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Abstract. As a result of recent observations with ROSAT and
ASCA the number of rotation-powered pulsars seen at X-ray
energies has increased substantially. In this paper we review the
phenomenology of the observed X-ray emission properties. At
present 27 pulsars are detected, representing a wide range of
ages (10° — 7 x 10° yrs), magnetic field strength (10% — 103
G) and spin periods (1.6 — 530 ms). Despite these dispersions
in parameters all pulsars show an X-ray luminosity closely cor-
related with the rotational energy loss. This suggests that most
of the observed X-rays are produced by magnetospheric emis-
sion originating from the co-rotating magnetosphere. Only for
three middle aged pulsars (PSR 0656+14, Geminga and PSR
1055-52) and probably for the Vela-pulsar an additional ther-
mal component is detected which can be attributed to thermal
emission from the neutron stellar surface.

Key words: pulsars: general — X-rays: stars — stars: neutron

1. Introduction

The nearly 750 radio pulsars detected so far are interpreted as
rapidly spinning and strongly magnetized neutron stars which
are radiating at the expense of rotational energy (Pacini 1967).
Although the popular model of magnetic braking provides plau-
sible estimates for the neutron star magnetic dipole component
B, its braking energy F and characteristic age 7, it does not
provide any detailed information about the physical mechanism
which operates in the pulsar magnetosphere and which is re-
sponsible for the broad band spectrum from the radio to the X-
and gamma-ray bands. As a consequence, there exist a number
of magnetospheric emission models, but no accepted theory. A
recent review of the observational and theoretical situation is
given in the proceedings of the IAU Colloquium 160 (Johnston,
Walker & Bailes 1996).

In this paper we review the observed emission properties
of rotation-powered neutron stars in the soft X-ray band. This
radiation has been attributed to various thermal and non-thermal
emission processes including

— Non-thermal emission from relativistic particles accelerated
in the pulsar magnetosphere. The emission is characterized
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by a power-law spectrum (cf. Michel 1991 and references
therein).

— Photospheric emission from the hot surface of a cooling
neutron star. In this case a modified black-body spectrum
and smooth, low amplitude variations with rotational phase
are expected (cf. Greenstein & Hartke 1983; Romani 1987;
Pavlov et al. 1995).

— Thermal emission from the neutron star’s polar caps which
are heated by the bombardment of relativistic particles
streaming back to the surface from the pulsar magnetosphere
(Kundt & Schaaf 1993; Zavlin, Shibanov & Pavlov 1995;
Gil & Krawczyk 1996).

— Extended emission from a pulsar driven synchrotron nebula
(cf. Michel 1991 and references therein).

— Soft X-ray emission from a relativistic pulsar wind or from
a possible interaction of that wind with the interstellar
medium or with a close companion star (bow shock neb-
ula) (cf. Arons & Tavani 1993).

For a long time the most luminous of all rotation-powered
pulsars, the Crab pulsar, had been the only radio pulsar detected
at X-ray energies. With increasing sensitivity of the optical, X-
and gamma-ray observations the number of pulsars detected in
these spectral bands has steadily increased. At present 8 optical,
27 X-ray and 6 gamma-ray detections are known (cf. Table 3
and Fig.1). In X-rays, the first big step was taken with the
Einstein Observatory which led to the discovery of pulsations
from the Crab-like pulsars PSR 0540-69 and PSR 1509-58,
while fluxes were found for PSR 0656+14, PSR 1055-52, PSR
1929+10 and PSR 0950+08 (cf. Seward & Wang 1988). More
recently, ROSAT (0.1 — 2.4 keV) and ASCA (~ 0.7 — 10 keV)
have provided 18 and 2 further detections, respectively, includ-
ing 8 pulsars for which X-ray pulsations were discovered. In
addition, the superior sensitivity and spectral resolution of the
ROSAT Position Sensitive Proportional Counter (PSPC) pro-
vided more detailed spectral information for a number of pulsars
especially in the soft band (0.1 — 0.6 keV). Using the good an-
gular resolution of the ROSAT High Resolution Imager nebular
components could be identified and subtracted.
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Fig. 1. The sample of rotation-powered pul-
sars plotted with respect to their spin pa-
rameters P, P. Separate from the majority
of ordinary field pulsars are the millisecond
pulsars in the lower left corner. X-ray de-
tected pulsars are indicated by symbols de-
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2. Data analysis

The observational data have been reviewed recently by Ogelman
(1995), Triimper (1995) and Becker (1995a,b). However, most
of the spectra and luminosities were collected from the available
literature, resulting in a rather inhomogeneous data set. Actu-
ally, the quoted soft X-ray luminosity depends strongly on the
detector type (the PSPC has limited spectral resolution, the HRI
none), spectral model, distance model, absorption column and
photon statistics. In this paper we present a homogeneous data
set obtained by re-analyzing most of the ROSAT observations of
pulsars in a standard way by making power-law and black-body
fits to the count rate spectra using EXSAS (Zimmermann et
al. 1994). The absorption columns N are deduced from spec-
tral fits, or, if no detailed analysis was possible, from HI surveys
(Dickey & Lockman 1990, Stark et al. 1992), from the optical
extinction (cf. Becker et al. 1997b and references therein) or
from the radio dispersion measure DM by assuming a mean
electron density of 7, = 0.03 cm~3. For the pulsar distances
we used the model of Taylor & Cordes (1993) which on average
yields distances correct up to a nominal error of about 25%. We
used the proper motion corrected period derivatives to compute
E, B, and the spin-down age 7 for all those pulsars for which
this effect is of significance and has been measured (Camilo,
Thorsett & Kulkarni 1994; Bell et al. 1995).

1.000

fined in Fig.4. Lines representing constant
ages 7 = P/2P and magnetic field strength
B =33 x 10"°(PP)"/? are indicated.

While our data analysis is done in a homogeneous way,
the observational data differ significantly from source to source
with respect to the total number of counts available and the
energy range covered. Observational properties are summarized
in Table 1. Sources for which a spectral analysis is meaningless
for statistical reasons or which have been observed with the HRI
only are labeled in the column spectral info with no. It turns
out that with the exception of the younger pulsars (Crab, PSR
1509-58 and Vela) all measured pulse-phase averaged photon
indices are consistent with « =~ —2 (cf. Fig. 2). Therefore in
calculating luminosities of the power-law components we used
the individual photon indices given in Table 2 and a canonical
value of o = —2 where no spectral information was available.

The energy fluxes f, within the 0.1-2.4 keV band have been
converted to isotropic luminosities using L, = 4mwd? f,. The X-
ray luminosities for the total pulsar emission (L.°%), a pulsed
component if detected (L2***) and for the pulsar plus nebula
(L2™) if a nebula has been identified, are given in Table 3.
We further give there the bolometric luminosities (Lg;) for the
black-body component of Geminga, PSR 0656+14 and 1055-52
(which in the following we will call the three musketeers) and
upper limits for the other pulsars assuming a neutron star with
a medium stiff equation of state (FP-Model, M = 1.4 My and
R =10.85 km). In Table 3 the sources are ordered according to
E/4 7 d* down to ~ 1.5 x 10~ erg s~!cm™2. The Princeton
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Table 1. List of observational properties of the X-ray detected rotation-powered pulsars, ordered according to £ /4md?. The individual columns
are as follows: 1. Pulsar name, 2. column density in units of 10>' cm™2, 3. energy range in which the soft X-rays have been detected with ROSAT,
4. background and vignetting corrected count rate after cleaning the data for solar scattered X-rays and the particle background contribution.
PH indicates PSPC and HRI, respectively, 5. spectral information; pwl: power-law, bb: black-body spectrum. For PSR 0656+14 and PSR
1055-52 the photon-index of the power-law spectrum has to be fixed to yield good spectral fits with the compound black-body and power-law
model. We fixed it to & = —2. *PSR 1259—63 was observed at an orbital phase angle of ~ 13° post-apastron. Ref: ‘“this work, 'Ogelman
(1995), *Halpern & Ruderman (1993), *Becker, Brazier & Triimper (1995), *Safi-Harb, Ogelman & Finley (1995), *Finley & Srinivasan (1996),
®Finley & Ogelman (1994), "Yancopoulos, Hamilton & Helfand (1994), ®Becker et al. (1997b), *Danner, Kulkarni & Thorsett (1994), °Finley
et al. (1993), ”Manning & Willmore (1993), *Kawai & Tamura (1997), 13Halpern (1996), “Becker, Brazier & Triimper (1996), SVerbunt et

al. (1996), "*Becker et al. (1996).

Pulsar Ny observed in count rate in spectral Ref.
[10*'em™2] range [KeV] total band [cts/s] info

B0531 + 21 ~3 05—-24 H:17.8 £ 0.05 pwl tw
B0833 — 45 0.4+0.1 0.1-24 P: 3.4+£0.02 pwl or bb tw, 1
B0633 + 17 0.1 £0.04 0.1—-24 P: 54403 x 107! bb+pwl tw,2
B1706 — 44 ~54 05-24 P: 2240.2 x 1072 pwl 3
B1509 — 58 ~ 8 05-24 H: 3.6+0.1x 1073 pwl tw
B1951 + 32 34+1.5 05-24 P: 6.8+0.3x 1072 pwl tw,4
B1046 — 58 ~4 05-24 H: 23404 x 1073 no tw
B1259 — 63" 3.6 +0.5 05-24 P: 3.04+0.1 x 1072 pwl tw
B1823 — 13 ~ 8.2 05-24 P: 86+0.1 x 1073 no tw,5
B1800 — 21 ~ 14 05—-24 P: 1.54+0.5x 1073 no tw,6
B1929 + 10 0.8£03 05-24 P: 1.174+0.07 x 1072 pwl or bb tw,7
J0437 — 47 0.08 +0.02 0.1-24 P: 2.04£0.06 x 107! pwl tw,8
B1821 — 24 ~3 05-24 P: 1.0+0.2 x 1072 ASCA, pwl tw,9
B0656 + 14 0.06 +0.01 0.1-24 P: 1.92 +£0.03 bb+pwl(fixed) tw
B0540 — 69 4(+0.6; —0.4) 05-24 H: 3.74+0.1 x 1072 pwl tw,10
J2124 — 33 02-0.5 0.1-24 H: 26+02x 1073 no tw,8
B1957 + 20 ~4.5 05-24 P: 4240.6 x 1073 no tw
B0950 + 08 ~ 0.17 0.1-24 P: 49409 x 1073 no tw,11
B1610 — 50 ASCA,no 12
JO538 + 28 ~ 12 05-24 P: 6.0+0.1 x 1072 no tw
J1012 + 53 ~ 0.07 0.1-24 P: 55+2.0x 1073 no tw,13
B1055 — 52 0.33+0.1 0.1-24 P: 3.51 £0.05x 10~"  bb+pwl(fixed) tw
B0355 + 54 ~ 1.8 05-24 P: 40+14x107° no tw
B2334 + 61 ~3 05-24 P: 18+05x107° no tw, 14
JO218 + 42 ~ 0.5 0.1-24 H: 2.14+04x 1073 no tw,15
B0823 + 26 ~ 0.4 0.1-24 P: 1.64+0.4 x 1073 no tw
JO751 + 18 ~ 0.44 0.1-24 P: 3.6+0.6 x 1073 no tw,16

pulsar archive (Taylor et al. 1995) contains 71 pulsars above
this limit, including 45 objects which have not been detected
in X-rays yet!. 12 of them have been observed by ROSAT in
pointed observations but were not detected while 10 were in the
ROSAT field of view serendipitously. We have derived 1o upper
limits for 19 of the 22 pulsars applying the procedure described
above. The corresponding upper limits for their luminosity are
given in Table 4 and in Fig.4, which we shall discuss later.

3. The X-ray emission properties of pulsars

Before taking a synoptic look at the sample of the 26 pulsars
detected in the ROSAT band a few additional remarks on their

We note that one X-ray detected pulsar was not listed in the available
version of the Princeton pulsar catalog.

X-ray emission characteristics are appropriate. To this end we
group the whole sample into five classes:

3.1. The Crab-like pulsars

It is well established that in the young Crab-like pulsars with
ages < 2000 years magnetospheric emission dominates. In the
case of the Crab pulsar, for example, at least ~ 75% of the total
soft X-ray flux is magnetospheric emission (Becker & Aschen-
bach 1995) characterized by a power-law spectrum and sharp
pulses. With the ROSAT HRI an upper limit for the unpulsed
flux within the 0.1-2.4 keV range can be deduced from the DC
level of the soft X-ray pulse profile. The latter can be taken as
an upper limit for the thermal flux from the Crab pulsar which
is marginally consistent with standard cooling models (Becker
& Aschenbach 1995, cf. Fig.3). The same holds for PSR 1509-
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Fig. 2. The distribution of pulse-phase averaged photon indices
vs. spin-down age for those pulsars which provides spectral informa-
tion in the soft X-ray domain. The weighted mean of the photon indices
isa=—-19+0.8.

Table 2. List of pulse-phase averaged photon-indices

Pulsar « Ref.
B0531 + 21 —1.540.1 Toor & Seward (1977)
B1509 — 58 —1.6+0.1 Kawai et al. (1992)
B0540 — 69 —1.65%%% Finley et al.(1993)
B0833 — 45* -2.540.2 this work
B1706 — 44 —2.440.6 Becker et al. (1995)
B1951 + 32* —2.3"%5% this work
B1259 — 63** —2.040.8 this work
B0633 + 17 —2.0+£0.45 this work
B1929 + 10 —2.27%%%, this work
B1821 — 24 —1.9402 Saito et al.(1997)
J0437 — 47 —2.35+0.2 Beckeretal. (1997b)

*Photons from within a 35” circle centered on the pulsar.
** Observed at 13° post-apastron.

58 which from our ROSAT HRI observation is found to have
a pulsed fraction of 65 + 4% (Becker et al. 1997a) and a soft
X-ray pulse which is aligned with the hard pulses detected at
20 — 170 keV by BATSE and OSSE (Ulmer et al. 1994). The
pulsar’s count rate deduced from the DC-level of the soft X-ray
light curve can be taken as an upper limit for the thermal flux
(cf. Table 3 and Fig.3).

3.2. The Vela-type pulsars

Different from the Crab-like pulsars are pulsars in the age
bracket ~ 10* — 10° years (e.g. the Vela-pulsar, PSR 1706-
44, 1046-58, 1800-21, 1823-13 and 1951+32). They exhibit
strong steady emission from a pulsar-powered synchrotron neb-
ula combined with a small pulsed contribution of magneto-
spheric or thermal origin dominating the emission in the range
~ 0.1-0.5keV (Ogelman, Finley & Zimmerman 1993; Becker
& Triimper 1996). X-ray pulses are only detected for the Vela
pulsar. The other Vela-type pulsars are more distant and suffer
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Fig. 3. Bolometric luminosities Lyy, = 47 d? fvor for the three mus-
keteers (PSR 0656+14, Geminga and 1055-52) and the Vela pulsar as
a function of the pulsar’s characteristic age. Also shown are the upper
limits for the Crab pulsar and PSR 1509-58 (cf. Table 3). Symbols are
defined in Fig.4. For comparison, the cooling curves for standard and
accelerated neutron star cooling (FP-Model) including frictional heat-
ing with strong (J3), weak (J2) and super-weak (J1) pinning of crustal
superfluid vortex lines are shown (Umeda et al. 1993). We note that
the given error bars indicate 1o errors as obtained from spectral fits.
Distance uncertainties which might contribute a much larger error are
not taken into account.

from photoelectric absorption which prevents the detection of
their soft pulses in the presence of the dominant nebula emis-
sion (Becker & Triimper 1996). Apart from the Vela pulsar itself
there is no spectral information for this sources below 0.5 keV
(cf. Table 1) which means that their black-body component is
invisible because of photoelectric absorption.

3.3. The cooling neutron stars

Our analysis confirms the results obtained earlier by several
authors (e.g. Ogelman & Finley 1993; Becker et al. 1993;
Mereghetti & Colpi 1996; Halpern & Wang 1997) on the three
middle age pulsars Geminga, PSR 0656+14 and 1055-52. The
X-ray emission properties of these pulsars are characterized
by a dichotomy, i.e. the spectra are best described by a two-
component model in which the soft emission is represented by
a black-body spectrum and the hard component either by a ther-
mal spectrum or by a power-law. The existence of two spectral
components is also confirmed by phase-resolved analysis. All
three pulsars show a phase shift of ~ 100° and a change in the
pulsed fraction from ~ 10 — 30% below a transition point of
0.5 — 0.6 keV, rising up to ~ 20 — 65% above. The X-ray pulse
profile for both the soft and the hard components is found to be
sinusoidal.



Table 3. List of pulsars that have been detected in the radio, optical, X- and y-ray wavebands, ordered according to their spin-down flux density at Earth £ /47d?. The individual columns
are as follows: 1. Pulsar name; 2-7. Energy ranges in which pulsed (p), unpulsed (d) radiation has been detected: R —radio, O — optical, X —soft X-rays (£, ~ 1keV), X}, —hard X-rays
(E, ~ 10keV), vs — soft y-rays (E,, ~ 1MeV) and 7, — hard y-rays (E, > 100MeV). Possible detections are indicated by a question mark. Ig E is the pulsar spin-down power I§2€);
Lt°* the sum of the pulsed and unpulsed X-ray luminosities assuming isotropic emission. LE“® is the pulsed luminosity; L™ is the total X-ray luminosity including synchrotron nebula
emission. All luminosities are calculated for the ROSAT energy range 0.1 — 2.4 keV. For Geminga, PSR 0656+14 and 1055-52 thermal and non-thermal contributions are included.
lg Lgg, is the bolometric luminosity. The upper limits have been computed for a neutron star with a medium stiff equation of state (FP-Model, M = 1.4 Mg and R = 10.85 km). *PSR
1259-63 was observed ~ 13° post-apastron. Ref: ‘“this work, 'Becker & Aschenbach (1995), >?Ogelman (1995), *Becker, Brazier & Triimper (1995), *Becker et al.(1997a), >Becker &
Triimper (1993), 6Finley et al.(1993), "Becker et al.(1997b), 8 Kawai & Tamura (1996), 9Becker, Brazier & Triimper (1996), 10Becker et al.(1996). Radio pulsar parameters have been
taken from Taylor et al. (1995). Proper motion corrected period derivatives have been used for all those pulsars for which this effect is of significance and has been measured. A summary
of the optical and ~-ray observations can be found in Caraveo (1995) and Thompson (1996), respectively. For a possible detection of PSR 0950+08 at optical wave length see Pavlov,
Stringfellow & Cérdova (1996).

Characteristics of the optical, X-ray and gamma-ray detected rotation-powered pulsars

Pulsar Comment detected E/@rd> 1gE IgLY IgLrv* 1gLP™ 1gLyS, 1gP/2P) P Px107® D 1gBy Ref
R O X, Xn 7vs ~vn erg/slem® ergls ergls erg/s erg/s erg/s years ms ss! kpc Gauss

B0531 + 21 Crab PP p p p p 93-1007 3865 3598 3585 373 <341 3.10 33.40 42096  2.00 12.58 1
B0833 — 45 Vela p P P P P p 231007 368 3270 317 334 ~ 328 4.05 89.29 124.68 050 1253  tw,2
B0633 + 17 Geminga ? d p - - p 11-107% 3451 3110 30.62 31.2 5.53 237.09 1097  0.16 1221 tw
B1706 —44 G343.1-023 p - d - - p 86-107° 3653 33.15 <335 424 102.45 93.04 1.82 1249 3
B1509 —58 MSH1552 p d p p p - 7.7-107° 3725 3429 3410 353 <339 3.19 150.23  1540.19 430 13.19 twd4
B1951 + 32 CTB80 p d - - p 50-107° 3657 3344 340 <339 5.03 39.53 5.85 250 11.69  tw
B1046 —58  Velatwin p - d - - 2?2 19-107° 3630 32.64 <334 431 123.65 9592 298 1254 tw
B1259 —63* Bestarbin p - d d d - 1.7-107° 3592 3295 <338 5.52 47.76 227 200 1151 tw
B1823 — 13 Velalike p - d - - - 14-107° 3645 33.39 <339 433 101.45 7495 412 1245 tw
B1800 — 21 G87-01 p - d - - - 12-107° 3635 33.06 <33.8 430 133.61 134.32 394 1263 tw
B1929 + 10 p d p - - - 11-100° 33359 3000 295 <31.4 6.49 226.51 1.16 017 1171 tw
J0437 — 47 msPulsar p - p - - - 10-107° 3362 3086 303 <312 9.50 575 2.0-107° 0.18 8.54 tw)5
B1821 —24 ms,inM28 p - p p - - 62-107'° 3635 3324 <337 7.48 3.05 1.6-107° 550 935 tw
B0656+ 14  coolingNS p p p - ? 55.1071° 3458 3298 32.15 32.9 5.05 384.87 55.03  0.76 12.67 tw?2
B0540 — 69 inLMC p p p - - - 51-107'9 3817 3621 36.1 372 <36.1 3.22 50.37  479.06 494 1270 6
12124 — 33 msPulsar p - p - - - 47-107'% 3355 3035 29.8 <31.1 9.86 493 1.08-107° 025 8.36 tw7
B1957 + 20 msPulsar p - d - - - 41-107'% 3506 31.93 <329 9.32 1.60 1.2-1075 153 8.14 tw
B0950 + 08 p ? d - - - 33.107° 3275 2935 <31.0 7.24 253.06 0.23 0.12 11.39 tw
B1610 — 50 ASCA p - d - - - 25.107'% 36.20 3.87 231.60 49254 726 13.03 8
J0538+28  GI80.0-17 p - d - - - 13-107° 3469 3274 <33.6 5.79 143.15 3.66 1.50 11.87 tw
J1012 + 53 msPulsar p - d - - - 12-107'° 3360 30.20 <30.8 9.76 525 1.4-107° 052 845 tw
B1055—52 coolingNS p d p - - p 11-107'° 3448 3342 3257 33.5 5.73 197.10 5.83 1.53 1203 tw2
B0355 + 54 p - d - - - 88-107" 3466 31.96 <33.8 5.75 156.38 439 207 1192 tw
B2334+61 G1143+03 p - d - - - 86-107"" 3479 31.86 <334 4.61 49524 19191 246 1299 tw)9
J0218 + 42 msPulsar p - d - - - 65-100"" 3539 3275 < 33.1 8.66 232 80-107° 570 8.63 tw
B0823 + 26 p - d - - - 26-107" 3266 29.83 <31.0 6.69 530.66 172 038 11.99 tw
J0751 + 18 msPulsar p - d - - - 15-107"" 3388 31.60 <322 9.84 347 8.0-107° 202 823 tw,l0

989

sIe1s uonnau paromod-uonelor Jo Aysourwn Aei-x oy, :xodwiniy, *f 29 19309 ‘M
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Table 4. List of undetected pulsars observed in pointed and serendipitous ROSAT observations, ordered according to £ /4md?. The individual
columns are as follows: 1. Pulsar name, 2-10. the pulsar’s spin-down flux density at earth, its braking energy, characteristic age, period and
period derivative, distance and magnetic dipole component, column density from dispersion measure and count rate upper limits. P,H indicates
PSPC and HRI, respectively, 11. X-ray luminosity within 0.1-2.4 keV, assuming isotropic emission. We note that for PSR 1820-30A, 1356-60
and 1754-24 the data quality wasn’t sufficient to deduce a useful upper limit (e.g. source located at the edge of the detector’s field of view with

an exposure time of less than a kilosecond).

Pulsar E/(@4rnd® 1gE 1g(P/2P) P Px107® D 1gB. Ny count rate Ly
erg/s/cm2 erg/s years ms ss! kpc Gauss 10*'em ™2 cts/s erg/s

B1757 — 24 1.1-107°  36.41 4.19 124.87 127.89 461 12.61 ~9.2 H: <0.0014 < 33.17
B1937 + 21 7.1-1071%  36.04 8.37 1.557 1.1E-4 3.60 8.61 028-22 H:<0.0007 <32.10
B1727 — 33 581071 36.09 4.42 139.45 85.00 424  12.54 ~79 P: <0.0020 <3273
B1257 + 12 41-107'% 33.73 9.50 6.22 3.3E-5 0.62 8.66 ~ 32 P: <0.0011 < 29.99
BO114 + 58 4.0-1071° 3534 5.44 101.44 5.84 2.14  11.89 ~ 1.5 P: <0.0033 <31.84
B0740 — 28 3.4-1071% 3516 5.20 166.76 16.811 7.80 12.23 ~2.0 P: <0.0020 < 32.79
B1853 + 01 33-1071% 3563 431 267.40 208.40 3.30  12.88 ~ 3.0 H: <0.0022 < 32.63
B1830 — 08 1.5-1071% 3577 5.17 85.28 9.17 567 11.95 ~12.6 P: <0.0017 < 33.16
B1820 —30A 1.1-107!° 3592 7.41 5.44 3.3E-3 8.00  9.64 ~ 2.7

71908 + 07 8.4-10"" 3353 6.61 21235  8.25E-1 0.58 11.63 ~ 0.34 P: < 0.0045 < 30.57
B1737 — 30 6.4-107" 3491 432 606.69 465.30 328 1323  47-95 P:<0.0023 <3236
B1620 — 26 59-107" 3436 8.35 11.07 7.90E-4 1.80  9.48 ~1.9 P: <0.0010 < 31.66
12322 + 20 48-107""  33.15 10.32 4.80 4E-6 0.78 8.11 ~ 0.4 P: < 0.0006 < 29.99
12019 + 24 46-107"" 33.11 10.43 3.93 2E-6 0.91 8.00 ~0.5 P: < 0.0007 < 30.25
B1822 — 09 3.7-107" 33,66 5.37 768.98 52.36 1.01  12.81 ~ 0.6 P: <0.0014 < 30.65
J0631 + 10 341071 3524 4.64 287.75 104.62 6.56 12.74 ~3.9 P: <0.0051 <33.23
B1534 + 12 3.2-1071 3324 8.30 37.90 2.4E-3 0.68 9.98 ~ 0.4 P: <0.0019 < 30.35
B1356 — 60 29-107" 3508 5.50 127.50 6.33 591 1196 ~9.1

B1754 — 24 2.7-107" 34.60 5.46 234.09 13.00 3.50  12.25 ~35.5

B0611 + 22 2.4-1071 34.80 4.95 334.92 59.63 472 12.65 ~ 3.0 P: <0.0011 < 32.20
B1828 — 10 23-107" 3455 5.03 405.03 60.04 3.63  12.70 ~ 5.0 P: <0.0022 <3224
B1742 — 30 1.6-107'"" 3393 5.74 367.43 10.66 2.08 1230 ~ 2.7 P: <0.0007 < 31.18

The soft thermal emission is assigned to be cooling emis-
sion from the neutron star’s surface. The modulation of this
emission can be explained by non-uniformities in the surface
temperature due to the presence of a strong magnetic field
which gives rise to an anisotropic heat flow in the neutron star’s
outer layers. The radius of the emitting area obtained by using
Rup = d/T?\/ fror/0, in which fi,, and T' denotes the fitted
bolometric flux and temperature of the pulsar’s soft component
and o the Stefan-Boltzmann constant, are found to be close to
the canonical neutron star radius of 10 km.

The hard spectral components of these pulsars can be inter-
preted as magnetospheric emission or thermal radiation from
polar hot spots. Because of bandwidth limitations a distinc-
tion between these possibilities cannot be made on the basis of
ROSAT PSPC spectra. But ASCA observations have shown re-
cently that the hard component of Geminga is characterized by a
power-law implying a magnetospheric origin (Halpern & Wang
1997). Similar results have been reported for PSR 0656+14 and
1055-52 (Greiveldinger et al. 1996), although the limited pho-
ton statistics in these cases prevent a clear distinction between
a thermal and non-thermal origin of the emission.

In Fig. 3 we have plotted the bolometric black-body lumi-
nosities LY, = 47 d? fuo for the three musketeers and Vela

bol —
as obtained from spectral fits. The figure demonstrates that the

thermal emission from PSR 0656+14 and PSR 1055-52 is con-
sistent with the prediction of standard cooling for a neutron stars
with a medium stiff equation of state, while Vela and Geminga
are located below the standard cooling curves.

We note that for the three musketeers optical (Pavlov,
Stringfellow & Cordova 1996; Mignani, Caraveo & Bignami
1997a; Shearer et al. 1996a) and for Geminga and PSR 0656+14
EUYV emissions have been found (PSR 1055-52 has not yet been
observed in the EUV regime). The ROSAT and EUVE spec-
tra can be fitted by a single modified black-body component
using photospheric opacities (Zavlin et al. 1995). In the case
of Geminga the optical emission lies close to the Rayleigh-
Jeans extrapolation of the X-ray/EUV spectrum while for PSR
0656+14 and PSR 1055-52 the optical flux is higher than that by
about one order of magnitude (Shearer et al. 1996b; Mignani,
Caraveo & Bignami 1997b, Kurt et al. 1997). In Geminga an
optical emission feature was reported at ~ 6000 A (Bignami et
al. 1996) which has been attributed to proton cyclotron emission
from a photospheric plasma.

Besides PSR 0656+14, Geminga and PSR 1055-52 two
more pulsars are classified as cooling neutron stars: PSR
0538+28 and 0355+54. Both have spin parameters similar to the
one observed for Geminga and 1055-52 and both appear to be
good candidates for gamma-ray pulsars. However, the sources
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are approximately a factor of 10 more distant than Geminga and
the limited photon statistics did not allow a spectral or temporal
analysis so that their classification is not yet based on X-ray
observations.

The three cooling neutron star candidates located in the su-
pernova remnants RCW 103, PKS 1209-51/52 and Puppis A
(cf. Caraveo, Bignami & Triimper 1996 and references therein)
will not be considered here.

3.4. Pulsars old and close in space

Besides the young pulsars and those whose surface cooling is
visible in the X-ray wave band, ROSAT has detected X-ray
emission from further three pulsars: PSR 1929+10, 0950+08
and 0823+426. All are characterized by a spin-down age of ~
0.2 — 3 x 107 years and a close distance of ~ 0.12 — 0.38 kpc.
Pulsed X-ray emission, however, could only be detected from
PSR 1929+10 (Yancopoulos, Hamilton & Helfand 1994). Its
X-ray pulse profile is very broad with a single pulse stretching
across almost the entire phase cycle. Spectral information is only
available for 1929+10. We found that both a power-law and a
black-body spectrum fits the data equally well. The results of
our spectral fits are given in Table 1-3.

3.5. The millisecond pulsars

The millisecond pulsars form a separate group among the
rotation-powered pulsars. They are distinguished by their small
spin periods (P < 20 ms) and high rotational stability (d P/dt =~
10~ —1072") and, consequently, they are very old objects with
spin-down ages of typically 10° — 10'° years and magnetic field
strengths of the order of 103 — 10'° G. Before ROSAT nothing
was known about the X-ray emission properties of this class of
pulsars. Their location in the L, — 7 diagram (cf. Fig.5) had
initially led to the suggestion that their radiation is a mixture of
spin-modulated thermal emission from heated polar caps pos-
sibly combined with unpulsed emission from a pulsar wind or
a plerion (Becker & Triimper 1993). The PSPC spectrum of
PSR J0437—4715 can be fitted by a power-law with a photon-
index of ~ —2.4. A feature in the energy dependent pulsed
fraction of this source which had been interpreted as evidence
for an additional weak thermal component (Becker & Triimper
1993) has disappeared in the present reanalysis (Becker et al.
1997b). Recent ASCA observations of the millisecond pulsar
PSR 1821-24 in M28 led to the detection of X-ray pulses up to
10 keV (Saito et al. 1997). The spectrum is a power-law with
a pulse-phase averaged photon-index of ~ —2, indicative of
magnetospheric emission. The recent discovery of pulsed soft
X-rays from the isolated millisecond pulsar PSR J2124-3358
(Becker et al. 1997b) which has spin parameters similar to that
of PSR J0437-4715 and a pulse profile similar to the one ob-
served in the radio channel at 480 MHz (Bailes et al. 1997)
strongly suggests that the X-ray emission of millisecond pul-
sars is of magnetospheric origin. The next paragraph will further
support this interpretation.
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4. Synoptic view and discussion

Fig. 4 shows the X-ray luminosities of all 26 pulsars measured in
the ROSAT band as a function of their rotational energy loss E.
We note that the young but distant pulsar PSR 1610-50 has not
yet been observed by ROSAT and the sparse ASCA data provide
only a rough flux estimate (Kawai, Tamura & Shibata 1996) so
that we have excluded this source from our analysis. In the case
of the three musketeers we have plotted the luminosities derived
for the power-law component (i.e. log L, = 30.06,31.58,31.88
erg/s for Geminga, PSR 0656+14 and 1055-52, respectively).

Fig.4 shows a rather close linear correlation between the
X-ray luminosity and the spin-down power. Fitting a L,(0.1 —
2.4 keV) = a E? distribution to the data we find b = 1.03 +0.08
and a correlation coefficient of » = 0.946. We note that Seward
& Wang (1988) and Ogelman (1995) found for much smaller
samples b = 1.39 and b = 1.35 £ 0.25 respectively, which
does not deviate significantly from our value (cf. also Possenti,
Mereghetti & Stella 1996). Adopting b = 1 the efficiency of
conversion is 7, = L,/ E = 1073 for the X-rays in the ROSAT
band, indicated by the dashed-line in Fig.4.

It is remarkable how narrow the L, (E) distribution is in
view of the various effects which are expected to widen it: un-
certainties in the pulsar distances and the absorption column
Ny, spread in the orientations of magnetic and rotational axes
versus the line of sight and spread in the moments of inertia.
These effects are expected to account for a large fraction of the
scatter leaving little room for intrinsic fluctuations of the X-ray
efficiency.

The strong correlation suggests that the prime energy source
of the X-ray emission is the pulsar’s rotational energy. The con-
version into X-rays can proceed via different channels: (1) mag-
netospheric processes or (2) emission from hot spots which both
produce pulsed X-rays, (3) pulsar wind or synchrotron nebular
emission which lead to unpulsed X-rays. In view of the fact
that pulsed emission has been measured for only 11 of the 26
pulsars (cf. Table 3) and unpulsed components may not be spa-
tially resolved because of limited angular resolution (and photon
statistics) it is difficult to assess the relative importance of the
different emission processes.

But in particular the millisecond pulsars showing pulsed
emission obey the same linear relationship with the same X-ray
efficiency as the Crab type pulsars. This indicates that their emis-
sion is mainly due to magnetospheric processes in line with the
occurrence of power-law spectra and the similarity of radio/X-
ray pulse profiles as discussed in Sect. 3.5. We cannot exclude
that some additional components from a polar hot spot con-
tributes (cf. Zavlin & Pavlov 1997) but this cannot be the dom-
inating component for most pulsars. Only for the three middle
aged pulsars PSR 0656+14, Geminga and PSR 1055-52 and
probably for the Vela-pulsar is an additional thermal compo-
nent detected which can be attributed to photospheric emission
from the neutron stellar surface.

Another way to look to the sample of the X-ray detected
rotation-powered pulsars is shown in Fig. 5 where the X-ray
luminosity in the ROSAT band is plotted as a function of the
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Fig. 4. X-ray luminosity vs. spin-down en-
ergy for all rotation-powered pulsar de-
tected by ROSAT as of July 1997. We
note that for the three musketeers Geminga,
PSR 0656+14 and 1055-52 the low en-
ergy thermal component has been sub-
tracted from the data. The solid line rep-
resents Lo(E) x FE'%, the dashed line
L.(E) =107 x E. 1o upper limits for the
X-ray luminosity of all pulsars which have
aE/4rd> > 1.5x 107" erg s~ 'cm™? and
have been observed but were not detected in
pointed and serendipitous ROSAT observa-
tions are indicated.

Fig. 5. X-ray luminosities of the ROSAT
detected rotation-powered pulsars within
0.1 — 2.4 keV as a function of the pul-
sar’s characteristic age. The plotted lumi-
nosities have been derived from power-law
spectra and can be attributed to magneto-
spheric emission. A thermal component as
detected for the three musketeers and Vela
has been subtracted. Curves corresponding
toL, =n, EforlogB, =7.5,...,13.5G
are indicated. Symbols are defined in Fig.4.
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pulsar’s characteristic age. Assuming the standard picture of
magnetic braking we can write

L, =n.F xR B3 Q* (1)

where B , R, and () are the polar magnetic field strength, radius
and angular velocity of the neutron star, respectively. Using I =
10 g cm?, R = 10%cm and making the standard assumption
that the present angular velocity €2 is small compared with the
initial one we find

L, = an = const. BI_Z 2 2)

The corresponding L,(7) curves for different magnetic field
strength are indicated in Fig.5. We note that all pulsars lie close
to the braking curves calculated for their respective polar mag-
netic fields. Of course, this message is fully equivalent to that
of Fig.4, namely that the X-ray luminosity is proportional to the
rotational energy loss.

5. Conclusion

Although ordinary field pulsars and millisecond pulsars form
well-separated populations in the L, (7) diagram they obey the
same L, oc F correlation. The surprisingly close correlation
between L, and E strongly suggests that the bulk of the ob-
served X-rays is emitted at the expense of rotational energy.
The fact that the measured X-ray spectra show largely power-
laws at £ > 0.5 keV indicates that the main emission process
is a magnetospheric one, just as in case of the radio and gamma
ray emission.

It is an old question whether the incoherent high energy
emission of pulsars originates in the co-rotating inner magneto-
sphere or near the light cylinder. In the latter case one expects
an intensity dependence on the angular frequency L;y,. o< Q"
with n > 10 (Beskin, Gurevich & Istomin 1993). This is due
to the simple fact that the radiation from the light cylinder must
depend on the total “particle luminosity” L, ~ B Q* and on
the electric and magnetic fields at the light cylinder which scale
with ~ B 3. Beskin, Gurevich & Istomin (1993), for exam-
ple, find L;y,. ~ Bf_ Q! In contrast, we obtain L, Bf_ 04,
assuming the validity of magnetic braking. It thus appears that
the bulk of the X-rays observed in the sample of 27 pulsars
originates in the co-rotating magnetosphere, e.g. by Compton
scattering processes (Triimper, Supper & Becker 1997).
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