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Abstract—We discuss the correlations between the luminosities of radio pulsars in various frequency
ranges and the magnetic fields on the light cylinder. These correlations suggest that the observed emission
is generated in outer layers of the pulsar magnetospheres by the synchrotron mechanism. To calculate
the distribution functions of the relativistic particles in the generation region, we use a model of quasi-
linear interactions between the waves excited by cyclotron instability and particles of the primary beam
and the secondary electron–positron plasma. We derive a formula for calculating the X-ray luminosity Lx

of radio pulsars. A strong correlation was found between Lx and the parameter Ṗ−15/P
3.5, where P

is the neutron-star rotation period, in close agreement with this formula. The latter makes it possible
to predict the detection of X-ray emission from more than a hundred (114) known radio pulsars. We
show that the Lorentz factors of the secondary particles are small (γp = 1.5–8.5), implying that the
magnetic field near the neutron-star surface in these objects is multipolar. It follows from our model
that almost all of the millisecond pulsars must emit X-ray synchrotron radiation. This conclusion differs
from predictions of other models and can be used to test the theory under consideration. The list of
potential X-ray radiators presented here can be used to search for X-ray sources with existing instruments.
c© 2003 MAIK “Nauka/Interperiodica”.
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1. INTRODUCTION

By now, X-ray emission from 41 radio pulsars has
been detected by space telescopes (Possenti et al.
2002). Many attempts have been made to find corre-
lations between the X-ray luminosities Lx and other
parameters of these objects. In particular, a posi-
tive correlation was found between Lx and the rate
of rotational energy losses Ėr = IΩΩ̇ (Becker and
Trümper 1997). Here, Ω is the angular velocity of the
neutron star and I is its moment of inertia. Malov and
Malov (1995) showed that the integrated radio lumi-
nosity of the pulsars Lr also increased with increas-

ing Ėr (Lr ∝ Ė
1/3
r ∝ Ṗ 1/3P−1). Such correlations

seem quite natural, because the rotational energy of
radio pulsars is believed to be the primary energy
source for all types of their emission, although the
exact dependence of L on Ėr is still unknown. Thus,
Possenti et al. (2002) showed that Lx ∝ Ė1.34 ∝
Ṗ 1.34P−4. The dependence L(Ėr) will probably differ
for different samples, and wewill not consider it below.

There are two points of view on the localization of
the region where the X-ray emission of radio pulsars
is generated. One group of authors (e.g., Zhang and

*E-mail: malov@prao.psn.ru
1063-7737/03/2908-0502$24.00 c©
Harding 2000) believe that this region is located in
the acceleration zone, near the neutron-star surface.
Other authors (e.g., Romani and Yadigaroglu 1994)
assume that the hard (X-ray and gamma-ray) emis-
sion originates in the outer gap, on the periphery of
the magnetosphere. In our papers (Malov and Mach-
abeli 1999, 2001, 2002; Malov 2001b), we showed
that the optical and X-ray emissions of radio pulsars
must be generated in the outer layers of the magneto-
sphere, near the light cylinder, and there is no need to
postulate an outer gap and an additional acceleration
of relativistic particles.

Here, we once again discuss arguments for the
generation of hard emission at large distances from
the surface of a neutron star by the synchrotron
mechanism (Section 2) and describe our synchrotron
model (Section 3). Subsequently, we consider the
possibilities for detecting X-ray emission from a
number of known radio pulsars (Section 4) and
summarize our main results (Section 5).

2. ARGUMENTS FOR THE SYNCHROTRON
MODEL

Shortly after the detection of optical emission from
the Crab pulsar, Shklovsky (1970) and Pacini (1971)
2003 MAIK “Nauka/Interperiodica”
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Fig. 1. The relationship between the radio luminosity of
pulsars and the magnetic field at the light cylinder.

put forward the idea of using the synchrotron mecha-
nism to explain this emission. They assumed that the
generation region was located near the light cylinder
(r ∼ RLC = c/Ω). Subsequently, a number of authors
(Zheleznyakov 1971; Smith 1973; Ferguson 1981)
suggested that the radiation from radio pulsars in
all wavelength ranges was generated near the light
cylinder. This extreme point of view was later trans-
formed into the hypothesis of two types of pulsars
(Malov and Suleymanova 1982; Malov 1987). Pul-
sars with long periods (P = Ω/2π ∼ 1 s) and with
the generation of radio emission inside the magne-
tosphere at distances r � RLC by the curvature ra-
diation mechanism are objects of the first type. Pul-
sars with short periods (P � 0.1 s) belong to the
second group of objects. The observed radiation is
generated in these objects near the light cylinder by
the synchrotron mechanism. Pulsars with interme-
diate periods can show properties characteristic of
both types. There are various pieces of evidence for
this division of radio pulsars (see, e.g., Malov 1997).
However, in our view, the most convincing argument
for this hypothesis is the high correlation between the
integrated radio luminosity Lr and the magnetic field
on the light cylinder BLC (Malov 1999) (Fig. 1).

A strong argument for the generation of the entire
observed emission in the same region is the simi-
larity of the pulse profiles for the Crab pulsar PSR
B0531+21 in all wavelength ranges, from radio to
gamma rays (Smith 1977). Another argument for
the localization of this region on the light cylinder is
the high correlation between the optical luminosity
of radio pulsars and the magnetic field BLC (Shearer
et al. 2000) (Fig. 2).
ASTRONOMY LETTERS Vol. 29 No. 8 2003
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Fig. 2. The relationship between the optical luminosity of
radio pulsars and themagnetic fieldBLC (the diagramwas
taken from the paper of Shearer et al. 2000).

It is interesting to look at the dependence
Lx(BLC). Using data for 41 pulsars (Possenti et
al. 2002), we obtain the following relationship be-
tween Lx (2–10 keV) and BLC (Fig. 3):

logLx(erg s−1) = (1.61 ± 0.27) logBLC(G) (1)

+ 24.94 ± 1.25

with the correlation coefficient k = 0.69 ± 0.12. This
correlation shows that the X-ray emission of radio
pulsars is also generated near the light cylinder.

The calculations of the magnetic field at the light
cylinder were carried out by assuming a dipole field
structure in the entire pulsar magnetosphere:

BLC = Bs

(
R∗
RLC

)3

=
(

2πR∗
c

)3 Bs
P 3

, (2)

where R∗ is the neutron-star radius, or for the mag-
netodipole model of neutron-star braking:

BLC = 5.9 × 108

(
Ṗ

P 5

)1/2

G. (3)

It should be emphasized that relation (1) must be
corrected with an allowance made for two factors.
First, it is necessary to subtract the part associated
with the thermal radiation of the neutron-star surface
from the observed flux to calculate the nonthermal
(synchrotron) luminosity. Second, we should take
into account the fact that the angles β between the
rotation axes and the magnetic moments µµµ of pulsars
can be different. In this case, it is necessary to use
B = BLC sin3 β (Fig. 4) instead of BLC. It is hoped
that an allowance for these two factors will lead to a
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Fig. 3. The observed relationship between the X-ray lu-
minosity of radio pulsars and the magnetic field at the
light cylinder.

higher correlation between log Lx and logBLC. Note
that five radio pulsars with detected optical signals
are simultaneously X-ray sources. This implies that
their optical radiation is related to the tail of higher-
energy emission, and the correlations Lx(BLC) and
Lopt(BLC)may not be independent.

The relationships shown in Figs. 1–3 allow us
to use the synchrotron model to explain the obser-
vational data. This model is described in the next
section.

3. DESCRIPTION OF THE MODEL

The total power of the synchrotron radiation emit-
ted by a single electron is given by the expression
(Pacholczyk 1970)

p =
2e4B2γ2 sin2 ψ

3m2c3
. (4)

Therefore, the synchrotron luminosity of any ob-
ject depends on the distribution of the emitting par-
ticles in energy ε (or Lorentz factor γ = ε/mc2), on
their pitch angles ψ (the angle between the particle
velocity and the magnetic field), and on the magnetic
field strength in the region where the radiation is
generated. The distribution function shown in Fig. 5
is formed near the neutron-star surface (Arons 1981).

Here, γb characterizes the primary beam, and γp
and γt characterize the secondary plasma. This func-
tion is one-dimensional, because any transverse mo-
mentum is lost by synchrotron radiation in less than
10−15 s. However, an anisotropic plasma is unstable
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Fig. 4. The scheme to explain the decrease of the mag-
netic field strength in the generation region.

(Sagdeev and Shafranov 1960) and certain types of
waves will be excited. Their interaction with particles
can give rise to appreciable pitch angles of the parti-
cles at sufficiently large distances from the neutron-
star surface. Malov and Machabeli (2002) analyzed
the steady-state kinetic equation

∂

∂p||

{[
αsψ

2
0

( p||
mc

)2
+ αc

( p||
mc

)4
(5)

−2π2ψ0
mc

p||
reωknk

]
f||

}
= 0,

where αs = 2e2ω2
B/(3c

2), αc = 2e2/(3ρ2), ρ is the
radius of curvature of the magnetic field lines, ωB =
eB/(mc) is the cyclotron frequency, nk is the num-
ber of plasmons, and re = e2/(mc2) is the electron
radius. They took into account the quasi-linear dif-
fusion and the braking forces produced by the syn-
chrotron and curvature radiations.

The solution of Eq. (5) can be sought in the form
f(p) = χ(ψ)f(p).

If the cyclotron resonance is associated with the beam
particles, then the distribution functions are

χ(ψ) = C1e
−A1ψ2

, f|| ∝ γ−4. (6)

If the particles of the high-energy tail of the seconda-
ry-plasma distribution play a leading role, then the
corresponding distribution functions at large dis-
tances from the neutron-star surface will be

χ(ψ) = C2e
−A2ψ4

, (7)
ASTRONOMY LETTERS Vol. 29 No. 8 2003
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Fig. 5. The distribution function of relativistic particles in
the pulsar magnetosphere.

f
(1)
|| ∝ γ, f

(2)
|| ∝ γ−2. (8)

In formulas (6) and (7), A1, A2, C1, and C2 are con-
stants. These distributions make it possible to calcu-
late the synchrotron spectra. In particular, if γb ∼ 106,
γp ∼ 10, and γt ∼ 105, then the maximum frequency
for PSR B0656+14 should be 7.5 × 1016 Hz (∼0.5
keV) (Malov and Machabeli 2002), which is con-
sistent with observations (Koptsevich et al. 2001).
According to dependence (8), the intensity slowly
decreases at high frequencies as ν−0.5.

Malov and Machabeli (2002) gave a formula for
the synchrotron luminosity of radio pulsars:

L =
π2e4IγrṖψ

2B2

4m3c5P 2
, (9)

where γr is the Lorenz factor of the resonant particles.
Here, we assume that the synchrotron radiation em-
anates from the part of the torus that is on the light
cylinder and that one-half of the rotational energy
losses is transferred by emitting particles. The high-
energy tail particles (γr = γt) mainly contribute to the
luminosity, and much of the radiation is emitted in the
X-ray range. In this case, themean Lorentz factor can
be estimated from distribution (7); for

A2 =
4e6

3π3m5c7
B4P 3γ4

pγ
2
r

γ3
b

it is equal to (Malov and Machabeli 2002)

ψ0 ≈ 1
2

(
3π3m5c7γ3

b

4e6B4P 3γ4
pγ

2
r

)1/4

. (10)

The total luminosity can be calculated using the for-
mula

L =
√

3
32

π7/2eIṖ γ
3/2
b

m1/2c3/2P 7/2γ2
p
. (11)

The first detailed model of synchrotron radiation
from a radio pulsar was developed by Zheleznyakov
and Shaposhnikov (1972) for PSR B0531+21. This
ASTRONOMY LETTERS Vol. 29 No. 8 2003
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Fig. 6. The observed dependence of the X-ray luminosity
of radio pulsars on the parameter Ṗ /P 3.5.

model was critically analyzed in our other papers (see,
e.g., Malov and Machabeli 2001). Here, we only em-
phasize that these and other investigators of the syn-
chrotron model arbitrarily assumed the pitch angle to
be ψ ∼ 1. However, ψ � 1 in the magnetospheres of
pulsars (including PSR B0531+21) (Machabeli and
Usov 1989; Malov and Machabeli 2001). Indeed, if
γb = 106, γp = 10, γt = 105,P = 0.1 s, and r = RLC ,
then ψ0 ∼ 10−3.

Formula (11) makes it possible to relate the mea-
sured X-ray luminosity of radio pulsars to the ob-
served parameter Ṗ /P 3.5 if we assume that γ1.5

b /γ2
p =

const. A comparison of Lx and Ṗ /P 3.5 for 41 radio
pulsars gives (Fig. 6)

logLx = (1.32 ± 0.10) log
Ṗ−15

P 7/2
+ 26.12 ± 0.48

(12)

with the correlation coefficient k = 0.91 ± 0.07.
Dependence (11) describes the relationship be-

tween the X-ray luminosity and other parameters of
radio pulsars more accurately than the correlation
Lx −BLC does. This relationship includes no mag-
netic field. This is a fortunate circumstance, because
the magnetic field on the neutron-star surface Bs is
estimated in the magnetodipole model, but it may
be incorrect when there are other pulsar slowdown
mechanisms (Malov 2001a, 2003). Our subsequent
calculations are free from such an uncertainty. In
addition, it is not necessary to take into account any
difference in the angles β for different pulsars in our
model.
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The high correlation coefficient between Lx and
Ṗ /P 3.5 implies that the model under consideration is
correct and that the contribution of thermal radiation
to Lx is basically small.

4. APPLICATIONS AND PREDICTIONS

The coefficient at log Ṗ /P 3.5 in Eq. (12) slightly
differs from unity. If we assume that it is exactly equal
to one, then we can calculate the mean value of the
parameter γ1.5

b /γ2
p for 41 pulsars from relation (11):

logLx = logA+ log
Ṗ−15

P 7/2
. (13)

The most probable value of logA = 27.6 corresponds
to the parameter

γ
3/2
b

γ2
p

= 4.37 × 108. (14)

We obtain γp = 1.5–8.5 for γb = 106–107. Such
Lorentz factors of the secondary plasma can be
achieved if the magnetic field near the neutron-star
surface has a nondipolar structure (Machabeli and
Usov 1989). Indeed, if the radius of curvature of
the magnetic field lines is small (ρ ∼ R∗), then a
large number of curvature and synchrotron photons
are emitted by each primary electron and much
more electron–positron pairs than in the case of a
dipole magnetic field, for which ρ ∼ 108 cm 
 R∗,
are produced. Here, R∗ is the neutron-star radius.
Therefore, the mean energy (Lorentz factor) of the
secondary particles in a multipole field (γp � 10) is
lower than that for a dipole field (γp ∼ 103).

The minimum X-ray flux F in the range 2–10 keV
is 8 × 10−16 erg s−1 cm−2 for the sample of 41 pul-
sars under consideration. Using this value, we can
predict the detection of X-ray emission from other
radio pulsars in the catalogues of Taylor et al. (1995),
Manchester et al. (2001), and Morris et al. (2002).
We obtain from formulas (11) and (14)

F =
L

4πd2
=

√
3π5/2eIṖ γ

3/2
b

128m1/2c3/2P 7/2γ2
pd

2
(15)

= 3.34 × 10−17 Ṗ−15

P 7/2d2
kpc

,

which corresponds to the condition

η =
Ṗ−15

P 7/2d2
kpc

≥ 24. (16)

The table lists the pulsars for which condition (16)
is satisfied.We see that one might expect X-ray emis-
sion to be detected from more than 100 objects with
the current sensitivity. For completeness, we also in-
cluded pulsars with measured X-ray fluxes (Possenti
et al. 2002) in the table. They are marked by aster-
isks. The expected fluxes F were also calculated for
them using formula (15). This formula makes it pos-
sible to predict the detection of X-ray emission from
newly discovered radio pulsars using their periods, the
derivatives of the periods, and the distances.

5. DISCUSSION AND CONCLUSIONS

The table shows that almost all of the known
millisecond radio pulsars must be X-ray emitters. The
very low values of Ṗ for these objects are offset by
the smallness of the factor P 3.5. Zhang and Hard-
ing (2000) concluded that the pulsed X-ray emission
from most of the millisecond pulsars had a thermal
nature. Future observations of these sources will al-
low the choice of a correct model to be made.

Below, we summarize our main results.
(1) We gave several arguments for the synchrotron

model of X-ray emission from radio pulsars. A corre-
lation was found between the X-ray luminosity and
the magnetic field on the light cylinder, suggesting
the generation of X-ray emission from these objects
near the light cylinder.

(2) We briefly described a model for the forma-
tion of the electron-distribution function. This model
is based on a quasi-linear interaction of the waves
excited by the cyclotron instability in the magneto-
sphere with particles of the primary beam and the tail
of the secondary plasma. A formula was derived to
calculate the X-ray luminosity Lx of radio pulsars.

(3) We found a high correlation between Lx and
the parameter Ṗ−15/P

3.5 (the correlation coefficient
is k = 0.91± 0.07). This correlationmakes it possible
to predict the detection of an X-ray flux from known
and newly discovered radio pulsars.

(4) We gave a list of 114 objects whose X-ray
emission can be detected at the current instrument
sensitivity. If the search is successful, the number of
radio pulsars with measured X-ray fluxes will at least
double.

(5) We showed that the Lorentz factors at the
maximum of the secondary-plasma distribution func-
tion lie within a very narrow range, γp = 1.5–8.5.
This result implies that the magnetic field near the
neutron-star surface is multipolar.

(6) The suggested model can be tested by search-
ing for the predicted X-ray fluxes from the radio pul-
sars listed in the paper. In particular, synchrotron
X-ray radiation must be detected from most of the
known millisecond pulsars. This prediction is a cru-
cial test that makes it possible to discriminate be-
tween the model under consideration and the model
ASTRONOMY LETTERS Vol. 29 No. 8 2003
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Table

No. PSR log η − logF No. PSR log η − logF

1 J0024−0534 4.38 12.10 41∗ J1119−6127 <3.57 <12.91

2∗ J0030+0451 4.37 12.11 42∗ J1124−5916 4.55 11.93

3 B0053+47 1.69 14.79 43 B1133+16 1.45 15.03

4∗ B0114+58 <3.59 <12.89 44 B1133−55 1.62 14.86

5 B0136+57 2.09 14.39 45 J1138−6207 1.57 14.91

6∗ J0205+6449 5.59 10.89 46 B1143−60 1.39 15.09

7∗ J0218+4232 3.56 12.92 47 B1257+12 8.19 8.29

8∗ B0355+54 2.84 13.64 48 B1259−63 3.65 12.83

9∗ J0437−4715 2.52 13.96 49 J1301−6305 2.59 13.89

10 B0450+55 2.21 14.27 50 B1317−53 1.65 14.83

11∗ B0531+21 7.21 9.27 51 B1336−64 1.61 14.87

12∗ J0537−6910 4.63 11.85 52 B1338−62 3.03 13.45

13∗ J0538+2817 3.02 13.46 53 B1356−60 2.39 14.09

14∗ B0540−69 3.85 12.63 54 J1406−6121 2.17 14.31

15 B0540+23 2.22 14.26 55 J1412−6145 1.81 14.67

16 J0613−0200 3.20 13.28 56∗ J1420−6048 5.40 11.08

17 B0611+22 2.14 14.34 57∗ J1435−6100 1.43 15.05

18 J0631+1036 2.28 14.20 58 B1449−64 2.52 13.96

19∗ B0633+17 4.85 11.63 59 B1508−57 1.78 14.70

20∗ B0656+14 3.44 13.04 60∗ B1509−58 4.77 11.71

21 J0729−1448 2.88 13.60 61 B1516+02A 1.98 14.50

22 B0740−28 3.39 13.09 62 J1530−5327 2.26 14.22

23∗ J0751+1807 2.90 13.58 63 B1534+12 2.70 13.78

24∗ B0823+26 2.04 14.44 64 B1535−56 1.63 14.85

25∗ B0833−45 6.38 10.10 65 J1548−5607 2.03 14.45

26 J0901−4624 1.43 15.05 66 B1556−44 1.65 14.83

27 B0905−51 1.51 14.97 67 B1557−50 1.61 14.87

28 B0906−17 1.61 14.87 68 J1601−5335 2.48 14.00

29 B0906−49 2.94 13.54 69 B1607−52 2.56 13.92

30 B0919+06 <1.47 <15.01 70 B1610−50 3.19 13.29

31 J0940−5428 3.95 12.53 71∗ J1617−5055 4.88 11.60

32∗ B0950+08 3.29 13.19 72 B1620−26 3.24 13.24

33∗ J1012+5307 3.71 12.77 73 B1634−45 2.57 13.91

34∗ J1016−5819 2.22 14.26 74 J1640+2224 3.07 13.41

35∗ J1024−0719 3.39 13.09 75 J1643−1224 <2.32 <14.16

36 J1045−4509 1.70 14.78 76 B1643−43 2.60 13.88

37∗ B1046−58 4.21 12.27 77 B1702−19 2.31 14.17

38∗ B1055−52 2.87 13.61 78∗ B1706−44 4.92 11.56

39∗ J1105−6107 3.71 12.77 79 J1713+0747 3.04 13.44

40 J1112−6103 <2.70 <13.78 80 B1718−35 1.73 14.75
ASTRONOMY LETTERS Vol. 29 No. 8 2003
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Table (Contd.)

No. PSR log η − logF No. PSR log η − logF

81 J1718−3825 3.25 13.23 119 J1839−0321 1.60 14.88

82 B1719−37 2.43 14.05 120 J1841−0348 2.93 13.55

83 J1723−3659 2.06 14.42 121 B1841− 05 1.48 15.00

84 B1727−33 3.67 12.81 122 B1842−04 2.00 14.48

85 J1730−2304 3.18 13.30 123 B1844−04 1.50 14.98

86 B1730−37 1.75 14.73 124∗ J1846−0258 3.01 13.47

87 B1734−35 1.48 15.00 125 J1849−0317 1.45 15.03

88 B1736−29 1.60 14.88 126 J1853+0056 2.10 14.38

89 B1737−30 2.39 14.09 127∗ B1853+01 3.29 13.19

90 J1737−3137 1.83 14.65 128 B1855+09 3.29 13.19

91 J1738−2955 1.98 14.50 129 J1900+0227 2.00 14.48

92 J1739−3023 3.29 13.19 130 J1908+0734 2.75 13.73

93 B1742−30 1.92 14.56 131 J1909+0912 2.01 14.47

94 J1743−3153 1.72 14.76 132 J1913+0832 1.93 14.55

95∗ J1744−1134 4.11 12.37 133 J1913+1011 4.27 12.21

96 B1749−28 1.41 15.07 134 B1914+09 1.47 15.01

97 B1754−24 2.23 14.25 135 B1915+13 2.12 14.36

98∗ B1757−24 3.87 12.61 136 B1916+14 1.69 14.79

99∗ B1800−21 3.99 12.49 137 J1918+1541 2.25 14.23

100 B1802−07 1.43 15.05 138∗ B1929+10 3.86 12.62

101 J1809−1917 4.06 12.42 139 B1930+22 2.72 13.76

102∗ J1811−1926 4.02 12.46 140∗ B1937+21 4.73 11.75

103 B1820−30A 3.65 12.83 141∗ B1951+32 4.88 11.60

104 B1820−31 1.94 14.54 142 B1953+29 1.74 14.74

105∗ B1821−19 1.82 14.66 143 B1957+20 4.63 11.85

106 B1821−24 4.53 11.95 144 J2010+2425 3.36 13.12

107 B1822−09 2.11 14.37 145 B2020+28 1.68 14.80

108 B1822−14 1.83 14.65 146 B2022+50 1.39 15.09

109∗ B1823−13 4.13 12.35 147 J2043+2740 3.59 12.89

110 B1828−10 2.03 14.45 148 B2127+11E 2.41 14.07

111 J1828−1101 3.45 13.03 149 B2127+11F 1.89 14.59

112 B1830−08 3.20 13.28 150∗ J2124−3358 4.39 12.09

113 B1832−06 1.80 14.68 151 J2229+2643 2.81 13.67

114 J1835−1020 1.76 14.72 152∗ J2229+6114 5.44 11.04

115 J1837−0559 1.56 14.92 153 J2317+1439 2.45 14.03

116 J1837−0604 3.63 12.85 154 J2322+2057 3.32 13.16

117 B1838−04 1.94 14.54 155∗ B2334+61 2.57 13.91

118 J1838−0453 1.70 14.78
∗ Pulsars with measured X-ray fluxes (Possenti et al. 2002).
ASTRONOMY LETTERS Vol. 29 No. 8 2003



ON THE MECHANISM OF X-RAY EMISSION 509
for the generation of X-ray emission from these ob-
jects by the thermal mechanism near the neutron-star
surface.
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