor M/M o = 1.4 and

R = 10 km), where T,_ is the effective (meanj temperature of the NS surface obtained with

use of NS atmosphere models Lsee Sec. 3.3 and Zavlin 2007a for details_.




