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How do you solve a 
problem like PAMELA?

• Dark matter

• Pulsars



What else could it be?



The Heliospheric Magnetic 
Field - a Brief Summary
• The sun is a spinning dipole

• It rotates fully once every 27 days and 6 
hours

• Its polarity flips every 11 years (or so).

• Around the time it flips the magnetic field 
is turbulent (Solar Maximum)

• Between Solar Maxima the magnetic field is 
stable over large distances



The Parker Spiral
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The magnetic field is 
carried by the 
supersonic solar wind

The rotational 
retardation pulls the 
field into a spiral

E. N. Parker, 1958



Parker Magnetic Field 
Equations

B = B0
r2
0

r2

�
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is the rotation speed of the sun
is the solar wind speed (about 400km/s)
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Important features

• The azimuthal component falls off as 1/r

• After a short distance the field is almost 
purely azimuthal (after a few AU)

• The lines are oppositely directed above and 
below the current sheet

• The magnetic field at earth is around 3.3nT



It’s never quite so 
simple...





2084 LEVY: ANISOTROPY IN COSMIC RAY DIURNAL VARIATIONS 

relatively abrupt discontinuity in comparison with the size of 
the particle orbits, then there would be an additional gradient 
drift (o:B x •'B •-) which is in the direction of -•' x B. 
However, as we have noted, measurements across sector 
boundaries [Wilcox, 1968] suggest that the magnetic field 
changes sign very discontinuously. 

Origin of the solar cycle wave. Let us look more carefully 
at the effects of particle migration near the magnetic reversingl, 
layer, taking account of the Archimedean spiral shape of th e 
interplanetary magnetic field. First, consider the region close 
to the sun. There the magnetic field is nearly radial, and in the 
reversing layer, •' x B is in the azimuthal direction. Thus the 
particles migrate nearly in circles around the sun. This azi- 
muthal migration contributes little either to the net movement 
of particles or to the local anisotropy of cosmic rays. (The 
azimuthal motion contributes to the average anisotropy only 
in the presence of a. particle gradient perpendicular to the 
solar equatorial plan e. In the present theory this arises as a 
second-order effect..) Farther from the sun, however, say, at 
several astronomical units, the situation. is quite different. 
There the magnetic field is more nearly azimuthal; •' x B is 
directed radially, and energetic cosmic rays in the vicinity of 
the reversing layer migrate into or out of the solar system. 

Before continuing with this discussion of the origin of the 
solar magnetic cycle anisotropy a short digression into the 
effects of particle drifts is in order. By themselves, drifts of a 
uniform particle density in an arbitrary static magnetic field 
produce neither a net bulk motion of particles, a local ani- 
sotropy, nor a local accumulation or depletion of particles, 
regardless of the details of the field. This can be seen from 
Liouville's theorem. It is also evident more directly from the 
second law of thermodynamics, since any one of these effects 
could drive a perpetual motion machine of the second kind. In 
the interplanetary medium it is the large-scale particle drifts in 
the presence of the radial gradient of the cosmic ray' density 
which lead to the solar magnetic cycle component of the 
anisotropy. 

Let (VD) be the average drift velocity of the energetic par- 
ticles. ((VD) is obtained by averaging over an isotropic dis- 
tribution of particles.) Then if U is the cosmic ray density, the 
drifting flux of particles is U(VD). Now these particles drift 
through the radial gradient in cosmic ray density which is es- 
tablished by solar modulation. The drift of particles along 
the direction of the equilibrium gradient produces an effective 
source or sink of particles which is given by --•"(U(VD)). This 
source or sink, which is confined to a region extending one 
cyclotron radius above and below the solar equatorial plane, 
induces a small excess or deficit of cosmic ray density with 
respect to the equilibrium density produced by the usual con- 
vection-diffusion modulation. The continual diffusive reduc- 
tion of this excess or deficit is what produces the solar cycle 
anisotropy, as shown in Figure 3. 

In order to evaluate the magnitude of the source induced by 
the cosmic ray drifts we must first consider the variation of 
(VD) along the equatorial reversing layer. Notice that the guid- 
ing centers of the particles migrate in discrete steps X, which 
are proportional to the radii of gyration of the particles; thus ), 
cr B -x. On the other hand, the discrete migratory steps repeat 
with a frequency v which is proportional to the gyrofrequency; 
thus v cr B. The migration velocity, which is a suitable average 
of M,, is then independent of the magnetic field. In the follow- 
ing we can take (VD) to be independent of radius in the solar 
magnetic cavity. One can, of course, imagine additional drifts 
of the orbits which would induce a bulk movement of the 

Fig. 2. Energetic, positively charged particles, whose guiding cen- 
ters fall within a gyration radius of the magnetic reversing layer, un- 
dergo rapid migration in the direction of •' x B. 

guiding centers of drifting particles toward or away from the 
plane of symmetry and w•uld thereby cause a radial variation 
in the average drift velocity. However, diffusive scattering and 
departures of the real interplanetary field from the idealized 
geometry used for this discussion would rapidly wipe out any 
such systematic tendency. By very similar arguments one can 
show that the average drift velocity of relativistic particles is 
independent of energy. 

A final point to be covered in the evaluation of the drift- 
induced source term in the cosmic ray diffusion equation con- 
cerns the divergence of the drift velocity. Remember that the 
drift velocity is a function only of the magnetic field and does 
not depend at all on the particle density. Since in a uniform 
density of particles, drifts cannot produce local accumulations 
or depletions, it follows that the divergence of the drifting 
particle flux must vanish. Thus •' ß (VD) = 0 also. 

All together, the drift of cosmic rays through the radial 
gradient produces an effective source, which is given by 

S = --(VD)'er dU(r)/dr (1) 

and which is confined for the most part to the region including 
the solar equatorial plane and exten'ding a distance of one 
gyroradius above and below it: er is the unit vector in the 
outward radial direction. As we have mentioned above, the 
migration velocity of particles moving along the solar equa- 
torial plane has a constant magnitude. Since its direction is 
along the principal normal of the average spiral magnetic field, 
the effective source term can be written as 

rf• d U(r) 1• S = i(¾D>0. er (r •2 -I- V•F2) '/• dr ( ) 
where (Va)0 is the drift velocity evaluated far from the sun, 
where it is completely radial; [2 is the rotation rate of the sun; 
and Vw is the velocity of the solar wind. We have presumed 
that the interplanetary magnetic field has the form of an Archi- 
medean spiral throughout the solar magnetic cavity [Parker, 
1963]. At the orbit of earth, r• •- Vw. The magnitude of S is 
largest beyond earth's orbit and is small within it. 

The radial gradient of galactic cosmic rays is positive. When 
the north polar fields of the sun are positive, (Va)0 > 0, and S 

Fig. 3. Migration of particles which cross the magnetic re- 
versing layer induces an effective source (shown) or sink of cosmic 
rays in the region extending to one cyclotron radius on either side of 
the solar equatorial plane. The source or sink is weak within 1 AU 
from the sun, where the interplanetary field is largely radial. Outside 
earth's orbit, where the field becomes increasingly azimuthal, the 
source or sink (shaded area) is strong. Particles diffusing away from 
the effective source, as shown, or toward the effective sink produce 
the solar magnetic cycle anisotropy. 
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... or E H Levy, 1976



So now that we have a lense - 
what can we do with it?

• Cosmic rays can’t get directly to us at low 
energies

• They need to be around a few TeV to make 
it directly through the magnetic field

• At lower energies they take the long way 
round.

rg(AU) =
2.2× 10−2p⊥(GeV/c)

|q|B(nT )



The Transport Equation

∂U

∂t
= −∇ · (CVU)−∇ · (�vd�U)
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Convection Drifts

Diffusion Adiabatic Energy Loss



Cosmic Ray Transport
• Parallel diffusion is much more efficient than 

perpendicular diffusion

• Particles mostly follow the field lines

• Convection pushes particles out

• Creates a radial gradient in density

• Drifts allow for more efficient motion 
perpendicular to magnetic field lines

But between a few GeV and a few TeV particles go from 
following field lines to travelling across them.



What now?
• Fraction of volume in which perpendicular 

travel can occur is given by:

• Parameterise the effect using a boost on 
this portion of the volume:

Fl(e+) = F (e+)(1− f + fBl)

f = sin θ =
2.2× 10−2p⊥(GeV/c)

|q|BE(nT )



Bl = 5



But it’s not flat...



Bl = 7.5, α = 6o



Conclusions
• It’s not true that heliospheric effects only 

matter below a few GeV

• Between a few GeV and a few TeV the 
manner in which cosmic rays traverse the 
solar system changes.

• This is not charge symmetric.

• If it’s a heliospheric effect the PAMELA 
result will go away in a couple of years.

• The signal should vary with the tilt of the 
current sheet.


