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ABSTRACT

During its life, BeppoSAX observed several isolated pdsgiving important contributions to the knowledge of the
phenomenology and properties of the X-ray emission frosdhiss of sources. In this paper | review the spectral and
timing results obtained from BeppoSAX observations. Irtipalar, results on three Crab-like (Crab, PSR B1509-58
and PSR B0540-69) and 3 millisecond pulsars (PSR Jo228PSR B1821-24 and PSR B19371) are reported.

INTRODUCTION

BeppoSAX satellite operated between April 1996 and Aprd20its scientific payload included 4 Narrow Field
Instruments (hereafter NFIs; for a detailed descriptiothefscientific payload see Boella et al. 1997) covering gearl
three orders of magnitude for energy from 0.1 up to 300 keVirguts lifetime BeppoSAX observed about 20 fields
of isolated pulsars detecting the source in more than halesh.

In this review, the most relevant spectral and timing residt the three more intense Crab-like pulsars, Crab,
PSR B1509-58 and PSR B0540-69, and three millisecond puB&R J021842, PSR B193¥21 and PSR B1821-24
are reported.

THE CRAB PULSAR

The Crab pulsar (PSR B05321) is the only rotation powered pulsar observed at almastyesnergy band of
the electromagnetic spectrum. Its pulse profile is charizet by a double peak structure with a phase separation of
0.4, approximately aligned in absolute phase over all vemgths. The relative intensity, height and width of the two
peaks varies with energy: in particular, the first peak (Ba@jminant al low energies, becomes smaller than the second
one (P2) in the sofy rays. The enhancement of the bridge between these peaksafteemamed inter-peak (Ip)
region - as function of energy is also well evident. The Cralsgr was first detected in the X-ray band by Frits et al.
(1969) and by Bradt et al. (1969). The HEAO-2 satellite pamtlthe first high resolution~(4”) image of the Crab
nebulgpulsar in X-ray along with the phase profile (Harden and Sdww884). Pravdo et al. (1997) reported detailed
pulse-phase resolved spectral analysis of the pulsed iemigstained with the PCA (5 - 60 keV) and HEXTE (16 -
250 keV) instruments on board RossiXTE. They found systiensgectral changes in the photon power law index as
a function of pulse phase. Recently, Kuiper et al. (2001) ¥iggithe high energy-ray data from the CGRO satellite
together with data obtained at gbfird X-ray energies from other observatory obtained anwestha high-energy
picture of the Crab pulsar from 0.1 keV up to 10 GeV.

BeppoSAX observed the Crab Nebula and Pulsar several timesube this source was used for periodical
calibration of the NFIs. All these observations provide ghhstatistics data set (200 ks) that allowed to perform a
very accurate timing and spectral analysis over an enermgyeravider than two orders of magnitude from about 0.1
up to 300 keV (see Massaro et al. 2000 for details). Timindyaigfor this source was performed producing phase
histograms for each NFI and each pointing. The values of PPawere derived from the Jodrell Bank Crab Pulsar
Monthly Ephemeris| (httg/www.jb.man.ac.uk). The good signal to noise ratio of the $\\Fbgether with the high
statistics allowed to describe the pulse profiles over thigeeband in very high detail as shown in the top panels of
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Fig. 1. Crab pulsar phase histograms (top). Phase evolution of the spectral index (bottom).

Fig. 1. The morphology change of the profile as function ofghergy is striking, with the second peak increasing
from the soft range of the LECS (0.1-10 keV) up to the hardegesof the PDS (15-300 keV).

Phase resolved spectral analysis was performed with a mmiphase resolution of 0.00667 unless the count
number was not high, as in the interpeak region and in somgenanges, where wider phase intervals were taken
to reduce the statistical uncertainty in estimating thespeparameters. Modeling the spectra with a simple power
law, photon indices were computed for each NFI. A column iignd,=3.2x10?1 cm2 derived from the spectrum
of the df-pulse interval (Massaro et al. 2000) was fixed for all folilgvfit procedures. The bottom panels in Figure
1 show the phase evolution of the spectral index in the foulsNFhe photon index changes along with the phase
with a similar phase dependence in each panel: The softes@miis in P1 and P2 region while the hardest is in the
middle of Ip; the spectral index fllerenceAq is of the order of 0.3-0.5. Moreover, comparing the panamfteft to
right, we can note that the photon index, relative to the sanase interval, significantly increases with the energy. In
particular, photon index of P1 changes from 1.6 in the LECGgeao 2.1 at higher energies, that of P2 from 1.8 to 2.0
and Ip from 1.2 to 1.8. The phase evolution of the spectrabirid very similar to that found by Pravdo et al (1997),
but the spectral softening towards higher energies is nolesw as in our results because of the wordératio of the
RXTE data at energies greater than 100 keV.

To explain the phase evolution of the spectral index and biamge of the pulse shape with the energy a two
component model was proposed by Massaro et al. (2000). Tdresjdered that the observed pulsed emission is due
to the superposition of two components havinffetent phase and energy distributions. The first componest wa
assumed to have the same pulse profile as observed at omigaéhcies with P1 much more prominent than P2 and
a very low intensity in the Ip region, the second one with albaispectrum and a phase profile estimated from the
BeppoSAX data, by means of a fitting procedure of severakpotiefiles at dierent energies, in order to reproduce
the observed pulse profile when it was summed to the first casrgo This second component was found to be much
higher than the first one in the Ip region, while the two congrda have a comparable intensity in the P2 region.

As a consequence of the photon index behaviour with enengyyrsin Figure 1, we found that a single power
law was not able to give a satisfactory representation ospeztral distribution, for a fixed phase interval region,
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Fig. 2. Pulse profiles of PSR B1509-58 in the MECS energy band (1.6-10 keV). Two phase intervals are shown
for clarity. The 1 o uncertainty also is shown.

over the entire BeppoSAX range (0.1-300 keV). Better fitsenmtained using a second order law in the double log
representation:

F(E) = K (E/Eg) @ LodE/%) (1)

whereEy is taken equal to 1 keV, and therefaeorresponds to the photon index at this energy, whileeasures the
curvature of the spectral distribution. Applying this mbtiethree wider phase intervals, the first peak (P1) region
(0.99-0.01667), the Interpeak (Ip) region (0.01667-0.2&) the second peak (P2) (0.3833-0.4167) we obtained a
value for the bending parameteof ~ 0.15 over the three phase intervals, and forparameter the values 166.08

(P1), 1.3%:0.03 (Ip) and 1.580.09 (P2). The best fit parameters are summarized in Table 1.

PSR B1509-58

PSR B150958 is one of the youngest rotation powered pulsars, with egef about 150 ms and a period
derivative of 1.5%1071? s s, the highest spin-down rate of any known pulsar. It was firstavered in the soft
X-rays by Einstein (Seward & Harnden 1982) and soon aftedwvdetected in the radio band (Manchester, Tuohy
& D’Amico 1982). Later on, its pulsed emission was also deté@t hard X-ray and soft-ray energies by several
satellite and balloon-borne experiments: EXOSAT (0.025kdV; Trussoni et al. 1990), Ginga (2—60 keV; Kawai et
al. 1992), SIGMA (40-300 keV; Laurent et al. 1994), Welcoing4—240 keV; Gunji et al. 1994), ROSAT (0.1-2.4
keV; Greiveldinger et al. 1995), ASCA (0.5-10 keV, Saito 89BATSE and OSSE aboard the Compton Gamma
Ray Observatory (20-5000 keV; Wilson et al. 1993, Matz etl#94, Ulmer et al. 1993). A detailed study of the
pulse shape and spectrum in the energy range 2—200 keV with@A and HEXTE aboard the Rossi X-Ray Timing
Explorer has been presented by Marsden et al. (1997) anceRalks(1998). Kuiper et al. (1999) reported definitive
detection of the pulsed signal in the COMPTEL band up to 10 Médteover, they found a source compatible with
the position of PSR B150%8 in the skymaps of COMPTEL and EGRET between 10 and 100 MeV.

Given its high X-ray flux, second in intensity among the isedbpulsars, the BeppoSAX observation allowed to
perform timing and spectral analysis at similar statistggnificance as for the Crab (Cusumano et al. 2001). The
pulse profile extracted by folding the MECS data (1.6-10 ke\@hown in Figure 2. The well known single pulse
shape is evident. It is markedly not symmetric with the lagdving much steeper than the trailing one. No significant
variation of the profile morphology has been detected ingideBeppoSAX energy band (Cusumano et al. 2001). In
the spectral analysis, the pulsed and unpulsed spectraexieeted for the phase intervals 0.17-0.53 and 0.77-1.07,
respectively, adopting the phase definitions of Mardsen. €1897). A column density of (0.940.05) x10?? cm™2
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Fig. 3. Left: Photon indices of the pulsed emission of PSR B1509-58 obtained by a power law fit to data of
each of the NFIs. Right: PSR B1509-58 deconvolved spectrum of the pulsed component. Flux values from
BeppoSAX, OSSE, EGRET and COS B. The two lines represent the best fit power—law (dashed) and best fit
energy—dependent power—law (solid) to the BeppoSAX data, respectively.

was evaluated by analyzing the LECS and MECS spectra offfhmutse region, assuming that the emission is mainly
originating from the nebula, at the same distance as thapultie X-ray and sofy-ray pulsed spectra have usually
been fitted with power laws, but the resulting photon indizese generally found to vary with the instrument energy
windows. Trussoni et al. (1990) first measured a photon imdexbout 1.1 with an EXOSAT observation; the same
value was found by Saito (1998) with ASCA. Ginga and RXTE obetions gave a photon index of 1.35 (Kawai et
al. 1993, Marsden et al. 1997), and an even steeper valué®fas derived from BATSE and OSSE observations
(Wilson et al. 1992, Matz et al. 1994), suggesting a softpiinvards the higher energies. However, no evidence for
a spectral break was seen in the RXTE data up 200 keV (Mardsen et al. 1997). Figure 3 reports the photoexnd
obtained by fitting the pulsed spectra for each of the Beppo8EI with simple power laws. Notice that the photon
index for the PDS is significantly larger than that for the ME@vhile that derived for the LECS is smaller.

In analogy with the Crab Pulsar, a simultaneous fit of a sipgleer law shape to the pulsed emission over
the entire BeppoSAX range did not give a satisfactory regglt= 1.5 with 39 d.o.f.). Fitting the whole BeppoSAX
spectrum of PSR B1509-52 with the continuously steeperawgpf Eq. (1) gives a better representation of the spectral
distribution ¢2 = 0.74 with 38 d.o.f.). The best fit values of the parametersenar0.96+0.08 andb 0.16+0.04 (see
Table 1 for a comparison with the Crab results). The extetpol of Eq. (1) to higher energies predicts fluxes in
agreement with the values measured by OSSE, BATSE and COMP/Vison et al. 1993; Matz et al. 1993; Ulmer
et al. 1993: Kuiper et al. 1999). This result is clearly shawifrigure 3. For comparison, the extrapolation of the
simple power—law model is also shown.

PSR B0540-69

Another Crab-like pulsar whose pulsed emission was detdngeBeppoSAX is PSR B0540-69. This pulsar,
located in the Large Magellanic Cloud has a pulsed periodofit50 ms and a large period derivative 6f@x 10713
s s't, comparable to that of the Crab pulsar. PSR Be®B®was discovered in the soft X-rays by Seward et al. (1984)



Table 1. Best fit spectral parameters of Crab pulsar, PSR B1509-58 and PSR B0540-69

Crab pulsar Crab pulsar Crab pulsar PSR B1509-58 PSR B0%40-6

(P1) (Ip) (P2)
a 1.63:0.08 1.31x0.03 1.550.09  1.020.05 1.36@0.005
b 0.16:0.04 0.15:0.09 0.120.03  0.130.02 0.1430.003

* de Plaa et al. (2003)
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Fig. 4. PSR J0218+4232 phase histograms: energy range 0.1-2.4 keV from the ROSAT HRI (Kuiper et al. 1998);
energy ranges 1.6-4 keV and 4-10 keV from the BeppoSAX MECS. The shaded area represents the unpulsed
level (+1 o) while the ROSAT and MECS background levels from spatial analysis are indicated with dashed lines.



with the Einstein Observatory. Pulsations at optical fexgties were soon detected by Middleditch and Pennypacker
(1985) with a mean pulsed magnitude of 22.5. In the radio B8R B054669 is a quite faint source and pulsed
signals were first observed only in 1989-90 (Manchester.el@93). BeppoSAX detected the pulsar only by the
imaging LECS and MECS instruments (Mineo et al. 1999 and @asw et al. 2003). Several estimates of the
braking index of this pulsar have been reported in the liteearanging from 2.0% 0.02 (Manchester and Peterson
1989, Nagase et al. 1990) to 2.24).10 Ogelman and Hasinger 1990). The BeppoSAX estimate of tteappkriod,
combined with earlier ASCA period evaluations, allowed teasure a braking index of 2.10.1. This results has
been recently confirmed by a combined timing analysis on #eneed data set including ASCA, BeppoSAX and
RXTE observations spanning a time interval of about 8 yeausgmano et al. 2003).

Given the larger distance with respect to the previous twegns, BeppoSAX data had not enough statistics to
detected pulsed emission at energies greater than 10 keVeférgy band was not wide enough to investigate the
presence of bending in the spectral distribution like tibainfl in the other two Crab-like pulsars. Recently, de Plaa
et al. (2003), making use of a long set of RXTE observationg/elé the pulse profiles and spectral distribution up
to 50 keV. By fitting RXTE data together with the ROSAT onesytfmund that pulsed emission can not be described
by a single power law because of the presence of a bend tolwaylgsr energies. In analogy with the results shown
just above, the spectral distribution of this pulsar is wekcribed by Eq. (1) with a value of the bending parameter
similar to that found for Crab and PSR B1509-58 (Table 1).

PSR J0218+4232

PSR J021842 is a 2.3 millisecond pulsar in a two day orbit around a whiterf companion (Navarro et al.
1995). The pulsar has spin a down energyEef2.5x10% erg s, a bipolar magnetic field component at the star
surface of B=4.3x10® G and spin down age = 4.6x10% yr. Soft X-ray emission and pulsation were first detected by
ROSAT HRI (Verbunt et al. 1996; Kuiper et al. 1998) with a puisofile characterized by a sharp main pulse and an
indication of a second peak. Emissionyatays from this pulsar has been marginally detected with EGBn board
GRO with a double peak profile with 3.5 ¢ significance (Kuiper et al. 2000). Recently, Chandra X-rég€vatory
(CXO0) and Rossi X-ray Timing Explorer (RXTE) observationsre able to aligned the X-ray pulse profile with 2 of
the 3 pulses visible at radio-frequencies and with theway pulses detected in EGRET, increasing the significance
of they detection to a 4.9 (Kuiper et al. 2002).

The BeppoSAX observation of the 2.3 millisecond pulsar P@R.8+4232 provided for the first time detailed
information on the pulsar's temporal and spectral propertver the broad energy band 1.6-10 keV (Mineo et al.
2000). Pulsed emission was detected in the MECS energy Ha&d1Q keV) with a significance of 68 at the
frequency extrapolated from radio ephemeris. Figure 4 shhe light curves in the energy bins 1.6-4 keV and 4-10
keV resulting from folding all MECS events with a phase rasoh of 18 bins ¢ 0.13 ms). The pulse profiles in the
MECS ranges are characterized by a double peak structuneawd#lative phase separation of 0705. The MECS
background level, determined from the spatial analysisdi&cated with a dashed line.

In the same figure (top panel) the ROSAT (0.1-2.4 keV) proKlgiger et al. 1998) is shown, shifted in phase
to obtain the highest peak coincident with the most sigmticae in the MECS softer light curve (middle panel).

These profiles clearly show a change of the relative peaksiites. The peak at phase 0.8 is stronger in the low
energy histograms (top and middle panels), while that asgBa3, which is not prominent in the ROSAT low energy
phase histogram, becomes the dominant feature above 5 k&drtbpanel). This behaviour reminds the/PP4 ratio
observed in the Crab light curve at higher energies. Thelsagwcomponent determined by applying the bootstrap
method (Swanepoel et al. 1996) is shown as shaded area hrexdl panels of Figure 4. Notice that, while in the
ROSAT profile a DC component is apparent above the backgrtawed, the same does not hold for the 4-10 keV
profile, where the background level is consistent with thierigity measured in the valleys of the light curve. In the
intermediate energy profile there is evidence for a DC corapbbut its intensity is not as high as in the ROSAT
profile. Such &ect can be interpreted as the presence of a quite soft udpersission.

The pulsed emission is well modeled with a power—law, atesbdi low energy by the galactic column density
with Ny of 5x107° cm 2 (see Verbunt et al. 1996). The measured photon index ist0.82 harder than for any
other isolated pulsar. Spectra for the pulses P1 and P2 weerétéed with power-law models with spectral indices of
0.84 + 0.35 and M2 + 0.36, respectively, in agreement with the trend seen in Fi§urehe unabsorbed (2—10 keV)
pulsed flux is 4.¥10713 erg cnt? s~ implying a luminosity ofLy = 1.3 x 10°2® (d/5.7 kpcy erg s, where® is
the solid angle spanned by the emission beam.
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Fig. 5. PSR B1937+21 phase histograms: 1.6-10 keV (top panel), 1.6—4 (middle panel) and 4-10 keV (bottom
panel). The shaded areas indicate the DC level (+107), while the dashed lines indicate the background level.

PSR B1937+21

PSR B193%#21, the fastest known millisecond pulsas(®558 ms), is located at a distance of 3.6 kpc as based
on dispersion measure (Taylor & Cordes 1993). Its spin davengy isE=1.1x10% erg s and the dipolar magnetic
field component at the star surface is81x10 G.

It was discovered in radio by Backer et al. (1982). X—ray ainis from this pulsar was first detected by ASCA
(Takahashi et al. 2001) above 2 keV, with a pulse profile dtarized by a single sharply peak and a pulsed fraction
of 44%. ASCA data allowed to aligned the X-ray peak to theoaulierpeak.

BeppoSAX detected pulsed emission from PSR B%237(Nicastro et al. 2002), the fastest known millisecond
pulsar (1.55 ms). Pulsed emission was detected in the ME@§(1L.6—10 keV) with a significance of tlat a fre-
quency deviating from that extrapolated from the radio epdrés by~ —7.6x10°® Hz. This discrepancy is consistent
with a systematic frequency error characteric for the tgrpmecision of the BeppoSAX clock for observation later
than 2000 (Mineo et al. 2003). Figure 5 shows the X-ray putsélps for the whole MECS range (top panel) and for
two energy sub-intervals 1.6—4 (middle panel) and 4-10 k#t¢m panel). The pulse profile is characterized by a
double peak with a phase separation df83- 0.04. The significance of the second peak, first detected by @®4N,
is about 5. The comparison of the middle and bottom panels in Figuradicates a hint for variations in the ratio
of the two peaks. The unpulsed level determined by apphhedibotstrap method and the background level derived
from a spatial analysis are also shown in Figure 6. The DA Isveompatible with the background level implying
that the source is consistent with being 100% pulsed.

The pulsed emission was modeled by an absorbed power lawawgitioton index of 1.660.07 andNy of
2.3x 10%? cm™2. The absorbed flux (2-10 keV) is13< 10713 erg cnT? s~ implying a luminosity ofLx = 4.6x10°1®
(d/3.6 kpcY erg st and an X-ray #iiciency ofy = 4x 107°@.
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Fig. 6. PSR B1821-24 phase histogram: 1.6-10 keV (top panel), 1.6—4 (middle panel) and 4-10 keV (bottom
panel). The shaded areas indicate the DC level (+10), while the dashed lines indicate the background level.

PSR B1821-24

PSR B182%24 is an isolated millisecond radio pulsar discovered inctire of the globular cluster M28 (Lyne
et al. 1987) with high spin-down luminositE€2.2¢<10%¢ erg s1). It has a spin down period of#3.05 ms and
the dipolar magnetic field component at the star surface=2.B<10° G. A marginal detection of X-ray pulsation
was first reported by Danner, Kulkarni and Thorsett (199dinfla ROSAT (PSPC) observation. A more significant
detection was performed by ASCA (Saito et al. 1997). Theepl®file is characterized by a double peak with a
phase separation of about 0.44. RXTE and Chandra obsarsalmwed to aligned the narrower X-ray peak to one
of the radio peak (Rots et al. 1998; Rutledge et al. 2003).eldheer, Chandra data provided detailed spectral results
on the pulsed emission (Becker et al. 2002).

BeppoSAX observation of PSR B1821-24 has provided morerateinformation on the timing and spectral
properties of the pulsar. The pulsation in the MECS randge+1.0 keV) was detected at high significance leveld)5
at a frequency in agreement with the radio ephemeris witlérsyystematic deviation of the onboard clock (Mineo et
al. 2003). Figure 6 shows the X-ray pulse profile in the tot&l@®& range (top panel) and in two energy sub-intervals
1.6-4 (middle panel) and 4-10 keV (bottom panel). The shadeas indicate the DC levet{o), while the dashed
lines indicate the background level. Note that the DC lekels in the figure includes the contribution of the M28
globular cluster in which the pulsar is located. Also fosthiillisecond the pulse profile is characterized by a double
peak structure with phase separation of @@93. A hint for variation in the ratio of the two peaks witheegy can
be inferred comparing the middle panel with the bottom pah€&igure 6.

The pulsed emission is well modeled with a power—law, alexbidet low energy by the galactic column den-
sity with Ny of 2.8x10%° cm™2 and spectral index of 1.4%.21. The unabsorbed (2—10 keV) pulsed X-ray flux is
3.9x10713 erg cnT? s~ implying a luminosity ofLy = 1.4 x 1033 @ (d/5.5 kpcy erg st



CONCLUSION

On the basis of high quality BeppoSAX data, covering nedmige orders of magnitude in energy (0.1-300 keV)
we have showed that the energy spectra of the most intengeliKegoulsars can not be described by a single power
lawn shape, but they show a significant steepening towaglehienergies. In fact, modeling the spectra of Crab,
finely selected in phase, with a simple power law we obtairtextgn indices significantly increasing with the energy
window of the NFIs. A similar result was also obtained for FEBE509-58. Broad band spectra of three phase intervals
of the Crab light curve (P1,P2 and IP) and of the pulsed eorissi PSR B1509-58 can be well modeled by a curved
power law, Eq. (1), characterized by a continuously bendinpe spectral energy distribution. Recently, De Plaa et
al. (2003) found, analyzing a set of RXTE observations, B&R B0540-69 shows a similar spectral behaviour. The
b parameter, representing the curvature of the spectraildison, has been found to be similar, equad.15 for all
spectra. We stress that this new result has been obtainethiuks to the broad band capability of BeppoSAX and
the excellent inter-calibration among the 4 Instruments.

Such curved spectra suggest the existence of a possibectéEstic energy, for instance the peak of the Spectral
Energy Distribution (SED). In the scenario of the outer gapdei (Cheng et al. 1986a, 1986b) the energy of the
maximum of the SED could be easily related, at least for tiisd Crab-like pulsars, by a simple scaling law to some
observable pulsar parameters as the period and its firsatiee (Cusumano et al. 2001):

(Em/Emc) = (P/Pc)®¥40(P/Pc)t40
~ (P/Pc)"*(P/Pc)** . (2)

where the index C refers to the Crab values. The maximum dsEi@ has been calculated for the Crab to be 14 keV
and 200 keV for the P1 and Ip region, respectively, for PSRB158 a higher value around 5 MeV (Cusumano et al
2001), and for PSR B0540-69 the maximum is located arouncké&VY0

The above scaling relation of the energy of the maximum o&SE® of PSR B1509-58 and PSR B0540-69 with
respect the maximum for the Crab matches quite well whengbetsim of the Crab interpeak region is considered,
while it is about one order of magnitude lower for that of thistfpeak of Crab. This suggests a similar mechanism of
energy production for the X-ray emission of the PSR B1509P&R B0540-69 and for the Crab interpeak component
that correspond to the second component of the light curtteeimodel proposed by Massaro et al. (2000).

Pulsed emission has been detected in the range 1.6-10 ketWid@ millisecond pulsars. All detected light
curves have double peak profiles with high pulsed fractiahwith a phase separation of about 0.5. PSR J62282
shows spectral variation with phase: the relative intgngfitthe two peaks varies with energy with a behaviour that
strongly recalls the Crab pulsar. Similar behaviour sedsts@esent in the other two milliseconds (PSR B1o&7
and PSR B1821-24), although it needs to be confirmed witlréutuore significant data set. The pulsed emission
of these milliseconds is modeled by a flat power law indigatinlikely non-thermal emission. The X-ray profile
morphology and the hard non-thermal spectra suggest aasimdgnetospheric origin of the high-energy emission of
these millisecond pulsars and the Crab. The comparisonQvib is additionally enforced by the similar values of
the magnetic field at the light cylinder as already pointedbyuKuiper et al. (1998) and Kawai and Saito (1999): the
magnetic field strengtB, of PSR J02184232, PSR B1821-243 and PSR B1921 is in the range of 3 and 10
10° Gauss, and that of the Crab is<91(° Gauss. On the other hand, the magnetic field strength at titeonestar
surfaceBs of the millisecond pulsars is more than 4 order of magnitudaker than the Crab one.

The similar value 0B, seen in these millisecond pulsars and in the Crab suggedhthmagnetic field strength
near the light cylinder is a key parameter to explain theghlenergy emission, indicating as likely model for the high
energy emission the outer gap model. However, the polar capasio can also account for high-energy emission
from these milliseconds pulsars (Luo, Shibata and Melr@@®2Dyks and Rudak 2002).
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