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The modulation of galactic cosmic-ray electrons in the heliosheath
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Abstract: Voyager 1 has observed strong increases in the intensities of 2 to 160 MeV electrons since crossing the
termination shock of the heliosphere in December 2004. The intensity observed by Voyager 2 since its crossing of the
shock in September 2007 is five to ten times lower than that observed by Voyager 1, which is so low that the electron
intensity may still be below the background produced by high-energy protons in the detector. This intensity difference
points to a large North-South asymmetry in the properties of the heliosheath. The intensities are modeled with numerical
solutions of the cosmic-ray transport equation. It is shown that because they are relativistic, the electrons are much more
sensitive to the form of the diffusion coefficient at low rigidities than ions, and that this can explain the asymmetry.
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1 Introduction

In [2] we studied the modulation of galactic cosmic-ray
(GCR) H and He throughout the heliosphere. We empha-
sized the modulation effects in the vicinity of the termina-
tion shock (TS) of the solar wind and in the heliosheath
beyond this shock. This paper contains such a comprehen-
sive study of cosmic-ray electrons in the helisoheath.
These electrons may originate from several sources. Below
∼ 200 MeV, GCR electrons are the source of the lower-
energy diffuse gamma and X-ray emission from the galaxy,
and may play a major role in ionizing and heating the in-
terstellar medium. These lower-energy electrons are pro-
duced as knock-on electrons, as well as directly acceler-
ated primaries and interstellar secondaries from the decay
of charged pions. When combined, these processes pro-
duce what is called the electron local interstellar spectrum
(LIS). This spectrum can be observed through its radio syn-
chrotron emission. The spectrum marked Webber and Hig-
bie IS-7 in Figure 1 of [3] is used in this paper.
The Cosmic-Ray Subsystems (CRS) on Voyagers 1 and 2
measure the intensity of these electrons from 2.5 to 160
MeV. Figure 1 shows these observed counting rates in six
different energy channels. Except for periods when there
were large fluxes of electrons of Jovian or solar origin, the
responses of these telescopes inside the the TS have been
dominated by background produced by high-energy pro-
tons. This background level is represented by the intensi-
ties from 1997 to approximately 2002. However, at about
the time when V1 crossed the TS, on 16 December 2004 at

94 AU, the true electron intensity started to emerge above
this background. By early 2010 V1 had progressed at least
18 AU into the heliosheath beyond the shock, and it has
seen strongly increasing electron intensities up to then.
The situation is entirely different on V2 since its crossing
of the TS on 30 August 2007 at 84 AU. Although the three
lowest-energy channels, below 30 MeV, saw two events
with strong increases in early 2008 and early 2009 that re-
semble the TSP events seen by V1 in 2002 and 2004, the
overall increases have been much smaller than on V1, re-
sulting in a difference of about a factor of 10 between the
two Voyager intensities by early 2010. For comparison, the
V2 increases in the low-rigidity range P = 2 to 160 MV
are as small as the increase in the high-rigidity 265 MeV/n
(P = 1.3 GV) He, which suggests that the V2 intensity in
the heliosheath is also mainly background, just as in the
supersonic solar wind.
Such a difference between the two spacecraft can be due to
two reasons, namely a radial gradient due to the fact that
V1 is 21 AU further out than V2, or a latitudinal gradient
because V1 is at 34◦ North of the ecliptic plane, and V2
at 29◦ South. In the case of a ”radial explanation” the ob-
servations for 2010 imply that the radial gradient for the
four channels would be between 10 and 20%/AU. It must
be borne in mind, however, that a significant fraction of
these increases is due to temporal effects as the heliosphere
was resetting from solar maximum conditions from 2005
to early 2010. In the case of a ”latitudinal explanation”
the difference may be due to several observed and modeled
asymmetries of the heliosheath, which were compiled by
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Figure 1: Electron intensities in six channels as observed
by V1 and V2 from 1997 to 2010. Crossings of the TS are
indicated. Since the shock crossing the V1 intensities have
increased steadily at a rate of ∼ 50% per year, but the V2
increases are much smaller.

[7]. Generally, these asymmetries are such that they im-
ply a narrower heliosheath with stronger magnetic fields in
the southern hemisphere, i.e. at the position of V2. This
different field strength and topology may lead to different
turbulence spectra in the northern and southern parts of the
heliosheath.
This large asymmetry between the electron intensities
presents a challenge, however, because its absence from
other species implies that its origin can not be sought in
an asymmetry of the solar wind or in the size of the he-
liosheath at the two latitudes of V1 and V2, because that
would affect those other species equally. The only param-
eter that can produce this effect predominantly for elec-
trons is a different diffusion coefficient than for the nuclear
species.
Figure 2 shows V1 and V2 spectra as they were observed in
the period 1 January to 20 March 2010. For comparison, it
also shows the spectrum of anomalous cosmic-ray (ACR)
hydrogen in 2008. The two power laws of the form T−1.5

through these spectra are drawn by hand. These spectral
forms have been relatively stable since 2005.5. The figure
also shows the 1 AU spectra observed during the 1986/87
solar minimum by [6] and the 1998 solar minimum spec-
trum by [1]. These 1 AU spectra are only relevant to this
study down to ∼ 100 MeV, because at lower energies they
are increasingly dominated by Jovian electrons (e.g. [5]).
A second indicator that the V2 detector is dominated by
background is that the intensity in the 100 MeV channel is
essentially the same as the intensity at 1 AU.
In principle these electrons can also originate from accel-
eration by several processes inside the heliosphere, such
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Figure 2: Electron and proton spectra observed in the he-
liosheath by V1 at 112 AU (closed squares), and electrons
on V2 at 91 AU (open squares).

as the TS, traveling interplanetary shocks, or stochastic ac-
celeration in the outer regions of the heliosheath. In this
case they should be called anomalous electrons, in analo-
gy to the well-known ACR component observed for sev-
eral ion species. This is considered less likely though,
because according to standard shock acceleration theory,
e.g. [9], a shock with compression ratio s produces a dis-
tribution function f(p) ∝ p3s/(1−s) or energy spectrum
j(T ) ∝ p(2+s)/(1−s). Since the electrons in this ener-
gy range are relativistic (p ∝ T ), while the ions are not
(p ∝ T 1/2), the electron spectral index should be twice
as large as for the protons, but they are observed to be the
same. In [3] additional arguments against local accelera-
tion were given.
These 2 to 160 MeV low-energy electrons greatly expand
the useful rigidity range available for modulation studies,
for two reasons. First, they are relativistic, and hence their
kinetic energy, T , spans a rigidity range, P , from 2 to 160
MV. In this rigidity range protons are non-relativistic, such
that the corresponding energy range is only T = 2 keV to 10
MeV, and they are therefore very heavily modulated. Be-
low P ≈ 100 MV these nuclei are in the adiabatic limit
throughout most of the heliosphere, which fixes their ki-
netic energy spectrum to the form j ∝ T , and eliminates
all density gradients, independent of modulation condition-
s and their changes. The demonstration solutions of the
transport equation in [3] show that the situation is entirely
different for electrons. Second, at these low energies pro-
tons and He-nuclei are entirely submerged below the ACR
component. This ACR component extends up to about 100
MeV per nucleon, which corresponds to P = 400 MV for
protons and P = 800 MV for He nuclei. Hence GCR mod-
ulation studies are limited to rigidities P > 400 MV. (The
exceptions are species such as 12C which have such low
first ionization potentials that the ACR component in the
heliosphere is very small.)
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A constraint on low-energy electrons is that in the inner
heliosphere they are difficult to observe due to their strong
modulation and the fact that the intensity at T < 50 MeV
is submerged below the electron intensities produced by
Jupiter, e.g. [5]. In the outer heliosphere, however, this
contamination from Jovian electrons is insignificant.
In the next section we present the best overall explanation
for the observed intensities. The conclusion is that one can
understand the general features, especially that of the V1-
V2 asymmetry, but that there are several details that still
have to be resolved.

2 Fits to the Observations

We do a fit to the observed spectra using the two-
dimensional approximation of the cosmic-ray transport
equation

∂f/∂t+V ·∇f −∇· (K ·∇f)− 1

3
(∇·V)∂f/∂ ln p = Q.

(1)
Here f is the omnidirectional distribution function in terms
of momentum p, related to the (generally measured) inten-
sity in terms of kinetic energy by j(T ) = p2f(p), V is the
radial solar wind velocity, V its magnitude, K the diffu-
sion tensor containing elements parallel, perpendicular and
transverse (drifts) to the HMF. The details of this model are
described in [3].
The LIS chosen for the model is the IS-7 spectrum of [10]
and shown in Figure 1 of [3]. Using a convolution pro-
cedure, they calculated new galactic cosmic-ray electron
spectra below ∼ 1 GeV that reproduce the observed polar
galactic non-thermal radio synchrotron spectrum above 4
MHz. These interstellar electron intensities require a rapid-
ly increasing diffusion coefficient at low rigidities, and re-
sult in much lower electron intensities below 1 GeV than
previous studies. Such a low LIS is needed to minimize the
remaining modulation between V1 and the LIS; a higher
LIS makes a fit down to 1 AU much more difficult. The
lowest-energy star at 400 MeV of the LIS in [8] and shown
in Figure 2, and the highest-energy square (at 100 MeV)
observed on V1 indicate that this remaining modulation is
still about a factor of 30 to 50. When this modulation be-
comes too large, the diffusion coefficients needed in the
heliosheath become too low, so that one can not fit the in-
tensity at 1 AU. In addition, such low diffusion coefficients
cause excessive acceleration and drifts at the TS, both of
which greatly distort the calculated spectra from the ob-
served ones.
Figure 3 shows the numerical solution of the two-
dimensional cosmic-ray transport equation at the positions
of V1 (dashed), V2 (dotted), and Earth (full). The assumed
LIS at rb = 150 AU is also shown. The 1 AU solution is
not shown below 100 MeV because below that energy the
intensity is dominated by Jovian electrons, and the spec-
tral form of galactic cosmic-ray electrons is unknown there.
The TS of the SW is placed at rs = 90 AU, with a compres-

sion ratio s = 2.5. The effective latitudinal mean free path
λθθ is set at 0.1λrr, λ⊥1 = 0.05λ‖ and the absolute magni-
tude of the drift effects are calculated in a HMF that has a
magnitude of 5 nT at 1 AU. It is important to this paper that
the mean free paths are ∝ rigidity above P = 0.3 GV, but
for P < 0.3 GV they are constant (independent of P . This
is a so-called full-drift solution. The solution in left panel
is symmetric about the ecliptic plane, and it does still not
simultaneously explain the intensities of both V1 and V2.
This simultaneous explanation is achieved in the right pan-
el Figure 3, which is the same as left panel, except that in
the outer parts of the southern hemisphere the mean free
paths and the diffusion coefficients at P < 0.3 GV do not
have a kink as at other positions in the heliosphere. This is
achieved by phasing out the kink in these mean free path-
s at radial distances r between 90 and 95 AU, and polar
angles θ from 90◦ to 100◦. This produces much lower dif-
fusion coefficients, and hence stronger modulation at these
low rigidities at the position of V2 than at V1, and it leads
to an asymmetry in the calculated intensity such that the V2
spectrum is drastically reduced, while leaving the spectra at
V1 and at 1 AU largely unaffected. Note that the observed
V2 intensity is higher than the calculated one. This is ac-
ceptable because it is known that the V2 observations are
dominated by proton background, and the only condition
is that the calculated electron intensity must be below this
background.
The physical reason for this reduced low-rigidity diffusion
coefficient in the Southern regions of the heliosheath is un-
known. It is suggested by the observed North-South asym-
metries in various properties of the heliosheath, but as far
as we can deduce, it is the only one that will produce a
significant asymmetry in electron modulation, while leav-
ing the modulation of nuclei largely unchanged. For clarity
we also note that this difference in low-rigidity diffusion
coefficients is different from the one discussed in [4] and
references therein. In those papers it is shown that at low
energies electron and nuclei diffusion coefficients can dif-
fer significantly due to the particles’ different response to
a given turbulence spectrum. Here we hypothesize that the
turbulence spectrum in the southern heliosheath may be d-
ifferent from that in the northern heliosheath, and that only
low-energy electrons are sensitive to this difference - the
nuclei are not, due to stronger energy loss effects.

3 Summary and Conclusion

The 2 to 160 MeV electrons that emerged above the back-
ground in the V1 detector in 2005 when the spacecraft was
in the vicinity of the termination shock of the heliosphere,
provide a new window to study the galactic cosmic-ray
modulation in the heliosphere. These electrons have low
rigidities, in the range 2 to 160 MV, while GCR proton and
most heavier nuclei studies are limited to rigidities P >
440 MV (proton kinetic energies T > 100 MeV) because
at lower rigidities these species are submerged below their
respective anomalous components.
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Figure 3: Numerical solution of the two-dimensional cosmic-ray transport equation. The details are described in the text.
Solutions with a symmetric diffusion coefficient are shown in the left panel. In the right panel we show the solutions with
an asymmetric diffusion coefficient. This produces an asymmetry in the calculated intensity such that the V2 spectra can
be explained.

It was shown that these V1 intensities can be understood in
terms of standard modulation theory. The basic features are
explained by an effective radial diffusion coefficient that
increases with rigidity, P , above ≈ 100 MV, while becom-
ing independent of P below that. Effects such as acceler-
ation by the termination shock, latitudinal dependence of
the modulation parameters leading to latitudinal transport,
gradient, curvature, shock and wavy neutral sheet drifts, as
well as the size of the heliosheath all modify the amoun-
t of modulation moderately, but none of these parameters
changes the nature of the explanation qualitatively.
A challenge of the observations has been that Voyager 2 has
not seen similar increases since it crossed the termination
shock in September 2007, and the asymmetry between the
V1 and V2 intensities was a factor of∼ 10 in early 2010. At
the same time, such asymmetries were not seen in the other
species (although there are indications of a similar small,
and possibly transient, asymmetry in 265 MeV/n He from
2009 onwards). It was argued that this asymmetry is hard
to explain as due to a radial effect (which may in principle
be due to the fact that V1 is about 21 AU further out than
V2), or to latitudinal asymmetries in the solar wind, drifts,
or the size of the heliosheath. All of these will cause equiv-
alent asymmetries in the intensities of nuclear species. We
showed, however, that an asymmetry in the rigidity depen-
dence of the diffusion coefficient at low rigidities provides
a natural explanation for this effect: If at P < 100 MV
the diffusion coefficient in the southern hemisphere is low-
er than in the northern hemisphere, then V2 will observe
stronger modulation for (relativistic) electrons at T < 100
MeV than V1. This will hardly affect the (non-relativistic)
nuclei, however, for two reasons. First, the adiabatic energy
losses for the non-relativistic nuclei are much more severe
than for the relativistic electrons, masking this low-energy
dependence on the diffusion coefficient. Second, at P <
100 MV protons have kinetic energy T < 5 MeV, with
heavier fully stripped nuclei (A/Z = 2) having T < 1.25

MeV/n, and at these low energies these species are fully
submerged below their respective anomalous components.
The acceleration of these anomalous species is unaffected
by the magnitude of the diffusion coefficients, as long as
V rs/κ > 1. This condition is met for all low rigidities.
Thus, a stronger rigidity dependence of the diffusion coef-
ficient at low rigidities in the southern regions of the outer
heliosphere is sufficient to explain the low electron inten-
sities observed by V2 in the heliosheath. Because nuclei
at these energies are non-relativistic, this mechanism hard-
ly affects the galactic and anomalous cosmic-ray nuclear
species.
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