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Symmetries of Radial Maxwell-Vlasov Equations
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Lie group of point symmetries is determined for Vlasov—Maxwell equations of spherically
symmetric plasmas. The case of multi-component plasma is considered. Classification of
possible invariant solutions is presented. Comparison with the case of one-dimensional
rectilinear motion of plasma particles is made.

1 Introduction

The case of purely radial motion of charges is singled out by the general properties of Maxwell
equations. Similarly as in one-dimensional rectilinear motion of particles of plasma there is no
generation of time dependent magnetic field in this case [1]. Thus, there is no radiation and the
self-consistent solutions of the Vlasov—Maxwell equations (distribution functions, electric field
and no magnetic field) exist.

The case of one-dimensional rectilinear motion is widely employed in plasma physics [2-5].
It is used as a starting point for analysis of more complicated systems with very significant
applications. The same is expected in the case of radial motion, however, this case is not
popular and not widely employed. Thus, research into that topic is important and promising.

In this paper we find Lie symmetry groups of point transformations of the Vlasov—Maxwell
equations for collision-less multi-component plasma without magnetic field in the case of purely
radial motion of particles. We find the optimal system of one-parameter subgroups and classify
corresponding invariant solutions.

We use the direct method for determining symmetry groups of integro-differential equations
(IDE’s) presented in papers [6-8]. For the IDE’s of the type
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where the symbol y denotes the set of all partial derivatives of m-order, it consists in the

m
following infinitesimal criterion of invariance
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where G(™) is the extended to m-th order generator of the point transformation

7' = eCat = 1+ e€l(a,y) + O(€7),

g=eCy=y+en(z,y) +0(), (3)
with the generator
G = &(2,y)0yi + n(,y)dy. (4)

The method is a natural generalization of the well known Ovsiannikov’s method for partial
differential equations which can be found in monographs [9-12]. The short review with relevant
references of other methods of finding symmetries of integro-differential equations is given in [8].
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2 Symmetries of radial multi-component plasma

In the case of purely radial motion the Vlasov—Maxwell system of equations for collision-less,
multi-component, plasmas without magnetic field has the following form

Otfo + U0y fo + E6 fa =0,

ﬁtE—{—an/ duqua—O 8E—+— E— an/ duu?f, =0, (5)

where E = E(t,r) is the radial component of electric field vector, u is the radial component
of vector velocity, fo = fa(t,r,u) is the radial distribution function of a-plasma component
(integrated over the solid angle in velocity space with 47 included), go, mq are charge and mass
of a-particles respectively, and ¢ is electric permittivity of free space.

In this case, the generators (4) of point transformations (3) take the form

G =70+ &0, + pdu + »_nady, + (Op. (6)

Using the criterion (2) we obtain

0= 8fa7— = 8fa§ = 6fap = (9ET = 6E§ = 8Ep,

and the following determining equations (limits 0 and oo of integrals are dropped):

0= aE’I’]a 0= afag, 0= u@uT — au§7 0= <q—a — —) 6fgn04 for o # /B,
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0= (07 — 9pC) Z duv® f5 — (04€) Z
./ 2 fas
+ Z Z—ﬁ /du(3u2pf5 + u317g + u3fg8up),
0= (08¢ — 0:8) Z /duqug—i- (9,7) Z /duu

- Z—i /du(%ﬂfﬂ +u’ng +u’ f50up).
5

0= (&T + ud, 7T + m—Ea T — 8u,0> + — C Osp — u0yp,

For different species o # 3 also go/ma # qg/mg for real plasmas (except the special case of
deuterium and helium nuclei). This leads to a symmetry group which is completely different
from the case of one-component plasma when there is only one value of ¢/m. This is the reason
for the oscillatory like generators for one-component plasma in the case of rectilinear motion of
particles to appear, as found by V. Taranov [14]. We easily find that

0 = 0y = 0u€ = O = OrNa = OuNla = OENas 0=0f,na for a#p, (=ME.
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Then, the last two integro-differential equations lead to
0= /du [fa(u?’ﬁuT — M — w206 + 3up + u38up) + ugna],
0= /du [fa()\luQ — u?0,& + uP0,T — 2up — udyp) + uQna].

We assume that the point transformations (3) are analytic functions of the point (¢,r, u, fa, ().
In general, analyticity with respect to the parameter € and infinite differentiability with respect
to the point is assumed for Lie groups. However, the latter dependence is in fact also analytic due
to a physical interpretation. Expanding 7,(fs) in the Taylor series, using the generalized mean
value theorem and well known special stationary solutions of the Vlasov—-Maxwell equations (5),
which depend only on velocity, we find that the coefficients 7, can depend on f, only linearly
No = A2fo. Thus, we can apply the Lagrange lemma of calculus of variations [13] and obtain
differential equations for integrands.
Solutions of the determining equations lead to the following three generators

Gy =0,  Go=—t0 —2r0, —udy +5Y _ faly,,

Gz = —3t0; — r0p + 2u0, + bEJg, (7)

which span the Lie algebra of the group of point symmetry transformations of the Vlasov—
Maxwell equations (5). Non-vanishing commutators between these generators are given by

(G1, G| = —Gh, (G1, G3] = —3G1, [G2,G3] = 0.

The algebra is solvable.
Summing up the Lie series we obtain one-parameter subgroups of the symmetry group of
transformations corresponding to the generators (7). For G; we have translations in time:

f=t+e T=r, U=u,  fo=Ff. E=E.

This symmetry follows from the fact that coefficients of equations (5) do not depend on variable ¢.
The G4 and G35 generate the following scaling transformations:

t = texp(—e), 7 = rexp(—2e), u = uexp(—e), fa=fa exp(5e), E=E,
and
t = texp(—3¢), 7 = rexp(—e), u = uexp(2e), }; = fo, E = E exp(5e).

The lack of Galilean symmetry and spatial translational symmetry, contrary to the case of one-
dimensional rectilinear motion [6-8], follows from the fact that for radial motion there exists the
distinguished frame of reference connected with the point r = 0.

3 Classification of invariant solutions

Using the adjoint representation we find the optimal system of one-dimensional subalgebras
(see [9,10]). They are generated by the following operators:

Gi, Go, G3, Gy —3Gy+G3, asGse+ azGs for arbitrary ag, as 7& 0.

Since G2 commutes with G5, we can express the finite transformations corresponding to the
generator asGo + a3G3 as compositions of one-dimensional subgroups generated by operators Go
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and (3. Similarly, because [+G1, —3G2 + G3] = 0 the finite transformation corresponding to
+G1 — 3G9 4+ G5 is a composition of subgroups generated by G, Go and G3. Using these
transformations we find invariants built from independent and dependent variables. From these
invariants follow the forms of invariant solutions corresponding to the optimal system. For
example,

e6(:tGl—3G2+G3) e6:tG1 ee(G3—3Gz) — e:teG1e—36G2 e6G3

leads to the following transformation
t = t'ete, 7 =re’, U = ue, ?; = foe 1%, E = Ee,
where t' = e!. Invariants have the forms
re™t we®t eyl feT p3p B f Ee™ polE 4R,
We choose independent invariants (two of them built from independent variables — see [11])
y = rejF5t, y = uejF5t, fao — faej:15t’ EO — E61F5t
and look for solutions in the form
fa — e:FIBtfaO (Te:FSt, uezFBt), E = ej:StEO (Te:FSt),

because electric field does not depend on velocity .
The results of this classification of essentially independent invariant solutions are gathered in
the following table

No Subgroup Form of the solution
1 G1 fa(r,u), E(r)
9 Gy 175 fo (21 ?),  EB(2r1)
3 Gs fa (tr*3,r*1u2), tilr*2E(tr*3)
4 | £G1 —3Go + G3 | eT15tf, (re¢5t, ue:F5t), ei5tE(re¥5t)
5 a2Go + a3G3 20Uy (t(2“2+“3)7‘_(a2+3a3), tr_lu),
2 F (t(2a2+a3)r—(a2+3a3))

For example, stationary solutions f,(r,u), E(r) corresponding to G are generalizations of
nonlinear electrostatic BGK-waves (Bernstein, Greene, Kruskal [15]). The BGK-solutions are
found by solving an integro-differential equation for electrostatic potential. This equation, which
is obtained [2] by substituting the general solution of the Vlasov equation into the Poisson
equation, is now more complicated due to the term 2E7r~!. In the case of vanishing field E = 0
we obtain the equilibrium solutions of the same form as in the rectilinear case: f,(u), where f,
is an arbitrary function.

4 Conclusions

The results obtained in this paper provide a new example of effectiveness of the method pre-
sented in [6-8]. Namely, we have found symmetry groups for Vlasov—Maxwell equations for
spherically symmetric systems of multi-component collisionless plasma. The optimal system
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of one-parameter subgroups is found and classification of corresponding invariant solutions is
carried out.

Spherical symmetry of our problem leads to determining equations, which are different from
the case of one-dimensional rectilinear motion due to higher powers of velocity in the Vlasov—
Maxwell equations.

The symmetry group is narrower, only three-dimensional, than the symmetry group for one-
dimensional rectilinear case [6,7,14]. The lack of the Galilean symmetry and spatial translational
symmetry for the radial case is obvious since for radial motion there exists the distinguished
frame of reference connected with the point r = 0. Other differences are of minor importance.

[9]
(10]
(11]
(12]

(13]
(14]

(15]

Feynman R.P.; Leighton R.B. and Sands M., The Feynman lectures on physics, Reading, Addison-Wesley,
1964.

Krall N.A. and Trivelpiece A.W., Principles of plasma physics, New York, Mc Graw-Hill, 1973.
Davidson R.C., Methods in nonlinear plasma theory, New York, Academic Press, 1971.

van Kampen N.G. and Felderhof B.U., Theoretical methods in plasma physics, New York, Wiley, 1967.
Montgomery D.C. and Tidman D.A., Plasma kinetic theory, New York, Mc Graw-Hill, 1964.

Zawistowski Z.J., On symmetries of integro-differential equations, Bull. Polish Acad. Sci. Tech. Sci., 1998,
V.46, 187-197.

Zawistowski Z.J., Symmetries of integro-differential equations, Rep. Math. Phys., 2001, V.48, N 1/2, 269—
276.

Zawistowski Z.J., Symmetries of integro-differential equations, in Proceedings of Fourth International Con-
ference “Symmetry in Nonlinear Mathematical Physics” (9-15 July, 2001, Kyiv), Editors A.G. Nikitin,
V.M. Boyko and R.O. Popovych, Kyiv, Institute of Mathematics, 2002, V.43, Part 1, 263-270.

Ovsiannikov L.V., Group analysis of differential equations, Boston, Academic Press, 1982.
Olver P.J., Applications of Lie groups to differential equations, New York, Springer, 1986.
Bluman G.W. and Kumei S., Symmetries and differential equations, New York, Springer, 1989.

Fushchich W.I., Shtelen V.M. and Serov N.I., Symmetry analysis and exact solutions of equations of nonlinear
mathematical physics, Dordrecht, Kluwer Academic Publishers, 1993.

Gelfand .M. and Fomin S.W., Calculus of variations, Englewood Cliff, Prentice-Hall, 1962.

Taranov W.B., On symmetries of one-dimensional, high frequency movements in collisionless plasma, ZTF,
1976, V.46, 1271-1277 (in Russian).

Bernstein I.B., Greene J.M. and Kruskal M.D., Exact non-linear plasma oscillations, Phys. Rev., 1957,
V.108, 546-550.



