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Absftract. It has been known for a long time that the effects
of the heliosphere on cosmic rays extends beyond the termi-
nation shock and into the heliosheath. The inclusion of the
region beyond the termination shock into models of modu-
lation is still not universal, although the effects of the helic-
sheath may be considerable in the outer heliosphere. Previ-
ously published 2- and 3-D model results including a termi-
nation shock have all been for stationary systems. We have
modified our two-dimensional heliosperic cosmic-ray simu-
lation code to be time dependent and to include a propagat-
ing disturbance which propagates out from the Sun and into
the Heliosheath. The code follows the titme variation of the
intensity of both galactic and anomalous cosmic rays as the
shock propagates past the point of observation and beyond.
The results show encouraging similarities with recent obser-
vations on outer-heliosphere spacecraft which show differ-
ences in the recovery of anomalous and galactic cosmic rays.
A new consequence of this picture is predicted.

1 Introduction and Background

The effects of the heliosphere on cosmic rays in the helio-
sphere have been studied for decades. The heliosphere con-
sists of a number of different regions such as the inner helio-
sphere, the outer heliosphere, the termination shock and the
heliosheath, each of which affects the observed intensities.
Figure 1 illustrates a current view of the heliosphere. The
solar wind blows radially cutward from the Sun at the cen-
ter, carrying with it the solar magnetic field, producing an
Archimedean spiral magnetic field. At a radius of about 100
AU, because of the resistance of the interstellar gas, the wind
undergoes a shock transition 1o subsonic flow (illustrated by
the inner circular boundary). Beyond this termination shock,
the dark line labeled heliopause marks the contact surface
which separates the ionized interstellar gas from the solar
wind gas. A possible second, outer shock in the interstellar
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plasma may also exist, but is not shown in the diagram. .

This whole systetn is bathed by an isotropic, uniform dis-
tribution of galactic cosmic rays. These cosmic rays have
greater or lesser difficulty in traveling into the inner solar
system, resulting in a depressed intensity there. In addi-
tion, anothalous cosmic rays are accelerated at the termina-
tion shock to energies in excess of 1.5 GeV and also prop-
agate through the system, much like galactic cosmic rays.
In the following T will denote galactic cosmic rays by GCR
and anomalous cosmic rays by ACR. Basically, the GCR and
ACR intensitics are "modutated” by the solar wind and its
magnetic field. In addition, of course, the ACR are accel-
erated at the termination shock, which is part of the model.
The intensities reach a maximum at the Earth during peri-
ods of sunspot minimum and are a mimimum when the sun
spots are at a maximum. This reflects a general, heliospheric
depression of the intensity of cosmic rays.

The outer portions of this model, beyond the termination
shock are not understood in detail. It seems that the general
properties of == 100 MeV- 1GeV particles in the inner helio-
sphere are not very sensitive to thése uncertainties, although
there are certainly effects.

Also shown in Figure 1 is the progress of a transient dis-
turhance which propagates past an observer out beyond the
termination shock. This disturbance will have effects on the
cosmic-ray flux which is discussed below.

2 The Region Beyond the Termination Shock

Traditionally, models of GCR in the heliosphere neglected
the poorly-known region beyond the termination shock and
placed the outer boundary of the region of interest at the ter-
mination shock. At this point, the GCR intensity was taken to
be the undistorted galactic intensity of galactic cosmic rays,
as a function of energy. This is perhaps not unreasonable for
the study of GCR phenomena in the inner heliosphere, as the
cffects of the outer regions are less there. In fact, such models
are still used with effect {e.g., Burger, et al, 2000). Nonethe-
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Fig. 1. Schematic diagram of the structure of the heliosphere, show-
ing the propagation of a disturbance past an observer in the helio-
sphere to beyond the termination shock and into the heliosheath. In
the top panel the disturbance is just reaching the observer, and in
the bottom panel the disturbance is beyend the termination shock in
the heliosheath.

less, as emphasized by Jokipii, et al (1993), it is necessary
to incorporate the region to describe accurately phenomena
in the outer heliosphere. They presented a series of model
calculations showing the large effects of the region beyond
the termination shock on the gradients of cosmic rays near
the termination shock, both inside and ouiside of the shock.

Of course, it is, in principle impossible to model ACR
without including the region beyond the termination shock,
because the particles must spend time on both sides of the
shock. Hence, models of the ACR incorporated the helio-
sheath region right from the beginning (Jokipii, 1986). Shortly
thereafter, the Arizona models all incorporated the region
beyond the shock as a matter of course, although this was
not specifically emphasized uatil the 1993 paper discussed
above. Of course, predictions for the outer heliosphere must
be treated with caution, even if they incorporate the helio-
sheath. This is because the region is poorly understood, and
the structure must be considerably simplified.

2.1 Recent Observations of Transient Effects

As pointed out in the introduction, although effects of the re-
gions beyond the terminations shock have been recognized

for a long time, and have been incorporated into our multi-
dimensional models since 1986, there have been no obser-
vations which pointed directly toward heliosheath cffects.
This was changed recently in an observational paper by Mc-
Daonald, et al (2000), which reported transient effects which
seemed to be best explained by effects occurring beyond the
termination shock. Attempts to model the observed effects
are rePorted below,

3 Modeling Cosmic Rays in the. Heliosphere
3.t The Transport Equation

We consider the problem of cosmic-ray transport in a mag-
netic field which is a function of position and time, and which
is frozen into the outward- moving plasma. The cosmic-ray
particles are subjected to four distinct transport effects. There
are: a random walk or spatial diffusion, convection with the
fluid flow, curvature and gradient drifts and energy changes.
They were combined first by Parker (1965), to obtain the
transport equation for the distribution function f{r,»p,t) of
cosmic rays of momentum p at position r and time £.
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The guiding-center drift velocity is given in terms of the lo-
cal magnetic field B and the particle charge ¢ and for weak
scatteringby V4 = (pew/3q) V x (B /B?). This transport
equation is remarkably general, and is a good approximation
if there is enough scattering by the magnetic irregularities
to keep the distribution nearly isotropic. It also requires that
the particles have random speeds substantially larger than the
fluid convection speed. The velocity need not be a continu-
ous function of position and shocks can be included.

3.2 The Model

We must first specify the magnetic ficld. The large-scale
structure of the magnetic field in the heliosphere, at least
in the several years around sunspot minimum, is now well

- known. The field is generally organized into two hemispheres

separated by a thin cwrent sheet across which the ficld re-
verses direction, In each hemisphere the field is generally
assumed to be a classical Parker Archimedean spiral, with
the sense of the field being outward in one hemisphere and
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inward in the other. At solar sunspot minimum, the current
sheet is nearly equatorial. The ficld direction alternates with
each 11-year sunspot cycle, so that during the 1995 sunspot
minimum, the northern field was directed outward from the
sun, but in 1985 the northern field pointed inward. Obser-
vations indicate that the inclination of the current sheet in-
creases as a function of time away from sunspot minimum.
The structure for the years near sunspot maximum is not sim-
ple. It will be generally assumed here that the overail mag-
netic structure is given by this model.

The structure beyond the solar-wind termination shock is

uncertain. Here we simply assume, in each case, that there is
a shock transition at some specified radius .. Beyond this
the radial velocity drops by 1/4 and falls off as 1 /2, out to
an outer, spherical boundary where the cosmic-ray distribu-
tion function takes on the specified “interstellar” value. The
magnetic field is readily determined in this flow pattern,

We consider protons and use parameter sets which we have
used in the past and which are physically reasonable. . The
values of the diffusion coefficients used here are those used
in previous calculations (see, e.g., Jokipii et al, 1993). We
take

K| = nuP“?ﬁ%ﬁ
K = nKZH (2)

where B is the magnetic field, B is its value at 1 A.U.,5p
is usually set equal to .01 — .05 and, if the rigidity P is ex-
pressed in GV, kg = 1.5 x 10*2em®sec™!. These are typ-
ical values used in our previous calculations. The numeri-
cal model used is time-dependent in two spatial dimensions,
radius and polar angle. Hence the current sheet is flat. A
propagating disturbance is then introduced.

4 Effects of the Heliosheath -
4.1 Steady State

The effects of the termination shock in a steady state were
reported by Jokipii, et al, (1993) we summarize the results
briefly here. The computed variations of intensity with helio-
centric radius are quite complex. They found that at low en-
ergies, the shock acts to depress the counting rate at the shock
and thus cause a larger radial gradient beyond the shock.
However, the reverse occurs at higher energies, Hence, appli-
cation to the observations of Webber and Lockwood (1987),
which are integral gradients above 60 MeV depends on the
relative contribution of low and high energy particies. Jokipii
et al (1993) therefore concluded that without much more ac-
curate modeling it was possible only to conclude that effect
of the heliosheath on the integral flux could be equivalent
to the region of enhanced moduiation suggested by Webber
and Lockwood (1987). It was further suggested that the ef-
fects explained by invoking a modulation barrier at large radii
might be naturally explained in terms of the effects of mod-
ulation beyond the termination shock.

4.2 Propagating Disturbances

McDonald, et al (2000) reported an analysis of the recov-
ery of both ACR and GCR from a Forbush decrease caused
by the passage of a disturbance (GMIR) at some 46 AU in
the distant heliosphere, as observed by the Voyager I space-
craft. The particles studied were 150-380 MeV/nucleon He+
for GCR and 9-18 Mev/nucleon Ot and 30-56 Mev/nucleon
He* for ACR. See figure ! for a diagram of such a propa-
gating disturbance initially inside of the termination shock
in the top panel, and subsequently in the heliosheath in the
lower panel. The disturbance was a propagating extended re-
gion of disturbed solar wind with a large magnetic field and,
presumably it impeded cosmic-ray transport. As it passed
the point of observation, it caused-a sudden sitnultaneous de-
crease in the counting rates of both ACR and GCR, followed
by a slow recovery as it propagated further out to larger he-
liocentric distances. The data analysis was complicated by
the fact that the disturbance and recovery were superposed
on the large-scale solar-cycle related recovery of the count-
ing rates.

.In simplest terms, McDonald et al (2000) concluded that
the GCR recovery after the initial decrease took considerably
longer than the recovery of the ACR. They interpreted this as
due to the fact that, once the disturbance which caused the de-
crease passed the termination shock, it could no longer could
impede the access of ACR to the point of observation. Once
the disturbance was past the termination shock, the ACR ac-
celerated there would begin to populate the region behind
it relatively ynimpeded. Conversety, the GCR would not yet
have fully recovered since they are required to come from the
heliopause, which is far out beyond the termination shock,
and would still be impeded by the disturbance.

4.3 'Modeling 2 Propagating Disturbance

We have carried out a full two-dimensional simulation us-
ing our two-dimensional modulation code modified to in-

_clude a region of small diffusion coefficient having a given

radial extent, which moves with the solar wind.’ Thus our
originally time-independent code was made time-dependent,
which considerably increased its running time. Hence only
a few sample simulations are available. We present the re-
sults for 120 Mev protons for both ACR and GCR to rep-
resent the behavior of typical ACR and GCR. The parame-
ters used in these runs, in addition to the transport parame-
ters defined above, we took the propagating disturbance to
be a region of decreased diffusion coefficient, moving with

- the solar wind, which was a Gaussian in shape with a min-

imum k of .1 of the non disturbance value and which had
a half width of 3 AU in radius and extending essentially
over all latitudes. The simulation proceeded by computing
the steady state and then introducing the prepagating distur-
bance which was followed until it passed the outer boundary
of the heliosheath. The simulated intensities as a function of
time, for ACR and GCR, at three different peints in the he-
liosphere, for the current solar magnetic phase (A positive,



3344

Forbush Galactic

gop —
= 3 b
A e i [T TSRO
2
ol
E __________ L ——
o Voo
2

0.1 ‘

B.O 8.5 9.0 9.5 1060 165 110
time (yr)

1_0- _/\’_k

0.1 R

Intensity {arb units)

Fig. 2. Results of time-dependent simulations of the effects of a
propagating disturbance on the intensity of GCR (top panel) and
ACR (bottom panel). In each panel are plotted the intensity as a
function of time at three locations in the heliosphere, all near the
equator. The bottom curve in each is the intensity at the innermost
point, 50 AU and is the lowest because of the radial gradient. The
second and third curves in each case represent the intensity at 70
AU and at the shock, which is at 90 AU

northern magnetic field directed outward) are shown in Fig-
ure 2. There is a small snowplow effect as the disturbance ap-
proaches the point of observation. It is also apparent that the
major conclusion of McDonald, et al (2000}, that the ACR
recover motre quickly than the GCR is born out. Also, com-
parison with Figure 4 of McDonald, et al, suggests that the
time scales for recovery are about right.

However, the simulations show another significant struc-
ture in the time dependence which was not discussed by Mc-
Donald, et al (2000). Most apparent in all three curves is a
moderate increqse in the intensity afier the recovery, which
lasts for approximately as long as the recovery of the GCR.
“This effect was not expected but, in retrospect, should have
been. As a region of impeded cosmic-ray transport approaches
the shock and then engulfs it, the rate of acceleration of the
ACR increases directly in proportion to the decrease in the
diffusion cocfficient ( the acceleration rate is proportional
to 1/k,r). This increased acceleration rate of the ACR in-
creases their intensity. This is also probably the cause of
the spike seen in the point of observation at the shock (top
curve in the ACR plot). This increased intensity then begins
to decay after the disturbance passes beyond the termination
shock and the ACR acceleration rate returns to normal. This

decay would be expected to occur on the same scale as the
recovery of the GCR. If this interpretation of the simulation
results is correct, it should be very robust and not sensitive to
the parameters.

The post-recovery increase in the ACR counting rate is not
obvious in the data, but it could be masked by the overall
solar-cycle-related recovery of the background ACR inten-
sity. We conclude that the model simulations are in satisfac-
tory agreement with observations, It would be interesting to
see if the predicted post-recovery enhancement can be unam-
biguously established in the data.

We have carried out similar calculations for the opposite
phase of the solar magnetic cycle (A negative, northern mag-
netic field directed inward), and the resulting time-intensity
plots are similar. Modeling with drifts turned off also show
gualitatively similar effects. This implies that the effects do
not depend directly on the gradient and curvature driftsThese
results support the robustness of the post-recovery increase
of the ACR.

5 Conclusions

We have discussed time-dependent, two-dimensional simu-
lations of the effects of a propagating disturbance on the in-
tensity of both galactic and anomalous cosmic rays, includ-
ing the effects of the region beyond the termination shock.
Our results are broadly consistent with the observations of
McDonald et al (2000) and support their suggestion that the
propagation of the disturbance beyond the termination shock
is the explanation for the different recovery of the anomalous
and galactic cosmic rays. In addition, a robust new cohse-
quence of this picture was discovered. the intensity of the
ACR should show a post-decrease intensity enhancement,
above the original level, caused by the mote rapid accelera-
tion as the disturbance propagates past the termination shock.
This consequence is not obviously present in the data, but
could be masked by other variations. Future investigations
should lood for this effect. Its absence would cast some doubt
on the model.
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