Astron. Astrophys. 336, 545-552 (1998) ASTRONOMY
AND
ASTROPHYSICS

Detection of pulsed X-ray emission
from the binary millisecond pulsar PSR J0218+4232

L. Kuiper ', W. Hermsent, F. Verbunt?, and T. Belloni3

! SRON-Utrecht, Sorbonnelaan 2, 3584 CA Utrecht, The Netherlands
2 Astronomical Institute, Utrecht University, P.O. Box 80000, 3508 TA Utrecht, The Netherlands
3 Astronomical Institute Anton Pannekoek and Center for High-Energy Astrophysics, Kruislaan 403, 1098 SJ Amsterdam, The Netherlands

Received 23 January 1998 / Accepted 18 April 1998

Abstract. We report the detection of pulsed X-ray emissiodistribution was due to random processes. They also found in-
from the binary millisecond pulsar PSR J0218+4232 in a 1@ications for pulsed emission in an archiRDSAT PSPCob-

ks ROSAT HRI observation. The lightcurve deviates from a flaervation with the pulsar at an unfavourable off-axis angle of
distribution at a~ 4.8¢ level, showing a sharp main pulse with al0’. The significance for pulsed emission ranged frafv to

duty cycle of~ 0.15 (350us), compatible with smearing due to4c depending on the size of the event extraction radius. Verbunt
the scatter in the ROSAT clock calibration. The intrinsic widtbt al. (1996) conservatively reported a valu€dfo since the

can be smaller thah0Ous. There is an indication for a secondusage of an extraction radius is in this case not an optimum se-
peak at a phase separatiordof7 +0.01. The pulsed fraction is lection criterion in view of the "horse-shoe” - shaped far off-axis
37 + 13%. No indication for a modulation at the orbital period®SPCpoint spread function. Therefore the detection of pulsed
of the binary system is found. This is the fourth millisecondmission was considered tentative. TR@SAT HRIandPSPC
pulsar showing modulation in X-rays at the radio-pulsar periolightcurves suggested a double-peaked lightcurve.

The sharp pulses, very similar to those of PSR B1821-24 and Pulsed X-ray emission has been firmly detected sofar from
the Crab pulsar, point to a magnetospheric origin of the pulsedly 3 ms-pulsars, namely PSR J0437-4715 (Beckeri@per
X-ray emission. The observed and derived parameters of PER3), PSR B1821-24 (Saito et al. 1997) and PSR J2124-3358
J0218+4232 and PSR B1821-24 are very consistent with {fBzcker & Tiimper 1997).

exception of the small pulsed fraction of PSR J0218+4232. The |t was also noticed by Verbunt et al. (1996) that BGRET

large unpulsed component in X-rays and that reported earliehigh-energyy-ray source 2EG J0220+4228 (Thompson et al.
the radio domain can be explained by emission from a compags), detected abovi®0 MeV at a> 50 significance is po-
nebula with diameter 14”. sitionally consistent with the pulsar. A timing analysis using
archivalEGRET > 100 MeV data yielded indications for pulsed

Key words: pulsars: individual: PSR J0218+4232; PSR B182Emjssion abov£00 MeVat significance levels slightly belov,
24 — stars: neutron — X-rays: stars making 2EG J0220+4228 a potential high-energy gamma-ray
counterpart for PSR J0218+4232.

In this paper the results are presented from a 100 ks follow-
1. Introduction up observation of PSR J0218+4232 with R@SAT XRT/HRI
PSR J0218+4232 was discovered by Navarro et al. (1995);:%?] bgmpa:ggr;rz;n;ed at clarifying its soft X-ray (0.1-2.4 keV)
a highly luminous 2.3 ms radio-pulsar in a 2.0 day orbit. This '
milli-second (ms) pulsar has an extremely broad pulse-profile
and about half of the radio emission is unpulsed; this is takenx _ray data and data analysis
by Navarro et al. (1995) as an indication that the magnetic field
is almost aligned with the rotation axis. From the dispersichl. ROSAT HRI observation

measure a lower limit on the distance of 5.7 kpc is derived. PSR J0218+4232 was observed nearly on-axis WitiROBAT

Van Kerkwijk (1997) reported the detection of an optica} or o\ o mhination between 23 July 1997 and 31 July 1997
counterpart for this recycled ms-pulsar. The pulsar mass func-

tion as given by Navarro et al. (1995) suggests a com aniﬁe'ding a net exposure of 98069 s. A standard analysis of the
9 y ' 99 P R image confirmed the detection by Verbunt et al. (1996)
mass of~ 0.2M).

of a source consistent in position with the radio-pulsar. The

Recently, Verbunt et al. (1996) detected soft X-ray emiSSicr)rr?easured offset df’2 is smaller than the systematic uncertaint
from this source in a 22 kseROSAT HRI observation. A tim- ) Y y

. o - in the satellite pointing of”0. Fig.[1 shows the measured event
0
ing analysis yielded a 6% probability that the observed phag’l%tribution and the position of the radio-pulsar without bore-

Send offprint requests te-mail: L.Kuipe@sron.ruu.nl sight correction.




546 L. Kuiper et al.: Pulsed X-ray emission from PSR J0218+4232

J— PSR ‘JON 8*‘*23‘2 ROSAT ‘H‘Ff“ 97 two Gaussians and an exponential and gives on average a good

representation. Due to random errors in the aspect solution of
the spacecraft, the width of the core of the measured response
can vary. David et al. (1997) give a range for the widths of the
Gaussian components as derived from in-flight observations.
In Figs.[2a,b the expected profiles are shown for comparison
(o1 = 2719 andoy = 4704; see David et al. 1997). It is evi-
dent that the measured profile is significantly broader than that
expected for a point source. This can be due to the detection
of a point source plus extended emission, unless systematic ef-
fects have broadened the profile excessively. We will investigate
these possibilities below.

In order to derive a measure for the overall significance and
flux of the total excess, we repeated the spatial analysis by ap-
plying a maximum likelihood ratio test using the empirically
derived source distribution. This maximum likelihood ratio test
is based on parameter optimization under two different hypothe-
ses, one describing the measured (x,y) - event distribution by

SO0 L L e background only#¥,) and the alternative}{;) describing the

-0 -0 - 2 o 10 20 event distribution by background and a point source (the em-
° pirical source distribution) at a given scan position. This test
Fig. 1.Measured (x,y)-distribution (il 0 x 2”0 pixels) centered on the yielded a2l source detection. The number of coustsas-
position of the X-ray counterpart of PSR J0218+4232. The positionsiigned to the total excess and backgrouihder arcsec square
the pulsar, indicated by a '+’ sign, is consistent with the position of thg (181.4 + 15.0) cnts and(0.094 + 0.004) cnts/arcsec?, respec-
X-ray source which has a systematic uncertainty 6f. 0. Superposed tjyely, fully consistent with the above estimates. The countrate
is the smoothed distribution (equidistant contour levels) obtained affgr(1.84 +0.15) - 102 cnts/s, which is consistent with the value

convolving the measured distribution with a 2-dimensional Gaussi _3 .
with o = 270, approximately the width of the point-spread functiong‘a(z'1 +0.4)- 107" cnts/s from our previous 22 kROSAT/HRI

derived from ground-based calibrations and in-flight measuremeﬁ’gserva}t'on (Verbunt et al. 1996). o
(David et al. 1997). The highest pixel contains 14 counts. Having decoupled the source and background distributions

we were able to determine the Signal-to-Noise rafigv =
(Q(r) — 7w - B -r?)/4/Q(r)) as a function of distance from
2.2. Spatial analysis the centroid (Figl12c). The quantity(r) represents the mea-
sured cumulative count distribution as function of distance
The standard analysis was applied to determine the centrpigluding both source and background events. The optimum ra-
of the source event distribution using a Gaussian shaped Pégjigis -, = 11725 is used agxtractionradius in the subsequent
Spread Function (PSF) with a predetermined standard deviatipiing analyses.
(Zimmermann et al. 1997). However, the in-flight PSF could
have a somewhat different shape and width. In addition, we
have to verify whether the source distribution is consistent with3: Timing analyses
asingle point source. To derive this in-flight distribution we han
determined the radial distribution with respect to the centroid
(r=0) of the number of events per arcsec square. This distribn-the search for modulation at the pulsar period we se-
tion is shown in Fig. Pa. For radii beyord’ 0 the background lected events within a radius,,;, the optimum radius de-
level is evidently reached. We found for the latter a value eérmined above, from the X-ray source position. The solar-
(0.093 £ 0.004) cnts/arcsec® by chosing the background regionsystem barycentered (SSB) UTC arrival times were converted
between- is 20”0 ands0”0. By subtracting this underlying back-to barycentric dynamical time scale (TDB). These SSB UTC
ground contribution from the measured (including both soureerival times in turn were obtained by converting the space-
and background events) radial distribution we can determine theaft clock (SCC) arrival times to UTC times using a fourth
cumulative radial distribution of the source events. This distrder polynomial fit of the SCC-calibration points to UTC, and
bution saturates at a value ©f182 cnts, corresponding to the subsequently determining the source -, space-craft - and SSB
total number of source counts, and its shape is compatible wiitisition dependent parts. Because our observation was spread
a Gaussian having a standard deviationt'fs (see Figl2b; over more than 8 days the stability of the SCC - UTC fit over
empirically derived source distribution). the observation period is crucial for a successfull modulation
This value is larger than expected from the on-axis PSEarch amillisecondperiods. We have been fortunate, the av-
derived from ground-based calibrations and in-flight observarage scatter around the mean of the fit residuals over the entire
tions (David et al. 1997). The latter is described as the sumalfservation was in an acceptable rang#)(20 ms, correspond-
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3.1. Modulation at the pulsar period
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Fig. 2. a Radial distribution of the surface density centered on the X-ray counterpart of PSR J0218+4232. The dashed line indicates the
background level determined from the distribution for radii betw2@&f0 and50”0. The dotted line shows the expected profile for a point
source (David et al. 1997p. Cumulative background- subtracted distribution for the X-ray counterpart of PSR J0218+4232. The dashed line
shows the distribution for a Gaussian shaped source distributionowith 4”75 and 182 source counts. The dashed-dotted line shows the
expected cumulative distribution for a point source having 182 coartse Signal-to-Noise distribution as a function of the event extraction
radiusr. This distribution peaks at= r,,: = 11725, the optimum extraction radius for timing studies.

eptToT T phases. An H-test (de Jager et al. 1989), also on the unbinned set
l/ of pulse-phases and more appropriate if the pulse-shape is un-
known, yields a chance probability 0b4-10~° corresponding

to a~ 4.40 deviation. We verified the association of the pulsed
emission with the pulsar by performing a similar timing analysis
but now selecting events having radii larger thgg. No mod-
ulation is present in this sample. Furthermore, the periodogram
in Fig.[3 shows that the detected pulsar modulation is only visi-
ble around the expected frequengy= 430.461066552(7) Hz

with a width Av consistent with the total observation interval.

~"%Log(P)

The lightcurve (binned representation of the pulse-phase
distribution) obtained after phase-folding at the expected ra-
AN SV O LY N dio frequency (single trial) is shown in Figl 4 for two cycli
—6x107° —4x107° —2x107° 0 2x107%  ax1072 ex107°  with superimposed its Kernel Density Estimator (de Jager 1986;

e solid smooth line) and itso-uncertainty range (dashed-dotted
Fig. 3. Periodogram for our HRI'97 observation at frequencies in thies). The phase in Fifl] 4 is arbitrary, for we can not relate
vicinity of the expected radio-pulse frequenay. Along the y-axis is the X-ray phase to the radio-phase due to the limited accuracy
shown the chance probability from th#g -test. The expected frequencyof the ROSAT timing. Indicated as a dashed line is the back-
(downwards arrow) falls within the measured peak with a characterisond level determined from the spatial analysis. It is evident
width A of ~ 1/7 = 1.4 - 107" Hz with 7 the total observation w4t 5 considerable fraction of the source photons is unpulsed
interval §-3). (DC). In order to quantify the pulsed fraction we have applied a
method based on bootstrapping of the (unbinned) data to deter-

. . i . mine the strength of the pulsed signal and the unpulsed interval
Ing to ascatter in pulse-phasevl).1). (see e ROSATService in an unbiased manner as outlined in Swanepoel et al. (1996).

Area; chapter on Calibration sub. Timing; http://ftp.rosat.mpq_— : . .

: oS his method assigns the pulse-phase intejwak — 0.39] as
garchmg.mpg.de/ro c/cal|brat|on/t_|m|ng/). The next step he unpulsed interval (statistically flat) and the pulsed fraction
in our analysis was pulse-phase folding the TDB-arrival times No/(Np + Npc) obtained by this recipe i8.37 + 0.13

= IVp P DC 19,

according to the radio ephemeris given by Navarro et al. (19
taking into account the time-delays due to the orbital motion. waereNy andNpc are the number of pulsed and DC counts,

verified that the uncertainty in the predicted period is suﬁicientf}?SpeCtlvely'

small to justify a single trial at the expected radio parameters. The dominant emission feature above the DC-flux level (in
The obtained pulse-phase distribution deviates from a spdrase rang®.45-0.6Q has a remarkably small duty cycle of

tistically flat distribution at a~ 4.8¢ level (chance probabil- ~ 0.15 (350us) which is compatible with the effect of smearing

ity of 1.96 - 10~°) for two harmonics ¢ = 2) applying aZ> duetothe scatterinthe SCC - UTC clock calibration (see above).

- test (see Buccheri et al. 1983) on the unbinned set of pulJde intrinsic width can be significantly less thad0us.

-




548 L. Kuiper et al.: Pulsed X-ray emission from PSR J0218+4232

0.00 0.40 0.80 1.20 1.60 2.00 0.00 0.40 0.80 1.20 1.60 2.00
35 T T T : T : T : T 100 T T T : T : T : T

Counts
Counts

0.00 0.40 0.80 1.20 1.60 2.00 0.00 0.40 0.80 1.20 1.60 2.00
Arbitrary Phase Arbitrary Phase

Fig. 4. Lightcurve for the 100 ks ROSAT HRI 1997 observation ofig. 5. Co-added HRI'97, HRI'95 and PSPC lightcurve obtained af-
PSR J0218+4232. Two cycles are shown for clarity. A typical erreer applying the phase-shifts at cross-correlation maxima (see text).
bar is shown. The significance for a deviation from a statistically flét typical error bar is indicated. The dashed line represents the level
distribution is~ 4.8¢. The dashed line indicates the background levelf unpulsed emission determined in the phase rdage-0.39]. The
determined from the spatial analysis. The pulsed fraction is estimafedtures visible in Fig:]4 become more pronounced. The second peak
to be 87+ 13%).The smooth solid curve represents the Kernel Densifphase range-0.12-0.12]) containss0+ 14 excess counts correspond-
Estimator and the dashed-dotted lines indicaté éhencertainty range. ing to a~ 3.60 detection.

There appears to be a second pulse (near 1.0 in phase)p&:2. Modulation at the orbital period
though it is marginally significant in this 100 E&OSAT HRI

observation: the improvement in likelihood of a pulse-phad¥e also searched for a possible modulation at the binary pe-
distribution description in terms of a background and 2 Gaudod of 2¢0288. In this case we have to divide the number of
sians with respect to a description in terms of a backgrouf@unts detected within,,,, per orbital phase bin by its exposure
and 1 Gaussian corresponds ltGo. The 2 Gaussians havet© obtain the countrate corrected for the inhomogeneous expo-
a phase separation 0f47 + 0.01. Our earlierHRI and PSPC Sure. Dividing the orbital cycle in 10 and 20 bins we found no
lightcurves suggested also two pulses (Verbunt et al. 1996). Udication for orbital modulation\(; = 1.05 andy; = 1.12, re-
fortunately, all lightcurves have arbitrary phase, so we can rfgectively, fitting a constant countrate). An X-ray eclipse could
directly sum the distributions. To derive the phase shifts froRf expected neas,,, = 0.25 (¢or, = 0 corresponds to the
the lightcurves we cross-correlated tROSAT/HRI 1995and time of the ascending node). The flux measurement around this
ROSAT/PSPdightcurves with theROSAT/HRI 1997lightcurve  Phase does not show any suppression.

and select the global maxima. Applying these shifts we obtain

the co—_added I_ightcgrve shown in Hig. 5. It is remarkablg t_o S8€&. Indications for extended emission

how this combined lightcurve strengthens the features visible in

Fig.[ : The main pulse becomes more significant with a sinlit Sect. 2.2 we concluded from Figl 2a,b that the excess in
lar or smaller pulse width; the second pulse becomes also mtire skymap has an extent which is larger than expected for a
pronounced with similar width; the phase separation is ag#inint source based on ground-based calibrations and in-flight
0.47; and the background region identified by the bootstrappimgservations (David et al. 1997). The detection of a pulsed signal
method in the lightcurve of theR1 1997observation representsin the timing analysis with a pulsed fraction3if+ 13% proves
even more clearly the unpulsed level. This level is drawn that at least a significant fraction originates in a point source.
Fig.[3 as a dashed-dotted line adopting the unpulsed interkzar the remaining unpulsed componento63% there are two
[0.12 — 0.39] as determined above. The number of counts in tiexplanations possible: 1) Point-like emission from the pulsar,
second peak (phase rarjg®.12, 0.12]) above the unpulsed levelbut then the PSF of the pulsed and unpulsed emission would
is 50+ 14 (~ 3.60) giving additional support for the presence obe excessively broadened by systematic effects; 2) extended
a second peak. In fact, this phase distribution mimics the wegimission.

known X-ray lightcurve of the Crab pulsar which exhibits also In order to investigate these possibilities, we produced a
two peaks with phase separati@a0and emission between the“pulsed” map selecting events in the pulse-phase interval of the
peaks. main pulse (phase ranget5-0.60 see Figl ) and an “unpulsed”
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Fig. 6. aRadial event distribution of the X-ray counterpart of PSR J0218+4232 selecting events with pulse-phases in the range 0.45-0.60 (main
peak). The dotted line shows the distribution expected from a point-source with weight factor 0.7 and an extended model (cylinder model with

radius7”0) with weight factor 0.3b Radial event distribution of the X-ray counterpart of PSR J0218+4232 selecting events with pulse-phases

in range 0.0-0.45 and 0.60-1.0. The dotted line shows the distribution expected from a point-source with weight factor 0.13 and the extended
model with weight factor 0.87. Note the sharper shape of the radial distribution of the main peak sfeowrcamparison with the shape of

the complementary distribution shownhn

map for the complementary phase range-0.45ando0.6-1.9. If  have also fit the radial distribution of the pulsed events in[Fig. 6a
systematic effects are not responsible for the broad total profilath the profile used in the fit of the complementary distribution
then the profile in the pulsed map should be narrower, becairs€ig.[@b. The reduceg® was ther2.21, again for 5 d.o.f. The
in that case we selected an event sample with a pulsed fractibiance probability for such a large value of the redugéds
of 70 + 6%. This pulsed fraction has been determined from the 5%, indicating that the fit is rejectable at th&%- confidence
number of excess counts in the main peak above the leveléuel.
the unpulsed phase inten@lL2-0.39(see Sect. 2.3.1; bootstrap  Finally, we also investigated whether the weight of the point
method as outlined in Swanepoel et al. 1996). Note that theurce can be increased fitting again the total radial profile
pulsed fraction in the complementary phase interval is also n@Rig. [2a), leaving both the radius of the extended emission
zero:13+11% and the point source fraction free, to see how much DC emis-
Fig.[8 displays for the pulsed and unpulsed maps the difion from the point source is allowed in addition to the ex-
ferential radial profiles analogous to Fig. 2a for the total dat@ended emission. We do not find a significant detection, the
Indeed, the distribution in the pulsed map (fib. 6a) is sharpés;-confidence interval for thtal point source fraction being
only slightly broader than expected for a point source. In order[b2-0.65]to be compared with that for the pulsed fraction from
investigate this more quantitatively, we compared the measuthd timing analysi§0.24-0.50]
distributions with the expected profile for the (weighted) sum of An independent method to study the extent of the in-flight
two components: A point source plus an extended distributid@SF consists in identifying point-sources with high photon
assumed to have the shape of a cylinder. The latter distributitatistics in the vicinity (within~ 10’) of PSR J0218+4232
has been convolved with the expected PSF for a point souered subsequently analyzing their radial profiles. We only found
(David et al. 1997). 3 weak sources, all weaker than PSR J0218+4232 and therefore
To derive an estimate of the diameter of the extended enlisss appropriate for this kind of study. None of these show the
sion, we made a fit to the total radial profile (Fig. 2a) in terms sme broadening as PSR J0218+4232.
a point source with &ixedcontribution of37% and an extended From the above findings we can conclude that we found
model 63%) yielding for the diameter of the extended emissioimdications for extended emission with an angular scale of
alo-confidence interval gfi2” — 15”1 with an optimum value 14", centered on the pulsar position.
near14”.
F!gs.[Ba gnd b show that also these dlstrlbgtlons are f“5¥5_ Flux calculation
consistent with the sums of the expected profiles for a point
source (weight factors 0.70 and 0.13, respectively) and extendde ROSAT HRIhas no spectral resolving power, making spec-
emission with diametet4” (weight factors 0.30 and 0.87, re-tral modelling impossible. However, assuming a spectral model
spectively). The obtained reducgt-values wer®.58 and0.85, and a measure of the Hydrogen column densiy ] in the
respectively, both fob degrees of freedom (d.o.f.; the effectivedirection of the source, it is possible to convert the total mea-
fit range wa®)’0 < r < 12”0, which includes 6 datapoints). Insured countrate to an unabsorbed flux value (David et al.
order to quantify the differences between the distributions W€97). For a power-law photon spectrum as found for peak
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1 of PSR B1821+24 (Saito et al. 1997) with photon-index Most striking are the differences in the shapes of the radio
I' = —1.5 between0.7 — 10 keV (energy indexa is —0.5) pulses of the two ms-pulsars. Backer & Sallmen (1997) show
and Ny = 5-10%° cm~2 (see Verbunt et al. 1996) the obfor PSR B1821-24 two narrow pulses and one broader radio
served countrate translates in an unabsorbed 0.1-2.4 keV futse (at 800 and 1395 MHz), very different from the extremely
of (1.05 £ 0.09) - 10~ 13 ergs/cm2s. Varying the power-law broad radio pulse of PSR J0218+4232 detected throughout the
photon index from -1.0 to -3.0 we obtain flux values betweepulsar period (Figld7). As mentioned in the introduction, the
0.97-10713 and2.96 - 10~ 13 ergs /cm”s. Varying alsoN toa  broad radio-pulse from PSR J0218+4232 was explained with
value of7.5 - 102° em~2 found from the H-survey performed the geometry of an aligned rotator (Navarro et al. 1995), but
by Heiles & Habing (1974), increases the fluxes by 8 to 24%e two narrow peaks with the indication of bridge emission
for power-law indices ranging from -1.0 to -3.0, respectivelpetween them as seen in the X-ray lightcurve (see Elgs. 4,5),
Assuming, a fortiori, that the pulsed and unpulsed componenggjuire at least a small angle between the magnetic - and ro-
have the same spectral shape, we can divide the total fluxtation axis. Namely: Such double-peaked pulses with bridge
(1.05 & 0.09) - 10~13 ergs/cm’s for Ny = 5 - 102° em?2, emission are currently explained by models in which the high-
I' = —1.5 and a pulsed fraction &7+13%in a pulsed compo- energy emission is seen from one magnetic pole. In polar cap
nentof(3.941.4)-10~4 ergs/cm2s and an unpulsed/extendednodels (most recently: Sturner et al. 1995; Daugherty & Hard-
component of6.6 = 1.5) - 10~ 4 ergs/cm’s. ing 1996) the non-thermal beam is a hollow cone centered on
the magnetic pole. In outer gap models (most recently Romani
1996) the emission occurs in a wide fan beam that is formed
by the surface of the last open field line in the outer magne-
tosphere. For both models a double-peaked pulse can only be
The detection of pulsed X-ray emission from PSR J0218+428Bserved when the rotator is not completely aligned and the
makes this the fourth ms-pulsar for which modulation at thexlge of the cone is visible to the observer twice per rotation.
pulse-period is observed. Of the three other ms-pulsars shdwnfortunately, we cannot compare the radio and X-ray profiles
ing spin-modulated X-ray emission, namely PSR J0437-47&@6PSR J0218+4232 in absolute timing, nor is it possible to iden-
(Becker & Tiimper 1993; Halpern et al. 1996; Kawai et altify a common pulse for tentative more detailed discussions like
1998), PSR B1821+24 (Danner et al. 1994, 1997; Saito et laas been done for PSR B1821-24 by Backer & Sallmen (1997).
1997; Rots etal. 1998; Becker &Uimper 1997) and PSR J2124-Saito et al. (1997) compared the physical parameters of PSR
3358 (Becker & Téamper 1997), only PSR B1821-24 show®1821-24 with those of the Crab pulsar to understand the pro-
narrow pulses in its lightcurve similar to PSR J0218+4232. Tldeiction of hard emission in the magnetosphere of a ms-pulsar
other two ms-pulsars, PSR J0437-4715 and PSR J2124-3368which the magnetic field strength is orders of magnitude
show both broad and smooth X-ray lightcurves. In addition, theeaker than for normal rotational pulsars. They pointed out
latter have luminosities in theOSAT0.1-2.4 keV band about 3 that in the magnetosphere near the light-cylinder radiig) (
orders of magnitude lower than the first two. Therefore we cotie radius at which the magnetosphere, if corotating with the
centrate in the remainder of the discussion on the comparisomefitron star, will have a speed equal to the speed of light, the
PSR J0218+4232 with PSR B1821-24, which have the smallesignetic field strengthH;, = Bs - (Rs/Rr)? with Bs and
characteristic ages{ = P/2P), by 1-2 orders of magnitude, R the averaged magnetic field strength at the neutron star sur-
of the ms-pulsars detected at X-rays sofar. face and the neutron star radius respectively) comes out to be

PSR B1821-24 has been studied in detail by Saito et ¥ery close to that for the Crab. In additioR;, of ms-pulsars is
(1997) using ASCA data. They showed that the narrew (1-2 orders of magnitude smaller than those of the young normal
100us) first pulse after subtraction of the DC-component h&sllsars, increasing strongly the curvature of the magnetic field
a very hard spectrum (photon index -1.2 between 0.7 and lfges which enhances the production of non-thermal emission
keV), which has to be of magnetospheric origin. Interestingl{see Ho 1989). With our firm detection of pulsed emission from
the phase separationi44 + 0.014 or alternatively0.556 (Rots PSR J0218+4232 with a lightcurve similar to those of the Crab
et al. 1998) between the two pulses of PSR B1821-24 is vafylsar and the isolated ms-pulsar PSR B1821-24 itis interesting
similar to the0.47 4 0.01 measured by us for PSR J0218+42340 compare now the physical parameters of the two ms-pulsars
In addition, the first pulse in the lightcurve of Fifis. 4 Bhd 5 can ik more detail (see Table 1). They have very similar periods,
intrinsically be narrower than 1 bin, which is alsal0Qus. Un- PSR J0218+4232rotating a bit faster, but PSR B1821-24 5
fortunately, we cannot derive spectra from ®ISAT HRIob- times younger, has a rotational energy Ié5s-9 times higher
servation, but the narrow pulses detected from PSR J0218+4282 a surface magnetic field strengdy ~5 times stronger.
make us belief that these are also of magnetospheric origin. THdS suggests that the X-ray luminosity of PSR B1821-24 will
origin of the substantial unpulsed component (seeFig. 4) is I&ss higher, as is indeed the case. The pulsed X-ray luminosi-
obvious. This could be thermal emission from the neutron sti#s in theROSAT band (0.1-2.4 keV) differ at most a factor of
surface as well as of magnetospheric origin. However, this ur-10, proportional to the difference if, but the total X-ray
pulsed component can also be assigned to extended emisBigtinosities differ at most by a factor of 4.
from e.g. a compact nebula, as is shown in Sect. 2.4. This will The derived total radio luminosity of PSR J0218+4232 is
be discussed below. about a factor of three higher, while the luminosities of the

3. Discussion



L. Kuiper et al.: Pulsed X-ray emission from PSR J0218+4232 551

Q%OO S 0f0 080 120 160 290 Table 1. Parameter comparison between PSR J0218+4232 and PSR
B1821-24 (from Navarro et al. 1995, Saito et al. 1997 and this work)
Parameter J0218+4232 B1821-24
= Period(Ms)................. 2.323 3.054
= Period derivative (s/s). . ... .. 8.00-1072° 161.88-1072°
; Age P/2P (Y1) ............. 4.6-108 3.0-107
iz E@rgs/s).....ccovvvvain... 2.5-10%  2.2.10%
g Ro(Km) ..o, 110.8 145.7
x Bs(G)ooovviiiiiiiai 4.4-108 2.2-10°°
= 323 (S) I 3.2-10° 7.3-10°
ool | Distance (KpC). ............. >5.7 5.1%
Lx (0.1-2.4 keV; ergsls) ....
1 Total ..o >4.1-10% 1.1f-1.7%.10%
oL v Pulsed..........covvn... >1.5-10% 1.17-1.7%.10%
0.00 0.40 0.80 1.20 1.60 2.00 L Radio (400 MHz; mJy- kpc®)
L)
Arbitrary Phase Total ...............c.it. > 2700 835
Pulsed.................. > 1137 < 835

Fig. 7. Radio-profile at 410 MHz of PSR J0218+4232 as shown in
Navarro et al. (1995). The pulse shape is broad and complex. Noticg-ray luminosity given by Danner et al. (1997)
that there is no flat baseline to the profile at any phase. The pulded-ray luminosity given by Becker & Timper (1997)
fraction is about 50%. * 400 MHz radio luminosity given by Foster et al. (1991) multiplied
by (5.1/5.8)2
* Rees & Cudworth (1991)
. L o “ The magnetic field strength at the surface calculated by us is a
pulsed radio components are, within the uncertainties on tlaetor of 2%ower than the value given by Saito et al. (199‘}/). The

distance estimates, about the same. It is interesting to note gH#igrence can be traced back to the use of a factds by Saito et al.
in the formula relating the magnetic dipole momenixg andRs.

the magnetic field strengtfs;, at the light-cylinder of PSR oy factor of 1 is consistent with that widely used in the pulsar
J0218+4232 is only a factor ef 2 smaller than that of PSR communi%/ (e.g. Taylor et al. 1993, Becker &inper 1997, Navarro
B1821-24 due to its smalleR; (~ 110 km vs~ 146 km). ©tal-1995).
More remarkably,B;, of PSR J0218+4232 is only a factor of
~ 3 smaller thanBy, of the Crab pulsar, whilé3g differs in
this case more than 4 orders of magnitude (see also Saito eagheared to be only slightly offset from the centre of the cluster,
1997). Danner et al. (1997) preferred an interpretation as a collection
The main difference in characteristics is the remarkabdf low-luminosity accreting X-ray binaries in the cluster, over
large fraction of unpulsed emission©60% in X-rays (see Fig. the interpretation as a synchrotron nebula. They considered the
[4) and~50% in radio (see Figl7; systematically over the ranggnchrotron nebula to be powered by a recent (of the order of
400-1400 MHz, Navarro et al. 1995) for PSR J0218+4232. V§@0 years ago) outburst of an unknown source, inconsistent with
showed above that this X-ray emission might be extended witte pulsar age. However, if the pulsar is powering the nebula it
angular scale of- 14”. Navarro et al. (1995) noted that it isis doing this continuously and no outburst is required. There-
possible that the observed unpulsed emission in the radio corftge the interpretation as a synchrotron nebula remains a viable
from a compact nebula close to the pulsar. This nebula wowgtion. The binary ms-pulsar PSR J0218+4232 is not located
then have the same steep spectral index as the pulsed emissi@nglobular cluster. Of the two options mentioned above only
and the nebula would have to be smaller than the VLA beate interpretation as a synchrotron nebula remains. Kawai &
size of16”. The latter constraint is consistent with the possibfEamura (1997) searched for diffuse sources in the vicinity of
extent found here in X-rays. Navarro et al. (1995) preferred thermal radio pulsars using ASCA X-ray data. They found such
explanation for which the unpulsed emission comes from tBeurces with high probability for many pulsars, leading to the
pulsar, however, given our results above, we prefer now the @gggestion that they exist universally for all the active pulsars,
planation that the unpulsed X-ray and radio emissions are batid that they are powered by the pulsars. The extended sources
manifestations of a compact nebula around the pulsar. near PSR B1821-24 and PSR J0218+4232 add two more can-
Danner et al. (1997) report the detection of an extenddilates, now concerning recycled ms-pulsars.
source nextto PSR B1821-24. The shape of this source is “iden- Wei et al. (1996) discuss the production processes of pulsed
tical” to the distribution shown in Fid.] 1, with the same angulaand unpulsed gamma-ray emission in ms-pulsars using the outer
extent. Since the estimated distances are comparable, evergiemodel. They assume that the unpulsed gamma-rays come
absolute extent is similaxy0.4 pc. The main difference is thatfrom a compact region, a couple of light cylinder radii from
Danner et al. (1997) determine a separation between the putkarpulsar rather than from an extended nebula. This unpulsed
and the extended source @f3. PSR B1821-24 is located neamon-thermal emission (up to TeV energies) is produced in the
the edge of the globular cluster M28. Since the extended souiraeraction of the primary electrons/positrons from one gap in-
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teracting with the low-energy photons from another gap, whigawai N., Tamura K., 1997, Proc. IAU Coll. 160, 367

one expects to cross over just beyond the light cylinder. If we@wai N., Tamura K., Saito Y., 1998, Adv. in Space Research 21, in
assume that the unpulsed X-ray emission measured from PSRpPress

J0218+4232 is the low-energy end of the spectrum of this cod@ Kerkwijk M.H., Proc. IAU Coll. 160, 489

ponent, rather than from a small nebula, then one would expB‘@f’Zg? iggel_i"suy” A.G. FrailD.A., Kulkamni S.R., Lyne A.G., 1995,
the signature of a point source in our maps. This seems not t e%P RE.. Cudworth K.M.. 1091, AJ 102, 152

the case. Furthermore, the observed and derived parameters of - R.W., 1996, ApJ 470, 469

PSR,‘](,)218“L,4232 and PSR B1821-24 arevery consistent. Th?{(ﬁé A.H., Jahoda K., Macomb D.J., et al., 1998, ApJ submitted
fore it is unlikely that the first can produce such a strong Uit v, Kawai N., Kamae T., et al., 1997, ApL 477, L37
pulsed point-like X-ray component at the pulsar position whilgwrmer S.J., Dermer C.D., Michel F.C., 1995, ApJ 445, 736
there is no evidence for such a component for the second. Swanepoel J.W.H., de Beer C.F., Loots H., 1996, ApJ 467, 261
Wei et al. (1996) produced pulsed and unpulsed spectigylor J.H., Manchester R.N., Lyne A.G., 1993, ApJS 88, 529
showing that at high-energy gamma-rays the unpulsed cofftompson D.J., Bertsch D.L., Dingus B.L., et al., 1995 , ApJS 101,
ponent becomes particularly important. In our earlier paper 259
(Verbunt et al. 1996) we noted that the EGRET source 2E¥grbunt ., Kuiper L., Belloni T., etal., 1996, A&A 311, L9
J0220+4228 (Thompson et al. 1995) can be the counterpar!{ P-M., ChengK.S., LuT., 1996, ApJ 468, 207 ,
PSR J0218+4232, and we found indications for variation at tﬁgnme_rmann U., Becker W., Belloni T., et al., 1997, EXSAS User's
pulse period, however, consistent with beirii)% pulsed. In guide, MPE Report
fact, also PSR B1821-24 is located close to a possible EGRET
source (Fierro 1995), but the identification is less certain, since
PSR B1821-24 is just outside the% location confidence con-
tour.
At high-energy~-rays progress can be expected from our
scheduled 3 week€SGRO EGRETexposure in summer 1998
aimed at confirming our indications for pulsed emission above
100 MeV from PSR J0218+4232.
As mentioned above, due to the lack of spectral resolving
power of theROSAT HRIwe can not perform a spectral analysis
for PSR J0218+4232. Spectral information on the pulsed and
DC components can only be obtained by long exposures using
ASCA, SAX LECS/MECS and the future AXAF and XMM
X-ray observatories.
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