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Clues on pulsar characteristics from cosmic-ray and gravitational wave observations
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Abstract: Recent positron and high-energy cosmic-ray observations allow us to set limits on pulsar birthrate and initial
periods. The initial period of pulsars is one of the most important parameters affecting circumpulsar disk formation.
We show that pulsar parameters inferred from cosmic-ray measurements are consistent with the possibility that a large
sample of galactic pulsars is surrounded by disks. Finally, in case of circumpulsar disk precession, we study the emission
of gravitational waves and their possible detection with future space interferometers.
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1 Introduction

Positrons and antiprotons in cosmic rays are expected to
be essentially produced by primary cosmic rays interacting
in the interstellar medium. Observations of these particles
were recently extended up to 100 GeV. While antiproton
measurements are found in agreement with the expected
secondary component in the whole energy range [1, 2, 3],
positrons appear in an increasing excess above 10 GeV [4,
5].
Synchrotron radiation and inverse Compton scattering en-
ergy losses in the interstellar medium limit the source of
electrons and positrons above a few tens of GeV to 1 kpc
from Earth (see for example [6]). The observations of
pulsed γ-ray flux from pulsar magnetosphere might indi-
cate that these last ones are possible sources of positrons in
cosmic rays. We are aware that the details of pulsar physics
are far from being well understood (see for example [7]),
however in a previous paper [8] we have shown that, in
principle, galactic middle aged pulsars could be responsi-
ble for the e+ excess up to 50 GeV. Above this energy, the
most recent PAMELA measurements [5] appear in good a-
greement with our prediction for this experiment [9]. We
show that the e+ excess in the whole energy range is com-
patible with the hypothesis that galactic pulsars within 1
kpc contribute to positron observations near Earth. Under
this assumption, we set a new limit on pulsar birthrate on
the basis of the Pamela experiment observations (see al-
so [10, 11]). It is worthwhile to recall that nearby pulsars
might produce an analogous excess of e+ (see for example
[12, 13]).
Pulsars were proposed as high-energy cosmic-ray accel-
erators as well. Measurements of cosmic-ray spectrum

and composition in the energy range 1015-1018 eV indi-
cate pulsar birthrate and pulsar initial periods compatible
with those inferred from positron measurements [14]. Ini-
tial periods larger than a few tens of milliseconds allow for
disk formation around a large sample of pulsars [15]. We
study here the characteristics of gravitational waves possi-
bly generated by circumpulsar disk precession.

2 Positron excess in cosmic rays

The recent low-uncertainty measurements of the
e+/(e++e−) ratio and absolute electron energy differ-
ential flux [16] published by the PAMELA experiment
allow us to estimate the actual excess of positrons in
cosmic rays up to 100 GeV (dotted curve in figure 1) with
respect to the estimated secondary component according
to Moskalenko and Strong ([17]; dot-dashed line in figure
1). The use of the Moskalenko and Strong calculations
was suggested by the comparison among different sets of
secondary calculations and data [8]. The continuous curve
appearing in figure 1 represents our prediction for the
PAMELA experiment observations assuming that the extra
component of e+ in cosmic rays is essentially produced in
the magnetosphere of middle aged pulsars (see for details
[9]). An average modulation parameter of 550 MV/c was
considered at the time of the PAMELA data taking. The
positron flux was further reduced below a few GeV since
the PAMELA mission occurred during a negative polarity
period (see [18] for details). Our model captures the data
trend quite well. The positron flux in excess with respect
to the secondary component above 10 GeV is best fitted by
the following energy power-law function:
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F (E) = 2.02E−2.64. (1)

We compare the PAMELA e+ excess reported in eq. 1 to
the positron flux excess determined with the most accurate
data gathered in the past years up to 50 GeV [8]:

F (E) = 4.75E−2.86. (2)

The two estimates of the extra positron flux differ between
-30% and less than 1% in the energy range 10-50 GeV
where old data were available. At 100 GeV the difference
is slightly higher than 15%. The PAMELA data show ba-
sically the same trend than the average of the data gathered
before 2007 up to a few tens of GeV and present very small
errors. The different slopes of the two estimated e+ flux-
es, in excess with respect to the secondary component, are
due to the lack of old experimental data above 50 GeV and
data statistical errors. On this basis we find that the upper
limit to the uncertainty on the pulsar birthrate set in [8], 33
years, is of 30%. Therefore, the most recent and accurate
measurements of positrons in cosmic rays indicate a pulsar
birthrate ranging between 23 and 43 years.
The characteristics of the e+ source energy spectrum can
be studied in the case pulsars within 1 kpc contribute to
near-Earth observations. To this purpose, positron energy-
dependent propagation is considered (see [13]). A simple
Green’s function solution to the general nonstationary dif-
fusion equation is obtained for a simple power-law input
spectrum and assuming radiative energy losses (see [6, 19]
and references therein). We have found that the e+ source
spectral index would have assumed values ranging between
1.8 and 2.
For a unique source located at 250 pc distance from Earth,
data are consistent with a source spectrum of:

F (E) = 2.6E−2.01. (3)

Pulsar initial periods of a few tens of milliseconds are as-
sumed in this case [13]. Anisotropies in the arrival direc-
tion of high energy positrons will help in discriminating
between the two hypotheses considered above [13]. We
point out that about the role of nearby pulsars, we have
shown that B0656+14 could have hardly contributed to the
positron excess observed near Earth [20].

3 Characteristics of pulsars as sources of
high-energy cosmic rays

Bednareck and Bartosik [14] calculated the energy spectra
and mass composition of cosmic rays accelerated by the
galactic population of pulsars during the radio and gamma-
ray phase. These authors assumed that a relevant fraction
of the rotational energy of the pulsars is lost in the accel-
eration of iron nuclei extracted from the pulsar surface. It
was shown that their model presented a better agreement

Figure 1: Cosmic-ray positron flux measurements (refer-
ences to data are reported in [8]). The solid line includes
e+ of secondary origin (dot-dashed line) and the expect-
ed pulsar component [9]. The dotted line represents the
positron flux obtained from the PAMELA data trend above
10 GeV after subtraction of the secondary component.

with both cosmic-ray observed spectrum and mass compo-
sition between a few×1015 eV and a few×1018 eV assum-
ing for pulsar initial periods and magnetic fields gaussian
distributions with average values of 400 ms and 2×1012

G, respectively. Analogous results were obtained by Giller
and Lipski [21]. The pulsar initial period is the parameter
that affects most circumpulsar disk formation. In the next
Sections we evaluate the consequences of these large val-
ues for the pulsar initial periods on the formation of disks
in a very large fraction of pulsars.
Bednareck and Bartosik [14] found that the efficiency in ac-
celerating iron nuclei lies in the range 0.2-1.0 assuming a
pulsar birthrate of 1 pulsar born every 120 years. A smaller
efficiency would imply a higher pulsar birthrate. Therefore
the hypotheses of positron and high-energy cosmic-ray o-
rigin from pulsars lead to consistent estimates of the pulsar
birthrate.

4 Circumpulsar disk formation

Circumpulsar disk formation is discussed in detail in Cur-
rie and Hansen [22]. We recall that metal rich circumpulsar
disks are expected to form from supernova fallback mate-
rial. Ekşi, Hernquist and Narayan [15] have shown that
pulsars with initial periods larger than 37 ms might allow
for disk formation. If the pulsar birth period would be, on
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average, as large as cosmic ray studies seem to indicate, the
presence of disks (and/or circumpulsar planetary systems)
should have been observed in many pulsars. Even if the on-
ly certain presence of a disk was detected around the AXP
4U 0142+61 [23], in the following we evaluate the possi-
bility that disks penetrate the magnetosphere of young and
middle aged pulsars.

4.1 Estimated characteristics of disks around y-
oung and middle aged pulsars

Circumpulsar disk parameters are expected to change with
time. In order to estimate the characteristics of disks
around young and middle aged pulsars we assume the fol-
lowing scenario. When the total pulsar energy output e-
quals the gravitational potential energy gained by the in-
falling material, the electromagnetic interaction can force
the infalling matter into rotation. After estimating the pul-
sar dipole radiation emission [24], we determine the fall-
back mass rate allowing for disk formation as a function
of the pulsar period [25]. The results are reported in fig-
ure 2. We have considered pulsars up to 5×105 years since
the majority of older pulsars are expected to be surround-
ed by neutral disks as in the case of 4U 0142+61. Lower
and upper limits to the periods of young and middle aged
pulsars are assumed to be 40 and 400 ms, respectively. In
figure 2 it can be observed that large fallback matter rate
would allow for young pulsar disk formation, while mat-
ter fallback rates of 1016-1017 g/s, similar to that predicted
for Crab [26], might lead to disk formation around mid-
dle aged pulsars. Therefore, middle aged pulsars should
be favoured in presenting surrounding disks even if the p-
resence of disks around young pulsars cannot be excluded.
Disks would quench (totally or partially in case of disk pre-
cession) the magnetosphere particle production process if,
and only if the disks enter the region where the particle ac-
celeration occurs. We recall that it was suggested in the
literature that disk precession might explain why some pul-
sars appear as RRATs (see [20] and references therein). In
[27] it was reported that the inner edge of accretion disk in
eclipsing X-ray binary SS433 was found to precess. Wob-
ble angles (angles between the disk angular momentum and
symmetry axes) ranging between 1 and 20 degrees would
cause disk precession leading, in general, to particle pro-
duction quenching. We point out that even if many pulsars
are surrounded by disks, the possibility of an e+ excess n-
ear Earth produced in the pulsar magnetosphere remains,
possibly due to a single nearby source.
In the following we will assume plausible values for disk
masses ranging between 10−6 and 10−2 M� [22]. The
only observed, neutral disk presents a mass of 5.97×1025

kg (3×10−5 M�; [23]), consistent with the interval given
above. Moreover, we set the circumpulsar disk inner radius
of the dimensions of the pulsar light cylinder. Precessing
disk outer radius is assumed twice as large as the inner ra-
dius. For young pulsars we assume a precessing part of

Figure 2: Fallback matter rate allowing for circumpulsar
disk formation versus pulsar period. Two different values
of the pulsar surface magnetic field were considered.

disks of 2×106 m - 4×106 m and for middle aged pulsars
2.4×107 m - 4.8×107 m.
We do not expect that direct disk observations will allow us
to say the final word about the fraction of young and middle
aged pulsars surrounded by disks. In the next Section we
suggest to study the gravitational radiation emitted by disk
precession to obtain precious clues on this topic.

5 Near Earth detectability of gravitational
waves generated by circumpulsar precess-
ing disks within 1 kpc

A preliminary discussion on the possibility to detect cir-
cumpulsar planetary systems and precessing disks through
gravitational wave observations near Earth was presented
in [28]. The method is reported in detail in [20, 28]. We
recall that the frequency of gravitational waves generated
by circumpulsar disk precession are ω and 2ω, where ω is
defined as it follows:

ω =
I3

I1cosθ
Ω3. (4)

I1, I2 and I3 are the principal moments of inertia with re-
spect to the the principal axes, x1, x2 and x3, fixed in the
disk; Ω3 is the angular velocity along the symmetry axis 3
and θ is the wobble angle.
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Wave amplitudes depend on the inclination angle (i) of the
angular momentum with respect to the line of sight [29].
For example, in the case i� 0 and θ small:

h � G

c4
ω2

r
ΔIθ2. (5)

For precessing disk gravitational wave detection near Earth
we refer to the Big Bang Observer (BBO) expected sensi-
tivity of the order of 10−24 Hz−1/2 between 0.5 and 1 Hz
[30]. We consider a BBO mission duration of 10 years.
We find that disks surrounding young pulsars can be ob-
served at 10-20 Hz within 1 kpc for large disk masses and
wobble angles of the order of 20 degrees. However, for in-
creasing disk masses the precessing time decreases down
to a few tens of years. Conversely, disks around middle
aged pulsars with masses above 1026 kg would be detect-
ed for the whole period of precession for wobble angles
of about 20 degrees at 0.2-0.4 Hz. In this last frequency
range intermediate-mass black hole binaries could be fea-
sible gravitational wave sources, however the precession of
the disks is estimated to be characterized by a S/N ratio
above 5 [28]. We point out that doubts remain about the
existence of intermediate-mass black holes.

6 Observed pulsar birthrate and initial peri-
ods and conclusions

Cosmic-ray e+ measurements are compatible with a pulsar
birthrate of one pulsar born every 23 to 43 years consistent
with the supernova rate of 1 per 30 years and with experi-
mental results [31].
High-energy cosmic-ray measurements indicate initial pe-
riods of pulsars of the order of hundreds of milliseconds.
This estimate is in very good agreement with the Lorimer
et al. work [32].
The pulsar average characteristics inferred from cosmic-
ray measurements are compatible with the possibility that
young and middle aged pulsars are surrounded by precess-
ing disks. Disk possible precession around middle aged
pulsars is expected to generate gravitational waves of fre-
quencies 0.2-0.4 Hz that might be detected by BBO. In case
of detection, gravitational wave frequencies will reveal the
actual dimensions of the precessing disks providing pre-
cious clues about the possibility that disks enter the pulsar
light cylinder playing a role in quenching particle produc-
tion in the pulsar magnetosphere.
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