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Abstract. A new death line for radio pulsars is presented in this pa-
per within the framework of vacuum gap and inverse Compton scatter-
ing (ICS) induced pair production process. The 8.5s period pulsar PSR
J2144-3933 is located above the death line without any additional as-
sumptions. An "appearance line" instead of the so-called "Hubble line" ,
is also presented in this paper. Both of those two lines fit observations
well.

1. Introduction

Recently a long period (P = 8.51s) radio pulsar PSR J2144-3933 has been
observed (Young et aI., 1999). For a given magnetic configuration, one can define
a so-called "death line" in the P - P diagram (p, the pulsar spin down rate).
Above the line one can observe radio pulsars in this region, which is called "radio-
loud" region. All previously known pulsars are located at the radio-loud region.
Under the line no one can observe radio pulsars at all (radio-quiet). Since PSR
J2144-3933 lies at the place where it seems to be out of the radio-loud region, the
authors of the discovery pointed out that under the usual model assumptions, its
pulsed emission could not be observed at radio wavelength. Therefore either the
model assumptions were wrong, or current theories of radio emission should be
revised. After the discovery, Zhang et al. (1999) re-investigated the radio pulsar
death line within the framework of two different types of polar cap acceleration
models. They found that the long period pulsar could be radio loud under ICS
induced space-charge-limited flow model. Gil & Mitra (2001) argued that the
formation of vacuum gaps require a complicated surface magnetic field. Here we
present a new death line under the framework of vacuum inner gap model and
ICS induced pair production under the dipole magnetic configuration.

2. Potential drop and acceleration in the inner gap

Any theoretical model of radio pulsars should have a mechanism to accelerate
the particles to a relativistic velocity. The equations in the inner gap model
used here are as follows.

Potential drop in the inner gap. In the inner vacuum gap model,
there is a strong electric field parallel to the magnetic field lines. The particles
produced through, - B process in the gap can be accelerated and get very high
energy ( e.g. "t '>' 106 ) . The potential across the gap is V = n: h2 , where n is
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the angular frequency of the neutron star; h the gap height; B, c represent the
magnetic field at the surface of the neutron star and light speed respectively. As
h increases and approaches rp , the potential drop along a field line traversing
the gap can reach a maximum value (Ruderman & Surtherland 1975, here after
RS75)

(1)

where rp is the radius of the polar cap.
Acceleration in the inner gap. With acceleration by the electric field,

particles produced in the gap can be accelerated and the Lorentz factor can be
very high, namely, == e6~, where me is the mass of an electron or positron, e

flee

the electric charge of an electron.

3. The death line of radio pulsars

In the inner gap model, -y-rays process plays a very important role. Three
conditions should be satisfied at the same time for pair productions: (a) to
produce high energy -y-rays, a strong enough potential drop should be reached;
(b) the component of ,-rays perpendicular to the magnetic field must satisfy
E"'(,1- ~ 2mec

2
; (c) for pair production, usually the, - B process dominates

other processes (Zhang & Qiao 1998). With these criterions the death line will
be re-investigated below.

Pair production in dipole magnetic field configuration and the
death line. In, - B process, the mean photon free path in strong magnetic
field is given by (Erber 1966):

4.4 ti B q 4
l == ~/f:;. --B exp (-3 ), (X« 1)

e nc m-c -.l X
(2)

(3)
_ E"'( . B E"'( B1-

X == --2 sln(}- == --2-·
2m ec ts, 2mec B q

Here Bq == 4.414 x 1013Guass is the critical magnetic field, 1i the Planck's con-
stant. B 1- is the magnetic field perpendicular to the moving direction of ,
photons, which can be expressed as Bl- ~ !!B ~ IB (RS75). Here h is the

p p
height of the gap, l ~ h is assumed as the condition for the sparks to be pro-
duced, p is curvature radius of the magnetic field lines. For dipole magnetic
configuration, it is p ~ ~(ARc/n)1/2 (Zhang et al. 1997). Here, A is a parameter
to define the field lines, A == 1 corresponds to the "last opening field" line. In
the IeS process, the energy of gamma-rays is E, ~ 2,2;"w(l - f3 cos (}i), where
f3 == ~, , == (1_/312)1/ 2 ' V is the speed of particles, (}i the incident angle of the

incoming photons. F9r dipole magnetic field, the magnetic field can be written
as B == 3.2 x 1019(P P )1/2Guass. From the equations above we have

Ap3.5 p-1.5 == D +! InP -lnP
2 '

(4)
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Figure 1. The "death line" and the "appearance line" on the P - P
diagram for over 1300 pulsars.

where A, D are constants. Here r == Arcsin 2 O. If we take the field line at 0.80p

and l == h == arp == 0.5rp , we get

1.2 x 10-25 p 3.5 p-1.5 == 60.5 + In P - 2ln P. (5)

With the Eq.(5), one can get a so-called death line in Fig.1. Above the line,
neutron stars should be radio-loud; below the line, neutron stars should be radio-
quiet. The death line in Fig.1 can keep all observed pulsars, including the 8.5s
pulsar, in the radio-loud region. If we adopt l == h == 0.8rp , the corresponding
line will be parallel to and a little lower than the death line in Fig.1. Both of
them fit observations well.

Pair production through, - B process: multi-pole magnetic field.
For the situation that multi-pole magnetic fields exist near the surface of the
neutron stars, the curvature radius of the magnetic field is p ~ 106cm, we have
ibp3p-15 == 2lnF + InP -lnP, where F, G are constants. With B == 3.2 x
1019(P P )1/2Gauss ("dipole" magnetic configuration) and l == 0.3rp , one can get
1.3 x 10-26 p3 p-1.5 == 68.0+ In P-In P. If we take B == 6.4 X 1019(p p)1/2Gauss
(viz. not "dipole", Shapiro et al. 1983 and Usov et al. 1995) and l == 0.3rp , we
get 1.6 x 10-27 p 3 p-1.5 == 69.4 + In P -In P. The two lines are much lower than
the death line in the Fig.l. For l == 0.5rp and l == 0.8rp , the lines are further
lower.
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4. The "appearance line" of radio pulsars

In the, - B process, the magnetic energy density should be high enough. We
assume that the perpendicular magnetic energy density is not less than the
pair energy density, that is Bi/81f ~ 2mec

2n
ph ' where B 1.. is the component

of the magnetic field perpendicular to the -y-rays, nph is the number density of
photons, that produce pairs in the , - B process. When the temperature is
taken as T == 105k, the photon number density is nph == ;~ (~~)3. We adopt
dipole magnetic configuration and have (for l == 0.5rp )

10gP -logP == -18.7 (6)

The line corresponding to Eq.(6) is shown in Fig.1. When l == 0.8rp , the line
will be lower than that.

5. Conclusion and discussion

It is shown in this paper that the 8.5s radio pulsar can be located at the radio-
loud region under the inner vacuum gap model without any additional assump-
tions. In our analysis, dipole magnetic configuration is used, multi-polar mag-
netic component can more easily make all observed pulsars locate in the radio-
loud region, but it is not necessary. An "appearance line" is also presented in
this paper, which has a clear physical meaning: above the line pair production
process can take place, so pulsars there are radio-loud; under the line the pair
production process can not take place, so neutron stars there are radio-quiet.
Near the place of the "appearance line" a so-called "Hubble Line" can often
be found in the literature, but we doubt its physical meaning because the pul-
sars above the line are considered as "recycled pulsars", both pulsar period and
period derivative are changed in the accretion.
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