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Constraints on the lepton content of PWN from the local CR positron spectrum
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Abstract: Geminga is a nearby pulsar with an age of 3.42×10
5 yr and a spindown power of 3.2×10

34

erg/s at present. B0656+14 has comparable spindown power, with an age of 1.11×10
5 yr and a distance

of 290 pc. The winds of these pulsars had most probably powered PWNthat broke up less than about
100 kyr after the birth of these pulsars. Assuming that leptonic particles accelerated by the pulsars were
confined in the PWN and got released into the interstellar medium on breakupof the PWN, we calcu-
late the contribution of these particles to the locally observed cosmic ray electron and positron spectra.
Our calculations show that within the framework of our model, the local CR positron spectrum imposes
constraints on pulsar parameters for Geminga and B0656+14, e.g. thepulsar period at birth, and also the
local interstellar diffusion coefficient for CR leptons. Further, as both pulsars are located at almost the
same position in the sky, we expect an anisotropy in the local cosmic ray positron flux.

Introduction

Geminga and B0656+14 are the closest pulsars
with intrinsic ages in the range of 100 kyr to 1Myr
[1]. They both have spindown powers of the order
3×1034 erg/s at present. The winds of these pul-
sars had most probably powered pulsar wind neb-
ulae (PWN) that broke up less than about 100 kyr
after the births of the pulsars.

Assuming that leptonic particles accelerated by the
pulsars were confined in the PWN and got re-
leased into the interstellar medium on breakup of
the PWN, we calculate the contribution of these
particles to the locally observed cosmic ray (CR)
electron and positron spectra.

Our calculations show that within the frame-
work of our model, the local CR positron spec-
trum imposes constraints on pulsar parameters for
Geminga and B0656+14, e.g. the pulsar period at
birth, and also the local interstellar diffusion coef-
ficient for CR leptons.

The Positron LIS

The CR positron spectrum has been measured by
several groups in the last decades [2, 3, 4]. In Fig. 1

we show some recent measurements at the top of
the atmosphere and also the local interstellar spec-
trum (LIS) as derived from modulation studies.

The heliospheric modulation of CR electrons and
positrons is primarily caused by four mechanisms:
convection by the solar wind, diffusion because
of turbulence in the heliospheric magnetic field
(HMF), gradient and curvature drifts caused by
the global structure of the HMF, and adiabatic en-
ergy losses. The latter is large for CR nuclei and
causes characteristically shaped modulated spec-
tra at Earth below kinetic energyE <≈200 MeV,
with the differential intensity proportional toE+1.

This process is so effective that irrespective of
the spectral slope of the LIS of CR nuclei with
E <≈200 MeV, the modulated spectra at Earth
will have a E+1 form at these energies (e.g.
[5]). LIS’s for CR nuclei at these low ener-
gies will therefore only be observed when space-
craft crosses the heliopause into the interstellar
medium [6]. However, for electrons and positrons
the energy losses are significantly less because
they spend much less time in the expanding solar
wind as relativistic particles before reaching Earth
than e.g. galactic protons. The result is that at
E <≈ 200 MeV, modulated electron and positron
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Figure 1: Positron flux at Earth from [2] (boxes),
[3] (diamonds) and [4] (triangles) and the local in-
terstellar positron spectrum as inferred from so-
lar modulation studies (solid line). The grey band
marks the possible range of the LIS [7].

spectra at Earth will already exhibit spectral slopes
closely resembling that of the LIS.

Positrons from PWN

The relatively high surface magnetic fields of
1.63e12 G and 4.66e12 G for Geminga and
B0656+14 respectively, imply copious pair pro-
duction in the magnetospheres of these pulsars,
even more when they were young, leading to a
significant amplification in the number of injected
electrons and thus also to a number of positrons
comparable to that of the electrons. Within the
framework of polar cap (PC) pulsar models, a
single primary electron released from the stellar
surface will induce a cascade of electron-positron
pairs, and we model this amplification by intro-
ducing a multiplicity M ′. We assume that the
electrons and positrons from the pulsar are re-
accelerated at the pulsar shock, and model the par-
ticle spectrum by a power law with spectral index
of 2, and with a maximum energy of

Emax = ǫeκ

√

(

σ

σ + 1

)

Lsd

c
, (1)

whereκ is the compression ratio at the shock,Lsd

the spindown power, andσ the magnetization pa-
rameter. This maximum energy stems from a con-
dition on particle confinement: we require that the

ratio between the Lamour radius and the radius of
the pulsar shock should be less than a fractionǫ.
We assume thatǫ = 0.01 – 1,κ = 3, and use
σ =0.01 – 1 ([8] propose a value ofσ = 0.1 for
Vela-like pulsars).

The fraction of the spindown power deposited in
particles is

ηpart =
1

1 + σ
. (2)

We assume that these particles are confined in the
PWN for a timeT [sec], after which they are re-
leased into the surrounding interstellar medium. A
break in the leptonic spectrum is enforced to take
the maximum energy losses in the PWN into ac-
count:

Eb =
422

B2
PWNT

[erg], (3)

whereBPWN is the magnetic field inside the PWN
measured in units of Gauss. Thus we have for the
source function (at the PWN radius)

Q(E) = K

{

(E/Eb)
−2

, for E < Eb

(E/Eb)
−3

, for E > Eb
.

One might expect thatQ describes electrons and
positrons occurring in equal abundances, and that
the eventual positron spectrum would beQ/2.
However, simulations of ultrarelativistic shock-
waves in proton-electron-positron plasmas by [9]
showed that the energy of positrons might domi-
nate that of electrons when they are non-thermally
accelerated, depending on the upstream flow en-
ergy of the ions. [10] observed a significant in-
crease in the flux of the Vela PWN’s outer arc,
similar to the brightening of the Crab’s wisps. If
this brightening is due to ion cyclotron waves, we
might plausibly expect that the presence of ions in
PWN might be universal, so that ions will also be
found in Geminga. Thus,Q might in some cases
be regarded as the full positron spectrum.

We normalizeQ by using the condition that the fol-
lowing equations have to be valid at any time

∫ Emax

Emin

Q′(E, t)dE =
M ′IGJ

e
(4)

∫ Emax

Emin

Q′(E, t)EdE = ηpartLsd(t), (5)
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Figure 2: Expected CR positron spectra fork0 =
0.13 kpc2Myr−1, σ = 0.1, T = 12 kyr and for
birth periods ofP0=1 ms (dotted), 14 ms (dashed),
35 ms (dash-dotted), 70 ms (dash-trippledotted)
and 100 ms (long-dashed) compared to the positron
LIS (solid line).

with Q′(E, t) = K ′E−2 the particle spectrum at
the pulsar wind shock. Conservation of particles
relatesQ′ andQ:
∫ T

0

∫ Emax

Emin

Q′(E, t) dE dt =

∫ Emax

Emin

Q(E)dE.

(6)
We estimate the lower energyEmin by assuming
that it should be similar to the inferred value of
the Crab. Using a value of 500 MeV forEmin,
Eq. (4,5) also yield the multiplicityM ′ at a given
time. The choice forEmin stems from the fact that
this is also the energy at which the positron LIS
starts to bend over. In Eq. (4),IGJ represents the
Goldreich-Julian current:

IGJ ≈ 2cρGJAPC ≈
BsΩ

2R3

c
=

√

6cLsd, (7)

with Bs the pulsar dipolar field strength at the pole,
ρGJ the Goldreich-Julian charge density ([11]),
andAPC ≈ πR2

PC the PC area.

For a pulsar magnetic field that does not decay (i.e.
ṖPn−2 = Ṗ0P

n−2
0 ), the time-evolution ofLsd is

given by [12]

Lsd(t) = Lsd,0

(

1 +
t

τ0

)

−
n+1

n−1

, (8)

with n = 3 representing a dipolar magnetic field,
andτ0 = P0/((n− 1)Ṗ0), P0 the birth period, and

Ṗ0 the period’s time-derivative at pulsar birth (the
subscript ‘0’ denotes quantities at pulsar birth).
These quantities are connected to the spindown lu-
minosity at birth via

Lsd,0 = −

4π2IṖ0

P 3
0

. (9)

The total number of particles in the PWN before
breakup, is then

Ne =

∫∫

Q′(E, t) dE dt. (10)

The propagation of CR electrons and positrons in
case of the diffusion coefficientk being spatially
constant, is described by

∂N

∂t
− S = k∆N −

∂

∂p
(bN) , (11)

whereN is the differential number density,S the
source term andb the rate of energy losses. A
Green’s function solving Eq. (11) can be found in
the literature (e.g. [13]). For a functional form of
the diffusion coefficientk = k0p

3/5 and the en-
ergy lossesb = b0p

2 (i.e. synchrotron and inverse
Compton losses) the Greens’s function is

G = δ

(

t− t0 −
E−1

0 − E−1

b0

)

(12)

×

exp
(

−
(~r−~r0)

2

λ

)

b0E2(πλ)1.5
,

and λ = 10
(

k0

(

E−0.4
)

− E−0.4
0

)

/b0. For a
point source at~rs, with a spectrumQ(E) as given
by Eq. (3) releasing particles at a timets, the con-
volution can be done analytically, thus

N =
exp

(

−
(~r−~r0)

2

λ

)

b2
0 E2(πλ)1.5E2

0

(13)

×

((

Θ(Eb − E0)−Θ(E0 − Emin) E−2
0

)

+
(

Θ(Emax − E0)−Θ(E0 − Eb) E−3
0

))

whereE0 = E/ ((t− ts) b0E + 1). We calculated
the contribution from Geminga and B0656+14
to the positron LIS for distances of 157 pc [14]
and 290 pc [1] respectively. The results for dif-
ferent birth periods of Geminga are plotted in
Fig. 2, where we compare our calculation with the
positron LIS discussed earlier. From Fig. 2 one
can see that for the chosen set of parameters, we
can rule outP0 < 35 ms for Geminga.
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Figure 3: Tolerable magnitudek0 of the interstellar diffusion coefficient against the pulsar birth periodP0

(white region) for different model parameters (T =20 kyr, 0.001< ǫ <0.1, 0.01< σ < 1), for Geminga
(left) and B0656+14 (right) assuming the contribution of each pulsar is 50% to the CR positron flux as
shown in Fig. 1. Note that we can exclude pulsar birth periods<≈ 20 ms (dark grey region), as these
produce lepton numbers in the PWN in excess ofNe = 1052 which have not been observed.

Conclusions

We have shown that one can expect a non-neglible
CR lepton component in the LIS from nearby pul-
sars. In the context of our model we are able
to constrain the permissibleP0-k0-space (Fig. 3).
This opens a new way to obtain information on
the properties of young, nearby pulsars and will
therefore help to refine the models for pulsars and
PWN. In this study we did not discuss the mag-
nitude of the contribution of secondary positrons
to the LIS. Reliable estimates of the contribution
from a prominent, nearby point source may be ob-
tained from measurements of spatial anisotropies
stemming from a local gradient in the CR positron
distribution.
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