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Classical ideas and methods developed by Sophus Lie provide us with a powerful tool for
constructing exact solutions of partial differential equations (PDE) (see, e.g., [1-4]). In
the present paper we apply the above methods to obtain new explicit solutions of the
nonlinear Yang-Mills equations (YME). By the classical YME, we mean the following
nonlinear system of twelve second-order PDE:

—

O, A, — 9", A, + e[(D,4,) x A, —2(0,A,) x A, + (FA,) x AV]+ (1)

Here 0, = (9@1‘1,’ uw=0,3, e= const, /_l;t = g“(x) = X#(xo,xl, x9,x3) is a three-compo-
nent vector-potential of the Yang-Mills field. Hereafter, the summation over the repeated
indices p, v from 0 to 3 is supposed. Raising and lowering the vector indices are peformed
with the aid of the metric tensor g,,, i.e., 0" = 90, (g =1if p=v=0, g = —1if
p=v=123and g, =0if p #v).

It should be said that there were several reviews devoted to classical solutions of YME.
The solutions were obtained with the help of ad hoc substitutions suggested by Wu and
Yang, Rosen, 't Hooft, Corrigan and Fairlie, Wilczek, Witten (for more detail see review
[5] and references cited therein). But, in fact, symmetry properties of YME were not used.

It was known [6] that YME are invariant under the group C(1,3)&® SU(2), where
C(1,3) is the 15-parameter conformal group and SU(2) is the infinite-parameter special
unitary group.

Symmetry properties of YME were used and some new exact solutions of equation(1)
were obtained by W. Fushchych and W.Shtelen in [7] (see also [3]).

The present report is a continuation of the investigations which were realized by the
author together with R. Zhdanov and W. Fushchych. With the aid of P(1, 3)-inequivalent
ansatzes for the Yang-Mills field, which are invariant under three-dimensional subgroups
of the Poincaré group, reduction of YME to systems of ordinary differential equations
is carried out and wide families of their exact solutions are constructed in [8, 9]. Here
we carry out symmetry reduction of YME on four-dimensional subgroups of the Poincaré
group to functional equations.

The symmetry group of YME contains as a subgroup the Poincaré group P(1, 3) having
the following generators:
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P, = alu Jap = maaﬁ - mBaa + AaaaA% - AaﬂaAga (2)

where 040 = 3%’ w,a,3=0,3, a=1,3.

The method %f symmetry reduction is described in [1, 2]. A key idea of the symmetry
approach to the problem of reduction of PDE is a special choice of the form of a solution.
This choice is dictated by a structure of the symmetry group admitted by the equation
under study.

In the case involved, to reduce YME by N variables, one has to construct ansatzes
for the Yang-Mills field Af(2) invariant under N-dimensional subalgebras of the algebra
with the basis elements (2) [1-4]. Hence, for Poincaré-invariant ansatzes reducing YME
to systems of functional equations, NV is equal to 4. Due to invariance of YME under
the conformal group C(1,3), it is sufficient to consider only subalgebras which can not
be transformed one into another by group transformation, i.e., C'(1, 3)-inequivalent sub-
algebras. Complete description of the Poincaré algebra was obtained in [10] (see also
[11)).

As basis elements of the Poincaré algebra AP(1,3), P,, Jos from (2) have the form

Xo = gau(x)aﬂ + pgi,u(x)Azc/aAZ’
so the invariant ansatz for the field Af(z) is searched for in the form [3, 4]
a __ ab b
Al (x) = Qu(x) By, (3)

We make the symmetry reduction using 4-dimensional subalgebras of the Poincaré al-
gebra AP(1,3) and, consequently, in (3) BY are arbitrary constants, QZI;,(QC) are particular
solutions of the system of PDE ({al,&,—pg‘;m) g‘fg =0,u,v,0,3=0,3, a=1,4, b,d =1, 3,
and the condition

rank [[€op. (2)|la=1j—0 = 4 (4)

holds (for the detail, see [1,4,9]).
General form of the ansatz invariant under a 4-dimensional subalgebra of the algebra
AP(1,3) with generators (2) is the following:

A, (z) = a,(x)BY, (5)

where
au (x) = (auay — dud,)chby + (dya, — dyay)shby + 2(ay, + d,)[(01 cos 03+

02 sin 03)b,, + (02 cos B3 — Oy sin63)c, + (07 + 63)(a, + d,)e %]+
(bucy — bycy) sinfs — (cucy + buby) cos 3 — 2(01b,, + Oac,)(ay + dy)e %,

ay, by, ey, dy, are components of the constant 4-vectors a,b,c,d which form orthonormal
basis of the Minkowski space-time, i.e. a,a” = —b,b' = —c,c#* = —d,d" =1, a, b =
ay,ct = a,dt = b,ct =b,d" = c,d* =0 and 0y, 01,0, 03 are smooth functions of z, whose
explicit form is determined by the choice of the 4-dimensional subalgebras of the algebra
AP(1,3).

Below, we adduce a complete list of 4-dimensional C(1, 3)-inequivalent subalgebras of
the Poincaré algebra, which satisfy the condition (4).
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L=< Py, P, P», P3 >, Lo =< Jo3, M, Py, Py >,

Ly =< Jio+ado3, M, P, Py >, Ly =< Gy, Jo3, M, Py >,

Ls =< Gy, Jo3, M, Py + P >, L =< G1,G2, Jo3, M >,

L7 =< G1,Go, J1g + ados, M >, Lg =< Jio+ Py, P, Po, P3 >,

Lg =< Ji2 + P3, Py, P, P> >, L=< Ji2+ Py — P53, M, P, P, >,

Ly =< Jos + P1, Py, P, P3 >, Liy =< Gy + P, Py, P, P3 >,

Lis=<G1+ Py— P35, M, P, P, >, Ly =<G14+aPy,Go+ Py — P3, M, P, >,
Lis =< Gy,Jos + Po, M, Py + aPy, >, Lig =<Gi,Jos+ P, M, P, >,

Li7 =< G1,Ga, Jos + Pi, M > .

Here M = Py + P3, G; = Jo; — Jig(i = 1,2), a > 0.
Ansatzes for the Yang-Mills field Af(x) are of the form (5), non-zero functions 6, (z),
i = 0,3 being determined by one of the following formulae:

L2 : 90 = —1H‘k$|;
L3 : 6y =—1Inl|kz|, 05 = éanm];
Ly:0p=—1Inlkzx|,0; = %bx(kx)_l;
Ls i Oy = —In|kal, 01 = §(bo — Lew) (k)"
Lg: 09 = —1In|kz|,0; = %baz(kx)_l,ﬁg = %CIE(k‘SL‘)_l, 03 = éln |kx|;
Lg : 03 = —au;
Lg . 93 = d.’L‘; (6)
L10 : 93 = —%kx;
LH : 90 = —CI;
Lig: 01 = %cx;
L13 : 91 = —%/{l‘;

L14 : 91 = 8%(40.% + (km)Q), 92 = —ikx;

Li5:6p = —1Inlkx|, 6, = %[bm - écx + é]n‘klﬂ(k‘l’)_l;

_

Lig : 6 = —Inlkz|, 61 = 5[bx — In |kx|)(kz)~!;

Li7: 0y = —In|kz|, 6, = %[bx —1In |kz|](kz)~t, 0y = %cx(kx)_l.
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Here ax = ayat, bx = byat, cx = cya¥, de =dya”, p=0,3, kx = ax + dz.

In order to reduce YME to functional equations, it is necessary to substitute ansatz (5)
into (1) and convolute the expression obtained with a#(x). As a result, we get a system
of twelve nonlinear equations for By of the form

My BY + el (BY x BY) + (B, x (BY x B,)) = 0. (7)
Coefficients of the reduced equations are given by the following formulae:
Muy = ag‘:‘acw — GaplByzga > (8)

1 .
where hy,, = j(g;waauxa — G lava,) — a5 Gz sy — Ay oz Afu — A5 GaprgApys Juv 1S A

metric tensor of the Minkowski space R(1,3).

Substituting functions a,, () from (5), where 6,(x) are determined by one of the
formulae (6) into (8), we obtain coefficients of the corresponding systems of equations (7).
Below we restrict ourselves only to non-zero coefficients:

Lo hyyy = g\ll(k),
L3 : hyyy = %\I/(k) + £®(b, ¢, k);
Ly :myy = —kuky, hyy = €V (k);
Ls i myy = —(1+ é)kukw hyury = €U (k) + (b, ¢, k);
L myy = 2k, By = S£U(R);
Lzt myy = —2kuky, hyuy = SEU(k) — E@(b, ¢, k);
Lg : myy = buby + cucy, hyy = ®(b, ¢, a);
Lo : myy = —(buby + cucy), hywy = —®(b, ¢, d);
Lo : hypy = %‘1’(5, ¢, k); 9)
Ly : myy = —(apay — dydy), hyy = —®(a,d, c);
Lo : myy = kuky, hyy = —2(k, b, ¢);

Lg:myy = —ékukw, hyury = — = ®(k, b, ¢);

Lis:my, = —(1 + le)kukw, hyury = €U(K) + £0(k,b, ¢);
Lig : mpyy = —kuky, hyvy = €V (k);
Liz ey = —2kyks, hyuy = S 0(k);

where k, = a,+d,, V(k) = guvky — guvky, ®(a,b,c) = (auby —a,by)ey+ (avby —ayby)c,+
(ayby — auby)c,, € =1 for kx > 0 and € = —1 for kx <0, a > 0.

The principal idea of our approach to solution of the systems of equations (8), (9)
is rather simple and quite natural. It is a reduction of these systems by the number of
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components with the aid of ad hoc substitutions. Using this trick, we construct particular
solutions of equations (8), (9). Below we adduce substitutions for B, and corresponding
equations:

L1y :
B, = au @1 + cuhafs + dy N33, (10)
A1 — 2edods — €A (A2 4+ 22) =0,
2M1 A3 — eda( A3 — \¥) =0, (11)
A3+ 2eMdg — €2(\3 — A3))\3 =0,
where A1, A2, A3 are arbitrary real constants, €; = (1,0,0), &, =(0,1,0), &3 =(0,0,1).
The system (11) has only the following real solutions: A = e '\/2+2v/2,

A3 =+ 1 /2v2 =2, Ag = —e Lif MA3>0and Ay =e 1 if A A3 <O0.
Substituting the results obtained into formulae (10), (5), we obtain exact solutions of
the YME(1):

ffu =e ! [j:\/ 2+ v2(ayuch(cx) — dysh(cz))er — cués £ 1/2v/2 — 2(d,,ch(cx)—

aush(cx))é}g} ;
/TM =e ! [:I:\/ 2 + v2(aych(cx) — dysh(cz))er + cués F \/2v/2 — 2(d,ch(cx)—
aush(cx))é’g] .
References

Ovsyannikov L.V., Group Analysis of Differential Equations, Academic Press, New York, 1982.

N =

Olver P., Applications of Lie Groups to Differential Equations, Springer-Verlag, New York, 1986.

[3] Fushchych W., Shtelen W. and Serov N., Symmetry Analysis and Exact Solutions of Equations of
Nonlinear Mathematical Physics, Dordrecht, Kluwer Academic Publishers, 1993.

Fushchych W.I. and Zhdanov R.Z., Nonlinear Spinor Equations: Symmetry and Exact Solutions,
Naukova Dumka, Kiev, 1992.

[5] Actor A., Classical solutions of SU(2) Yang-Mills theories, Rev. Mod. Phys., 1979, V.51, N 3, 461-525.

[6] Schwarz F., Symmetry of SU(2)-invariant Yang-Mills theories, Lett. Math. Phys., 1982, V.6, N 5,
355-359.

[7] Fushchych W.I., Shtelen W.M., Conformal symmetry and new exact solutions of SUs Yang-Mills
theory, Lett. nuovo cim., 1983, V.38, N 2, 37-40.

[8] Zhdanov R.Z. and Lahno V.I., On the new exact solutions of the Yang-Mills equations, Dopovidi
Akademii Nauk Ukrainy, 1994, N 8, 26-31.

[9] Lahno V., Zhdanov R. and Fushchych W., Symmetry reduction and exact solutions of the Yang-Mills
equations, J. of Nonlinear Math. Physics, 1995, V.2, N 1, 51-72.

atera J., arp R.T., internitz P.; Zassenhaus H., Continuous subgroups of the fundamenta
10] P J., Sh R.T., Wi itz P., Z h H., Conti bg f the fund 1
groups of physics. III. The de Sitter groups, J. Math. Phys., 1977, V.18, N 12, 2259-2288.

[11] Fushchych W.I., Barannyk L.F. and Barannyk A.F., Subgroup Analysis of the Galilei and Poincaré
Groups and Reduction of Nonlinear Equations, Naukova Dumka, Kiev, 1991 (in russian).

=



