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Anomalous Cosmic Rays: Where Are They Accelerated?
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Abstract: Contrary to some expectations, the spectrum of ACRs did not unfold to a power law when the two Voyager
spacecraft crossed the termination shock in December 2004 and August 2007. ACR fluxes continued to increase as
Voyagers advanced deeper into the Heliosheath. This can be interpreted in term of the blunt termination shock (TS):
because of the shock/magnetic field configuration the time for acceleration was insufficient to reach ACR energies (Kota
and Jokipii 2004, McComas and Schwadron 2006). We present 2-D numerical simulations of ACR acceleration at the
blunt TS including parallel and perpendicular diffusion. We employ a backward tracing method to explore where and
how ACRs are accelerated. We find that seed particles need to be injected near the nose-region to have a good chance
to reach ACR energies. Possible interpretations of recent trends in Voyager-1 and -2 particle observations will also be
briefly discussed.
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1 Introduction

The long-time paradigm of the ACRs being accelerated at

the solar wind termination shock (TS) [1] has been ques-

tioned since the Voyagers’ crossings of the TS brought un-

expected results: the spectrum of ACRs did not unfold to

the anticipated steady power-law form, and ACR fluxes

continued to increase as Voyagers advanced deeper into

the heliosheath [2, 3, 4]. Magnetic reconnection [5, 6] and

stochastic acceleration [7, 8] have been suggested as alter-

native sources of ACRs. We believe, on the other hand,

that there is no compelling argument against the ACRs be-

ing accelerated at the TS with diffusive shock acceleration

(DSA). Voyagers’ findings do not necessarily imply that the

source of ACRs should be beyond the TS. An equally plau-

sible explanation is that this is simply a 2-D effect due to

the bluntness of the TS. Spiral field lines can and do inter-

sect the blunt TS more than once [9, 10]. In the nose region,

where field lines first hit the TS, the time available for ac-

celeration is insufficient to reach ACR energies. Particles

are carried toward the flanks during the longer acceleration

process [11, 12, 13, 14] and may diffuse back to nose.

In this work we address the acceleration process in terms

of the diffusive shock acceleration at the blunt termination

shock, leading to a lateral structure along the shock face.

A backward tracing method will be employed to explore

the history of ACRs from injection through gaining ACR

energy to being detected.

Figure 1: Contour-plot of simulated particle fluxes around

a blunt TS at MeV energies (red is high, blue is low). The

depletion at the nose region of the TS is clearly visible (see

text).

2 Model

We consider a 2-D model with an offset circle represent-

ing the TS, which is intersected by the regular Parker-spiral

field lines. The model includes parallel and perpendicular

Vol. 11, 6
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diffusion with a typical ratio of � � � � � � 
 � 
  � 
 � 
 � .

Model simulations show qualitative agreement with Voy-

ager observations. ACR spectra do not unfold to the antic-

ipated power law form. The field configuration leads to a

natural cold spot with a depletion of MeV particles at the

nose region of the TS. As seen in figure 1, MeV fluxes are

not saturated at the TS but continue to increase beyond the

TS. Consequently, the ACR spectrum unfolds gradually as

the spacecraft moves deeper into the Heliosheath.

3 Back-Tracking Method

The basic equation for diffusive shock acceleration (DSA)

[15] describes the time-evolution of the omnidirectional

phase-space density of energetic particles, � � � � � � � � � , at

position � � , momentum � , and time � , as

! �! � � !! � � " � � $ ! �! � $ % � ' � ! �! � � * + ! ' $! � $ ! �! , . � ** 0 � � � � � � � � (1)

where � � $ is the (full) diffusion tensor, and ' � is the con-

vective solar wind speed, while Q represents seed particles

injected into the DSA process at the shock. Instead of solv-

ing Eq. (1), one can consider the adjoint Green-function

[16] 4 � � 6 8 � � � 6 : � � � � � � � , obeying:

! 4! � � !! � � " � $ � ! 4! � $ * ' � 4 % � + ! ' $! � $ ! 4! , . � ** = ? � � � � � 6 8 � � = � , . � � � � 6 � (2)

with boundary conditions appropriate to the physics in-

volved. For simple steady-state cases, � at the position � 6 8 � ,
and momentum � 6 can be then given by the convolution:

� � � 6 � � 6 � � F HI H K
, . � F K ? � � 0 � � � � � � 4 � � � � � � (3)

The method can be visualized as releasing pseudo-particles

and following the backwards in time [17]. Since integration

is backward, Eq. (2) describes a solar wind flowing back-

ward, and pseudo-particles gaining energy in the wind, and

loosing energy at the TS. Of course, diffusion is not re-

versible, so there no one-to-one correspondence between

pseudo-particles and the real particles that are observed.

Yet, the method offers a powerful diagnostic tool. The ap-

proach is essentially equivalent with the stochastic integra-

tion method widely used for galactic cosmic rays.

4 Numerical Simulations and Discussion

To explore the history of energetic particles from injection

to reaching ACR energies and being observed at a location

near the TS, we release 1 MeV pseudoparticles from the

Figure 2: Distribution of 4 at 100 keV energy. 1 MeV

pseudo-particles are released 1 AU off the TS at nose. The

contour-plot shows that 100keV seed particles injected at

the nose have a higher chance (red) to be accelerated and

be detected by as a 1MeV particle by the observer (Obs.).

White means extremely low chance.

Figure 3: Same as figure 2 but for an observer toward the

flank. The contour-plot indicates that injection in the nose

region is more efficient even for this case (see text).

location of an observer, and trace their evolution by solving

Eq. (2). Figure 2 displays the distribution of 4 at 100 keV,

which is essentially of the chance of a 100 keV particle

to become a 1 MeV particle and detected by the observer

in the nose region near the TS (Obs. in figure 2). Figure

3 shows the same distribution for an observer toward the
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Figure 4: Variation of � as function of energy for an ob-

server placed at the nose (see figure 2). Different curves

refer to different locations along the shock face (red nose,

orange flank, blue tail. Solid lines refer to the 0 - 180 � ,

dotted lines refer to the 180 � - 360 � longitude range, re-

spectively.

flank. Figures 2 and 3 show that particles injected at the

nose have the best chance to become and be observed as

ACRs even for observers at the flanks.

The same simulation results are shown more quantitatively

in figures 4 and 5, respectively. These figures display � as

a function of energy at different locations along the shock.

The right branches toward higher energies would describe

particles cooled down from their original higher energies in

the expanding solar wind. For us, the interesting part is the

low-energy branch.

The remarkable feature of figures 4 and 5 is that, even for

an observer at the flank, particles injected at the nose have

an order of magnitude better chance to be accelerated and

be detected by the observer. The reason is that these parti-

cles get into the acceleration process sooner and have more

time for acceleration. The underlying physical picture is

that particles injected at the nose move, together with their

respective field lines, toward the flank and then diffuse back

to the nose. This process leads to a natural cold spot at the

nose with a depletion of ACRs there [12, 13, 14, 18]

5 Conclusions

Physical arguments suggest and numerical simulation con-

firm that seed particles injected at the nose have a the best

chance to be accelerated to ACR energies, since they enter

the acceleration process early, hence they have more time

for acceleration. It seems quite conceivable that a large part

Figure 5: Same as in figure 4 but for an observer toward the

flank as shown in figure 2 (see text).

of the heliosheath is filled with ACRs, that started their life

as seed particles at the nose.

During the acceleration process particles injected at the

nose tend to move progressively, together with their field

lines, toward the flanks. They reach ACR energies at the

flanks and diffuse back to the nose. This process creates

a natural cold spot, with a depletion of ACRs at the nose.

Cross-field diffusion plays a instrumental role in the whole

process.

In summary, one can say that most ACRs are likely born at

the nose as TSPs. Then TSPs tend to move laterally away

from the nose during the acceleration process and reach

maturity at the flanks. While the nose is the birthplace of

ACRs, the shock-face plays the role of nursery: particles

move progressively toward the flanks, as the gain energy

they to become mature ACRs.

Finally we note that Voyagers are now observing intrigu-

ing variations. The � 0.5MeV flux detected by Voyager-

1 exhibit a steady decline which, among others, might be

connected with the proximity of the heliopause or with a

possible expansion of the wind. Voyager-2, on the other

hand, has been experiencing a rising flux in the same en-

ergy range in the last year. We shall briefly address possible

implications and interpretations at the Conference.
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[17] Kóta, J., 15th ICRC, Plovdiv, 1977, bf 11, 768-773

[18] Guo Fan, J.R. Jokipii, J. Kóta, Ap. J., 2010, 725 128-

133

Vol. 11, 9


