INTERACTION OF TWO CHARGES IN A UNIFORM MAGNETIC FIELD:
II. SPATIAL PROBLEM

D. PINHEIRO AND R. S. MACKAY

Dedicated to the memory of John Greene.

ABSTRACT. The interaction of two charges moving in R® in a magnetic field B can be formu-
lated as a Hamiltonian system with six degrees of freedom. Assuming that the magnetic field is
uniform and the interaction potential has rotation symmetry we reduce this system to one with
three degrees of freedom. For special values of the conserved quantities, choices of parameters
or restriction to the coplanar case, we obtain systems with two degrees of freedom. Specialis-
ing to the case of Coulomb interaction, these reductions enable us to obtain many qualitative
features of the dynamics. For charges of the same sign, the gyrohelices either “bounce—back”,
“pass—through”, or exceptionally converge to coplanar solutions. For charges of opposite signs,
we decompose the state space into “free” and “trapped” parts with transitions only when the
particles are coplanar. A scattering map is defined for those trajectories which come from and
go to infinite separation along the field direction. It determines the asymptotic parallel veloci-
ties, guiding centre field lines, magnetic moments and gyrophases for large positive time from
those for large negative time. In regimes where gyrophase averaging is appropriate, the scatter-
ing map has a simple form, conserving the magnetic moments and parallel kinetic energies (in
a frame moving along the field with the centre of mass) and rotating or translating the guiding
centre field lines. When the gyrofrequencies are in low order resonance, however, gyrophase
averaging is not justified and transfer of perpendicular kinetic energy is shown to occur. In the
extreme case of equal gyrofrequencies an additional integral helps us to analyse further and
prove that there is typically also transfer between perpendicular and parallel kinetic energy.
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1. INTRODUCTION

In this paper we analyse the interaction of two charged particles moving in three—dimensional
space under the action of a uniform magnetic field and an interaction potential depending only
on the distance between the particles. This problem is important for plasma physics and for
atomic physics in magnetic fields. Apart from [4], where the separation of the centre of mass
is treated in the quantum—mechanical setting, attention has tended to focus on some limiting
regimes such as very strong magnetic field or plasmas with all the particles of the same kind
(see [2, 7, 8, 20]) or with one heavy particle idealized as fixed (the diamagnetic Kepler Problem,
see [9, 11, 24]) or the case with charges summing to zero (see [21, 22]). The problem of
Coulomb scattering of a charged particle by a fixed charge or two identical particles in a very
strong magnetic field is treated in [23] in the quantum-mechanical setting. We will study the
dynamics of two charged particles in a uniform magnetic field without making restrictions on
the sizes of the magnetic field, the charges or the masses, except that we will assume that
the particles behave classically and that their velocities and accelerations are small enough
that we can neglect any relativistic and radiation effects. Although it is well known that non—
uniformity of the magnetic field introduces further significant effects, we believe that there is
value in establishing firm results for the uniform case first, which seems not yet to have been
done in detail.
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In [19] we made a detailed study of the problem of the interaction of two charged particles
moving in a plane under the effect of a uniform perpendicular magnetic field. We assumed that
the interaction between the particles was given by a potential depending on only the distance
between the two particles. The problem can be formulated as a Hamiltonian system with four
degrees of freedom. We made extensive use of the symmetries to obtain a reduction to two
degrees of freedom. In the special case of same sign charges with equal gyrofrequencies (equal
ratio of charge to mass) or on some special submanifolds we proved that this system is inte-
grable. We then specialized our analysis to the most physically relevant case of a Coulomb-like
potential. Analysing the reduced systems and the associated reconstruction maps we provided
a detailed description for the regimes of parameters and level sets of the conserved quantities
where bounded and unbounded motion are possible and we identified the cases where close
approaches between the two particles are possible. Furthermore, we identified regimes where
the system is non—integrable and contains chaos by proving the existence of invariant subsets
containing a suspension of a non—trivial subshift.

The motion of one particle moving in three-dimensional space under the action of a uniform
magnetic field is simple. It is the composition of two motions: a drift with constant velocity
in the direction of the magnetic field and a uniform rotation in a plane orthogonal to the
field about a fixed centre - the guiding centre, with constant radius - gyroradius, and angular
velocity - gyrofrequency. Choosing the magnetic field to be vertical and oriented upwards, the
motion in the circle is clockwise if the charge is positive and anticlockwise otherwise. We sign the
gyrofrequency according to the direction of rotation. This problem can be formulated as a three
degrees of freedom Hamiltonian system. It has symmetry under a four—dimensional subgroup
of the Special Euclidean group of R3 (three-dimensional translations and a one—dimensional
rotation). These symmetries induce conserved quantities for this system which is easily seen to
be integrable.

One of the main goals of this paper is to study the scattering problem associated with the
interaction of the two charges in the presence of a magnetic field and a Coulomb interaction
potential:

€1€9 1

V(R) = dmeg R’
where R denotes the distance between the two particles, e; and es denote the values of the
charges and ¢y denotes the permittivity of the vacuum. If there is a large distance between
the particles then the interaction is negligible and in this case the two particles move freely as
described above. If the distance between the two particles is small then the strength of the
interaction can not be neglected anymore and the particles interact. We will be looking at
the situation where the particles have initially a large vertical separation and both move freely
towards each other so that the particles start interacting when they get closer and then start
moving apart until both particles move again like free particles. The goal is to describe the
changes in their trajectories due to this interaction. For background on scattering in classical
mechanics see the review [17] and references therein.

We start section 2 by formulating our problem as a Hamiltonian system with a non—canonical
symplectic form (see [13]), that makes it easier to see the system symmetries. We identify trans-
lational and rotational symmetries of the system and the corresponding conserved quantities.
Furthermore, we prove the existence of an exceptional conserved quantity when the two particles
have the same gyrofrequency.

We start section 3 by proving that the problem of the interaction of two particles in a magnetic
field can be reduced to one with three degrees of freedom. Furthermore, when the two particles
have the same gyrofrequency we use the exceptional conserved quantity to reduce the system to
two degrees of freedom. We also prove that if the sum of the two charges is zero the dynamics
in the zero set of the linear momenta are described by a two degrees of freedom Hamiltonian

(1.1)
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system. We achieve these results by constructing a set of coordinates in which the system
exhibits a reduction to three degrees of freedom, and two degrees of freedom when it applies.
This reduction is an extension to three—dimensional space of similar reductions obtained for the
planar case in [19] (and for a similar problem in [10]). In the present paper the total change
of coordinates that exhibits the reduction is computed. This change of coordinates is just the
lift of a SFE(3) subgroup that, given the base dynamics of the reduced Hamiltonian systems,
enables us to describe the full twelve—dimensional dynamics. The planar case is obtained as an
invariant plane of the three-dimensional problem.

In section 4, we specialize our analysis of the problem to the Coulomb potential (1.1). We
give a description of the reduced Hamiltonian systems obtained in section 3 with the generic
potential V replaced by the Coulomb potential, including;:

e recalling from [19] the principal features of the dynamics on the invariant plane asso-
ciated with the interaction of two particles moving in a plane under the action of a
uniform perpendicular magnetic field.

e proving boundedness of some of the variables on the reduced space.

Using this information we obtain a classification of the various distinct types of dynamical
behaviour in this system, distinguishing between three main cases: dynamics on the invariant
plane, dynamics of two charges of the same sign and dynamics of two charges of opposite sign.

We start section 5 with an analysis of the scattering map associated with this problem in the
limit where the two particles’ trajectories are widely separated. We separate our analysis into
two cases: rationally independent gyrofrequencies and rationally dependent gyrofrequencies.
If the two particles’ gyrofrequencies are rationally independent we obtain that the magnetic
moments of the particles are adiabatic invariants and under the adiabatic approximation the
vertical kinetic energy in the centre of mass frame is unchanged and the guiding centres have
the following dynamics:

i) in the case of two charges whose sum is not zero, the guiding field lines rotate by some
angle about a fixed field line during an interaction,

ii) in the case of two charges which sum to zero, the guiding field lines translate by some
amount in a direction determined by the conserved quantities.

If the two particles’ gyrofrequencies are rationally dependent, however (or one goes beyond
the above adiabatic approximation), some transfer can occur between the horizontal kinetic
energies of the two particles; there can also be a weaker exchange between horizontal and
vertical kinetic energy. Indeed we prove both such transfers are typically non—zero when the
gyrofrequencies are equal, and the first occurs when they sum to zero. If the gyrofrequencies
differ in absolute value, we bound any such transfer by the fourth or higher inverse power of
the distance between the gyrohelices. The results obtained in this limit agree with the more
general qualitative description provided in section 4. Furthermore, we prove that in the case of
“bouncing-back” behaviour, even if the vertical kinetic energy is conserved in the centre of mass
frame, there is a transfer of vertical kinetic energy between the particles when the vertical centre
of mass velocity is non—zero. We finish this section with a numerical study of the scattering
map without using the assumption that the two particles’ trajectories are widely separated. We
observe regular behaviour for large energies and chaotic scattering for small positive energies.

2. PROBLEM FORMULATION

We consider two particles with positive masses mq and mo and non—zero charges e; and es,
respectively, moving in R® under the action of a uniform magnetic field B = (0,0, B). Each
of the particles is subject to a Lorentz force F, = e;v; x B where v; = (vg,,Vy,,02,) € R3
is the i-th particle velocity (i € {1,2}) and x denotes the vector product between vectors of
R3. Furthermore, we assume that the two particles’ interaction is determined by a potential
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V(r) depending on the distance r between the two particles (invariance under translations and
horizontal rotations would suffice).

The phase space M for this problem is R'? with the singular points of the interaction potential
removed (nine-dimensional planes if V' is the Coulomb potential (1.1)). Let g; = (¢u;, Gy, 9z;) €
R? denote the vector position of the i-th particle and p; = (ps,, Py;s D) € R? denote its (non—
conjugate) momentum

pP; = mv; , ’L'E{]_,2}.

The motion of the two particles can be described by a Hamiltonian system, with Hamiltonian
function H : M — R and non—canonical symplectic form w (see [13]), given by

Lo, 1
H = — — V(g — 2.1
o P+ 5 paf -V (la1 — aa) (2.1)
w = Y dge, Adps, +dgy, Adpy, + dgz, Adps, + ki dge, Adgy, |
i=1,2

where, for simplicity of notation, we introduce the constants
ki =—e;B, ’L'€{172}.
The Poisson bracket associated with this symplectic form, {.,.} : C°(M) x C>®(M) — C*°(M),
is given by
oF 0G 0G OF oF 0G  0G OF OF 0G  0G OF
F,.G} = - - + -

i=1,2
_k'(aF 0G B 0G 8F>
! ap:rz' apyi ap&ti apyi

The Hamiltonian system defined by (2.1) is invariant under the following families of symme-
tries
$v(q1,92,P1,P2) = (@1 +v,92+v,p1,p2)
do (q1,92,p1,p2) = (Roqu, Roqa, Rop1, Rop2) ,

where v = (vg,vy,v;) € R3 is a translation vector and Ry is the matrix representing a rotation
in R3 of angle # about the z axis:

cosf —sinf 0
Rp=| sinf cos§ 0 | . (2.2)
0 0 1

We define the (signed) gyrofrequency €; of each particle as

Q= =+ ie{1,2},

)

and introduce the notation J and I for the 3 x 3 matrices given by

0 10 1 00
J=| -10 0 , I=10 10
0 00 0 00

Proposition 2.1. The Hamiltonian system (2.1) has the following conserved quantities:

e Linear momentum, given by

Ps = (P, Py, P.) = p1 + po + I (kiq1 + kog2) .
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e Angular momentum, given by

— k;
L= Z qi.in — é \Iqi|2 .

i=1,2
Furthermore, if the particles have equal gyrofrequencies Q01 = o, there exists another conserved
quantity W, given by

2

W =I(p1 +p2)|” .

The following commutation relations hold between the above conserved quantities:

{Px)Py}:k1+k2) {Px)PZ}:Oa {PyJPZ}:O7
{L,P,} =P, {L,P)} =—-P,, {L,P.}=0,
(W,P,} =0, (W,P}=0, {W,P.}=0, {W,L}=0.

For a proof of a similar statement (with the two particles moving on a plane) see [19].
We will use the notation
P=(P,P,)cR?
for the (x,y)—components of the linear momentum Pj given in proposition 2.1 and will use the
notation P, when referring to its z—component.

Remarks i) It is possible to treat the problem in canonical coordinates, as in [4, 21, 22]
for the case of charges summing to zero, but the symmetries are less clear.

ii) The conserved quantities P3 and L are, respectively, the usual linear and angular mo-
menta for the two body problem with extra terms representing the presence of the
magnetic field and hence the effect of the Lorentz force on the particles.

iii) Combining P, and P, into the conserved quantity

P=|P=P}+P}
we obtain the following commutation relations
{P,L} =0, {P,P.}=0, {PW}=0,
which together with the commutation relations in proposition 2.1 show L, P, P, and
W to be in involution.
iv) Corresponding to W there is a “hidden” symmetry in the case of equal gyrofrequencies
Q1 = g, given by

qQ — q [Ro(ky-+h2)e — Id3xs] J(p1 + p2)

1
_i_i
! k1 + ko

1 _
@2 — q2+ m [Rz(k1+k2)¢ - Id3><3] J(pl + p2)

ky
—— |R —1Id
P1 — p1+ kot Fo [ 2(k1+hk2)p 3x3} (p1 + p2)
ko
—— |R —1Id
p2 — p2+ kot B [ 2(k1+hk2)p 3x3] (p1+p2) ,

where ¢ € R, Idsy3 is the identity matrix in R?® and Ry(ky+ks)e 18 of the form (2.2) with
6 replaced by 2(k1 + k2)o.

v) If the interaction potential in (2.1) is chosen to be the Coulomb potential (1.1) (as we
will do in section 4) then the scaling transformation given by

g =g, t=X?t, B=x?’B,

where A > 0, transforms the Hamiltonian function and symplectic form (2.1) to H =
A 'H and @ = A/2w. We could then choose A so that B = 1 by a rescaling of the level
sets of the Hamiltonian function in (2.1). Furthermore, choosing e; and m; to be units
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of charge and mass, respectively, we could further reduce the number of parameters of
(2.1) by two. The Hamiltonian system (2.1) would then depend on only the charge es,
mass meo and physical constant .

vi) If the particles were also under the action of an electric field E perpendicular to the
magnetic field B then the centre of mass of the system would drift with constant velocity
given by

E x B
|BJ?
Changing to a frame moving with velocity u we reduce this problem to (2.1).This point
seems not to be appreciated by the large number of authors of papers on atoms in
crossed electric and magnetic fields, who assume the nucleus can be regarded as fixed
and thereby complicate the problem.

3. REDUCTION

In this section we provide local coordinates that exhibit the reduction of the Hamiltonian
system (2.1) to three degrees of freedom and identify the regimes of parameters and invariant
subsets of R'? where the system can be reduced to two degrees of freedom. This reduction is
valid for all potentials V' which depend only on the distance between the particles (or more
generally have horizontal rotation symmetry). For simplicity of notation we introduce the

combinations

M =mq+ mg , m = e .
my + ma

We change coordinates from positions g; and momenta p; to guiding centres R; = (R,,, Ry,) €
R?, gyroradii vector p; = (Pais Py;) € R?, relative vertical position ¢, € R and a conjugate
momentum p, € R, vertical centre of mass C, € R and vertical linear momentum P, € R, by

making

G = Gz — G p. = (maps, —mip.,) /M (3.1)
C, = (m1QZ1 + m2q22) /M P, = Dz + Dz

where J is the standard symplectic matrix in R?, given by

J-(_Ol (1))

Then, the Hamiltonian system (2.1) transforms to

ki | o keQa o p.2  P.?
H = = 2
5 P+ = e+ V(R + 5+ o (3.2)
w = Y ki(dRy, AdRy, —dps, Adpy,) +dg. Adp, +dC; AdP,
i=1,2

1/2
where R = (\Rl —Ry+p1—po* + q22) . This coordinate change reduces (2.1) by one

degree of freedom by conservation of P, and elimination of C,. The quantities P, L and W are
now given by

k;
P=J(hRi+kR), L=) 3 (|p,-12— \RZ-|2> . W= |kupr + kapol®
i=1,2

We separate our analysis into two cases: k1 + ko # 0 and k1 + ko = 0.
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3.1. Case ki + ko # 0. We introduce the combinations

k1ko
ki+ ko’
and note that since k1 + ko # 0 then p is non—zero and e is well-defined. We introduce the
planar relative position ¢ = (g, q,) € R? and a conjugate momentum p = (p,, py) € R?, by
making the change of coordinates

w="ki+ka, e =

e
g = RI—Ry+p1—p2 pziJ(Rl—R2—P1+P2)

P = J(kiRi+ k2R») f=-J(kip1 + kap2) ,
where f = (fs, f,) € R? and P = (P,, P,) € R?. The inverse transformation is given by
1|k 2 1 k
R, = {2<q—Jp>—JP} R2:|: 1<q—Jp>—JP]
w2 e I 2
1|k 2 1 k 2
pr = — |2 (q+ZIp)+3f pr=—|—=(q+ZIp)+If| . (33)
w2 e n 2 e
Combining (3.3) and (3.2) we obtain
1 9 9 e? 9 e
H = o (Ip+p.2) + < la + 5-aIp+V (R)
k Q +k Q P,?
+ e@2p—edg) f + =g [fF 4 5

and
w = dgz ANdpy +dgy Adpy +dg. Adp, +dC, AdP, +M(dP NAP, —df, Adfy) ,

1/2

where R = (|g|* 4+ ¢.?) /" and

M —
=
measures the displacement from the set of parameters satisfying 21 = . This coordinate
change reduces (2.1) by a further degree of freedom by conservation (and elimination) of P,
and P,. The quantities L and W are now given by

_ 1 2 2 N 2
L=qdp+y (IFF-1PF) . wW=lf]

(3.4)

Since P is conserved we remove the — |P|* /(2p) term from the angular momentum, correspond-
ing to a change in the level set of the angular momentum, and define the following conserved
quantity

1
po=qJp+ - ik
7

A final change of coordinates makes the system canonical and exhibits the reduction to three
degrees of freedom. It is given by writing

@ = ore b= et Mg
fo= p esm0 (3.5)
P, = pull, P, = II,,
where 6 is the direction of q, i.e.
e, = cosfle; +sinfe, , ep = —sinfle, + cosfe, , (3.6)

with e, = (1,0) € R? and e, = (0,1) € R? and ¢ is an angle of period 7/ representing the
direction of f relative to that of q. The vector eg,s1¢ is defined in the same way as ey with
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6 replaced by 2u¢ + 6. The coordinate change given in (3.5) is singular at p, = 0 since ¢ is
undefined in this case. There is another coordinate singularity at » = 0 that corresponds to
collisions when ¢, = 0.

We obtain the following result.

Theorem 3.1. Let ki + ka2 # 0. Then the Hamiltonian system (2.1) reduces to one with three
degrees of freedom in the variables (v, py, ¢, D¢, ¢, D=), given by

H = Hy+eH; (37)
w = drAdp, +d¢ Adpg +dg. Adp, +db Adpy + dII, AdIl, +dC; AdP, ,

where Hy = Ho(r, pr, Py, Gz, Pz, o, P:) is given by

1 1 [ 2upy — py 2 g2 e Do 1
Ho= — (p.2 2 = e — 2y — —P2+V(R
0= 5 (Pr +pz)+2m< 2ur e o \Pet g, ) T VI
Hl - Hl (TupT7p97¢7p¢> 18 given by
2 — k1 —k
H, = p¢1/2 ((er + M) cos(2up) — 2py sin(2,ud>)> +4 2p¢
pr 24
and
Q1 —-Q 1/2 1
e=——=.  R=("+¢)"",  p=L+5-P,  po=W, (uL,I,)=P.
Iz 2p
The reconstruction map is given by
JP &k 2 — 2
R = Pk (<_ M) et p>
7 2u kikor e
JP K 2 — 2
7 20 kikor e
vy’ k 2 2
& 2 HUPo — P
- 23 M2 Pre — Pe _z
1/2
2 7 2ugp+6 21 ket ket L 4 0
m m
4z = C. + ﬁ(h ) qzo = C, — ﬁle
m m
P = Mlpz+pza pzzzﬁpz_pz-

If the gyrofrequencies of the two particles are equal, i.e. 1 = Qs, we have e = 0. Applying
theorem 3.1 we see that ¢ is ignorable and so we obtain the following result.

Corollary 3.2. If Q; = Qo the Hamiltonian system (2.1) reduces to one with two degree of
freedom in the variables (v, pr,qx,D2), given by

H = HO(TapT>p¢7q2apZap97PZ)
w = drAdp, +d¢ Adpg +dg. Adp, +dC, AdP, +df Adpg + dlI, AdlL, ,

where Hy is as given in theorem 3.1.



INTERACTION OF TWO CHARGES IN A UNIFORM MAGNETIC FIELD 9

3.2. Case k1 + ko = 0. We now treat the case where the charges sum to zero. For simplicity
of notation let

R = kl = —/{?2 .
We make the change of coordinates
K
q = Ri—Ry+p1—p2 p:—§J(Pl+P2)
1
C = —§J (R1+R2+p1+p2) H:H(Rl—Rg) R (3.8)

where ¢ = (gz,qy) € R? is the relative position of the two particles, p = (ps,p,) € R? a
conjugate momentum, C = (C,,Cy) € R? and IT = (IL,,11,) € R2. Inverting (3.8) we obtain

1 1 1 1
R = —I+JC—-Jp Ry=——IT+JC—-Jp
2K K 2K K
1 1 2 1 1 2
- IT+- ot — - >(q-2Jp) . :
p1 5+ 5 (q + HJp> p2= 5 5 (q HJp> (3.9)
From (3.2) and (3.9), we obtain a system determined by the Hamiltonian function
1 o K2 5 (ma—mi)k
H = — o U2 = MR 5p+ V(R
o Pl T g a5 e dp+ VAR
K ma —my 1 2o, L 5 1 s
— | — —Jp | . IT+ —|II — —P 3.10
<4mq * 2myme p) * 8m 7+ omP* ot (310)

1/2
where R = (\q\g + qz2> , and symplectic form
w = dg; ANdpg +dgy Adpy +dg. Adp, +dC, AdlL, +dCy, AdIL, 4 dC, AdP;

with the conserved quantities
P=JII, L=qJp+CJII .

The Hamiltonian system (3.10) is already reduced to three degrees of freedom by conservation
of IT and P, and elimination of C' and C,. Unless IT = 0 (or equivalently P = 0), it is not
possible to use the angular momentum L to reduce further (3.10) since L depends on the cyclic
variables C and hence it is not a function defined on the reduced space. We make a final change
of coordinates, given by
Po
q=reér, p:prer‘f‘?eea
where e, and ey are as given in (3.6). We obtain the following result.

Theorem 3.3. Let ki + ko = 0. Then the Hamiltonian system (2.1) reduces to one with three
degrees of freedom in the variables (r,pr, 0, e, q., pz), given by
H = HO =+ H1 (311)
w = drAdp,+df Adpg +dg. Adp, +dC, AdII, +dCy AdII, +dC, AdP;

where Hy = Ho(r, pr, po, qz, Pz, Pz) is given by

1 1 2 K2 1 mo —mi) K
Hy = 5 (2 +p.2) +5- (%) P gay Lpa e MR, Ly g
2m 2m

T 8m 2M 2mimo
Hl - Hl (rap’r‘a 07p97HI7Hy) 18 g’L"U@?’L by
K ma — M1 Pe ma —my
= ((qorp TP o 2SN, ) gy
4m 2mims T 2mims

and
R=(r?+¢)"", m=L-CJIIO, HO=-JP.
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The reconstruction map is given by

1 1 1
R = —I+JC— e + pe
2K kT K
1 1 1
R2 = ——H+JC——@er+—p,~eg
2K KT K
1 1 2 1
pr = —- 1T+ 'r+—@ €r — —Préy
2K 2 KT K
1 1 2 po 1
pr = —I——(r—2P) e —“pe
2K 2 KT K
m m
4z = Cz“‘ﬁQz’ qZQZCZ_Mqu
m m
P = ﬁlpz‘f'pz, pzzzﬁgpz_pz-

If P =0 then IT = 0 and hence Hi, as given in the statement of theorem 3.3, is identically
zero. From theorem 3.3, we obtain the following result.

Corollary 3.4. If k1 + ko = 0 and P = 0 then the Hamiltonian system (2.1) reduces to one
with two degrees of freedom in the variables (r,py,q.,p:), given by

H = HO(Tva‘7QZ7pZap97PZ)
w = drAdp, +dgs Adp, +d8 Adpy +dCy AdIL, + dC, AdIL, +dC, A dIL

where Hy is as given in theorem 3.3.

Remarks i) In [21, 22] a reduction similar to the above is provided for the case ki + ko =
0, but done with canonical coordinates. The resulting reduced system is the same
as the one given here, up to the choice of the direction of the magnetic field. The
pseudomomentum K of [21, 22| is represented here by the linear momentum vector P.
The remaining variables are the relative position and conjugate momentum. We provide
one extra transformation to write the system in variables involving the distance between
the particles and conjugate momentum.

ii) The reduction done in this section is mostly regular, making it a standard illustration
of the theory of symplectic reduction (see [1, 3, 6, 16]). There are, however, level sets
of the conserved quantities where the reduction is singular: the level sets of the form
2(ky + ko)L + \P|2 = 0 in the case k1 + ko # 0 and L = 0 in the case k1 + k2 = 0
have conical singularities that must be removed for the reduced space to be a smooth
manifold. In [16] symplectic reduction by the symmetry group SE(2) is discussed in
a general setting and in [18] a detailed study is done for the symplectic reduction of
the Hamiltonian system representing the interaction of charges moving in a plane under
the action of a uniform magnetic field by its symmetry group SE(2). The symplectic
reduction for the spatial version of that problem is completely analogous.

3.3. Invariant plane ¢, = 0, p, = 0. In this section we note the existence of an invariant
plane for the dynamics of the reduced Hamiltonian systems given in theorems 3.1 and 3.3, and
corresponding invariant plane of the Hamiltonian system (2.1).

Lemma 3.5. The reduced Hamiltonian systems (3.7) and (3.11) given, respectively, in theorems
3.1 and 3.3 have an invariant plane determined by the conditions ¢, = 0 and p, = 0.

Proof. From (3.7) and (3.11) we obtain

1 , V'(R)

q. = Epz ) Pz = —qz R (3.12)
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In particular we obtain ¢, = p, = 0 if ¢, = p, = 0. It follows that ¢, and p, remain equal to
zero if they both start at zero. O

Invariance of the plane ¢, = 0, p, = 0 under the dynamics of (3.7) and (3.11) corresponds to
invariance of the (ten—dimensional) plane

A= {(Q1,(I27p1,p2) eR™Z: Qzy = Qzy ,M2Pz = mlng}

under the dynamics of (2.1). Furthermore, on the invariant plane A the dynamics of the
Hamiltonian system (2.1) reduce by a further degree of freedom compared to the reduced
systems in theorems 3.1 and 3.3. In fact, by setting ¢, = 0, p, = 0 in the Hamiltonian systems
(3.7) and (3.11) we obtain reduced dynamical systems for the problem of the interaction of two
charges moving in a plane under the action of a magnetic field (with a shift in the energy level
sets by P,2/(2M)).

4. RECONSTRUCTED DYNAMICS FOR A COULOMB POTENTIAL

In this section we use the reduced Hamiltonian systems and the corresponding reconstruction
maps obtained in section 3 to provide a qualitative description of the possible types of dynamics
in the full twelve-dimensional phase space in terms of the properties of the dynamics of the
reduced systems. Throughout this section we consider the interaction potential to be Coulomb

where R is the distance between the particles, G = ejea/(4meg) and € is the permittivity of
the vacuum.

From theorems 3.1 and 3.3 we obtain that the vertical z—component of the centre of mass
of the two particles moves with constant velocity C, =P, /M. Hence, by a translation we can
assume that C, and P, are 0. Furthermore, without loss of generality we will assume that
C, = 0. This corresponds to considering the system as moving with the centre of mass of the
z—component. Until section 5.3, we will assume this is the case. To extend the results in the
sections below to non—zero P, it is enough to add a drift P,t/M to the vertical positions g,
and ¢, of the particles (by the reconstruction maps of theorems 3.1 and 3.3).

4.1. Dynamics on the invariant plane A. For the Coulomb interaction, extensive results
on the planar case were obtained in [19]. We summarize here the implications. The next two
results follow from theorems 3.1 and 3.3, lemma 3.5 and the results in [19]. We skip their proof.

Corollary 4.1. Let ki + ko # 0 and restrict attention to the dynamics of (2.1) on A. Then

e the Hamiltonian system (2.1) reduces to one with two degrees of freedom in the variables
(r,pry ®,D¢), given by the restriction of (3.7) to q. =0, p, = 0.

o if Oy = Qq the Hamiltonian system (2.1) reduces to one with one degree of freedom in
the variables (r,pr), given by the restriction of (3.7) to ¢ =0, p, =0 (and e =0).

e if e; and ey have opposite signs and Q1 + Qg # 0 the Hamiltonian system (2.1) contains
a suspension of a non—trivial subshift of finite type on all level sets of sufficiently high
energy.

Corollary 4.2. Let ki + ko = 0 and restrict attention to the dynamics of (2.1) on A. Then

e the Hamiltonian system (2.1) reduces to one with two degrees of freedom in the variables
(r,pr,0,p0), given by the restriction of (3.11) to g, =0, p, = 0.

e if P =0 the Hamiltonian system (2.1) reduces to one with one degree of freedom in the
variables (r,p,), given by the restriction of (3.11) to g, =0, p, =0 (and P =0).

o if P # 0 and O + Qo # 0 the Hamiltonian system (2.1) contains a suspension of a
non—trivial subshift of finite type on all level sets of sufficiently high energy.
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Remark The existence of chaotic orbits was proved in [19] for Gm!/2 < § for some dy > 0
depending on the parameters ej, ea, m1, ma (with ejes < 0 and e1/m; # —ea/my), the magnetic
field B, the energy H > 0, and the angular momentum L or squared linear momentum |P|?
(according as e; + e2 # 0 or e; + e = 0) in a certain range depending on the preceding quan-
tities. We should have pointed out there that by a 4-dimensional group of scaling symmetries
(dimensional analysis) the functional dependence of §p can be reduced so that the condition
can be written as
E*B

M2
where E = |e; —ea| and A = (e1 + e2) BL/MH or A = |P|?/2M H according as e; + ez # 0 or
e1 + es = 0. Equivalently,

< d1(ea/er, ma/my, A) ,

E3B
M1/2¢y6,"
Taking da(e2/e1,ma/m1) = maxdi(ez/e1, ma/mi, A) over A yields chaos on each energy level
with

H3? >

E*B
M1/2¢469°
specifying quantitatively the minimum energy required in corollaries 4.1 and 4.2.

H3? >

As was observed in [19] the reduced dynamics exhibit the following types of dynamical be-
haviour:

e In the integrable regimes the energy levels are foliated by periodic orbits.

e Close to the integrable regimes most of the periodic orbits cease to exist and all but a
small fraction of the orbits in the energy levels are quasiperiodic and hence the dynamics
still look regular.

e For opposite signs of charge (except for the case 1 4+ Q9 = 0) there is chaotic dynamics
on all level sets of sufficiently high energy, which implies non—integrability.

The full dynamics in A correspond to a drift of the two particles with constant and equal
velocities P, /M in the z—direction. The dynamics in the (x,y) plane are as described in [19]:

1) If k1 + k2 # 0 the dynamics in the (z,y) plane are mostly quasiperiodic with three
rationally independent frequencies. The particles rotate with these three frequencies
about a fixed centre determined by the linear momenta.

2) If k1 4+ k2 = 0 periodic and quasiperiodic base dynamics lift to possibly unbounded
motion in the (x,y) plane corresponding to a combination of a drift and quasiperiodic
dynamics. The quasiperiodic dynamics have, generically, two rationally independent
frequencies.

3) Chaotic dynamics lift to chaotic dynamics in the (z,y) plane. The motion (in the (z,y)
plane) is always bounded if k1 + kg # 0 and typically unbounded otherwise.

4.2. Bounds on the motion. In this section we study the boundedness or not of various of
the variables for the reduced systems given in theorems 3.1 and 3.3. This will give us important
insight into distinct types of dynamical behaviour of (2.1), which will be of significance for the
description of the global dynamics of the reconstructed system given in section 4.3 and the
associated scattering problem.

We first state an auxiliary result, providing a regime of parameters where the planar distance
r between the two particles is bounded away from zero. We skip the proof, since it follows from
an analysis of the Hamiltonian functions given in theorems 3.1 and 3.3.

Lemma 4.3. Let k1 + ko # 0. If kr1ko > 0, or kiks < 0 and the value of the conserved quantity
Do s fized so that upg < 0, the planar distance v between the two particles is bounded away from
zero, i.e. there exists d > 0 such that r(t) > d for all t € R.
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Sitmilarly, let k1 + ko = 0. If P = 0 and pg # 0, the planar distance r between the two
particles is bounded away from zero, i.e. there exists d > 0 such that r(t) > d for allt € R.

In the next two lemmas we identify the sets of parameters and level sets of the conserved
quantities for which the distance between the two particles remains bounded or not. In [19] we
gave similar results for the case where the two particles move in a plane.

Lemma 4.4. Let ki + ko # 0 and consider the reduced Hamiltonian system given in theorem
3.1. Then

(i) for every level set of the Hamiltonian function the dynamics of r and pg are bounded
for all time.

(ii) if e1 and es have equal signs, there exists E' € R such that for every level set E < E' of
the Hamiltonian function the projection of the level set {H = E} onto the q, direction
is unbounded but bounded away from q, = 0, and for E > E' the projection of the level
set {H = E} onto the q, direction is unbounded. Furthermore, for every level set of the
Hamiltonian function the dynamics of p, and p, are bounded for all time.

(iii) if e; and ey have opposite signs and the value of the conserved quantity py is fized so that
2upg < 0, there exists E"” € R such that for every level set E < E" of the Hamiltonian
function the dynamics of q. are bounded and for every level set E > E" the projection of
the level set {H = E} onto the q, direction is unbounded. Furthermore, for every level
set of the Hamiltonian function the dynamics of p, and p, are bounded for all time.

(iv) if exr and ex have opposite signs and the value of the conserved quantity py is fized so that
2upg > 0, there exists E"” € R such that for every level set E < E" of the Hamiltonian
function the dynamics of q. are bounded and for every level set E > E" the projection
of the level set {H = E} onto the q, direction is unbounded.

Proof. Item (i) follows trivially from the fact that H — oo as r — oo (and similarly for pg).
For the proof of the remaining items let us define the function H by
H=H-G(+q¢2) "
where H is given in theorem 3.1 with V replaced by the Coulomb potential (1.1) and G =
erea/(4meg). It is crucial to point out that the function H does not depend on ¢, and is always
bounded below. For simplicity of notation we consider H and H just as functions of the variables
in the reduced phase spaces and do not make their dependence on the conserved quantities P,
and pg explicit.
We now prove item (ii). For the case of same sign charges the Hamiltonian function H is
bounded below. Denote its lower bound by

E~ = inf H(T, Dr, ¢3P¢, q,zvpz) .
By lemma 4.3 we obtain that r is bounded away from 0 and hence G (7“2 + qZQ)fl/ ? is bounded.

On lines where r is constant G (r2 + ng)—l/ ? increases at non-zero rate from 0 at the limit
g, — —oo to attain its (positive) maximum at ¢, = 0 to decrease again to 0 at non—zero rate
at the limit ¢, — 4+00. We now define

E' = infH(r,pr, ¢, ps,q: = 0,ps) ,

and note that £~ < E’. From a simple analysis of the Hamiltonian function H we obtain
that for every level set F~ < E < E’ of the Hamiltonian function the projection of the level
set {H = E} onto the ¢, direction is bounded away from 0 and for E > E’, ¢, = 0 intersects
the level sets of the Hamiltonian function. Furthermore, we obtain that for every level set
of the Hamiltonian function the projection of the level set {H = E} onto the ¢, direction is
unbounded. Boundedness of the dynamics of p, and p, follow from the fact that r is always
bounded away from 0 (lemma 4.3).
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For the proof of item (iii) we start by defining
E" = ian(T7pT’ ¢7p¢apz) .

By lemma 4.3 we get that r is bounded away from 0 and hence G (7“2 + qz2)_1/2 is bounded.

On lines where 7 is constant G (T2 + qzz)_l/ ? decreases at non-zero rate from 0 at the limit
¢, — —o0 to its (negative) minimum at ¢, = 0 to increase again to 0 at non—zero rate at the
limit ¢, — 400. We note that in this case the function H is also bounded below and define

E- = ian(T,pr,¢>p¢>q,z = 07pz)
] G
= inf (H(T,Pr; ¢,p¢,pz) + T‘) ’

and note that by item (i) in this lemma, r is bounded and hence G/r is strictly negative
implying that £~ < E”. Using the fact that H does not depend on ¢, a simple analysis of the
Hamiltonian function H shows that for every level set £~ < E < E” of H the dynamics of ¢,
are bounded for all time and for every level set E > E” the projection of the level set {H = E}
onto the ¢, direction is unbounded. Boundedness of the dynamics of p, and p, follow from the
fact that r is always bounded away from 0 (lemma 4.3).

To prove (iv) we note that H is not bounded below at points satisfying py = 2upg and define

E” = ian(r,p'ry ¢7p¢7p2) .

Since G (r2 + ng)—l/ <0 (possibly unbounded) we obtain that H < H. A simple analysis of
the Hamiltonian function H shows that for every level set £ < E” of H the dynamics of ¢, are
bounded for all time and for every level set E > E” the projection of the level set {H = E}
onto the ¢, direction is unbounded. O

We skip the proof of the next lemma which is analogous to (though simpler than) the proof
of the previous lemma 4.4.

Lemma 4.5. Let k1 + k2 = 0 and consider the reduced Hamiltonian system given in theorem
3.3. Then

(i) for every level set of the Hamiltonian function the dynamics of r and pg are bounded
for all time.

(ii) of P = 0 and pg # 0, there exists E” € R such that for every level set E < E" of the
Hamiltonian function the dynamics of q, are bounded and for every level set E > E" the
projection of the level set {H = E} onto the q, direction is unbounded. Furthermore,
for every level set of the Hamiltonian function the dynamics of p, and p, are bounded
for all time.

(iii) if P # 0 or P = 0 and pg = 0, there exists E"” € R such that for every level set
E < E" of the Hamiltonian function the dynamics of q, are bounded and for every level
set E > E" the projection of the level set {H = E} onto the q, direction is unbounded.

4.3. Description of the global dynamics of the reconstructed system. The dynamics
of (¢z,p-) is given by
_ P , V'(R)

qz m’ pz:_(hT .

Although these depend on r(t) via R = /q? + r2, quite a lot can be deduced without explicit
knowledge of r(t). We separate the analysis according as the charges have the same or opposite
signs.
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4.3.1. Same sign charges. In this case V' < 0, so the signs of ¢, and p, in the (g, p.) plane are
as indicated in Fig. 1, and the normal motion to A is hyperbolic, as shown.
In particular, every trajectory in the quadrant ¢, > 0, p. < 0, except those on A (¢, = p. = 0),
has ¢.(t) decreasing, p,(t) increasing. Thus it has to do precisely one of the following:
(1) cross p, =0,q, > 0;
(2) cross ¢, = 0,p, < 0;
(3) converge to A.

2

G- >0,p, <0 G.>0,p.>0

qz

G- <0,p, <0 G- <0,p,>0

Figure 1: Signs of ¢, and p, for the case of same sign charges.

Pz

pass-through

bounce-back /

bounce-back
qz

\

RN

pass-through

Figure 2: Sketch of the dynamics of (g.,p,) for charges of the same sign. A is the invariant
set of coplanar states. The invariant manifolds of A are 4D in each 5D energy level above the
minimum energy on A for the reduced system. They do not project to curves in (g, p,) but
the directions of motion of ¢,,p, are correctly represented. They separate trajectories from
q, = oo into “bounce—back” and “pass—through”.
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In the first case, ¢ (t) subsequently increases to +00, so we say the gyrating particles “bounce—
back”. In the second case, q,(t) decreases to —oo, so we say the gyrating particles “pass—
through”. The third case can be called the stable set of A. Only a set of measure zero on each
energy level does the third case, because A, the intersection of A with energy level E, has
measure zero in the energy level, and volume is conserved.

We conjecture that A (and thus Ag for all regular values of E) is normally hyperbolic, though
we have proved this in only the special case of equal gyrofrequencies (section (5.2.3)) (the
difficulty in the general case is that unless measured in a suitable way, tangential contraction
might be almost as strong as normal contraction). If Ag is normally hyperbolic then its stable set
is a smooth submanifold of codimension one, and each trajectory on it converges to a trajectory
on Ap. The stable manifold separates the cases of “bounce-back” and “pass—through”. For
energies in the interval (E’, Eq) up to the next critical value Ey on A, Ag is topologically a
3-sphere and can be spanned by two 4D hemispheres of unidirectional flux in the 5D energy level
(it suffices to take one hemisphere to be ¢, = 0,p, > 0, the other ¢, = 0,p, < 0), representing
“pass—through” transitions in the two directions. The flux of energy—level-volume across the
hemispheres is given by an action integral over Ag [15]. For E > E; the topological type of Ag
changes, but the division into “pass—through” and “bounce-back” orbits persists.

4.3.2. Opposite sign charges. In this case V' > 0 so the signs of ¢, and p, are as in Fig. 3 and
the normal motion to A is elliptic.

Pz

G:>0,p.>0 G- >0,p, <0

G. <0,p, >0 G. <0,p, <0

Figure 3: Signs of ¢, and p, for the case of opposite sign charges.

The key to understanding this case is to regularise the sets Q1 = {q, = £oo,p, = 0}, by
setting ¢. = +0 2 (or using the global coordinate 7 of Fig. 4) and using a new time s with
ds/dt = o3. Specialising to 0, this yields

do P dp Go

ds  2m’ ds (1 +7r204)3/2°

In particular, Q; gives an invariant submanifold at ¢ = p = 0, and the normal motion is
hyperbolic. The dynamics on Q. (and anywhere on o = 0) is not really defined since it has
infinite gyrofrequencies in the new time s, but the guiding centre positions and the gyroradii
are constant, so 2 can be regarded as a normally hyperbolic submanifold. In particular, we
conjecture that the stable and unstable sets for €2 are smooth submanifolds of codimension
one (a modification of usual proofs should work).

The stable and unstable manifolds of €2, extended to g, = 0, separate the state space
into a “trapped” region which reaches g, = oo at only Q4 and two “free” regions which
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extend to g, = too with p, > 0 and p, < 0 respectively. Although we have not proved it,
we expect that the stable and unstable manifolds intersect at ¢, = 0 but do not coincide.
Then the intersections of the invariant manifolds with ¢, = 0 form 3D lobes in each energy
level, consisting of the flux between free and trapped motions. The fluxes are given by action
integrals over the intersection submanifolds. Any trajectory other than those on an invariant
manifold of {2+ describes a sequence of transitions in the graph below.

free (¢, <0, p, > 0) free (¢. > 0, p. > 0)

e

trapped (¢, < 0) —, trapped (¢, > 0)

e

free (. < 0,p, <0) __ free (¢. >0, p, <0)

Pz

free free

trapped trapped

7N
N

\ trapped \ | / trapped /

free free

Figure 4: Sketch of the dynamics of (g, p,) for charges of opposite sign. The horizontal coordi-
nate 7 is related to ¢, by ¢, = W Q4 are normally hyperbolic invariant sets at g, = oo,
p. = 0, for a regularised system with new time s related by ds/dt = (1 — 7?)~3. The invariant
manifolds for 4 are 4D in each 5D energy level above the minimum energy on €24 for the
reduced system. They do not project to curves in (g, p.) but the directions of motion of ¢, p,
are correctly represented. They separate each quadrant of (g, p,) into free and trapped subsets.
They intersect the 4D plane g, = 0 in 3-spheres. The two 3-spheres with p, > 0 are expected to
intersect but not coincide, so there is flux from free ¢, < 0 to trapped g, > 0 and from trapped
q. < 0 to free g, > 0. Similarly for p, < 0.

In particular there are:

(1) permanently trapped trajectories, e.g. the set A (p, = ¢. = 0) and all those with
E < E”; we call these “atom-like” (thinking of the case of a proton and an electron);
they can be subdivided into bounded trajectories and those with unbounded oscillation
(oscillating between a neighbourhood of A and unbounded excursions near ¢, = +00);
it would be interesting to prove existence of the latter;
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(2) trajectories starting and ending free but possibly spending a finite time trapped in
between; these are the main object of study for scattering; they may end in the same
or opposite direction as they begin; the two cases can be called “pass—through” and
“bounce—back”.

(3) trajectories starting free and making a transition to permanently trapped; there could
even be positive flux for this on each energy level with E > E”, because the volume
of trapped orbits with given energy greater than E” is infinite (owing to divergence of
the integral as ¢, — o0); these almost certainly lead to chaotic scattering in the neigh-
bourhood, because they are likely to form a fractal and thus create a fractal structure
of behaviour for the scattering trajectories.

4.4. Summary of the different types of dynamics. In this section we combine the results
given in the three previous subsections with the reconstruction maps of theorems 3.1 and 3.3
to provide a characterization of the dynamics of the Hamiltonian system (2.1).

As seen before, we have to distinguish between three main cases: dynamics on the invariant
plane A, dynamics of two charges of the same sign and dynamics of two charges of opposite
sign.

(1) Dynamics on the invariant plane A. In the invariant plane A the two particles drift with
equal and constant velocity in the vertical z—direction while the dynamics in the (x,y)
plane correspond to the interaction of the two particles in a plane. We call this “planar”
behaviour.

(2) Dynamics of two charges of the same sign. The following types of dynamical behaviour
have been identified:

(2.1) “bounce—back” behaviour — the dynamics are such that the following asymptotic
conditions are satisfied:
a) liInt—»:l:oo 4z (t) = - liInt—»:l:oo qz (t) .
b) lim¢—too |gz; ()] = limy—to0 [¢z, (¢)] = 00 .
) gz (t) — ¢z, (t) is bounded away from zero for all ¢ € R.
(2.2) “pass—through” behaviour — the dynamics are such that the following asymptotic
conditions are satisfied:

a) limy— 400 @z (t) = — limy— 100 G2,y (2) -
b) limy—1o0 |z (8)] = im0 ¢z, ()] = 00 .
¢) limyio0 @z, (t) = —limy o0 g2, (1) ie{1,2}.

(2.3) trajectories forward or backward asymptotic to A.
(3) Dynamics of two charges of the opposite sign. The following types of dynamical be-
haviour have been identified
(3.1) “atom-like” behaviour — the particles are permanently trapped and can have ei-
ther bounded or unbounded oscillations. However, even in the case of bounded
oscillations, each particle position may be unbounded:
— if P, # 0 the particles drift in the vertical direction with non—zero velocity.
— if k1 + ko # 0 and P, = 0 using (3.1) and the reconstruction map in theorem
3.1, we obtain

JP a1 4
(Qzir qy:) = T + (‘Ulﬂp <k27‘er + (—1)%1]7;/2362#%9) .
By lemma 4.4 we obtain that r and pys are bounded and hence g and g2 are

bounded.

— if k1 + ko = 0 and P # 0 we have that the trajectories of the two particles are
typically unbounded in the (z,y) plane: they drift with a non-zero average
velocity.
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(3.2) trajectories starting and ending free but possibly spending a finite time trapped in
between, leading to an asymptotic behaviour of the type “bounce—back” or “pass—
through” described in points (2.1) and (2.2) above.

(3.3) trajectories starting free and making a transition to permanently trapped.

Figure 5 shows some examples.

Figure 5: Four distinct dynamical behaviours. For all the figures we fix the parameters e; =
my =1, B=1and ¢ = 0.1 (e is really about 8.854 x 10~'2 Fm~"! but by choice of units/scaling
symmetry we can scale it to any convenient value for the numerics) and initial conditions
0z, (0) = —qu(0) = 2, Pz, (0) = pay (0) = 1 (pgy (0) = —pay, (0) = 0.1 on the bottom right figure)
and gy, (0) = ¢y, (0) = py, (0) = py,(0) = 0. On the top left figure we set eo = —4, mg = 3 and
¢z (0) = —q2,(0) = 0.1, p,,(0) = —p,,(0) = —0.01 and obtain “atom-like” behaviour. On the
top right figure we set e2 = mo = 3 and ¢, (0) = —¢»,(0) = 0.1, p,,(0) = —p,,(0) = —0.01
and obtain “bouncing—back” behaviour. On the bottom left figure we set es = mo = 3 and
¢z (0) = —¢.,(0) = 10, p,, (0) = —p,,(0) = —0.85 and obtain “pass-through” behaviour. On the
bottom right figure we set e = —4, mg = 3 and ¢, (0) = —¢,(0) = 10, p;, (0) = —p,,(0) = —0.2
and obtain an orbit starting and ending free but spending a finite time trapped.

5. THE SCATTERING MAP

In this section we introduce the scattering map associated with the Hamiltonian system (2.1)
and derive relevant properties of this map in some suitable regimes. As in section 4, throughout
this section we will consider the interaction potential to be Coulomb V(R) = G/R, where R is
the distance between the particles and G = ejey/47ep; as before, we will also set C, = 0 and
P, = 0 without loss of generality (except in section 5.3).

In the case of zero interaction, the general solution of (2.1) can be written as

qi(t) = (R'l + pi(t),qu(t)) ) pi(t) = (*kiJPi(t%pzZ') ’ (5'1)
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for i € {1,2}, where R; = (Ry,;, Ry,) € R? are the guiding centres of the particles, p;(t) € R?
their gyroradii vectors, ¢, (t) € R their vertical positions and p,, € R their vertical momenta.
For zero interaction, R;, p; = |pi(t)|]* /2 and p., are conserved, while arg (p;(t)) rotates with
gyrofrequency €; and the vertical positions ¢, (t) evolve linearly with time.

As a consequence of theorems 3.1 and 3.3, for non—zero interactions the general solution
of (2.1) can still be written in the form given in (5.1), with the variables R;, p;, ¢., and
ps, (1 € {1,2}) evolving with time accordingly with the reconstruction maps and the reduced
Hamiltonian systems given in the statements of theorems 3.1 and 3.3.

We will be considering the cases of section 4.3 where the dynamics in the vertical direction are
unbounded: in the limits of ¢ — +oo we have that |q.(t)| = |qz, (t) — g2, (t)| — oco. In such cases,
the typical situation is the following: initially the particles have a large vertical separation and
their trajectories are just helices of the form (5.1), as described for the zero interaction case.
As their vertical separation reduces, the particles interact and their paths are no longer helices.
The two particles eventually separate again and their paths approach helices again. Due to the
interaction, the helices in which the particles move before and after interacting are different.
The scattering map describes such asymptotic changes to the helices.

We now rigorously introduce the scattering map. We assume that as [t| — oo the two
particles have infinite vertical separation and the particles move in helices. We would like the
scattering map to map the main asymptotic properties of such helices, i.e. the guiding centres

and gyroradius as well as the vertical position and momentum as the particles approach ¢t = —oo,
to the asymptotic properties of the helices at ¢ = +00. We proceed as follows. First of all, we
note that since C, = P, = 0 from the reconstruction maps in theorems 3.1 and 3.3, we have
that
mo mq
4z = Mq,z Qzo = _MQz
Pzy = Dz P2y = =Dz,

and hence it is enough to look at the asymptotics of g, and p,. There are, however, some
difficulties: in the limit of large vertical separation, the gyroradii of the two particles rotate
uniformly with angular velocity given by the gyrofrequency of each particle and hence do not
have a well-defined limit as |t| — oco. To overcome this difficulty we consider the Hamiltonian
system (3.2) and introduce the following change of coordinates

pi = (20:)"" Jeg,, i€ {12}, (5.2)

where ey, is defined in the same way as eg in (3.6) with 6 replaced by 6;. Note that p; € R is
one half the square of the length of the gyroradius vector and 6; is the i-th particle gyrophase.
Using (5.2), we obtain the Hamiltonian system

2
H = 12%1 + k1Q1p1 + k2Q2p2 + V(R) (5.3)
w = Y ki(dRy, AdRy, +d0; Adp;) + dg. Adp.
i=1,2

where

9 1/2

+ qz2> .
The transformation (5.2) introduces two coordinate singularities at py = 0 and py = 0. The
gyrophases 0; evolve by the differential equation
10
ki Op;

R = <’R1 — R2 + (2/)1)1/2 Jegl — (2p2)1/2 J€92

0; = Q; + V(R)
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and hence do not have well-defined limits Gii = limy_, 1o 0;(t). To avoid this inconvenience we
introduce modified gyrophases by

i =0; —Qit, ie{l,2}, (5.4)

measuring the displacement between the gyrophases in the non—zero interaction and zero in-
teraction settings. Going to the extended phase space by introducing the conjugate variables
energy E and time ¢ and making the change of coordinates (5.4) we obtain the following Hamil-
tonian system

2

H = ;)Lm + k1101 + koQopo + V(R) - F (5.5)
w = Z k; (del AN dRyl +d¢; A dpl) +dg, ANdp, + d(E — k1Q1p1 — szgpg) Adt
i=1,2

where
9 1/2
+ qﬁ) . (5.6)

Note that the dynamics on level sets {H = E'} of (5.3) correspond to the dynamics of the level
set {H = 0} of (5.5). Introducing the asymptotic vertical energy

E.=FE —kQip1 — k2apo ,

R= <‘R1 — Ry + (201)"* Jeg, a1 — (202)' Teg, 1,

we obtain
D 2
= == —FE,
H 5 TV(R)
w = Y ki(dRy, AdRy, +d¢; Adp;) +dg. Adp. + dE. Adt
i=1,2

where R is given by (5.6).

Let i € {1,2} and let us denote by R}, pf, ¢ and p,* (respectively R, p;, ¢; and p,~)
the limits of the quantities R;(t), pi(t), ¢i(t) and p,(t) as t — +oo (respectively t — —o0).
Furthermore, let us denote by ¢, 1 the sign of ¢, (t) as t — 400 and by ¢.~ the sign of ¢.(t) as
t — —oo. The scattering map is the map S : R? x {+, —} — RY x {+, —} given by

S(Rl_aRZ_apl_ap2_a¢l_v¢2_apz_vq,z_) = (R1+7R2+7P1+7P2+7¢1+a¢2+7pz+aQZ+) . (57)

Remarks i) The scattering map is well-defined provided |g.(t)| — oo as [t| — oc.
ii) A complete study of the scattering map should take into account the asymptotic time
difference for the particles to travel between two points with and without the interaction.
We skip an analytic study of this asymptotic time difference since the Coulomb potential
leads to unbounded time difference due to a logarithmic term. However, we report on
a numerical study of the time difference in section 5.4.

5.1. Scattering map in the limit of widely separated trajectories and rationally
independent gyrofrequencies. Throughout this section we will consider that the projections
of the helices on the horizontal plane in the limits || — oo are two widely separated circles, i.e.
o1” + |po|* << |ALP, (5.8)

where
Al =Ry — Rs. (5.9)

Furthermore, we assume that the ratio of gyrofrequencies is not close to a low order rational
and the relative vertical speed ¢, is small compared to |A||min{Q;,Qs}. Then to a good
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approximation one can average the interaction potential over the two gyrophases (two—phase

averaging, cf. [1

4]), obtaining the averaged Hamiltonian system:

2
weff = P2y peff g

where

and

2m
w = Y ki(dRy, AdRy, +d¢; Adp;) +dg. Adp, + dE. Adt
i=1,2

Veff B 1 2 2T

A2 0 0 V(R)d¢1d¢2

=
=
[
=R

1/2
AP+ 248w+ |w]? +q22)

Iny
Il
—

(201)"2 Jep,rant — (2p2)* Tegy -

The average of 1/R with respect to the two modified gyrophases ¢; and ¢3 can be expressed
most simply by change of variables of integration from ¢; and ¢2 to the modulus r and direction
¢ of w. We obtain

(7)

where

1 2 2 1
N ~d¢nd
471'2/0 A R (bl ¢2

1 /T‘+ /27‘(‘ r
S Jo \/(A2 +2rA Jeg +12) (r2 —r2) (r2 —r2)

A = \/ |AL|2+QZ2
Ty = ‘\/2P1i\/2ﬁ’2‘.

dedr

(5.10)

(5.11)

This is a type of double elliptic integral, but rather than expressing it in such terms, we
choose to expand it in Taylor series to analyse the dominant effects:

2m 2
/ (A2 4 2rA Jey+72) P dg = A / <1 +
0 0

_ A_1/2”1_12rAl.Je¢+r2 +§ (27“A¢-J€¢+7"2>2d¢+0<mﬂ4
2
0

A2

A2 8 A2 A9

1 AP Al
= A1 (27r—7r7“2A2—1—37r7“2AJ:1 )4—0(’ Al9’ > .

Noting that

rt T T
/ dr = =
T \/(ri — r2) (r2 — 'rz) 2
T+ r? T2 2
/W S T ) s
r— rd —r2) (r2 —r2

27“AJ_.J6¢ =+ T2>_1/2 d(ﬁ

(5.12)
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and putting together (5.10) and (5.12), to second order in the ratio of gyroradii to the distance
between the guiding centres, we obtain the following approximate effective potential

. 1 1 3|ALP

where A is given in (5.9) and A is given in (5.11).
Thus, we have derived an effective Hamiltonian system for the interaction of two widely
separated charges in a uniform magnetic field, which is given by

2
weff = P2y peff g
2m
w = Y ki(dRy, AdRy, +d¢; Adp;) +dg. Adp, + dE. Adt (5.14)
i=1,2

where V¢f/ is approximately given in (5.13), and we will use this approximation henceforth.
Note that the averaging procedure eliminates ¢ and implies the conservation of the quantities

p1, p2 and E.. Furthermore, the system (5.14) has a three—dimensional group of symmetries (2

translations and 1 rotation) to which correspond the following conserved quantities:

P =1 (klRl + k‘zRg) (5.15)
k k
L—hp kw2 = —5 |Ri" =T |Rf* .

We will use these symmetries and conserved quantities to reduce the Hamiltonian system (5.14).
We divide our analysis into two cases: k1 + ko # 0 and k1 + ko = 0.

5.1.1. Case k1 + ko # 0. From (5.15) we obtain that the centre of charge of the guiding centres

kiRy + koeRy  —JP
ki+ke kit
is a constant. So by a translation we can assume it and P are 0. This implies the relation
k
Ry=-"R; . (5.16)
ko

Restricting the Hamiltonian system (5.14) to the level set determined by (5.16) gives

p2
HefF = i_}_veff_EZ
2m
k2
w = %dRzl/\dRyl—i—k:ldqﬁl/\dp1—|—/<:2d¢2/\dpg—i—dqz/\dpz—i—dEz/\dt
G ZQ_kQR 2 22
Vel = 7z — Gpr+p2) e[ jee)

<k12 IR e? + q22> (klg Ryl /e + q22)5/2

The angular momentum given in (5.15) is now given by
kr? 2
L—klpl —kgpz = —%‘Rl‘ . (517)

We introduce a corrected angular momentum

Pop = L — kip1 — kapa , (5.18)
and note that:
o —2epg, >0,
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e conservation of py, implies that the guiding centres R; move in arcs of radius

\/ —2epe, ki, i€ {1,2}.

We reduced the system by angular momentum introducing polar coordinates

Rl = \/ _QePOR/kIZEGR )

where eg,, is defined in the same way as eg in (3.6) with 0 replaced by #r. We note that there
is a coordinate singularity when pg,, = 0 corresponding to the case when Ry = Ry = 0, which
is not a problem since we are dealing with the case of large |R; — R2|. To obtain a canonical
Hamiltonian system we also introduce pg, defined by
1 2
Py, = kipi = 5B pil
(the quantity e;pg,/m; is the magnetic moment of the gyrating particle) and reduce by the

(extra) degree of freedom dE, A dt corresponding to the coordinates in the extended phase
space. We obtain the following one degree of freedom effective Hamiltonian system

2
geff — Pz yeff
2m
T 2\1/2 k k _ 2\5/2 ‘
(—2po, /e + q.%) 1 2/ (—2pgy/e+ q.*)
w = dg,ANdp,+dlg A dpgR +d¢1 A dp¢1 + dgo A dp¢,2 .
0
0.1
701 4
0 100 0 100 —100 0 100

e
(a) (b)

Figure 6: Plots of V¢//. For both figures pg, /k1 = pg,/k2 = 1 and —2py,, /e = 100. In the left
figure G = 1 while on the right figure G = —1.

We note that assumption (5.8) implies that the effective potential in (5.19) has exactly one
critical point. Furthermore, it satisfies the following conditions:

e if G > 0, then V¢// is positive for all ¢, € R (see figure (6a)). It is increasing for ¢, < 0,
decreasing for ¢, > 0 and has a maximum E’ at ¢, = 0, given by

G 1/p P, G
(_2p9R/6) 1 2 (_QPGR/G)

Furthermore limg, .+ velf = .



INTERACTION OF TWO CHARGES IN A UNIFORM MAGNETIC FIELD 25

e if G < 0, then V¢ is negative for all ¢, € R (see figure (6b)). It is decreasing for
q. < 0, increasing for ¢, > 0 and has global minimum E’ (given by (5.20)) at ¢, = 0.
Furthermore lim;_, 1o, V¢ = 0.

The next results summarize the most relevant properties of the scattering map (5.7) for
the case of two widely separated charges (satisfying ki + ko # 0) moving under the action
of a uniform magnetic field and a Coulomb interaction. Before stating the results we need
to introduce some notation. Given n € N, we define the asymptotic changes of order n for
k1 + k2 7é 0, Fn,’Yo/hfm,’Ym by

+00 1

F 5 ) ) ) :’}/1/ dl‘
,770,7Y1,72,7Y3 . (1 + x2)”/2 (1 — UA/%73 (x))l/Q

where U,, () is given by
2?2 —1/2

72
Usy s (@) = _73(1+$2)5/2 ’

(14 2)/?

Y1, 72 and y3 are given by

Ge |m G e G e 3p D
SR R g R
Doy V 2E FE 2po, E 2po, k1 ko

and 7y is defined by

0 if kiky >0 and E > E'
Yo =14 ¢:*\/—€/(2pg,) ifkikg>0and 0< E<E' | (5.21)
0 ifk1k2<0andE>0

where ¢.* is the only positive root of V¢/f(q,) = E and E' is given by (5.20).

Theorem 5.1. Let k1 +ky # 0 and ki1ke > 0 and assume that inequality (5.8) is satisfied. Then,
for every level set {H*T = EY of (5.19) such that E > 0, the scattering map S is well-defined.
Furthermore, there exists E' € R given by (5.20) such that:

i) for every E > E' we have that p,™ = p.~, [p.*| = 2mE)"/? and ¢.7 = —q.".

ii) for every 0 < E < E' we have that p,* = —p.~, |p.*| = 2mE)"? and ¢.7 = ¢.~.
Leti € {1,2}. Whenever the scattering map is well-defined, it also has the following properties:

a) there is no transfer of magnetic moment between the two particles, i.e. the gyroareas
m|pi|? = 2mpg, /ki are conserved and hence p) = p; .
b) the asymptotic gyrophases qu and ¢; are related by

_ 1 3
Ag; = ¢j - ¢i = Tk (F&%mmng - 2F5,v()771772,73> .
T

c) the guiding centres R; move in arcs of radius \/—ergR/kiQ about —JP /i and rotate

(about the centre —JP /i) by an angle AOg which, to leading order, is given by
1
Alr = gr&wmmﬁg .

Proof. The first part of the theorem and item a) of the second part follow trivially from an
analysis of the Hamiltonian system (5.19). To prove item b) of the second part note that

+oo eff
Ap; = ¢ — o7 —/ o (q:(t),p.(t))dt .

—00 8p¢

7
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If E > E', then

e gHEIT dt
From (5.19), we obtain
OHT G g.® +pog/e
8p¢i i (—2p9R/e+q22)5/2
dq. 9 . 1/2
==k <m (E —v ff(qz)>> . (5.23)

From (5.22) and (5.23), we get

. 0"+ puge
ki oo (=2pg, e+ .2 (2 (E = Velf(g.)))"?

dg. . (5.24)

Making the change of variable ¢, = (—2pg,,/ e)l/ 22 in the integral on the right hand side of
(5.24) and noting that the integrand is an even function of ¢,, we obtain

N 22 —1/2

il (a2 (1) (a2 4y (@2 = 12) /(L4 a2))

Ad; dz

where

Ge [m G e G e\’ (Psr Do
=—— /= =—, /- , =—|(./- — 4+ =] . (525
m Doy V 2E "2 FE 2po, 3 ) ( 2p9R> (kl + ko ( )

The result then follows by simple manipulations. With a similar procedure, if 0 < E < E’, we
obtain

Aj — _%/*"" 7= 1/2 da
L . 1/2 ’
Bl )2 (1= 0/ (142 02— 1)) (14 27?)

where ~; (i € {1,2,3}) are still given by (5.25) and ~y is given by

[
*
Y0 = ¢ - .
“\V 2pg,

The first part of item c) follows from (5.16), (5.17) and (5.18) and the reconstruction map in
theorem 3.1. To complete the proof we just need to evaluate

A0 lim 6 lim 6 e onel d
= I t)— i t) = (), po(t)) dt .
k= i 0n(0) = i 05(0) = [ S 0.(0).9:00)
Noting that
oHel! G k k
- sz 7O (P /b1 + P/ ;)2 (5.26)
Wor e (—2ppy/e + q:2) (—2po, /e + q:2)

and using (5.8) we obtain that the second term on the right hand side of (5.26) is negligible.
Proceeding in the same way as for the proof of item b) we obtain the required result. O

Theorem 5.2. Let k1+ky # 0 and ki1ke < 0 and assume that inequality (5.8) is satisfied. Then,
for every level set {H®TF = E} of (5.19) such that E > 0 the scattering map S is well-defined
and we have that pT = p7, |p.*| = 2mE)Y? and ¢ = —q;. Let i € {1,2}. Whenever the
scattering map is well-defined, it also has the following properties:
a) there is no transfer of magnetic moment between the two particles, i.e. the gyroareas
m|pi|? = 2mpg, /ki are conserved and hence pf = p; .
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b) the asymptotic gyrophases qu and ¢; are related by

_ 1 3
Ag; = ¢i+ - ¢z’ = "k (F3,'YO,’YI:’727’YS - 2F5:’707’71"Y27’YS> .
T

c) the guiding centres R; move in arcs of radius \/—2€pgR/ki2 about —JP/u and rotate
(about the centre —JP /i) by an angle AOr which, to leading order, is given by

1
AQR = gr37’707717727’y3 :

The proof of theorem 5.2 is identical to the proof of theorem 5.1 and so we skip it.

Remarks i) Item i) in theorem 5.1 corresponds to “pass-through” behaviour (high en-
ergy) while item ii) corresponds to “bounce-back” behaviour (small energy).

ii) In the case of two charges satisfying k1 + ko # 0 and k1k2 < 0 (as in theorem 5.2)
to level sets with negative energies (bounded below by E’ given in (5.20)) correspond
bounded motions and hence, the scattering map is not well-defined. In this case we
have “atom-like” behaviour in agreement with section 4.3.

5.1.2. Case k1 + ko = 0. Let us consider again the Hamiltonian system (5.14). We change

coordinates to ) .
C=5(Ri+Ry), P=gJR-R), (5.27)

introduce again pg, defined by

Pg; = kipi
and reduce by the (extra) degree of freedom dFE, A dt corresponding to the coordinates in
the extended phase space obtaining the following one degree of freedom effective Hamiltonian
system

2 2 2 2

2mo (@2PR g Nk ke ) (42| PR+ g.2)72
w = dg. Adp, +dC; ANdP, +dCy AdP, + d¢1 Adpg, + do2 Adpg, -

We note that condition (5.8) implies that the effective potential in (5.28) has exactly one critical
point. Furthermore, it satisfies the following condition:

e V7 is negative for all ¢, € R (see figure (6b)). It is decreasing for ¢. < 0, increasing
for ¢, > 0 and has global minimum E’ given by

_ G G(p¢1/k1 +p¢2/k2)
2|k P| 2 (2|r||P|)*

at g, = 0. Furthermore lim;_, 4 velf = .

E' (5.29)

The next result summarizes the most relevant properties of the scattering map (5.7) for
the case of two widely separated charges (satisfying ki + k2 = 0) moving under the action
of a uniform magnetic field and a Coulomb interaction. Before stating the results we need
to introduce some notation. Given, n € N, we define the asymptotic change of order n for
ki+ky=0,TY 0, by

n’7?77(2)773
“+oo
FO — A0
n09n9 = M 0

where U.o 10 (x) is given by

1

dz |
n/2
(1+ 22)"/ (1 - Uvgﬂg(;ﬂ))

1/2

0 2
_ V2 0T —1/2
Usg49(2) = (1+22)172 73(1 +22)?
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and 7Y, 78 and 'yg are given by

L™ 92|P2\ 2E 27 9/k||P|E "’ 5T 8kPIPRPE \ k1 ke )

Theorem 5.3. Let k1 + ko = 0 and assume that inequality (5.8) is satisfied. Then, for every
level set {H®/f = E} of (5.28) such that E > 0 the scattering map S is well-defined and we
have that pT = p7, |p.*| = 2mE)Y? and ¢F = —q; . Let i € {1,2}. Whenever the scattering
map is well-defined, it also has the following properties:

a) there is no transfer of magnetic moment between the two particles, i.e. the gyroareas
m|pi|? = 27pg, ki are conserved and hence pf = p; .
b) the asymptotic gyrophases qﬁj and ¢; are related by

1 3
S O = _ 910
Api =9 —¢; = k; <F3ﬂ?ﬂ§ﬂ§ 2F577?773W§> :

c) the distance between the guiding centres is conserved:
|Ri* — Ry*|=|Ri™ — Ry~ | = 2/w| P .
d) to leading order, the asymptotic guiding centres R;™ and R;~ are related by

T — R, = —4rTY P
R — R, A R i

Proof. The first part of the theorem and item i) of the second part follow trivially from an
analysis of the Hamiltonian system (5.28). The proof of item b) is analogous to the proof of
item b) of theorem 5.1. Item c) follows from (5.27). To prove item d) we invert (5.27) to obtain

R, =C—kJP , Ry=C+krJP .
Noting that
too gHerf
oP

R =R =l C(0) - lim C() = [ (0-(0) p-(0)

t—+o0 — 0o
and proceeding in the same way as we did for the proof of item c) of theorem 5.1 we obtain the
result. 0

Remark In the setting of theorem 5.3, to level sets with negative energies (bounded below
by E’ given in (5.29)) correspond bounded motions and the scattering map is not defined. In
such energy regimes the dynamics exhibit “atom-like” behaviour in agreement with section 4.3.
Otherwise, on level sets with positive energies the dynamics exhibit “pass—through” behaviour.

We should note that theorems 5.1, 5.2 and 5.3 apply only to the averaged systems (5.19) and
(5.28); the error of approximation caused by the derivation of such Hamiltonian systems has
not been analysed in detail.

5.2. Scattering map in the limit of widely separated trajectories and rationally
dependent gyrofrequencies. As in the previous section, we will consider that the projections
of the helices on the horizontal plane in the limits |t| — oo are two widely separated circles
satisfying (5.8). Furthermore, we assume that the particles’ gyrofrequencies have ratio close to
a low order rational. Then correlations between the gyrophases may lead to corrections to the
scattering map obtained in the previous section, of the order of the ratio between a gyroradius
and the horizontal distance between guiding centres. In particular, although one combination
of the magnetic moments is still an adiabatic invariant and it happens to imply that the vertical
kinetic energy is approximately unchanged by the interaction, there can be transfer of horizontal
kinetic energy between the particles.
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To analyse this case, let A1, Ao € Z be relatively prime integers such that A1Q; 4+ X929 = 0
and introduce the near—resonant combination ¢ of the gyrophases and a complementary one
by

¢ = Abh + Aaba Y = 7101 + 7202 ,
where 71,72 € Z are relatively prime integers such that A1y2 — A9y; = 1. Introducing conjugate
momenta py and py, given by

Py = V2k1p1 — 1kap2 Py = Atkapa — Aok1p

and substituting the gyrophases 01, 6> and their conjugate momenta p1, p2 by the new variables
introduced above in the Hamiltonian system (5.3), we obtain

p:>

H = om + (1121 4+ 72Q2) py + V(R) (5.30)
w = Y ki(dRy, AdRy,)+d¢ Adpy + dip Adpy + dg. Adp.
i=1,2

1/2
where R = (|’w|2 —|—2AL.'w+A2) and
A = R —Ry
A = \V/ ‘AJ_‘Q—i_QzQ
9 1/2 9 1/2
w = <k1(>\1p¢ + 712%)) N (,Q(Azpqs + 721%)) Jexp—yg -

Then one can average the Hamiltonian system (5.30) with respect to 1, obtaining the fol-
lowing averaged Hamiltonian system:

2
HeIF = 12);1 + (M + 72Q2) py + yelf
w = > ki(dRy, AdRy,) +dé Adpy + dip Adpy + dgz Adp.
i=1,2
where
i 1 2T
velf = — V(R)de .
o J, (R)dy

In particular, adiabatic invariance of p, and conservation of H eff imply that the vertical
kinetic energy is unchanged by the interaction.

To examine whether there is some transfer of horizontal kinetic energy, we proceed in the
same way as in section 5.1, i.e. we expand the interaction potential V(R) in Taylor’s series,
neglect terms of order O (|A 11/ A5) and integrate the remaining terms with respect to . If
A1)+ 2[X2] # 0 or 2|A1| + |[A2| # 0 there are no terms of order O (|A|[/A®) and we neglect
terms of order O (1/A®). We separate our analysis into three cases: |A1| # [Az], A1 — A2 = 0
and A1 + A2 = 0.

5.2.1. Case |A1] # |A\2|. Applying the averaging procedure described above, we obtain the
following effective Hamiltonian system:

2
H = 22y (3101 4 920) py + VI (5.31)
w = > ki(dRy, AdRy,) +dé Adpy + dip Adpy + dgz Adp.

i=12
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. 1 1 3]AL)
fo_G<A—(P1+P2)<A3_2 A5 :

Al = Ri—Ry

A = AP+ ¢.? (5.32)

(A A T, 2
p1t+p2 = <k1+k2>p¢+<k1+k2 Dy -

Since V¢/7 is independent of ¢ (up to an error of order O (|AL[/A®) if [A] + 2[A2] = 0
or 2|A1| + |A2| = 0 or of order O (1/A®) otherwise) we obtain that p, is also approximately
conserved, and then the analysis reduces to the cases of sections 5.1.1 and 5.1.2. In particular,
integrating the error bound along unperturbed trajectories shows that the effect of the errors
is of order at most |A |73 if [A\1]| + 2|A2] = 0 or 2|\1] + [A2] = 0 or of order at most |A |~*
otherwise.

We should remark, however, that effects of resonance would be noticeable if we had considered
higher order terms in the Taylor’s series expansions of the interaction potential V(R).

where

and

5.2.2. Case \; — Ao = 0. We start by noticing that Ay — Ay = 0 is equivalent to 21 + Qs =0
and that, without loss of generality, one can can fix A1, Aa,v1,72 € Z so that Ay =1, Ao = 1 and
v¥9 — 1 = 1. Then, applying the averaging procedure described above, we obtain an effective
Hamiltonian system of the form (5.31) with effective potential V¢// given by

2
Helf = Z;Z —Qp¢+Veff
m

w = ki (dRy, A dRy,) + dé A dpy + dip A dpy + dgz A dp. (5.33)

2
. 1 1 3]AL 72 (A2 — A 2)cos(¢p) — 2A Ay, sin(g)
verr = G<A—(m+pz)<A3—2 A5 | 3V A5 :

where Q = Q1 = —Qy, A| = (ALx,Aly), A and A are as given in (5.32) and

APy + 1Py ~ A2pg + 2Py
p=——0—", =
k‘l k'2

We can now use the system symmetries as in sections 5.1.1 and 5.1.2 to reduce the Hamil-
tonian system given by (5.33) to one with two degrees of freedom. We skip such details here
and proceed to state results which are analogous to those of sections 5.1.1 and 5.1.2, but since
Py is not necessarily conserved there is no longer any reason to expect the magnetic moments
of the particles to be individually conserved and indeed we prove typical transfer of horizontal
kinetic energy between the particles.

Theorem 5.4. Let k1 + ko # 0 and assume that inequality (5.8) is satisfied. Then, for every
level set {H®/) = E} of (5.33) such that E > —Qp,, the scattering map S is well-defined and
we have that pf = p;, |p.*| = (2m(E + pr))l/2 and qf = —q; . Leti € {1,2}. Whenever the
scattering map is well-defined, it also has the following properties:

a) the difference py in magnetic moments is approximately conserved.

b) typically there is transfer of horizontal kinetic energy between the particles.

c) the distances of the guiding centres from —JP/u typically change, but conserve L =

kip1 + kapo — B R |2 — 22| Ro|? and —JP = k1 Ry + k2 Ry
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Proof. Most of the proof is analogous to that for theorems 5.1 and 5.2. For part b), we use

Apy = —/V'(¢) dt
and note that to first order in G this can be evaluated along unperturbed orbits, i.e. p; and A
constant and A = /|A ] |2 + v%t? for some relative vertical speed v. Thus to first order in G,
Apy = G(Asin ¢ + B cos )
with
A=3Ymm(at, - A%,) [(ALP + o)

and similar for B. Evaluating the integral in the expression for A, we obtain

4, /plpg(Aiy —A%) 8v/P1p2(ALzALy)
— , B — )
v|A|* v|AL[*

which shows the effect on p, to be of order 1/|A | |?.

In particular, for small G # 0 it is not constant as a function of ¢. Now Apy is analytic in the
initial conditions and parameters, so its zeroes form isolated codimension—one subsets. Thus
typically Apg is non-zero. This means that there is transfer of horizontal kinetic energy between
the particles. The magnitude for small G (which is equivalent to large A ) is as above. O

Theorem 5.5. Let k1 + ko = 0 and assume that inequality (5.8) is satisfied. Then, for every
level set {H*'f = E} of (5.33) such that E > —Qpy the scattering map S is well-defined and

we have that pF = p7, |p.T| = 2m(E + Qp¢))1/2 and ¢ = —q; . Leti € {1,2}. Whenever the
scattering map is well-defined, it also has the following properties:

a) the difference py, in magnetic moments is approximately conserved.

b) typically there is transfer of horizontal kinetic energy between the particles.

c) the positions of the guiding centres typically move, but conserve k1(R; — Rg) = P and
L/ki = p1—p2 — |[Ra?/2 + | R2[? /2.

Proof. Similar to theorem 5.4. O

5.2.3. A1 + A2 = 0. Note that A\; + Ao = 0 is equivalent to 2; = Q. Without loss of generality,
one can can fix A1, Ao, v1,7v2 € Z so that Ay = —As = 1 and v +v; = 1. Applying the averaging
procedure described at the beginning of section 5.2, we will obtain that the total magnetic
moment p, = k1p1 + kopo is an adiabatic invariant. Under the adiabatic approximation, the
vertical kinetic energy is unchanged by the interaction and we prove there is typically a transfer
of horizontal kinetic energy between the particles, as in the previous case. In this case, however,
we will then go beyond the adiabatic approximation, using the exceptional additional invariant
W to reduce the scattering problem to two degrees of freedom. In particular we will refine
the qualitative description obtained in section 4.3.1 for this case, and prove that there is also
typically a transfer between horizontal and vertical kinetic energy.

Using the averaging approximation, we obtain an effective Hamiltonian system of the form
(5.31) with effective potential V¢// given by

2

gelt — P= g velf
om + $py +
w = Y ki(dRy, AdRy,) +dp Adpg + dip Adpy + dg. A dp: (5.34)

i=1,2
. 1 1 3|AL)
vell = G(A—<pl+p2—2m®s<¢>><m—2 A )]
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where Q = Q1 =0y, A| = (ALx,ALy), A, and A are as given in (5.32) and

_ APy + Py _ A2pg + 2Dy
pr="—""—"L pp=""=
k‘l k2

Theorem 5.6. Let Q0 = Qo = Q and assume that inequality (5.8) is satisfied. Then, for every
level set {H® = EY} of (5.34) such that E > Qpy, the scattering map S is well-defined and has
the following properties:

a) the total magnetic moment py, is approzimately conserved.
b) typically there is transfer of horizontal kinetic energy between the particles.
c) the distances of the guiding centres from —J P/ typically change, but conserve py—L =

BIRi 12+ %2 |Ro|? and —~JP = ki1 Ry + k2 Ry
Proof. The analysis is very similar to that for theorem 5.4. O

Next, as promised, the extra conserved quantity W of proposition 2.1 enables us to push the
analysis beyond the adiabatic approximation in this case. We perform exact reduction using
W, obtaining the two degrees of freedom reduced Hamiltonian system of corollary 3.2, given by

1 A?
H = —(p24+p)+ = +B>*+E, :
2m(p +p )+T2 + B r*+ E.+ V(R) (5.35)
w = drAdp,+dg, Adp, ,
where
1 (2upg — W2 e? e W 1
A2 = — (zBEe T BZ=_—"_ E.= — - —_p>?
2m< 2 ) ’ Sm om \P T 2u ) T ong
1/2

and V(R) is the Coulomb potential V(R) = G/R with R = (r* + ¢.?)
We obtain the following result, refining that of section 4.3.1.

Proposition 5.7. The Hamiltonian system (5.35) has the following properties:

i) The Hamiltonian function H is bounded below by E. + 2AB.
ii) It has a unique equilibrium at r = r*, p, = q, = p, = 0, where r* is the unique positive
root of the equation
2
% —2B%*r + C_y.
r T
Furthermore, the equilibrium is a saddle with eigenvalues

2 2,x4 *
i/G | ii\/2(3A + B2+ Gre)
mr*3 mr*4

iii) Let E* = A?/r*2 + B?r*? 4 E, be the energy of the level set of (5.35) containing
the equilibrium. Then, the Hamiltonian system (5.35) possesses a family of hyperbolic
periodic orbits vg parametrized by the energy E > E* and given by

1, A? 9 9 G

iv) The stable manifold of the periodic orbit separates incoming orbits into pass-through and
bounce-back orbits. The flux of energy—surface volume over the saddle (i.e. pass-through
orbits) for energy E > E* is given by

1
2 (+H(E) — v (B)) v/2m(E - EC)/O (1— U2 ds |
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where 0 < r=(E) < r*(E) are the two positive roots of A?/r?> + B*r* + G/r = E — E,
and
A% — B%r4(2) — Gr(z)
2m(E — E.)r?(z)
r(z) = r (E)+ (r+(E) — T‘i(E)) z .

Proof. The proof of the first two items is trivial and we skip it. For the proof of the third item we
note that ¢, = p, = 0 is an invariant plane under the dynamics defined by (5.35). Furthermore,
the restriction of (5.35) to ¢, = p, = 0 defines a one degree of freedom Hamiltonian system
given by

1, A2 9 9 G
w = drAdp,.

This system is the reduced Hamiltonian system corresponding to the interaction of two charges
moving in a plane under the action of a magnetic field in the particular case of equal gyrofre-
quencies ; = Q9 and has been extensively studied in [19]. In particular, from the results in [19]
it follows that the Hamiltonian system (5.36) has a unique (elliptic) equilibrium corresponding
to the level set of energy £ = E* and for every £ > E* the level set of energy E is composed
of a periodic orbit 45 = (rg(t), prg(t)) of period T'(E) > 0, given by
2
%pﬂ + A—z B2y G
m r r
Furthermore, for every E > E* there exist positive values 0 < 7~ (F) < rT(FE) such that for all
0 <t < T(E) we have that r~(E) < rg(t) < r*(E). Therefore, the full system (5.35) possesses
a family of periodic orbits vg = (rg(t), prg(t),0,0) parametrized by the energy E > E*.
To see that the periodic orbits are hyperbolic we construct a forward invariant conefield with
a uniform expansion estimate. Let (d,,9,,,d,.,6,.) denote a tangent vector to the phase space
of (5.35). Then, for £ > E* the linearized dynamics around a periodic orbit of the family vz
are given by the following system of differential equations
: 1 . G
5(12 - 5172 ’ 5pz - (T,E(t))gélh

m
: 1 : 2(3A%2 + B%(rp(t)* + Gre(t))
op = —0p, , Op, = — 1
m (re(t))
Thus the cone dp.dq, > 0 is forward invariant. Furthermore it is absorbed in bounded time by

the subcone VA < 8p,/dq. < VB for any A < mingmG/rg(t)®, B > max; mG/rg(t)*. In this
subcone,

=F—-F.

Sp. -

d 1 G 1 G A

" (6p% + 0¢2) =2 (m + r3> 0p.0q, > 2mtin <m + 1"E(t)3) H\/;(éqg + 6p?) ,
giving a uniform expansion estimate. The (r,p,) directions are not relevant because they cor-
respond to the flow direction and change of energy.

The proof of item (iv) follows by a result in [15], stating that the flux of energy—surface
volume across a surface S in an energy surface for a two degrees of freedom Hamiltonian system
is the action integral of its boundary S. In our particular case the boundary is the hyperbolic
periodic orbit of item iii). Thus, the result is obtained by computing the action integral along
such orbit. 0

The motion in (r,p,) for frozen ¢, is oscillatory with frequency near Q; = Qo = Q. Indeed
if the contribution of V(R) is neglected, the solutions are 7> = C + D cos (Q(t — tp)) with
C? — D?> = A?/B?. Under the conditions of widely separated helices or small p,, one can
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average with respect to this oscillation, obtaining an adiabatic invariant for it and an effective
Hamiltonian for the (g, p,) motion. Up to scale, the adiabatic invariant is the total magnetic
moment kqp; + kope, just as we obtained without the reduction by W. We could also use
the reconstruction of theorem 3.1 to reveal that there is in general a transfer of horizontal
kinetic energy between the particles, equivalently of magnetic moment, as already obtained.
Conservation of W and total magnetic moment kjp; + kop2 leave a 2-torus of possible values
for (p1,p) and in general their lengths change as a result of the interaction.

Instead of pursuing this line, we will treat the exact reduced system (i.e. without averaging),
and show that there is typically also some exchange between the vertical and horizontal kinetic
energies. Let HE and H ffor denote, respectively, the vertical and horizontal components of the

ver
energy when ¢, — +00, i.e.:

1
+ _ . 2
Hver - tlgl:noo 2mpz (t)
H: = lim ip 2(t) + 4° + B%%(t) + E,
hor t—too 2m’ r2(t) ©r

Clearly, the limits defined above exist. Furthermore, let us define the asymptotic changes in
the vertical and horizontal energies, AH,e, and AHy,,., by

AH,, = H}, —H,,
AH}LOT = Hi—zt)r - Hh_or :

Theorem 5.8. If Q1 = Qo = Q then, for every level set {H = E} of (5.35) such that E >
E. + 2AB, the scattering map S is well-defined. Furthermore, defining E* as in proposition
5.7:
i) for every E € (E. + AB,E*) we have p,™p,~ < 0 and ¢,* = q.~, corresponding to
“bouncing-back” behaviour.
ii) for every E > E* there is a mizture of “pass—through” and “bounce—back” behaviour.

Let i € {1,2}. The scattering map also has the following properties:

a) typically for “pass—through” orbits there is exchange between parallel and perpendicular
kinetic energy.

b) typically for “pass—through” orbits, the magnetic moments of the two particles are not
conserved but they are always constrained by the following relations:

d
a!klpl(t)+k2p2(t)\2 =0

2

,Jm Falpr ()P + kalpa (W) — lim _Ky|pa (1) + kol p2(t)* = —qQHver . (5.37)

c) typically for “pass—through” orbits, the distance of the guiding centres to the fixed centre
of rotation —J P/ is not conserved during an interaction but is always constrained by

jp|? JjpP

2m
R,(t)+ —| — lim |R;(t)+ —

2 2

=— <) AHyer | ie{l1,2}.
k;

Proof. The first part of the theorem has already been proved in this subsection. The constraints

in the second part follow from a simple analysis of the reconstruction map of theorem 3.1 and

the reduced Hamiltonian (5.35). So the main job is to prove that AH,., is typically non-zero

for “pass—through” orbits. To see this,

dHyer _ D=Dz _ szq,z
dt¢ m mR3 "’

4Pz
AH,er :G/mR3 dt .

lim
t——+o00 t——00

SO
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For “pass—through” trajectories this can be computed to first order in G along trajectories of
the case G = 0. These have p, = mv, constant (and we assume non-zero), g, = vt (choosing the
origin of time at g, = 0), r2 = C' + D cos (2t — to)) with C? — D?> = A%2/B? and Hj,, = 2B>C.
Thus to first order in G,
2
t
Hver—G/ v 3/2dt.
(v2t2 4+ C' + D cos (Q(t — to)))
If D = 0 the integrand is odd and the result is zero, but to first order in D/C' the result is
tsin Qt
(022 + C)>/2
which is non—zero for sin Qty # 0. Now AH,, is analytic in the initial conditions and G for

“pass—through” orbits, so being non—constant with respect to D for small G its zeroes in D are
isolated. Thus it is typically non-zero (though very small if v? < CQ?). O

A

AHyer = —%G‘Dv2 sin Qto/

Remark Presumably, transfer between perpendicular and parallel kinetic energy is also typical
in the “bounce-back” case, but a different proof would be required.

Using the two relations from item c) in the previous theorem it is possible to derive explicit
formulae for the (forward) asymptotic gyroareas 27rp;r in terms of the value of the conserved
quantity W, the variation of the vertical energy AH,.,, the (backward) asymptotic gyroareas
2mp; and the forward relative gyrophase of the two particles OF = limy_. o (01(t) — 62(t)).
Putting together (5.1), (5.2) and (5.37), we obtain

1/2 w
k2o + 2kks (pf pf) "7 cos(©F) + ka?pf = 5
_ _  AH
k1ol +kapy = kipy +kapy — Qver .
Solving the equalities above with respect to pf and p;, we get
ko AH,
+_ - Mo+ -y ver 5.38
P1 = Py Ky (P2 —p3) RO ( )
where ,0;“ is one of the (positive) solutions of the quadratic equation
k12 Lo ko Lo o oY W2
T+ g+ 2(1—2c0s(O)) pfpg —W [+ 5 ) - ——5—5 =0 5.39
k:22 P1 k12 P2 ( ( )) P1 P2 k22 k‘12 4k12k‘22 ( )

replacing p{ by the right hand side of equation (5.38).
The solutions of equations (5.38) and (5.39) are the intersection points in the (p], p3) plane
of the conic given by (5.39) with the line defined by (5.38).

e If ©F = 0 the conic (5.39) is a parabola and there are two (positive) intersection points
with the line (5.39) provided that |k1|p; + |k2|py > M ™, where M~ is given by
AHver w

M~ = + .
Q] 2(ka| + |R2l)

e If 0 < ©F < /2 the conic (5.39) is an ellipse and there are two (positive) intersection
points with the line (5.39) whenever the inequalities M~ < |ki|p] + |ko|p; < M™T are
satisfied, where M " and M~ are given by

1/2
AH,,, kil + k| £ ((kl ~k)? — ks cos(@+)>

+
M= = |2 4k1k2(1 — cos(O7))

There is exactly one intersection when one of the inequalities becomes an equality.
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o If ©F = 7/2 the conic (5.39) degenerates to a line with slope —k;?/ko? and there
is one (positive) intersection point with the line (5.39) provided that k; # ko and
M~ < |kilpy + |k2lpy < M, where M and M~ are given by

AH,e, W v AHue W

2] 2min{[ka], [k} 2] 2max{|k], [ka[}

e If 7/2 < ©F < 7 the conic (5.39) is an hyperbola and there are no (positive) intersection

points with the line (5.39).

M =

5 10 15 20 5 10 15 20

ot 124

(a) (b)

Figure 7: Intersections of conic sections of the form (5.39) with a line of the form (5.38). For
both figures we fix the parameters ey =m; =1, e =mo =2, B=1, W =10, AHyer = 1 and
pl = py =T. On the left figure © = 0 and on the right figure ©F = /4.

5.3. Transfer of parallel energy in fixed frame. In the two previous sections we have done
our analysis in a frame moving with the vertical centre of mass and studied the transfer of energy
between the two particles. In this section we will see that in the original fixed frame there is
a transfer of parallel kinetic energy between the particles in most cases of “bouncing—back”
behaviour even if there is no change in the moving frame.

Assume the conditions of theorem 5.1 and recall that there exists £’ > 0 such that for every
level set {H/T = E} of (5.19) with 0 < E < E’ we have that p,* = —p,~, |p.*| = 2mE)'/?
and ¢.* = ¢.7, i.e. the particles “bounce-back” during an interaction.

Let i € {1,2} and let us denote by pJ (respectively p) the limit of p.,(t) as t — 400
(respectively t — —o00). By the reconstruction map in theorem 3.1 we obtain that

+ _ " + + _ M2 +
Dy, = ﬁPerpz ; D, = MPZ - P
Thus, the change in the vertical kinetic energy of the first particle is given by
1 2 2
AKE) = 5 (pjl — o )
2
= Mpz+Pz .

Similarly, we obtain that the change in the vertical kinetic energy of the second particle is given
by

1 2 _2
A(KEZ) = Tm (p;; _pz2 )

2 +
- P, . 5.40
ik (5.40)
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Hence, if the vertical z—component of the centre of mass of the two particles moves with non—

zero velocity C, = P,/M there is a transfer of vertical kinetic energy when the two particles
“bounce—back”.

5.4. Chaotic scattering: some numerical results. In this section we provide some numer-
ical results that give strong evidence in favour of the existence of chaotic scattering for the
problem of two charges of opposite sign moving in R? under the action of a uniform magnetic
field and a Coulomb interaction when the averaging assumptions of the previous subsection are
not satisfied.

5.4.1. Procedure. We numerically integrate Hamilton’s equations associated with the reduced
Hamiltonian system given in theorem 3.1 under the following conditions: we fix the values of
the parameters

e1 =1, mp =1, er = —3, mo =5, B=1, e =0.1,
the initial conditions
pr(0)=0,  ¢0)=0,  pe(0)=1
and the level sets of the conserved quantities
po=1, P,=0.

Furthermore, if the energy E > 0 and the initial conditions r(0) = R and ¢,(0) = h > 0 are
fixed, we obtain the value of the remaining initial condition p.(0) as a function of E, R and h:

1/2
3E 49 25K 5 7 75 21
()= (22 B S p T =
p=(0) (2 G4iRZ 64 8< 5R>+4W(32+h2)1/2+32>

For a given h > 0 choosing p,(0) < 0 will make the particles move towards each other, interact
and then move apart again.

We now fix the values of the energy E and initial relative vertical position ¢,(0) = h and let
Tg.n(R) be the bigger instant of time needed for the particles starting with horizontal distance
r(0) = R (and corresponding p,(0)) to reach a vertical distance of absolute value h before
escaping to oo when subject to a Coulomb interaction and let T]% 1 (R) be the time needed for the

particles starting with the same initial conditions to reach a vertical distance ¢, <Tg h(R)) =—h

when moving freely in a uniform magnetic field. In the case of zero interaction the particles
move with constant velocity in the vertical direction (equal to (2E/m)/?) and hence we obtain

m
T (R) = 2h, /ﬁ .

We define the time difference map gy : RT — R by

men(R) = Tpn(R) — T ,(R)
and define the sign map opj : RT — {+,—} by

on(R) =sign(¢: (Ten(R)))

where sign(z) denotes the sign of € R. The sign map og ,(R) associates to each orbit the
sign + if the particles “bounce-back” during the interaction and the sign — if the particles
“pass—through”.

Note that the definition given for the time difference map avoids the problems related with
the unboundedness of the logarithmic term associated with the general time difference map (i.e.
h = oo) by making h finite. However, we still have that 7 ), — 0o as h — oo.



38 D. PINHEIRO AND R. S. MACKAY

5.4.2. Simulations. The plots for the maps o 4 (R) and 7g 5, (R) that we show below were made
for h = 500 and values of energy £ =20, £ =10, F =5 and £ = 1.

Note that large energies lead to either a large vertical relative velocity or a large horizontal
displacement between the two particles. For large vertical relative velocities the interaction
time between the two particles is small while for large horizontal displacements the interaction
strength is small. This is the main reason for the regularity of the dynamics for large energies
and the lack of it for small energies.

400

020,500 0 720,500

200

(a) (b)

Figure 8: Plots of og ,(R) and 7 4(R) for E = 20 and h = 500. The motion is regular: the
only type of dynamical behaviour observed is “pass—through” behaviour and the time difference
map is reasonably smooth.

3000

2000

710,500
1000 /\/

Figure 9: Plots of o ,(R) and 75 4(R) for E = 10 and h = 500. The motion is still mostly
regular but there is already a small number of choices of initial horizontal distance that lead to
a “bouncing—back” behaviour. The time difference map is still very regular.

010500 ()




aL500 T1,500

INTERACTION OF TWO CHARGES IN A UNIFORM MAGNETIC FIELD 39

1000

95,500 75,500

Figure 10: Plots of op,(R) and 75 ,(R) for E = 5 and h = 500. Although the dominant
dynamical behaviour is “pass—through” there is already a large amount of “bouncing—back”
behaviour. The time difference map loses much of its regularity.

4000

2000

0.6 0.8 1 1.2 1.4 1.6 1.8 0.6 0.8 1 1.2 1.4 1.6 1.8

Figure 11: Plots of og p(R) and 75 ,(R) for £ = 1 and h = 500. Chaotic scattering: both
dynamical behaviours are observable and small changes in the initial horizontal distance might
lead to each one of the observed behaviours. The time difference map is very irregular.

6. CONCLUSIONS

We have proved that the Hamiltonian system (2.1) can always be reduced to one with three
degrees of freedom. Moreover, we have proven that it can be reduced to one with two degrees of
freedom for the special case of same sign charges when the particles have equal gyrofrequencies
(equal ratio of charge to mass) and on some special submanifolds. Furthermore, we explicitly
computed the reduced Hamiltonian systems and corresponding reconstruction maps, enabling
us to lift the dynamics from the reduced spaces and hence obtain a description for the dynamics
on the initial phase space.

In an invariant subspace where the reduced dynamics are just those associated with the
interaction of two particles moving in a plane under the action of a uniform magnetic field
(orthogonal to the plane of motion), we obtain that the system always reduces by a further
degree of freedom, which leads to an integrable system in the case of two particles with equal
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gyrofrequency (and some special submanifolds). Specialising to the case of Coulomb interaction,
as a consequence of the results in [19] we obtain that in the case of particles with opposite sign
and non—zero gyrofrequencies sum, the system contains a suspension of a non—trivial subshift
of finite type on all level sets of sufficiently high energy and hence it is non—integrable.

We have studied the scattering map associated with this problem in the regime where the
two particles trajectories are widely separated. For rationally independent gyrofrequencies or
high order rationally dependent gyrofrequencies, we have obtained that the magnetic moments
are conserved to high accuracy, there is no change in parallel kinetic energy in the frame moving
with the parallel centre of mass, and that the guiding centres either rotate about a fixed field
line during an interaction in the case of two charges whose sum is not zero or translate in
a direction determined by the linear momentum if the two charges sum is zero. We give
explicit formulas for the rotations and translations in this regime. In the cases where the
two particles have gyrofrequencies of equal absolute values we have proved that typically there
is typically transfer of perpendicular kinetic energy between the particles, and in the case of
equal gyrofrequencies there is also typically transfer between perpendicular and parallel kinetic
energy. In a fixed frame, parallel kinetic energy is transferred between the particles in the case
of “bounce-back”, unless the vertical centre of mass speed is zero. This extends the results in
[2, 7, 8] from the case of infinite to finite magnetic field. To compute energy transport in a
temperature or density gradient, however, one would also need to take into account the effects
of the interaction—induced horizontal rotation (or translation) of the guiding centres that we
have found, and the transfer of horizontal kinetic energy in the resonant cases, which move
energy and particles horizontally in all cases of scattering.

We have also made a numerical study of the scattering map without using the assumption
that the particles’ trajectories are widely separated. We observed regular behaviour for large
energies, but in the case of opposite signs of charge we found evidence for chaotic scattering for
small positive energies.

One application of our results might be to reassess the derivations of kinetic equations for the
velocity distribution functions of charged particles in a magnetic field, describing the effects of
two—body scattering. The standard derivations (e.g. [5, 12]) appear to ignore the possibility of
resonant interaction such as we have found for interaction of particles with equal gyrofrequen-
cies. Even if the resonance effects might be significant only for a small fraction of interactions
(those with low order rational ratio of gyrofrequencies and small relative parallel velocity), their
net effect might turn out to be larger than the standard answers. By changing the Coulomb
interaction to a Debye-shielded version, the Balescu-Lenard version of plasma kinetic theory
could also be addressed. Any significant resulting changes to standard plasma kinetic theory
could be valuable to understand the scattering of particles into the loss cone in the magneto-
sphere or that of particles into and out of banana orbits in tokamak fields. In particular, the
result could shed light on the generation of toroidal current in tokamaks by such transitions and
might contribute to the understanding of anomalous perpendicular electron heat transport.
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