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Abstract

We consider the Cauchy problem for the Vlasov-Maxwell system in a low dimensional
setting. It is not known if solutions that start smooth remain smooth. To gain some insight into
this question, the problem is solved with both a finite difference method and a particle method.
An attempt is made to choose conditions which will result in a solution that is likely to blow
up. However, when both methods are used, it is found that the spatial derivatives of the fields
do not grow rapidly.

1 Introduction

Consider the one and one half dimensional Vlasov-Maxwell system:

Oif +v10xf + (E1 + 02B)dy, f + (E2 —v1B)dy, f =0
dxE1=p= ffdv—b(x)

OEy = —jp = —ffvldv (1.1)
dtEy = —0:B - j»
8tB = —asz

Here t is time, x € R is position, v = (v1,v2) € R? is velocity, and f(t, x,v) is the number density in
phase space of particles of charge one and mass one. A fixed background of neutralizing charge is
given by b(x) so p(t, x) is the charge density and



jtt,x) = | f(t,x,0)vdo
I

is the current density. The induced electromagnetic field is given by

—

E = (E1,E,,0) B = (0,0, B).

The speed of light has been taken to be one.
Let fO: R3 - [0, ), E;O) :R—> R, B®:R - R,and b : R - Rbe continuously differentiable

and compactly supported with
f f fOdvdx = f bdx (1.2)

E0) = I m ( f fodv—b)df.

(f,Er, E2, B)|,_, = (f, EV.E, BO) (1.3)

Define

We take

as the initial condition for (1.1).

This paper is motivated by the following question: does the solution (f, E1, E», B) of (1.1) with
(1.3) remain smooth for all + > 0? This question has attracted some interest but has remained
open. Hence, we will try to gain some insight by use of numerical experimentation. (1.1) can be
compared with the relativistic Vlasov-Maxwell system:

Oif +010xf + (E1 + 02B)dy, f + (E2 — 91B)dy, f =0

axEl =p= ffdv—b

oEy = —j1 = - ffﬁl dv (1.4)
(9th = —(9XB — j2 = —axB - ff@z do

(9tB = —asz.

Here v is momentum and

0

V1 + [v]?

is velocity. A crucial difference between (1.1) and (1.4) is that for (1.4)

0=

[6| <1 = speed of light



for all v. In contrast, for (1.1) transport speed equal the speed of light may occur and may even be
present in the initial conditions. For (1.4) it is known [8] that solutions remain smooth for all time.
A crucial aspect of this result comes from [11] where it is shown for the three dimensional version
of (1.4) that solutions remain smooth as long as the v support of f remains bounded. These bounds
are not known in three dimensions but have been obtained in two dimensions [9], [10].

In contrast, for (1.1) bounds on v support are known [7], but bounds on derivatives of f have
not been obtained. This is because the decomposition of derivatives technique used in [8] and [11]
becomes singular at v; = +1 for (1.1). It is shown in [7] that if a solution of (1.1) breaks down then
the first singularity must appear at v; equal to one or minus one.

We mention that in [2, 5, 14, 15, 16, 20, 22] the issue described above is avoided by considering
a model which includes diffusion in v. We also mention that global weak solutions of (1.1) in
three dimensions are constructed in [4]. For the Vlasov-Poisson system, global existence of smooth
solutions is known in three dimensions [12, 13, 17, 19]. For general references on related problems
see [6] and [18].

The problem (1.1) possesses an invariant which we will use. Define

A= th,J?df
| s

and
G(t, x,v1,w) = f(t,x,v1,w — A(t, x)).
Then
9:G + 110xG + (E1 + (w — A)dxA)d,,G =0
and

Jo = ff G(t, x,v1, w)(w — A)dw dv;. (1.5)
In order to reduce the computational size of the problem we consider solutions of the form
G(t, x,v1,w) = g(t, x,01)0(w — wp)
for some wy € R. Now the problem becomes
g + vlf?xg + (E1 + (wo — A)dxA)dy, g =0
Eq =£m(fgdvl—b)df (1.6)
PA—-PA = jr = (wy—A) fgdvl.

We wish to choose initial conditions which lead to a solution which breaks down. Let us
examine the conditions that are likely to occur in a solution that breaks down and then build these
into the initial conditions. Define



K=E{+ (wg—A)B
and (X(S/ t,x, U)/ Vl (Sr t,x, U)) by
dX

’n = V; X(t, t,x,v1) = «x
dd% = K(s, X) Vit t,x,v1) = wv1.
Then
d
I [0x8(s, X, V1)] = —9xK(s, X)d, (s, X, V1)
and
d
7 [90,8(5, X, V1)] = =dxg(s, X, V). (1.7)
Suppose that for some x,v1,ass — T~
|8xg(s, X, V1)| — +00, [dy,8(s, X, V1)| — +o00. (1.8)

In fact, |dxg| and |d,, gl must be unbounded for blowup to occur,

imply (1.8). In light of (1.7) we expect that

9xg(s, X, V1) 9, 8(s, X, V1) <0

on some interval s € [t;, T). Then
t axg(sz X/ V].)
- ———ds
t aZJ] g(sl X/ Vl)
t
= ln|8v1g(s,X, V1)||t1 — +00
ast — T~ so we expect

—0:8(s, X, V1)

—2 " 5 4
dv,8(5, X, V1)

as s — T~. Furthermore,ast —» T~

t
L

—0:8(s, X, V)
9v,8(s, X, V)

9x8(s, X, V) )2
90,8(s, X, V)

9K (s, X) — (

t

f

4

but this does not immediately



so we also expect

9x8(5, X, V) )2 e

d+K(s, X) — (—BUlg(s, XV)

ass— 1.
It is known from [7] that the first singularity must occur at v; = +1. Thus, we will choose initial
conditions g(o), BO), E(ZO) so that

—0y (0) 0,1
|3xg(0)(0, 1|, 3vlg(0)(0, 1)], ﬁ/
25,8©(0,1)
©) 2 (1.9)
2,:K(0,0)— (28O
T 0,,8000,1)

are significantly larger than one. We’ll take

0) _ p(0)
E2 =B

so that, at least initially, the steep gradient in the field propogates with speed one. Also, note that
by Maxwell’s equations

d
o | (@OE2)” +(9:B)) dx »
= -2 f IxEV . j2(0, x)dx
so will also require
~9:EY(0)2(0,0) (1.10)
to be significantly greater than one. Finally, we also require
K(0,0) (1.117)
to be near zero so that Vi(s, 0,0, 1) moves away from one slowly.
Define
1 ifu<0
Ru)={ 1 +2u)(u-1)% if0<u<l
0 ifl<u
and

H(w) = RQ2Ju| —1).



Figure 1
T

Then for
1
O<e<z (1.12)
2
define
O(x,v1) = Hx)HQ2(v1 — 1))R(i L1_ow- 1)
g s U1) — 1 62 > .
and

BOW) = E¥(x) = HwR (% + 1.58%).



Vi Figure 2

7

R=1 R=0
The condition (1.12) ensures that
1 -1 1
Exz E—vl —1andvlz—=>x<§

and

ERR

5
2t3 - :Oandx:0:>vl<1,

1 1
as is depicted in Figure 2. For |x| < > and [v; — 1] < 7 we have

©) _r(X 1_”1‘1)
g o) R(e2 T2 €
SO
© o1y -
9xg"(0,1) e “R 5 = —1.5&77,
9. o _ _pe(l) Z 1
0 8(0,1) —&'R 5) = 1.5¢74,
and
—9xg(0)(0,1) _
8’01 g(o) (OI 1) ‘
We'll take



and

This choice of b satisfies (1.2).

b(x) = ?IH(Zx — 411')

Now, omitting some elementary calculations,

»K(0,0)

Also, approximating we have,

K(0,0)

X

f §9(0,v1)dvy — b(0)

3 _
(7m0

— 56_2 — g
16 64

AB©
d

—(0)

o)

f (fg(o)dvl )dx—j: BOdx BO(0)

ffg(o)dvldx fbdx f
e (330573

16 16

1
K(0,x) is graphed in Figure 3 for ¢ = 7

B®dx BO(0)
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Also

~9:EY(0)0:/2(0,0)

0
= -9,BO(0) (—B(O)(O) f §9(0,vy)dv; - f BO(x)dx f ng(o)(O,vl)dvl)

—00

- eEIAE-G- 26 )

10873 — 27e72 = 9¢71
64 ’

1
Eéo) = B© and j»(0, x) are graphed in Figure 4 for ¢ = T



Figure 4
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Thus, the conditions (1.9), (1.10), and (1.11) are satisfied.

2 Numerical Methods

The problem (1.6) was solved using two different methods, a particle method and a finite difference
approach introduced in [3] (see also [21]). For a complete discussion of particle methods see [1].
Let us outline the particle method used. Let At = Ax > 0 and Av > 0 and denote

t" = nAt, x = kAx, v; = [Av.
If

n
Xk,l

Q

X(tnl O/ Xir 'Ul)

VZZ Vl(tn/ 0/ Xir U[)

then the basic approximation of the particle method is

Q

8(t",%,01) & ) s Oaxlx = X )0(01 = V)
k1

where
k] = g(o) (xx, v)Ax Av
and
(AX)_I (1 - %) if |x] < Ax
Opax(x) = X
0 otherwise.

10



If

A? ~ A", x;)
then we use

n

Ji

Q

J2(t", xi)
= Laidasln = Xp )@’ — AD).
A is computed using (with At = Ax)

1 -1
AFL_2AT + ATTT AT AT+ AT

k+1 N
= +
(ArP (Ax)? Ji
Then we take
e
ked Ax
and
En+% _ _AZ+1 _AZ
2k At

Linear interpolation is performed on these values as needed. E’llk is obtained by similar approxi-
mations of

axEl =p.
Then X, and V!, are advanced by

1

XZ/—}- _XZ,Z _ n+%

Atk

and
nty g
Vo~V _ (E + (o — A™)B") 2.1)
At T '

X
where the right hand side of (2.1) is computed using linear interpolation.
The other method solves the Vlasov equation by making a half time step in x, a whole time
step in v, and then another half time step in x. To advance x from " to P42 Jet

X =x;— %At(ZAv)

11



and write

X = xz + OAx

withk € Z and 0 € [0,1). Then define

5 _ _ n n
8 = (1= O)gg, + 08,
Then the fields are computed at time level £1%7 from &. The time step in v is obtained by letting
— 1 1 1
Vi = (1A0) — At (ET; 2 4 (wo — AZ”)BZ”)
and

V1 = (IAv) + 6Av
with [ € Z and 6 € [0,1) and then taking

8y = (1~ 03+ 081141

Then ¢"*! is obtained from ‘:’ as § was obtained from from g".

As we will see, the implementations of both methods produce results which converge to the
same limits. Also, solutions of (1.6) conserve the energy:

f f g(v7 + (wo — A)*)dvy dx + f (E + E5 + BY)dx.

The results of both implementations produce only small variations in energy, smaller as Ax —
0, Av - 0.
Also, the particle method was applied to the exact solution:

E, = =W
—(1-x?3 iflxl<1
Ux) =
0 otherwise
1,
g = 650+ uw)
2 ife<0
Gle) =
0 ifO<e

12



16 V2

221 - 22) % + (63622 +30xY) if x| <1
bx) =] 15

0 if 1< x|

A:EQZB:ZU():O.

The numerical results agreed well with the exact solution.

To exhibit the results stated above, consider solving (1.6) with the initial conditions described
in Section 1 (with ¢ = 1) to a final time of 0.48. Figure 5 displays the graphs of B, j,, and E; at t = .48
computed with the difference scheme with Ax = At = Av = 0.08 and Ax = At = Av = 0.04. Figure 6
displays the corresponding results from the particle method. The relatively coarse mesh values of
0.08 and 0.04 were used so that the graphs from the two mesh values were visibly different. Figure
7 displays the graphs of B, jo, E1 att = 0.48 computed with both the difference and particle methods
with Ax = At = Av = 0.01. The results of the two methods are hard to distinguish; as the mesh is
refined further they cannot be distinguished. Table 1 gives the relative change ((final value-initial
value)/initial value) of the computed energy over the interval [0, 0.48] for both methods.

Figure 5
12 T T T T T

-1.5 -1 -0.5 0 0.5 1 1.5
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Figure 6
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Table 1
Relative Change in Energy

Ax = Av = At | Difference Method | Particle Method
.08 1.13 107! 1.80 1073
.04 1.09 1071 7.60 107*
.02 1.71 1072 8.78 107*
01 3.69 1073 1.65 107*
.005 158 1073 6.33 107°
.0025 7.79 107* 292 107°
.00125 391 1074 142 107°

3 Computational Results

Now we present computational results for the initial conditions described before with ¢ = T

Figure 8 contains a plot of the level curves of g at time zero (on the left) and of g at time 0.4 (on
the right). Figure 9 shows the graphs of B, j», E; as functions of x at times 0,0.2 and 0.4. For B and
j2, later time produces a graph that is further to the right. For E; the maximal value decreases as ¢
increases. In Figure 10

max |dyE>| and max|d,B|
X X

are graphed as functions of ¢ both for Ax = Av = At = 0.001 and Ax = Av = At = 0.0005. It
should be noted that both differentiation of the fields and taking the maximal value are poorly
behaved numerically and hence we do not expect the values from Ax = Av = At = 0.001 and
Ax = Av = At = 0.0005 to match that closely. Still Figure 10 seems to indicate that the derivatives
of E; and B are growing with t only modestly. We see from Figure 11 that

|8xg| and |8vlg|

are growing much more rapidly. Figure 11 contains the graphs of

2:g(t, X(t,0,0,1), V1(t,0,0,1))

and

d0,4(t, X(t,0,0,1), V1(£,0,0,1))

for both Ax = Av = At = 0.001 and 0.0005.
In conclusion, we find that despite going to lengths to choose initial conditions which generate
a rapidly growing solution, the spatial derivatives of the fields do not grow rapidly. This is

15



significant as these derivatives must be unbounded for the solution to blow up. Exponential
growth of |o7x g| and |o7v1 g| does not imply blow up, for example, if g satisfies the linear PDE

g +1v10x8 + 3,8 =0,
then g is as smooth as g(0, -, ) but |8x g| and |8v1 g| grow exponentially.

Figure 8
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Figure 10
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