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Abstract. We show that asuming a simple CR
accéeration scenario, where dl the pulsar rotational energy
is transformed into CR particles of the highest available
energy at a given moment, one obtains particle fluxes of the
order of the observed ones. The slope of CR energy
spedrum for E>10"%V would be determined by a power-
law distribution of their initial periods and the spedrum
flattening — by the decay of the pulsar magnetic field.

1. Introduction

The origin of cosmic rays (CR) in the energy region
~10"*°-10""%V seans to be most unclea. Lower energy
particles are probably acceerated by the diffusive shock
wave mechanism on shocks induced by Galadic supernovae
explosions in the interstellar medium. The test particle
approximation of this processis very well understood (with
most problems lved analyticdly) and progressin the non-
linea treament has been continuing. (A troubling thing,
however, is the non-detecion of TeV gammarays from
SNRs, while predictions say the opposite).

CR with energies higher than those from the region
mentioned above, i.e. with E>10'-10'%V, might be of
extragaladic origin and as such could be accéerated by
shocks in huge relativistic jets asociated with eqg.
radiogalaxies. Anyway, arguments concerning their
anisotropy and their propagation through the intergaladic
seaof the microwave (and aher) radiation, give us useful
and relevant constraints on sites of their origin.
However, virtually nothing certain can be said about the
origin of the intermediate energy CR. In principle, they
could be just as well of Galadic as of extragaladic origin.
Here, we mnsider the former posshility, with Galadic
pulsars (or phenomena &ociated with them) being

Correspondence to: mgiller@kfd2.fic.uni.lodz.pl

responsible for the particle accéeration. The idea is not
new, as it has not been difficult to estimate from the
energetics point of view, that they release to the
surroundings enough of their rotational energy to acount
for theintermediate energy CR pod. Also high energy of a
single particle oould, in principle, be adtieved from a
simple estimation§~qvBR).

Doubts have been risen, however, whether pulsars could
produce power-law energy spedra & required by
observations (power law spedrum is usually attributed to a
many-step accéeration mechanism, whereas here it would
be the large scde dedric field responsible for accéeration).
Moreover, if they were to produce the very high energy
particles with E=10'-10"%V a significant anisotropy
asociated with the Galadic plane should be expeded,
contrary to olservations. In this paper we show that the two
above aguments may not be quite true. We cdculate the
CR energy spedra that may be produced by the pulsar
population in the Galaxy and oktain power-law in several
orders of magnitude. Also the aiisotropy should not be
significant if the accéerated particles were heavy nuclei
(iron) and/or there was a large magnetic halo in our Ga

2. Assumptions of the model

We asaume that particles are accéerated in the large scde
eledric field produced by the pulsar magnetic moment
rotation. At a given time the energy of ead produced
particle equalg|@,
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where ¢ is the maximum potential drop available & time t
in the model of a rotating magnetic moment, R —is the
neutron star radius (10 km), B — magnetic field at the star
magnetic equator, Q - the anguar velocity of rotation. We
assume that all the rotation energy loss
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is transformed into energetic particles, so that their
production rat&)(E) equals
O(E) = dE,, _ R°BQ?(t)

dt e 3gc

Such a scenario has also been considered by Blas et .
(2000. The accéeration should probably have to occur
outside the light cylinder in order to make the particle
energy losses for synchrotron and curvature radiation
negligible (Venkatesan at a., 1997). If the pulsar magnetic
field dd not change with time, it follows from the eove
formulas that the energy spedrum of the emitted particles
during its lifetime would be

dE,, /dt=-1QQ =~
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where E :%IQgis the initial rotation energy of the

pulsar anE x=qgis the particle energy at the initial time.

The @ove spedrum would also describe the particle
production spedrum (per 1 pulsar) at the eguili brium Q(E)
if al pulsars were being produced at a mnstant rate in time,
with the same?, andB

1 dN
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where t. IS the maximum time when pulsar contributes to
CR production (tyax has to be assumed finite, otherwise the
total number of produced perticles diverges to infinity). As
pulsars are being born with various initial periods P, and B,
the adual CR production spedrum in the Galaxy can be
cdculated by integration of (2) with weights equal to the
number of pulsars borne with giveg andB.

There is, however, evidence that B may deca in time (e.g.
old pulsars have low magnetic fields). Adoping that

B(t) = B, exp(-t/ty) we obtain that the CR production rate
at the eguilibrium for pulsars born with fixed P, and B,
equals
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where another energy scalbas appeared
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and the constar equals

Q(E) =
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It can be derived that fdt - E
1 _
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and forE- O
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The energy E” where the change of slope occursis E' =AY .
If  eEM/E2, <<1  (which is fufiled if

[Blzl PO(S)]2 >>272 ,i.e. probably true for most pulsars)

then EY=4.2010"ev 10"yrs o2 which corresponds to
¢ B

E" 010eV for iron nwlei, B=10"%V and t=10" yeas.
Let us note that for a given deca time ty, the change of the
slope in the production spedrum occurs at an energy E-
dependent o, only.

The production spedrum Q(E) for any given P, and B, is
much flatter than that needed for the ohserved CR.
However, after integration over distributions of P, and B,
we can obtain much stegoer production spedrum of high
energies. For a fixed B, and a distribution of P, , f(P,)dP,,
we have for large energies

max E E \/T
A0 [ o ()W=——N() @

whereb = 2m°ZR%B, / ¢2.
For the simplest case, f(Po)=(P,-P1)'=const (with P1=P,
andP>=Pyy)
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for B <<+b/E . Let us note that the integration over a
distribution of B, does not change this energy dependence
This is dill flat enough but for +/b/E approaching P; the
spectrum steepen§(E) — O for E - Em=b/Pyd).

A more redistic f(P,) would probably be something similar
to a gamma distribution that is

f(P)=C[R> g%

Introducing this form into (4), we have for high energies
(smallPy)

Jb/E -H+3
Q(E) Q_E J’CPS 1gp, = 2 £ B—BZ 32l
s ECEQ

Also here, the integration over B, distribution does not
change this high energy dependence Thus, adopting an
appropriate value of s, one ca obtain the necessary slope of
the production spectrum at its high energy end.

To find, however, the particle production rate in the whole
energy region, we have to adopt a distribution of the initial
magnetic fields, B,, and integrate over it (which has to be
done numericdly). Following many other authors we
asumed that the variable x=logB, has a Gaussan
distribution g(B,), with 0=0.4. Such assumptions are
justified by analysis of the observed pulsar population (e.g.
Lorimer et a., 1993. We have done cdculations for severa
different values ofx (between 12 and 13).

What isthe adual CR production rateit is not certain, as we
would have to know the CR lifetime T(E) in the Galaxy as a
function of energy. Here we aopt that T(E) has a
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Fig.1. CR energy spectra. Thick line — the observations. All other lines are predictions of our model with £=107 years.
flat distribution of Py, values of P, are shown in the insert; P,=1s, <log By>=12.1; iron nucliei,
comparison of spectra for the flat and two gamma distributions of £y, for the same <Py>=0.05s; <log B;>=12.1; the solid line is

a)
b)

c)
d)

for protons,

the same as Fig.1b but for <Py>=0.5s,

predictions for gamma function with s=3.86 for iren nuclei.
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power-law form T(E) =210’ (E/1.5GeV [Z)**", which

roughly fits the low energy data (<1GeV/n) and the particle
lifetime & ~10"%V with a very big (20-50 kpc) Galadic
halo (Gill er and Zielinska, 2000. To compare the predicted
CR fluxes produced by pulsars, we have to asaime the CR
confinement volume and the pulsar production rate, g. We
have alopted V=1.2*10%cm®. All our predicted fluxes are
drawn forg=1/100 years.

3. Resultsof calculations

We have cdculated the expeded CR energy spedra for
various values of the parameters describing f(P,) and g(By).
Fig.la. shows the results for iron nuwlei for the
homogeneous (flat) f(P,) between P; and P,, for several
values of P; (other parameters given in the Figure cation).
The high energy behaviour, described in the previous
paragraph (formula (5) and the discusson below) is well
sea. It is ®en aso that small initial P, predict atoo flat CR
spedrum, but for P;=10 ms the slope fits (roughy) that of
the data & ~10'%V. Note that the asolute magnitude can
easly be shifted by fador of 10 a so, due to the uncertainly
of theqT/V product.

Fig.1b. represents a comparison of the cdculated spedra for
the flat distribution of P, and the gamma distribution with s

=2 and 3. All P, distributions are for the same P, =50ms.
As discussd before the stegpest spedrum is that for s =3,
but it is dill sightly too flat. Also at E 10"V we predict
disturbingly too many particles. This can be, however,
overcome by diminishing P,, as it is own in Fig.lc,
where for the gamma distribution with s =3 we obtain ~
three orders of magnitude less particle§-at0'’eV.

As discussd in the previous paragraph (formula 6), to get
the ohserved dope (3.2), we nedl to have 1+5/2+0.27=3.2,
i.e. $=3.86. The results for this value of s are presented in
Fig.1d. The cae with <logB>=12 and EO =0.5s remnstructs
very well the slope éove ~10"%V. For <logB>=13 and the
same P, =0.5s also the avsolute flux fits the observations in

a large energy region. Such a rather large 50 has been
deduced from the analysis by Narayan (1987 (see &so
Narayan and Ostriker, 1990. Calculations for smaller EO,

$=3.86 and <logB>=12.5 are dso shown. We see that for
the cosen parameters in Fig.1d. al spedra have the
required slope @ove ~10'%V. This dope deaeases at
lower energies (as does that of the observed spedrum) due
to the decay of the magnetic field and eventuadly at
<10™eV the finite ty comes into play and causes the flux
to fall.

4. Conclusions

If CR with E >10™eV were to have nothing to dowith the
acceeration by pulsars it would be astrange wincidence
that the fluxes predicted here for the most simple scenario,
would coincide with ohservations. The predicted pulsar
parameters at birth are dose to those derived from
observations of their Galactic population.

If this model was true the CR slope (y=3.2) at E=10"%V
would be determined by the distribution of pulsar initial
periods (~Py>% at small Py). Its flattening at ~3*10"eV
would be caused by decaying magnetic fietgs1Q'yrs).

If the produced particles were mainly iron nwclei then they
should be quite well confined to the Galaxy at least up to
~10"eV (e.g. Giller et al., 1994).

References

Blasi, P. et al. 20003pJ 533 L123

Giller, M. et al. 1994J.Phys.G 20 1649

Giller, M. and Zielinska, M. 200(Nucl Phys.A663& 664 852¢c
Lorimer, D.R. et al. 1993VINRAS 263 403

Narayan, R. 1987ApJ 319 162

Narayan, R. and Ostriker, J.P. 1980J 35 222
Venkatesan, A. et al. 199&pJ 484 323



