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Abstract: A theoretical model of particle acceleration by the interaction of a magnetic field directional
discontinuity and a collisionless shock is presented. The geometry of the interaction region, the relative
angles of the shock, discontinuity, and magnetic field highly influences the acceleration process. In certain
geometries the particles can re-enter the acceleration region again and again, which leads to more effective
acceleration and higher final energies. This mechanism can contribute tothe generation of energetic
particles in hot flow anomalies, and can play an important role in the pre-acceleration of anomalous
cosmic rays.

Introduction

It is widely accepted that the high energy ion
and electron distributions of astrophysical plasmas
originate in regions where particles interact with
shock waves. In most environments where ener-
getic populations are observed, shocks can also be
seen. Shocks are associated with most energetic
particle populations in space.

The three dominant processes of shock accelera-
tion are the shock drift acceleration [1], the diffu-
sive shock acceleration [2], [3] (first order Fermi
process) and the stochastic shock acceleration [4]
(second order Fermi process). In shock drift ac-
celeration, particles gain energy by drifting in the
induced electric field along the shock surface. This
drift is a kind of gradient drift induced by the dif-
ferent field magnitudes upstream and downstream
of the shock. In the Fermi processes particles in-
teract with moving scattering centers. The energy
source in the first order mechanism is the different
upstream and downstream plasma speed. The par-
ticle bouncing back and forth across the shock can
gain more energy in an upstream interaction than
that it loses by interacting with a downstream scat-
tering center. In stochastic acceleration, the parti-
cles interact with randomly moving scattering cen-
ters. The ”scattering centers” in these processes are
mostly MHD waves.

In this paper we study various aspects of the drift
acceleration. Our main objective is to investigate
the influence of a magnetic field directional discon-
tinuity, but at first we examine the limitations of the
shock drift acceleration to show the necessity of an
additional mechanism in an effective acceleration
process. After this we present one such mecha-
nism, which enable the particles to re-enter the ac-
celeration region again and again, which leads to
more effective acceleration and higher final ener-
gies.

Maximal energy gain

There are various results about the maximal energy
gain in a simple drift acceleration event, in which
the particle’s gyrocenter crosses the shock surface
only once. The simplest is calculated using the as-
sumption that the first adiabatic invariant is con-
served during the transitionp2

⊥
/B = const (here

p⊥ is that component of the particle’s momentum,
which is perpendicular to the magnetic field, and
B is the magnetic field magnitude). In this case
the energy gain can be written as:

∆E =

(

B2

B1

− 1

)

p2

⊥1

2m
< 3 E1, (1)

where the 1 and 2 subscripts denote the upstream
and downstream regions, respectively. (The last in-
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equality holds because the magnetic field compres-
sion ratior = B2/B1 < 4 for a non-relativistic
monoatomic gas.)

The validity of the adiabatic approximation is not
apparent, because in a shock the scale length of
the magnetic field variation is usually smaller than
the gyroradius of the particles. Furthermore this
approach hides the microphysics of the shock-
crossing, and possibly hides several interesting ef-
fects as well. Hence we calculate the maximal en-
ergy gain based on the detailed investigation of the
shock-crossing.

We show that if the scale length of the magnetic
field variation is larger than the gyroradius of the
particles (and the conservation of the adiabatic in-
variant is a very good approximation) the micro-
physics shows a fairly high energy gain, roughly
speaking the acceleration is unbounded. On the
other hand when the magnetic field variation is
abrupt, its scale length is much smaller than the gy-
roradius (shock case) the energy has a very strong
upper bound.

The simplest way to find the maximum of the en-
ergy gain is to compute the length of time interval
in which the gyrating particle completely passes
the shock, the maximal distance (zm) it can drift in
the direction of the electric field in that time, and
the energy change is given by

∆E = eEzm. (2)

But the acceleration makes the calculation some-
what more difficult. The gyroradius continously
changes during the drift, even such extremity is
possible that the particle never leaves the acceler-
ation region, because the gyroradius grows more
rapidly than the gyrocenter moves away.

The simple differential equation which governs the
motion of the gyrocenter isdz

dt
= vD(z), where

vD(z) is the (z component of the)z dependent drift
velocity.

In a slowly changing magnetic field, the drift ve-
locity is proportional to the square of the particle
speed perpendicular to the field directionvD(z) ∼
v2

⊥
(z). But v2

⊥
(z) ∼ p2

⊥
∼ const + eEz, which

means thatdz

dt
∼ const + z. The solution of this

differential equation has the formz ∼ t+exp(c·t).
Using Eq. (2) we can see that the acceleration can

be much more effective than that predicted by the
approximation used in Eq. (1).

For the shock case we can find the time inter-
val ∆t between two consecutive shock-crossing
using simple geometrical considerations∆t =
m

e

(

α

B1

+ 2π−α

B2

)

, wherem ande are the mass and

charge of the particle,B1 andB2 are the magnetic
field magnitude upstream and downstream respec-
tively, and alpha is the ”viewing angle” of the up-
stream part of the circular path as seen from the
gyrocenter. It is changing as the gyrocenter moves
across the shock, a good approximation for∆t is

∆t = mπ

e

(

1

B1

+ 1

B2

)

.

The mean value of the displacement of the gyro-
center in one “circle” can be written as∆z =
2(r1 − r2) 〈sin(α)〉 = π

2
(r1 − r2). Now we can

calculate the drift speed:

vD(z) ≈
∆z

∆t
= Kv⊥(z), K =

1

2

1− B1

B2

1 + B1

B2

(3)

Sincev2

⊥
(z) = v2

⊥0
(z) + 2

m
eEz:

dz

dt
= K

√

2eE

m

√

v2

⊥0
m

2eE
+ z. (4)

The solution of this equation is a second order
polynomial of t. The last shock-crossing hap-
pens when the distance of the gyrocenter from
the shock just equals to thez dependent gyrora-
dius: u2t = r(z) = mv⊥/eB = mvD/KeB =
r0 + KEt/B = r0 + Ku2t. Here u2 is the
downstream solar wind speed, and we used the
E = u × B relation. Thus the “one-pass ac-
celeration time” ist = r0/(1 − K)u2. Using
this, the maximal distance, what the particle can
drift along the direction of the induced electric

field can be written as:zm =
1

2
mv

2

⊥0

eE
K ′ where

K ′ =

(

(

1 + K

1−K

)2

− 1

)

< 1.04, and the one-

pass energy gain is:

∆E =
1

2
mv2

⊥0
K ′. (5)

We can see, that it is a growing function ofB2/B1,
and reaches the maximum atB2/B1 = 4 (strong
shock case). But this maximum is hardly more
than the initial energy, which means a very strong
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constraint on the maximum of the “one-pass” en-
ergy gain. This constraint is much stronger than
that in Eq. (1), and other constraints in the litera-
ture. This means that a particle can win even less
energy in a single drift acceleration event, than it
was expected earlier.

The “conveyor belt”

Let’s suppose that a tangential discontinuity
crosses the shock in the interaction region. On
one side of the discontinuity, the shock is quasi-
perpendicular, and drift acceleration pumps up the
energy of the particles, up to the above calcu-
lated limit. On the other side of the discontinu-
ity the shock may be quasi-perpendicular or quasi-
parallel. In these environment, the accelerated par-
ticles may escape into the upstream region [5] in-
side the low-field current sheet, or (on the quasi-
parallel side) along the field lines. The accelerat-
ing electric field must point towards the disconti-
nuity, because otherwise the escaping particles are
not accelerated but decelerated by the shock. If
the magnetic field has no fluctuating component,
the escaping particles cannot pass the discontinu-
ity again, and has little probability to re-enter the
interaction region. (This is because in a constant
field the motion of the particle perpendicular to the
discontinuity is symmetric, if it diverges from the
discontinuity it has to approach it again.)
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Figure 1: a): constant magnetic field above and
bellow the discontinuity plane. b): field-lines of a
fluctuating field above the discontinuity

In the presence of a little magnetic field fluctuation
this symmetry is broken, and the field lines of the
quasi-perpendicular side can pick up the escaped
ions. This also is an acceleration process even in
itself. The gyrophase averaged energy of a picked
up particle is1

2
m

(

v2 + u2
)

. What is more, this
particle will be transported back to the shock, for
another pass of drift acceleration.

Certainly this is useless, if the particle remain in
the direct vicinity of the discontinuity, because
than the acceleration distance is even more lim-
ited, and the particle cannot gain energy drifting on
the shock (or if it travels a higher distance along
the shock, it leaves the discontinuity and cannot
escape). But with fluctuating field, the so-called
compound diffusion [6] (field-line mixing + paral-
lel diffusion) can transfer the particles further into
the quasi-perpendicular side. What is more, in this
proccess, the particles always move perpendicu-
lar to the local electric field, which means, that
they will not been decelerated, although they move
against themean electric field. In that way the par-
ticles can re-enter the acceleration region, gain en-
ergy by drift acceleration and the pick-up process
again and again.

Multiple acceleration in details

The maximum distance the particle can move away
from the discontinuity without being lost for the

process, depends onv⊥ as:zm = K ′
1

2
mv

2

⊥

eE
. From

this we can approximatexm. (Most of the parti-
cles which are picked-up by the field lines closer
to the shock thanxm will re-enter the acceleration
process.) We find thatxm ∼ v4

⊥
. Particles picked-

up farther away has a high probability to cross the
shock too far from the shock-discontinuity inter-
section, in which case they cannot escape to the
upstream region anymore. The number of particles
(N ) re-entering the drift acceleration region and
escaping again can be approximated as:N ∼ v6

⊥
.

x

compound diffusion

motion along the discontinuity

drift

pick−up

x

z

m

zm

Figure 2: The “conveyor belt”
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We can see that the process sorts out higher energy
particles: if a particle has gained more energy, it
has higher probability to re-enter the acceleration
process again.

There is a geometric constraint also, which de-
termines whether a particle can or cannot escape
along the discontinuity: The particle can enter into
the discontinuity plane, if its velocity component
parallel to the plane points away from the shock
when it enters the shock-discontinuity interaction
region. There are only short intervals of the parti-
cle’s path, in which this condition is fulfilled. Fig.
3 shows the geometry, 1 and 2 are two possible
positions of the discontinuity, the condition is ful-
filled only if the discontinuity is between position
1 and 2 when the crossing occurs.

v

pathshock

1
2

u

n

Figure 3: Escape geometry

For certain geometries there are no escaping parti-
cles, and so no repeated acceleration. We can cal-
culate the constraint:

sin(α) ≥
1

B2

B1

(

1− u1

v⊥

)

− 1
, (6)

whereα is the angle of the solar wind velocity (u)
and the normal of the discontinuity (n).

Conclusions

In this paper we investigated the limits of the drift
acceleration process, and a mechanism, which can
amplify the acceleration by feeding back the accel-
erated particles into the acceleration region.

We found, that in a slowly changing field, the par-
ticles can reach fairly high energies in a one pass
drift acceleration event, but for shock drift accel-
eration the energy gain is limited by the inequality

∆E < 1.04 1

2
mv2

⊥0
. This result emphasizes the

necessity of the feed-back process.

The feed-back is possible in the presence of a dis-
continuity, when the magnetic field has a fluctuat-
ing component. In that case the field lines of the
quasi-perpendicular side can pick up the escaped
ions accelerating and transferring back them to the
shock in the same time. The particles can move
away from the discontinuity by compound diffu-
sion, without losing their energy. These particles
can drift back to the discontinuity along the shock,
gaining more energy and entering into the feed-
back process again.

For certain geometries there are no escaping parti-
cles, and so no repeated acceleration. The geome-
try together with the shock strength determines the
process.

This mechanism can play an important role in
the generation of energetic particles in hot flow
anomalies, and in the pre-acceleration of anoma-
lous cosmic rays.
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