
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 100, NO. All, PAGES 21,605-21,612, NOVEMBER 1, 1995 

Cross-field diffusion in corotating interaction regions 
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Abstract. Energetic ions associated with the forward and reverse shocks of corotating interac- 
tion regions (CIRs) are commonly observed at places within CIRs that are not magnetically 
connected to either shock. Examples have been documented with data from Pioneer 10 and 11 
and Ulysses. They pose a problem for models that account for these shock-associated, coro- 
rating energetic ion populations (CEIPs) in terms of ion energization at the shocks followed by 
ion propagation along field lines. According to these models, regions magnetically unconnect- 
ed to a shock should contain no shock-associated ions. Cross-field diffusion has been 

suggested as a mechanism for populating the shock-unconnected regions of CIRs. Here we 
quantitatively examine this suggestion. We use the Green's function solution to the convec- 
tion-diffusion equation applied to idealized CIR geometry, with a source at the reverse shock, 
to compute the ratio of the ion flux in the heart of a CIR to the flux in the shock-connected 
part of the CIR and to compare the result with typical ratios observed by the Pioneer space- 
craft. The computed ratio for resonant diffusion is many orders of magnitude below the 
observed ratio. For stochastic field line diffusion, the computed ratio is many orders of 
magnitude above the observed ratio if a diffusion coefficient appropriate to the free solar wind 
is used. It agrees with the observed ratio, however, if a reduced diffusion coefficient approp- 
riate to CIRs is used. We conclude that the stochastic field model of cross-field diffusion can 

account for the presence of energetic ions in regions of CIRs that are magnetically 
unconnected to shock waves. 

Background and Purpose 
Corotating interaction regions (CIRs) in the solar wind 

accelerate background keV energy ions (including solar wind 
suprathermal ions and interstellar pickup ions) to MeV 
energies and distribute them in a characteristic way in space 
.[Barnes and Simpson, 1976; McDonald et al., 1976; Pesses 
et al., 1979]. We summarize the relevant properties here 
(for additional descriptions, see Tsurutani et al. [1982], 
Richardson, [1985]; Kunow et al. , [1991]). 

A CIR separates a preceding slow solar wind stream 
from a following fast solar wind stream. Beyond a helio- 
spheric distance of about 2 AU, a CIR is usually bounded by 
forward and reverse shocks, and along its whole length it is 
usually partitioned near the middle by a stream interface, 
which separates denser, cooler plasma in the slower, preced- 
ing stream from thilmer, hotter plasma in the faster, 
following stream. The stream interface can be said to mark 
the center of a CIR. CIRs generate energetic ions in a pair 
of corotating energetic ion populations (CEIPs), a leading 
CEIP and a trailing CEIP. The peak of the leading CEIP 
lies near the forward shock, and the peak of the trailing 
CEIP lies near the reverse shock; the peaks may or may not 
coincide with the shocks. The trailing CEIP is often more 
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pronounced than the leading CEIP. The two CEIPs are sep- 
arated by a valley of low flux in the center of the CIR. A 
recent finding of direct relevance to this paper is that the 
stream interface lies at the foot of the slope that leads from 
the valley floor up to the peak of the trailing CEIP [Intrili- 
gator and Siscoe, 1994], (hereinafter referred to as paper 1). 

Figure 1 illustrates general CIR morphology with a 
particular example. The data were taken during Bartel's 
rotation 1927 in 1974 by Pioneer 11 at a heliocentric distance 
near 4 AU. They show the jumps in solar wind speed at the 
forward and reverse shocks, the jump in the specific entropy 
within the CIR marking the stream interface, and the two 
peaks in the energetic ion fluxes forming the leading and 
trailing CEIPs. The stream interface lies at the bottom of the 
slope up to the trailing CEIP. The asymmetrical shape of the 
valley seen here is typical: The slope of the valley wall 
leading down to the stream interface is shallower on the 
leading side than on the trailing side (Figure 3 of paper 1 
gives more examples). This asymmetry cannot be explained 
in terms of the unequal sizes of the two CEIP peaks, because 
the shallow slope is distinct from the slope associated with 
the leading CEIP. Below, we suggest an explanation in 
terms of a spatially varying diffusion coefficient. 

Data of this kind have stimulated efforts to explain the 
acceleration process that makes CEIPs. Fermi acceleration 
[Palmer and Gosling, 1978; Fisk and Lee, 1980] seems cap- 
able of providing the bulk of the CEIPs, and gradient drift 
acceleration [Pesses et al., 1979, 1982] might provide local 
flux peaks near the shocks [Lee, 1983]. Less attention has 
been paid to how the ions are transported once accelerated. 
Propagation parallel to the magnetic field has been assumed; 
transport perpendicular to the field has been mostly ignored. 
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Figure 1. Pioneer 11 solar wind specific entropy argument 
(EA) in units of K cm -1/2, corotating energetic ion 
population (CEIP) profile as seen in Simpson's 0.5-1.8 MeV 
protons, and solar wind speed for a corotating interaction 
region (CIR) at 4.3 AU in solar rotation (SR) 1927 in 1974 
[Intriligator and Siscoe, 1994]. Marked features are the 
following: FS, forward shock; SI, stream interface; RS, 
reverse shock; LUL, leading unshocked layer; TUL, trailing 
unshocked layer. 

energetic ions in the central valley in view of the finding, 
already mentioned, that the stream interface acts as if it were 
a border to the trailing CEIP. This finding was based on 
data from Pioneer 10 and 11. It refers to CIRs near the 

ecliptic plane between about 3 AU and 5 AU. It was subse- 
quently confirmed using Ulysses data on CIRs around 5 AU 
off the ecliptic plane [Intriligator et al., 1995]. Between the 
two studies, 12 cases were tested; the result held for each. 
It put the cross-field diffusion conjecture in question, because 
the stream interface plays no apparent role in ion diffusion. 
Nonetheless, we solve the applicable convection-diffusion 
equation below and show that cross-field diffusion is fast 
enough to populate the unshocked valley with energetic ions 
as observed. Indeed, the quantitative treatment of the trans- 
port shows that diffusion is too effective, which turns the 
original question around to, How does the valley stay so 
empty? The answer to the revised question comes from an 
earlier work [Conlon, 1978] on the transport of relativistic 
electrons from Jupiter through the solar wind. This study 
revealed that cross-field diffusion is strongly suppressed 
within CIRs. Here we show that the suppression accounts 
quantitatively for the observed fluxes. In light of the result, 
the morphological evidence that earlier argued against diffu- 
sion, namely, that the stream interface borders the trailing 
CEIP, must be regarded as requiring a separate explanation 
from a cross-field diffusion model. We consider this require- 
ment after showing that cross-field diffusion quantitatively 
accounts for the flux of energetic ions observed in the central 
valley. 

Data from the central valley of minimum flux allowed us to 
examine this aspect of the transport. 

Since CEIPs are associated with the shocks, one could 
have anticipated a central valley of low fluxes, because the 
shocks do not start at the stream interface within a CIR. A 

shock's sunward tip comes closest, approaching to within 
roughly 12 corotation hours of the stream interface [Pizzo, 
1989; Hu, 1993]. Figure 1 gives 12-hour markers to show 
where the tip of the shocks project along field lines to the 
spacecraft's position. The spaces between the shocks and the 
stream interface are labelled LUL (leading unshocked layer) 
and TUL (trailing unshocked layer). Much of the trailing 
CEIP lies in the TUL. From this perspective, the valley is 
interesting, not because it has fewer energetic ions, but 
because it has energetic ions at all. How does a part of a 
CIR that is magnetically unconnected to a shock receive ions 
accelerated by a shock? 

Tsurutani et al. [1982] were first to point out the 
anomalous presence of energetic ions in the unshocked val- 
leys of CIRs and the first to suggest how they might get 
there. They described a recurring CIR whose valley partially 
filled in during a series of recurrences: Its flux went from 
below ambient near the time of the CIR's appearance to 
above ambient on later recurrences. They conjectured that 
the filling in was "presumably due to cross-field diffusion of 
protons from the neighboring maximum regions" (p. 7389). 
Gradient drift at the shock cannot fill in the valley since the 
shocks do not enter the valley. (Tsurutani et al. also noted 
that the energetic ions in the unshocked layers could come 
from the sun or from greater heliocentric distances.) 

In paper 1, we questioned whether the cross-field 
diffusion mechanism can fully account for the presence of 

Green's Function Solution of the Convection- 

Diffusion Equation for CIR Geometry 
Figure 2 gives an idealized geometry for the trailing half 

of a CIR. The idealization consists in unbending the spirals 
that describe the actual stream interface and the reverse 

shock and aligning the coordinate system with the unbent 
stream interface, field lines, and flow lines in the corotating 
reference frame. In this geometry, magnetic field lines, bet- 
ween the stream interface and the reverse shock lie parallel 
to the stream interface. Thus the directions parallel and 
perpendicular to the magnetic field coincide with the direc- 
tions of the coordinate axes. The geometry is two dimen- 
sional and time stationary. The assumption of two dimen- 
sionality is justified, since the unshocked layers are about 0.1 
AU thick and several AU in the other two dimensions. The 

assumption of time independence in the corotating frame is 
justified, since the diffusion time scale is about 5 days (based 
on kñ = 2.5 x1018 cm 2 sec-1; see below), whereas the val- 
ley in the flux profile persisted for nearly a year. The 
geometry is time-stationary in the corotating reference frame 
where the solar wind flow is parallel to the magnetic field. 
These idealizations greatly assist in solving the equation, and 
the errors they cause are not likely to affect the conclusions 
based on the results. 

The convection-diffusion equation appropriate to the 
idealized geometry is 

02f 02f Of 
k.l - + kll - V m = 0 (1) 

0x 2 0y 2 0y 

where f is the omnidirectional distribution function; x and y 
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are coordinate directions perpendicular and parallel to the 
flow and field lines; k_L and kll are coefficients for diffusion 
perpendicular and parallel to the magnetic field; and V is 
solar wind speed in the corotating frame. In the data, f is 
proportional to counts per second in a fixed energy range. 
Conditions are assumed to be constant in the z direction, that 

is, perpendicular to the plane of the figure. The adiabatic 
deceleration term is omitted, but its effect is considered 
below. The boundary conditions are a delta function source 
at the shock with arbitrary source strength along the shock 
and vanishing particle intensities at infinity. We solve the 
equation by first going into the solar wind reference frame, 
which transforms the equation into a pure diffusion equation 
with a moving source. The expression for the moving source 
can be inserted into the Green's function solution to the time- 

dependent, two-dimensional diffusion equation [Morse and 
Feshbach, 1953, p. 894]. Transforming back to the original 
reference frame then gives 

fix,y) sh!ck S(•0)d•0 

[ i dr exp - T (• -•0) 2 + (*/-/•0 - vr) 21 4r 
(2) 

Here S(x) is the source strength along the shock measured at 
its x position; • = x/v/k_L; */ = y/V'kl•; tt = rm/(kl/k• •), 
in which m is the slope of the shock defined by y = mx + 
b, where b is the y intercept of the shock; and v = V/V'kl•. 
The inner integral is the Green's function for our problem. 
The Green's function gives the contribution to f at an arbit- 
rary point (x,y) from particles generated at an arbitrary point 
x o on the shock surface. We must integrate the Green's 
function along the shock surface to get the full value of f at 
x,y. The inner integral in equation (2) can be evaluated 
under an approximation that applies to our case, namely, 

2vq(•-•0) 2+(n-•0) 2 > 1 (3) 

One then obtains an approximation for the Green's function, 
g(x,y I x o): 

g(x,y I x O) = 

v exp - 

2kll •kñ 

2kll •kñ 

(x-x0) 2 + (y-mx0) 2 - (y-mx0) 

(x-x0) 2 + (y-mx0) 2 

1/2 

(4) 

With this result, we can formulate a procedure to 
compare the empirical flux ratio across the unshocked layer 
with that predicted by equation (2). We could simply inte- 
grate equation (2) numerically, but the uncertainty in 
specifying the source function S(x) would leave the result 
open to multiple interpretations. Instead, we take advantage 
of an analytical property of equation (4). For our standard 

of comparison, we take the ratio of intensities at the inner 
and outer edges of the trailing unshocked layer at a nominal 
distance of 4 AU, approximately where Pioneer 11 made its 
measurements. Our representative value for this flux ratio is 
1/20. Now equation (4) can be used to show that the part of 
the shock that gives the biggest contribution to the ratio is the 
part closest to the stream interface, that is, the sunward tip 
of the shock. Thus if the ratio based on this part alone is too 
small, so will be the ratio based on the full integration of all 
source points along the shock. Our procedure, then, is to 
calculate ratios of values of g(x,y I x0) computed for the two 
sides of the trailing unshocked layer and to compare the 
ratios with 1/20. This procedure minimizes the impact of 
neglecting the adiabatic deceleration term, since the amount 
of deceleration is nearly the same for ions created at one 
point on the shock. 

It is convenient to take the origin of the (x,y) coordinate 
system to be the sunward tip of the shock. Then the y axis 
passes through x o and the x position of the outer edge of the 
trailing unshocked layer. Equation 4 gives for the ratio of 
the flux at the stream interface to the flux across the un- 

shocked layer from ions generated at the sunward tip of the 
shock 

R(kll,ka_) 

2 

Yp 

kll 2 +y• •--•-• XsI 

1/4 

v I kll 2 2 exp y p - Xsi + y p 2kll • 
(5) 

in which yp is the y position of the Pioneers relative to the 
sunward tip of the shock, and Xsi is the x position of the 
stream interface. Since yp, Xsi, and V are known at least 
approximately, the ratio R(k I ,kl•) can be regarded to be a 
function of the diffusion coefficients. Numerical MHD mod- 

els [e.g., Pizzo, 1989; Hu, 1993] and observations agree that 
the sunward tip of the reverse shock lies typically around 2 
AU, which gives yp = 8.3 AU (the distance along a corota- 
tion spiral from 2 AU to 4 AU radial distance). These MHD 
models also give Xsi equal to a corotation time of about 12 
hours in the spacecraft frame, which at 4 AU is about 0.12 
AU in the orthospiral direction (that is, perpendicular to the 
corotation spiral). For V we take 1500 kn•/sec (correspond- 
ing to a 500 km/s solar wind and a corotation speed based on 
the midpoint between 2 AU and 4 AU). With these values 
we can construct contour plots of R(k•l,k l) for a range of 
diffusion coefficients. Since k I enters only as a ratio with 
k•, we show contour plots of R(kl•, k 1/k•). Figure 3 
summarizes this information. 

The contours of the ratio R(kl•,k I/kl•) go from a preci- 
pitous 10 -5 to a flat 10 -ø'ø•. The thick contour at 10 -•'3 (= 
0.05) corresponds to the characteristic observed ratio, 1/20. 
For cross-field diffusion to fill in the unshocked layer, to the 
extent suggested by observations, lines of constant k•l and 
k I/k• must cross near this thick contour. The shaded reg- 
ion to the right in the figure corresponds to estimates for k ll 
and k I/k• appropriate to the free solar wind. These are 
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Figure 2. Coordinate system and reference frame in which 
the convection-diffusion problem is formulated and solved. 

taken from the Palmer [1982] survey. They are based on 1 
MeV protons and the suggestion by Palmer that over the 
range 1 AU to 5 AU, the diffusion coefficient is approxi- 
mately independent of heliocentric distance. The free solar 
wind range of k•_/kll uses none of the estimates for which 
Palmer gives only upper limits. (Upper limit estimates come 
mostly from fitting the flux profiles of flare proton events. 
The identification of similar proton events with CMEs 
[Kahler, 1993] subsequent to the Palmer survey changes the 
assumptions on which the estimates are based.) The intersec- 
tion of the two shaded bands defines the free solar wind 

domain of flux ratios. It lies wholly in the part of the plot 
where the flux is greater than observed. This means that if 
the free solar wind values of kll and k•_/kll also applied 
inside CIRs, one should never see a valley with a factor of 
20 depression; our problem would be to explain why the un- 
shocked layers are so empty instead of why they are partially 
filled in. The value of kll or k•_/kll or both inside the CIR 
must be less than their free solar wind values' otherwise, the 

unshocked layer would fill in more than is observed. 
The following argument suggests that the value of kll 

does not change much from the free solar wind to a CIR. 
The ratio of the change is given by equation (6), which is 
based on an expression derived by Giacalone et al. [1993, 
equation 8]. 

(k 11)CIR (B b)Ci R (P o)SW 
(k 11) SW (B 5)SW (P o)CIR 

(6) 

Here B is field strength, and Po and 5 are defined by P(k) = 
Po k-6, where P(k) is the power density at wave number k. 
To obtain an average ratio of field strengths, we have used 
the first nine recurrences of the bigger of the two giant 
streams of 1974 (the series Tsurutani et al [1982] analyzed). 
This gives 9.0 __+ 5.1. From many power spectra of field 
fluctuations near the stream interfaces of these CIRs, we find 
that the value of t5 is close to the Kolmogoroff 5/3, which we 
use. (Equation (6) assumes that • is nearly the same in the 
free solar wind and in CIRs, as appears to be the case 
[Ruzmaikin et al. 1995].) For the ratio of Po s, we use the 
ratio of the variances of the components, which ranges from 
20 to 65. Using 9.0 for the ratio of field strengths and 42 
(the median of the range) for the ratio of powers, we find 
that the ratio of k11s is essentially unity. The increased 
amplitude of fluctuations approximately compensates for the 
increased field strength. Thus in Figure 3, the CIR domain 
should lie on the Palmer consensus band of k11s. The 
problem remains to fix its location along the k•_/kll axis. 

Since kll changes little from the free solar wind to the 
CIR, we can consider change in k •_/k 11 or the change in k •_. 
To get at the change in kñ, we look at the two basic cross- 
field diffusion mechanisms that have been discussed: wave 

particle (also known as resonant) scattering and the random 
walk of magnetic field lines (also known as the stochastic 
field model) [Jokipii, 1966' Jokipii and Parket, 1969]. With 
regard to resonant scattering, Palmer [1982] notes that for 
ions with energies around 1 MeV in the free solar wind, 
cross-field diffusion by this mechanism is "all but neglig- 
ible." To see that it is also negligible in CIRs, consider the 
following resonant scattering formula [Jokipii, 1987, equation 
(5)]' 

kñ 1 

kll 1 + 0Xl 1/rg) 2 
(7) 

Here X ll is the parallel mean free path and r is the ion g 

gyroradius. Palmer gives the range 0.08 AU to 0.3 AU for 
X11 in the free solar wind, which we have argued applies also 
to CIRs. The average CIR field strength measured by Pion- 
eer 11 (3.7 nT) gives 2.5 x 10 -4 AU for the gyroradius of a 
1 - MeV proton. These numbers give 7 x 10 -7 to 1 x 10 -5 
for the range of k•_/k•, which lies well to the left of the 
border of Figure 3. Thus resonant scattering can be 
neglected within CIRs as well as in the free solar wind. 

This leaves the stochastic field model. To apply it to 
estimate how much k•_ changes from the free solar wind to 
CIRs, we adopt an idea put forth by Conlon [1978]. Conion 
analyzed Pioneer 11 data to determine the manner in which 
relativistic electrons escaping from Jupiter's magnetosphere 
propagate through the solar wind. They readily filled the 
volume occupied by a free solar wind stream, from which 
Conlon deduced that cross-field diffusion in the free solar 

wind must be as rapid as the stochastic field model allows. 
He observed, however, that the flux of relativistic Jovian 
electrons was greatly reduced in CIRs, which implied a 
correspondingly reduced value of k•_. To account for a 
small k•_, he reasoned that a CIR's spirallike corotating 
shocks compress the average, spiral part of the field more 
than the fluctuating, random walking part of the field, or at 
least that component that fluctuates parallel to the shock 
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Figure 3. Contours of the ratio of the flux at the stream interface to the flux just across the unshocked layer 
as a function of k]] and k_L/k]]. The thick contour represents the observed ratio. The heavily shaded 
regions identify the parameter regimes for the diffusion coefficients that are characteristic of the free solar 
wind and the CIRs. 

normal, which is the uncompressed component. Strengthen- 
ing the average field but not the cross-field fluctuations 
straightens the kinks in the field lines that are responsible for 
random walking the field across the CIR, thus reducing the 
cross-field diffusion coefficient. Stated differently, shock 
compression does not increase the amount of field line tangl- 
ing, it merely compresses the preexisting tangled mass like 
a ball of steel wool. This analogy captures the idea of 
reversible compression of a dense network of lines, though 
not the aspect that the lines form a rope. In this view, 
whereas before the compression occurred, a particle might 
move along a tangled field line a distance x across the 
average field direction while moving a distance y along the 
average direction, after compression, a particle following the 
same field line would move only a distance x/c across the 
average field direction while moving the same distance y 
along the average direction, where c is the compression ratio 
(the ratio of the CIR field strength to the free solar wind 

field strength). Since diffusion is a random walk process, the 
cross-field motion enters the diffusion coefficient squared; 
hence the diffusion coefficient in a CIR goes down by the 
square of the compression ratio. For our Pioneer CIR 
sample, this gives about a factor of 80 reduction in k_L, 
which is the factor used to locate the CIR domain in Figure 
3. (Conion inferred a factor of 1600, but this was based on 
the weakest solar wind field strength. We have used the 
field strength just upstream from the reverse shock, since this 
is the field on which our estimate on k in the CIR is 

based.) 11 
Though the shock is not a tangling mechanism, it does 

increase the level of fluctuations, as Tsurutani et al. [1982] 
show. They also show that the added fluctuations are mainly 
Alfvenic, since the field strength fluctuates little. This type 
of fluctuation propagates along the average field direction 
and contributes inefficiently, if at all, to stretching the 
tangled field perpendicular to the average field direction. 
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Thus while the added fluctuations act to decrease kll signifi- 
cantly, as equation (6) shows (but the compressed field 
strength acts to increase it again to about its free solar wind 
value), they do little to k_c. The whole effect on k_c results 
simply from squashing the field line tangle in the cross-CIR 
direction, with a corresponding shrinking of the mean-free 
path in that direction. This dramatically weakens the flux of 
relativistic electrons in CIRs as Conlon [1978] observed, and 
it centers the CIR domain in Figure 3 on the reference 
contour representing the observed flux ratios. (We acknow- 
ledge that a recem interpretation by Bieber et al. [1994] 
would put the Palmer band about a factor of 2 lower than the 
original; but even if the Bieber et al. interpretation proves to 
be correct, it will not change our results, owing to the fact 
that the reference contour line passes through the CIR 
domain.) 

We conclude that the stochastic field model can account 

for the 5 % of the shock-fed flux of energetic ions that cross 
the unshocked layer to reach the stream interface at 4 AU. 
The question remains, Why does it stop there? The next 
section addresses this and a related question. 

Requirements on the Cross-field Diffusion 
Explanation Imposed by Morphology 

In the equations of diffusive transport, the determining 
elements are the diffusion coefficient and the sources and 

sinks of particles; nothing else enters. Thus in general 
terms, if the stream interface is to play a role in determining 
the spatial distribution of ions under diffusive transport, it 
must be a source, a sink, or a separator of regions having 
different diffusion coefficients. It cannot be a source, be- 
cause the flux falls to a minimum there. It might, however, 
act as a sink in a time-dependent situation where the level of 
the valley rises by the diffusive influx of ions from both 
sides, as Tsurutani et al. [1982] suggested. Yet even here 
the coincidence between the stream interface and the low 

point in the valley is not guaranteed, since the unshocked 
region defining the valley is much wider than the stream 
interface; the valley's low point could be anywhere, not 
necessarily at the stream interface. Some extra piece of 
physics presumably connects the two features; otherwise, if 
the physics that governs the stream interface were completely 
independent of the physics that governs the CEIPs, a near 
coincidence between the stream interface and the valley's low 
point would not occur in most of the 12 observed cases. We 
have mentioned that MHD models of CIRs indicate that the 

forward and reverse shocks form about equidistant from the 
stream interface, but this is insufficient as an explanation, 
because in a purely diffusive situation, the valley's low point 
falls where the opposing diffusive fluxes balance, not where 
the opposing distances balance. For example, other things 
being equal, the low point should lie closer to the weaker 
source; yet no reason is known for the location of the stream 
interface similarly to depend on the relative strengths of the 
sources. If the stream interface had no influence on the 

diffusion, our null hypothesis, the flux from the stronger 
source would simply diffuse through the stream interface to 
get to the low point. Therefore some factor must operate to 
lock the stream interface into the valley's low point. 

It is possible that the stream interface is indeed a 
physical barrier to stochastic field diffusion. Perhaps field 
lines have not random walked across it near the Sun and can- 

not random walk across it farther out. This possibility would 
be consistent with the stream interface being a tangential 
discontinuity. A tangential discontinuity separates plasma 
with different histories. Thus any random walking across a 
tangential discontinuity would have to occur after the plasmas 
had met and the tangential discontinuity had formed. But 
fields can be strongly sheered across a tangential discontinu- 
ity, which would inhibit field lines from one side invading 
the other side. Furthermore, the stream interface is relative- 
ly thin, which implies a suppression of diffusive processes, 
such as stochastic field diffusion, that would act to thicken it. 
More generally, a tangential discontinuity is a field line 
surface, which means that once it is formed, fields lines 
neither enter nor leave it. Therefore field lines from one 

side do not cross it to mix with field lines on the other side. 

What evidence is there that the stream interface is a 

tangential discontinuity? There is the direct evidence that the 
plasma temperature is discontinuous at the stream interface. 
In some CIRs, the temperature jumps an order of magnitude 
in less than an hour. There is the indirect evidence that the 

stream interface has been observed to lie within one corota- 

fion hour of the heliospheric current sheet from 1 AU to 5 
AU [Siscoe and Intriligator, 1994]. The heliospheric current 
sheet is a tangential discontinuity [Klein and Burlaga, 1980]. 
As Siscoe and Intriligator [1994] argued, this implies that the 
stream interface is also a tangential discontinuity. The prox- 
imity of the stream interface and the heliospheric current 
sheet puts an upper limit of 10 -4 nT on the difference in the 
normal components of the fields at their surfaces. A good 
assumption is that the normal components are zero in both 
cases and that both are tangential discontinuities. 

As noted earlier, the flux varies asymmetrically between 
CEIP peaks. Its slope is much shallower before the stream 
interface than after it. In a diffusion scenario, this means 
that the stream interface separates regions having different 
diffusion coefficients, the preceding coefficient being bigger. 
This is a significant result of the present analysis. It says 
that the degree of field line tangling in the plasma that 
precedes the stream interface is significantly greater than the 
degree of field line tangling in the plasma following. The 
plasma feature that precedes the stream interface is presum- 
ably the streamer belt [cf. Gosling et al., 1981, Figure 8]. 
Therefore we infer that field lines inside the streamer belt are 

more stochastic than field lines outside. There is indirect 

support for this inference. Crooker et al. [1993] and Naka- 
gawa [1993] find marked deviations from corotating spiral 
geometry to characterize the magnetic field in the streamer 
belt. 

Summary 
This study has yielded two main results: (1) The 

energetic ions in the central shock-unconnected region of 
CIRs can arrive there by stochastic cross field-diffusion from 
shock-connected parts of the CIR and (2) to account for the 
relatively few ions in the central region, the stochastic field 
diffusion coefficient must be reduced by nearly 2 orders of 
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magnitude from its free solar wind value, corresponding to 
the ratio of field strengths inside and outside the CIR as 
suggested by Conlon [1978]. These conclusions supersede 
the suggestion by lntriligator and Siscoe [1994] that some 
nondiffusive mechanism populates the central region with 
energetic ions. In the present paper, the reasons for the 
earlier suggestion take the form of requirements on the 
diffusion scenario. There are two requirements: (1) The 
stream interface must act like a physical barrier to the 
stochastic field diffusion of ions generated by the reverse 
shock (an attribute it might acquire by being a tangential 
discontinuity) and (2) the coefficient of stochastic field 
diffusion must be much greater before the stream interface 
than after it or, stated differently, field lines must be more 
stochastic inside the streamer belt than outside (a condition 
for which there is independent evidence). 
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