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ABSTRACT

We report on the serendipitous X-ray detection, using@handra X-Ray Observatory, of the radio pulsar
PSR J17183718. This pulsar has one of the highest inferred surface dipole magnetic fields in the radio pulsar
population B = 7.4 x 10" G), higher than that inferred for one well-known anomalous X-ray pulsar (AXP).
The X-ray emission for PSR J1748718 appears pointlike and has a purely thermal spectrum, kiVith:
0.14579033 keV and absorbed 0.5-2 keV flux ¢6.3—6.9)x 10 ** ergs sm 2 We show that the pulsar's 2—
10 keV luminosity is several orders of magnitude smaller than those of the nontransient AXPs and consistent
with the predictions of standard models for initial cooling. The number of high magnetic field radio pulsars
observed at X-ray energies now stands at five. All are X-ray faint, suggesting either that there is a significant
physical distinction between high magnetic field radio pulsars and AXPs or that high magnetic field radio pulsars
are, in fact, quiescent AXPs.

Subject headings: pulsars: general — pulsars: individual (PSR J173818) — stars: neutron

1. INTRODUCTION

The existence of magnetars—young, isolated, high magnetic

field neutron stars—is now well supported by a variety of in-
dependent lines of evidence. For recent reviews, see Woods
Thompson (2005) or Kaspi & Gavriil (2005). There appears
to be at least two flavors of magnetar: soft gamma repeater
(SGRs) and anomalous X-ray pulsars (AXPs). Defining prop-
erties of both are their X-ray pulsations having luminosity in
the range 18-10* ergs s*, periods ranging from 6 to 12 s,
period derivatives of 10° to 10, and surface dipolar mag-
netic fields in the rang€0.6-7) x 10 G, assuming the vac-
uum dipole model formula for magnetic brakifitn the mag-
netar model, the pulsed X-rays are likely the combined result
of surface thermal emission (e.g.z€ 2003; Lai & Ho 2003),
with a nonthermal high-energy tail resulting from resonant scat-
tering of thermal photons off magnetospheric currents (Thomp-
son et al. 2002). The X-rays, in the magnetar model, are ul-
timately powered by an internally decaying very strong

magnetic field. Despite numerous attempts, no magnetars hav
been detected at radio frequencies (Kriss et al. 1985; Coe e

al. 1994; Lorimer et al. 1998; Gaensler et al. 2001), which has

been suggested as implying that pair production ceases abovi

some critical magnetic field (Zhang & Harding 2000).

An open issue in the magnetar model is the connection of thes
X-ray sources to radio pulsars. One might expect ldgiadio
pulsars to be more X-ray bright than Id8vsources, and possibly
exhibit magnetar-like X-ray emission. Pivovaroff et al. (2000)
searched for enhanced X-ray emission from the -5 x
10" G) radio pulsar PSR J18141744 and placed an upper limit
on its X-ray luminosity that was much lower than those of the
five then-known AXPs (4U 014261, 1E 1048-9537, RXS
1708-4009, 1E 1841045, and 1E 2259586). Gonzalez et al.
(2004) showed that the nearby radio pulsar PSR B&H4
(B = 2.1 x 10" G) has an X-ray luminosity 2—3 orders of mag-
nitude lower than those of the same five AXPs. McLaughlin et
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al. (2003) reported on X-ray observations of PSR J18:/30

(B = 9.4 x 10" G), which has the highest inferred surface di-

polar magnetic field of any known radio pulsar, and calculated an
pper limit on its X-ray luminosity that was lower than those of

u
&all but one of the above five AXPs. Gonzalez & Safi-Harb (2003)

studied PSR J11196127 8 = 4.4 x 10" G), also finding it to
e X-ray underluminous relative to the standard AXP group.
There are several possible ways to explain these results.
There could exist a well-defined criticBHield above which
the magnetar mechanism abruptly turns on. However, that
would also require thaB-fields inferred from spin-down are
unreliable at the factor o&2 level, given the overlap in high-
B radio pulsar fields and those of the AXPs (e.g., 1E 225%6
hasB = 6 x 10" G). It could also be that AXPs and SGRs
have higher order multipole moments that go undetected in
spin-down, such that their true surface fields are orders of mag-
nitude higher. The recently revealed strong X-ray variability
seen in some AXPs (e.g., Ibrahim et al. 2004; Gavriil & Kaspi
2004) suggests that magnetar emission could be transient in

‘?nany highB neutron stars. Of course, which neutron stars

ecome magnetars could depend on other, currently “hidden”
neutron star properties besides Bdield, such as mass.

€ PSR J17183718 is a radio pulsar that was recently dis-

covered in the Parkes Multibeam Survey (Hobbs et al. 2004).

eI_t has a spin period oP = 3.3 s and a spin-down rate of

P = 15 x 10*3, which imply a characteristic age, =
P/2P = 34 kyr, spin-down luminosity E = 4x2P/P?
1.6 x 10* ergs s*, and a surface dipolar magnetic field of
7.4 x 10" G. Its inferred magnetic field is the second highest
of all known radio pulsars and is higher than that of the well-
established AXP 1E 2259586. Here we report on the first X-
ray detection of this pulsar in a de€fhandra X-Ray Obser-
vatory observation of a nearby field.

2. OBSERVATIONS AND RESULTS

The position of PSR J17183718 was observed serendipi-
tously by Chandra in an ACIS-S timed exposure obtained on
2002 May 13. The observation (PI: P. Slane, sequence 500235)
had as its target the unrelated supernova remnant G348727
The nominal telescope pointing wa7away from the pulsar’s
position derived from radio timing. As a result, the position of
PSR J17183718 lies on chip 6, far from the optical axis,
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where the mirror point-spread function (PSF) is significantly
extended and distorted asymmetrically.

We obtained the public data set using tbieandra Science
Center's WebChaser facility and reduced the data with the
CIAO software package (ver. 3.1), with calibration database
CALDB version 2.28. After standard filtering using CIAO
threads for ACIS-S datathe effective integration time was
55.7 ks.

2.1.Imaging

DEC (J2000)
&
®
3

The X-ray emission as seen Ighandra around the radio
position of PSR J17183718 is shown in Figure 1. The source [
is identified with CIAO’s CELLDETECT routine as having a _37:19:008
signal-to-noise ratio of 6.4, for events in the energy range 0.5— i
3.0 keV. No source is apparent in images made with events
having energies greater than 3.0 keV. Although the source ap-
pears extended (Fig. 1), given its large off-axis angle, its extent Y, e
both in size and in morphology—including the angle of asym- 17:18:11 17:18:10
metry—is consistent with the instrumental PSF at 1.5 keV, as RA (J2000)
determined using the CIAO MKPSF routine. Indeed, using ) o
counts in the range 0.5-3.0 keV, CELLDETECT run with de- , Fi6- 1.—Chandra image of the PSR J171&718 field in the 0.5-3.0 kev
fault rameters r Hs a rati f source to PSF siz f1.01.bar!d. The image has been smoothed with a Qaus§|an kernel hawing _

_U parameters repo _S 0 Of SO . ce 1o size 0 1 pixel. Although the source appears extended, its size and morphology, in-
Given that the approximate 95% encircled energy radius for cluding angle of asymmetry, are consistent with the 1.5 keV PSF at this detector
an object 70 off-axis is~7”, we cannot rule out the presence position. The formal TEMPO 2 error region of the radio timing position is
of faint emission having an extent significantly smaller than shown with an ellipse. See text for details.
this. However, as argued below, the spectrum strongly favors
the emission originating from a point source. really associated with the radio pulsar. We can estimate the

The CELLDETECT routine reports a best-fit position for probability of chance superposition usindag N/logS  rela-
the X-ray source ofR.A. = 17"18"F.84+ 0.02 , deck tionship forChandra sources in the 0.5-2.0 keV band, appro-
—37°18516 + 0.2 (J2000.0). These (&) uncertainties are  priate for this source (Grindlay et al. 2003). In this relation,
statistical and do not include the systematic uncertainty in flux is the unabsorbed value; thus the probability of an X-ray
Chandra’s pointing. Note that for sources that are withind source being near the pulsar position purely by chance depends
the aim point, the 90% uncertainty circle@fiandra’s absolute strongly on the former’s spectral parameters. As we show be-
pointing has radifs06. For sources, such as ours, that are low, given only 110 source counts, these parameters are not
further off-axis, the absolute pointing uncertainty has not been well determined. However, even for the lowest plausible un-
well determined. This is an important caveat. absorbed source flux for our source, tbg N/ log S relation

A timing analysis of the radio data (see Hobbs et al. 2004 predicts~180 sources per square degree. With timing noise so
for a description of the data and its analysis) yields a radio strong in this pulsar, we would likely consider positional agree-
timing position of R.A. = 17"18"10.162+ 0.194, decl.= ment within~10" to be a plausible association. In this case,
—37°18'5375 + 10.0(J2000.0)where the quoted errors are the probability of a random source in this area of sky is only
formal 2 o uncertainties as reported by TEMPO, and 10 1%. That the offset is smaller than "1Gs well as that the
months of additional timing data have been included since unabsorbed flux is likely significantly larger than the lowest
the most recently published result. Doubling the formal reasonable value (see below), make this 1% probability likely
TEMPO uncertainties when reporting timing parameter er- to be a large overestimate. Thus, the association appears ex-
rors is standard practice and is done to account for likely tremely likely. We further note that the nearest optical coun-
contamination from timing noise. Indeed, like most young terpart in the uncalibrated plates of the Sloan Digital Sky Sur-
pulsars, PSR J17183718 exhibits significant timing noise vey (Pier et al. 2003), with a limiting magnitude &2, is
(rms 74 ms after fitting for positiorR andP ), so the above-  more than 20away, well outside of ou€Chandra error radius.
guoted uncertainties are likely to be good approximations

o Y I T W'
17:18:09

to the true 1o uncertainties. The formal positional offset in 2.2. Spectroscopy
declination is therefore”2, or~0.2 g, while the R.A. offset ] o
is 0°32, or~1.6 0. Note that these numbers dot include Counts from the pulsar were extracted using an elliptical

the unknownChandra pointing uncertainty and so are lower €xtraction region having semimajor and semiminor axes of 26
limits only. We conclude that the source positions are con- and 18 pixels (13and 9), respectively, rotated to an angle
sistent within the uncertainties. 308 west of north. A nearby, nonoverlapping source-free re-
However, given the slight possible positional offset, as well gion having the same elliptical shape and orientation, but with
as the absence of unambiguous proof of the association via théemimajor and semiminor axes of 40 and 32 pixels’ @t
detection of X-ray pulsations at the radio period (not possible 16"), respectively, was used to estimate the background. The
with the ACIS-S data because it has an effective time resolutiontotal number of source counts after background subtraction was

of 3.2 s), it is reasonable to question if the X-ray source is 110, implying a count rate 08.00197+ 0.00019 counts’s
RMF and ARF files were generated for the source and back-

° See http://asc.harvard.edu/ciao/threads/index.html. ground using the CIAO script PSEXTRACT, and spectra
® See http://cxc.harvard.edu/cal/ASPECT/celmon. grouped by a factor of 8 were fed into the spectral fitting
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TABLE 1 ‘ T T T T T T T T T T T T ‘ T T T T ‘ T T T T

SPECTRAL RESULTS 0.003 —
Parameter Value X
)
N (XL CMD) oo 1.84°5% <

KT? (KEV) .o 0.1457%6% T 0002 -
Absorbed flug (x 10 ergs s*cm™) ...... 6.3-6.9 "
x° per degree of freedom.................... 19.6/17 5
Unabsorbed flux(x 10 ** ergs s%) .......... 7-200 -
(]

# Range of uncertainties indicates 68% confidence intervals. 5 0.001 -
° Absorbed flux in 0.5-2 keV. Approximate 68% confi- ©
dence interval. E
¢ Unabsorbed flux in 0.5-2 keV. 8

|

package XSPEC (ver. 11.3.1). Spectral channels having ener- 0.001
gies below 0.5 keV and above 3.0 keV were ignored. The data F
were well described by an absorbed blackbody model; best-fit
model parameters are given in Table 1, and the spectrum and -
best-fit model with residuals are shown in Figure 2. Although -0001 5 T
a power-law model yielded a statistically acceptable fit, the 0.5 1 1.5 2 2.5 3
best-fit power-law index was-8-9, rendering such a model Energy (keV)
implausiblle.. Thisis con;istent with the absence of counts above [ - 2.—Top panel: Spectrum of the X-ray counterpart to PSR J17818,
~2 keV. Fitting for multicomponent models was unreasonable yith best-fit model plotted with a solid line (see Table 1 for best-fit parameters).
because of the small number of counts available. However, it Bottom panel: Residuals from the best-fit model.
is clear that the emission is dominantly thermal in origin. This
argues strongly against our having detected any nebular comcase, the X-ray energy source is unrelated to the pulsar’s spin-
ponent, as this should have a harder spectrum that is Wendown_ In the latter case, the Spin_down powers it.
characterized by a power-law model with photon index in the  Given the observed spectrum and flux of the X-ray source
range~1-3 (see Kaspi et al. 2005 and references therein).  that we detect, we can ask which of these two mechanisms most
The absorbed flux of the source in the 0.5-2.0 keV range is jikely accounts for the emission. First, we consider the high-
(6.3-6.9)x 10 *“ergs s*, where the range quoted corresponds  temperature range of parameter spkex 0.2 keV. Inthis case,
to that implied by the 68% limits df, arkfl. Thus, the quoted  the unabsorbed flux, given the distance, requires a source emit-
flux range is an approximate but slightly overestimated 68% ting radius of~1 km. This suggests heated polar caps, in which
confidence range. With only 110 source counts, XSPEC is case the emission could be strongly pulsed. The implied bolo-
unable to more precisely constrain the true 68% confidencemetric isotropic luminosity would b&.5 x 10  ergs'sor
range for the flux while simultaneously fitting fof,  akd. 0.1€E . This is uncomfortably high for polar cap reheating mod-
The low end of the flux range corresponds to higher values of g|s (Harding & Muslimov 2001). Assuming 1.0 sr beaming,
N, and lower values okT; the high end corresponds to the the efficiency drops to 0.013, still implausibly high for a pulsar
reverse. The unabsorbed 0.5-2.0 keV flux is therefore relativelyhaving a characteristic age of 34 kyr (Harding & Muslimov
poorly constrained, ranging from7 x 10**ergs s*cm 2 for 2001). At the low-temperature range of parameter space, we
the highkT end to~2 x 10** ergs s* cm * for the lowKT  havekT = 0.12 keV. In this case, for the observed unabsorbed
end. We note that the maximurh, in this direction is flux at4.5 kpc, an effective emitting radius of 22 km is required,
1.81 x 10°?cm ?, significantly lower than our upper 68% con-  too high for a neutron star even after correcting for the grav-
fidence limit (Dickey & Lockman 1990). This suggests that itational distortion (Lattimer & Prakash 2001). Thus, it seems
models having lower values o, , and hence higher values of jikely on physical grounds that even though Table 1 quotes
KT and low values of unabsorbed flux, are slightly favored.  68% confidence levels only, the true spectral parameters are
indeed bracketed in this range.
3. DISCUSSION For example, forkT = 0.13 keV (corresponding 19, =
2 x 102 cm 9, the observations can be accounted for if the
The dispersion measure toward the pulsar of 373 pc®cm effective measured neutron star radius-&3 km. In this case,
implies a distance of 4.0-5.0 kpc (Cordes & Lazio 2001). We the unabsorbed bolometric luminosity would heg = 6 x
assume here a distance of 4.5 kpc. Dispersion measure distance)*® ergs s* (corresponding td., = 9 x 10* ergssin the
are notoriously uncertain, and an independent distance estimat@—10 keV band) or B . This, to our knowledge, would be the
is obviously desirable. We do note that the Taylor & Cordes first case of a radio pulsar having initial cooling emission that
(1993) distance estimate for PSR J1#B¥18 is 5.1 kpc, close  has X-ray luminosity comparable to or greater tharkits . Given
to that obtained with the more recent Cordes & Lazio (2001) that initial cooling is thought to be unrelated to spin-down, this
model, suggesting that our assumption of 4.5 kpc is not grosslyis not necessarily surprising. More relevant is whether the ef-
incorrect. fective temperature is plausible for initial cooling. For commonly
Given the spectrum of the detected X-rays, the emission seemsassumed neutron star equations of state and modified Urca cool-
most likely to be coming from the neutron star surface. Thermal ing with no exotica, a temperature as high as 0.13 keV at an
emission from the surface can be either from initial cooling, in age of 34 kyr is reasonable if the neutron star has accreted a
which case X-rays are emitted from the entire surface, or from ~10"" M, hydrogen envelope (Yakovlev & Pethick 2004). In
heated polar caps, a by-product of a higher energy magneto+this case, however, because of the hydrogen envelope’s effect
spheric process (see Kaspi et al. 2005 for a review). In the formeron the outgoing radiation, a blackbody model as assumed here

residuals
o
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would be overestimating the true effective temperature by as

much as a factor of2 (see, e.g., Pavlov et al. 2001). Thus,
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Intriguingly, however, PSR J1718718'’s X-ray luminosity
is comparable to that of the recently identified transient AXP

the true effective temperature may be much smaller than XTE J1810-197 when in quiescence (lbrahim et al. 2004;

0.13 keV, very much in line with predictions for initial cooling
of a neutron star. of this age.

Even if Ly, >E, as seems likely in the case of PSR
J1718-3718,L, inthe 2-10 keV band ix3 orders of magnitude
smaller than is observed for the five traditionally studied AXPs
(see, e.g., Table 2 in McLaughlin et al. 2003). Its spectral prop-
erties are also quite different from those of the AXPs. This is
consistent with the findings for other hidghradio pulsars (Pi-
vovaroff et al. 2000; Gonzalez & Safi-Harb 2003; McLaughlin
et al. 2003; Gonzalez et al. 2004)/ith X-ray observations of
five high magnetic field radio pulsars revealing luminosities
much smaller than those of the AXPs, it is becoming more
difficult to appeal to small scatter in the triefields relative
to those inferred from spin-down. Thus, it seems very plausible
that theB-fields inferred from spin-down for AXPs and high-

Gotthelf et al. 2004). Moreover, the quiescent spectrum of XTE
J1810-197 as observed in a serendipitd®@SAT observation
(Gotthelf et al. 2004) is comparable to that seen for PSR
J1718-3718, i.e., well described by a simple absorbed black-
body of temperaturkT = 0.18 keV. This raises the interesting
possibility that PSR J17183718, and other higB-radio pul-
sars, may one day emit transient magnetar-like emission, and
conversely that the transient AXPs might be more likely to
exhibit radio pulsations. Both of these possibilities can be tested
observationally.

We thank Pat Slane for providing early access to his data
set. We thank Josh Grindlay and Jae Sub Hong for access to

B radio pulsars are not reliable estimators of the true surfacetheir Chandra log N/ log S relationship, and Alice Harding for

field, at least to within a factor ef2. Alternatively, there could

useful conversations. V. M. K. was supported by an NSERC

be a “hidden” parameter, such as mass, that differentiates beDiscovery Grant and Steacie Fellowship Supplement and by

tween the two populations.

the FQRNT and CIAR.

REFERENCES

Coe, M. J., Jones, L. R, & Lehto, H. 1994, MNRAS, 270, 178

Cordes, J. M., & Lazio, T. J. W. 2001, ApJ, 549, 997

Dickey, J. M., & Lockman, F. J. 1990, ARA&A, 28, 215

Gaensler, B. M., Slane, P. O., Gotthelf, E. V., & Vasisht, G. 2001, ApJ, 559,
963

Gauvriil, F. P., & Kaspi, V. M. 2004, ApJ, 609, L67

Gonzalez, M. E., Kaspi, V. M., Lyne, A. G., & Pivovaroff, M. J. 2004, ApJ,
610, L37

Gonzalez, M., & Safi-Harb, S. 2003, ApJ, 591, L143

Gotthelf, E. V., Halpern, J. P., Buxton, M., & Bailyn, C. 2004, ApJ, 605, 368

Grindlay, J., et al. 2003, BAAS, 203, 99.04

Harding, A. K., & Muslimov, A. G. 2001, ApJ, 556, 987

Hobbs, G., et al. 2004, MNRAS, 352, 1439

Ibrahim, A. I., et al. 2004, ApJ, 609, L21

Kaspi, V. M., & Gauvriil, F. P. 2005, in The Restless High-Energy Universe,
ed. E. P. J. van den Heuvel, J. J. M. in 't Zand, & R. A. M. J. Wijers
(Amsterdam: Elsevier), in press (astro-ph/0402176)

Kaspi, V. M., Roberts, M. S. E., & Harding, A. K. 2005, in Compact Stellar
X-Ray Sources, ed. W. H. G. Lewin & M. van der Klis (Cambridge: Cam-
bridge Univ. Press), in press (astro-ph/0402136)

Kriss, G. A., Becker, R. H., Helfand, D. J., & Canizares, C. R. 1985, ApJ,
288, 703

Lai, D., & Ho, W. C. G. 2003, ApJ, 588, 962

Lattimer, J. M., & Prakash, M. 2001, ApJ, 550, 426

Lorimer, D. R., Lyne, A. G., & Camilo, F. 1998, A&A, 331, 1002

McLaughlin, M. A., et al. 2003, ApJ, 591, L135

Ozel, F. 2003, ApJ, 583, 402

Pavlov, G. G., Zavlin, V. E., Sanwal, D., Burwitz, V., & Garmire, G. P. 2001,
ApJ, 552, L129

Pier, J. R., Munn, J. A., Hindsley, R. B., Hennessy, G. S., Kent, S. M., Lupton,
R. H., & Ivezic, Z. 2003, AJ, 125, 1559

Pivovaroff, M., Kaspi, V. M., & Camilo, F. 2000, ApJ, 535, 379

Taylor, J. H., & Cordes, J. M. 1993, ApJ, 411, 674

Thompson, C., Lyutikov, M., & Kulkarni, S. R. 2002, ApJ, 574, 332

Woods, P. M. & Thompson, C. 2005, in Compact Stellar X-Ray Sources, ed.
W. H. G. Lewin & M. van der Klis (Cambridge: Cambridge Univ. Press),
in press (astro-ph/0406133)

Yakovlev, D. G., & Pethick, C. J. 2004, ARA&A, 42, 169

Zhang, B., & Harding, A. K. 2000, ApJ, 535, L51



