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Abstract

We ssuggest an effective method for reducing Yang-Mills equations to systems of or-
dinary differential equations. With the use of this method, we construct wide families
of new exact solutions of the Yang-Mills equations. Analysis of the solutions obtained
shows that they correspond to conditional symmetry of the equations under study.

1 Introduction

The majority of papers devoted to construction of the explicit form of exact solutions of
the SU(2) Yang-Mills equations (YME)

— — — -
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is based on the ansatzes for the Yang-Mills field ffu(x) suggested by Wu and Yang, Rosen,
't Hooft, Corrigan and Fairlie, Wilczek, Witten (see [1] and references therein). And what
is more, the above ansatzes were obtained in a non-algorithmic way, i.e., there was no
regular and systematic method for constructing such ansatzes.

Since one has only a few distinct exact solutions of YME, it is difficult to give their
reliable and self-consistent physical interpretation. That is why, the problem of prime
importance is the development of an effective regular approach for constructing new exact
solutions of the system of nonlinear partial differential equations (PDE) (1) (see also [1]).

A natural approach to construction of particular solutions of YME (1) is to utilize
their symmetry properties in the way as it is done in [2-4, 13]. Apparatus of the theory
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of Lie transformation groups makes it possible to reduce the system of PDE (1) to systems
of nonlinear ordinary differential equations (ODE) by using special ansatzes (invariant
solutions) [5, 6]. If one succeeds in constructing general or particular solutions of the said
ODE (which is extremely difficult problem), then substituting results into the correspon-
ding ansatzes, one gets exact solutions of the initial system of PDE (1).

Another possibility of construction of exact solutions of YME is to use their condi-
tional (non-Lie) symmetry (for more details about conditional symmetry of equations of
mathematical physics, see [7, 8] and also [9]). But the prospects of a systematic and
exhaustive study of conditional symmetry of the system of twelve second-order nonlinear
PDE (1) seem to be rather obscure. It should be said that so far we have no complete
description of conditional symmetry of a nonlinear wave equation even in the case of one
space variable.

In [9] we suggested an effective approach to study of conditional symmetry of the
nonlinear Dirac equation based on its Lie symmetry. We have observed that all Poincaré-
invariant ansatzes can be represented in the unified form by introducing several arbitrary
elements (functions) wu(z),uz(z),...,un(z). As aresult, we get an ansatz for the Dirac
field which reduces the nonlinear Dirac equation to a system of ODE provided functions
u;(x) satisfy some compatible over-determined system of nonlinear PDE. After integrating
it, we have obtained a number of new ansatzes that cannot in principle be obtained within
the framework of the classical Lie approach.

In the present paper we construct a number of new exact solutions of YME (1) with
the aid of the above described approach.

2 Reduction of YME

In the papers [2, 13] we adduce a complete list of P(1,3)-inequivalent ansatzes for the
Yang-Mills field which are invariant under three-parameter subgroups of the Poincaré
group P(1,3). Analyzing these ansatzes, we come to the conclusion that they can be
represented in the following unified form:

Au(@) = Ry (2)B" (), (2)

where B, (w) are new unknown vector-functions, w = w(z) is a new independent variable,
functions R, (x) are given by

R, (x) = (apay, —dud,) ch 0o+ (apdy, —dyay) ch 0g+2(a,d,)[(©1 cos O3+ 602 sin ©3)b,+
(03 cos O3 — 01 sinf3)c, + (9% + 9%)6_00 (ay +dy)]— (3)
(cucy + buby) cos B3 — (cuby — bycy) sin s — 26_90(91% + 02¢c,,)(ay + dy).

In (3) 6,(x) are some smooth functions and what is more, 60, = 0,(§, b2, c at),
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a=12, &= %k#x” = %(auz“ + dyxt); au, by, cu,d, are arbitrary constants satisfying
the following relations:

aygat = b bt = —c,ct = —d,d* =1,
aub/"' = auc/"“ = a,ud'u‘ = buc” = bud‘u‘ = Cudﬂ =0.

Hereafter, summation over the repeated indices from 0 to 3 is understood. Rising and
lowering of the indices is performed with the help of the tensor g,, = diag (1,-1, -1,
—1), i.e. R} = gapRpy-

The choice of the functions w(x), 6,(x) is determined by the requirement that sub-
stitution of the ansatz (2) into YME yields a system of ordinary differential equations for
the vector function B, (w).

By a direct check, one can become convinced of that the following assertion holds true.

Lemma. Ansatz (2), (3) reduces YME (1) to a system of ODE if the functions w(x),
0,.(x) satisfy the system of PDE

1. Wy, War = Fi(w),

2. Ow = F(w),

3. Ropws, = Gu(w),

4, Ropz, = Hu(w), (4)
5. RiRoveswes = Qu(w),

6. RyORy = Sp(w),

7. RS RovasRpy + Ry Roves Rop + RS Ropas Ray = Thun(w),

where F1,Fy, Gy, ..., T, are some smooth functions, p,v,v =0,3.

And what is more, the reduced equation has the form
=, =y - U . .
kB +1,yB +muB” + equ~ B x BY 4 ehy,,B” x B7+

¢?B, x (B" x B,) =0, (5)

where
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kuy = guyFr — Gugy,

iy = guyFo+2Quy — GuHy — G#Gw

Myy = Spy — Gun (6)
Gy = GuyGu + GGy — 29uv G,

by = %(QM’YHV = guwHy) — Ty

Thus, to describe all ansatzes of the form (2), (3) reducing YME to a system of ODE,
one has to construct the general solution of the over-determined system of PDE (3),
(4). Let us emphasize that system (3), (4) is compatible, since ansatzes invariant under
the Poincaré group satisfy equations (3), (4) with some specific choice of the functions
Fi,Fo .o Ty

Integration of the system of nonlinear PDE (3), (4) demands a huge amount of com-
putations. That is why, we present here only the principal idea of our approach to solving
system (3), (4). When integrating it, we use essentially the fact that the general solution
of the system of equations 1, 2 from (4) is known [10]. With already known w(z), we
proceed to integration of the linear PDE 3, 4 from (4). Next, we substitute the results
obtained into the remaining equations and get the final form of the functions w(z), 6, (z).

Before presenting the results of integration of the system of PDE (3), (4), we make a
remark. As a direct check shows, the structure of the ansatzes (2), (7) is not altered by
the change of variables

w—uw = T(w), 6o — 0 = 6y + Tp(w),

6 — 0] = 01+ eh (T (w)cosbhz + To(w)sinbs),

Oy — 0 = 0y + e (Ty(w)coshz — Ti(w)sin ), )
O3 — 05 = 03+ T3(w),

where T'(w), T, (w) are arbitrary smooth functions. That is why, solutions of system (3),
(4) connected by the relations (7) are considered as equivalent.

It occurs that new (non-Lie) ansatzes are obtained, if functions w(x), 6,(x) up to
the equivalence relations (7) have the form

0# = 0;1 (5) bllxl/a C,/I'V), ,U’ = O) 37
w = w b’ cx?),
where & = %kl,x”, k,=a, +d,.

The list of inequivalent solutions of the system of PDE (3), (4) satisfying (8) is ex-
hausted by the following solutions:
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1. 90 = 93 = 0, W = %kyl'y,
6 = wo(&)byat + wi(&)cyat,
2 = wo(§)bur" + ws(§)cuzt;
2. w = b,uI” + wl(&), 0o = a(cuxM + w2(§))7
1
0, = —iwa(g), a=1,2, 03 =0,
3. 0y = T(), 03 = w1 (§),
w = byztcoswy + c xt sinwy + wa(§), 9)
9
1 )
0, = [E(ECT + T') (bt sinwy — cyat coswy) + ’11)3(5)} sinwi+

1 [y (byxt sinwy — ¢ xt coswy) — o] cos wy,

1 .
Oy = — [Z(EeT + T)(byx" sinwy — ¢, 2t coswy) + wg(g)} cos w1+

1
1 (w1 (byat sinwy — ¢y xt coswy) — wa] sinwy;

4. 0y = 0, 03 = arctg [(cux” + w2 (&)) (bt + wl(f))_l},
00, - _i ’U)a(f), a:1a27
0 = B+ wn©) + u +un(©)?]

Here « # 0, € are arbitrary constants, wg, wi, we, w3 are arbitrary smooth
functions of £ = %k“x“, T =T() is a solution of the nonlinear ODE

(T +eeT)? + 02 = 5T, xeRL (10)

Substitution of the ansatz (2), where R, (x) are given by formulae (3), (9), into
YME yields systems of nonlinear ODE of the form (5), where

1
L. kuy = 1 Kk, by = —(wo + w3)kyky,
My = —4 (wf +wi + w3 + wi)kuky — (o + w3)kyks,
1
Quvy = 3 (g,u’yky + gu'yku - 29#1/]@'7)’

2
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by = (wo+w3) (guvky — guky) +2 (w1 — wa) [(kuby, — kuby) e+
(bucw — buep)ky + (cuky — cukp)by];

2 kuy = —Guy — buby, ly =0,
My = —a*(auay — dydy),
Qury = Guybu + guyby — 29,00+,
by = allaudy — avdy)ey + (ducy — dyep)ay + (cpaveyay)dy];

3 Kuy = —Guy = buby, by = _% by, (11)
Muy = _g Kk, Gy = Guybv + Guybu — 29uby,
Py = Z (gzwku - qukv);

4 kuy = =Gy = buby, Ly = =" (Guy + budy),
My = —w™? CpCry,
Qury = Guybu + Guybp — 29,0y,
by = 1 w (9pvbv — Guwby).

3 Exact solutions of the nonlinear Yang-Mills equations

2

Systems (5), (11) are systems of twelve nonlinear second-order ODE with variable coeffi-
cients. That is why, there is a little hope to construct their general solutions. But it is
possible to obtain particular solutions of system (5), which coefficients are given by the
formulae 2—4 from (11).

Consider, as an example, the system of ODE (5) with coefficients given by the formulae
2 from (11). We look for its solutions in the form

—

Bu - kuﬂlf(w) + bu€29(w)7 fg 7é 07

where 51 = (1,0,0), 52 = (0, 1,0).

Substituting the expression (12) into the above mentioned system, we get

(12)
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fr(®—e¢)f=0,  fi+2fg=0. (13)
The second ODE from (13) is easily integrated
g=XA[f"2 XeRL X#0. (14)

Substitution of the result obtained into the first ODE from (13) yields the Ermakov-
type equation for f(w)

f+a?f—e X f3=0,
which is integrated in elementary functions [11]
-2 2 —2( 4 2 2 \2\1/2 1/2
f:{a C*+ a2 (C*—a” e” N9 Sln2|a|w} . (15)

Here C # 0 is an arbitrary constant.

Substituting (12), (14), (15) into the corresponding ansatz for gu(x), we get the
following class of exact solutions of YME (1):

ffu = éikyexp (—acr — aws) [OFZ C?+a2(C'-a?e? /\2)1/2><
1/2
sin 2|a| (bx + wl)} +é3 A {a*Q C? + a7 2(C* — a? e? A\?)x
. -1 1.
sin 2|al (bx + wl)} (bu + B k‘“wl).

In a similar way, we have obtained five other classes of exact solutions of the Yang-Mills
equations

o e\
A, = éiky, e T (bx coswi + cx sinw; +w2)1/2 Z14 (% (bxr coswi+

cx sinwi + w2)2) + e\ (br coswy + cx sinw; + wg) X

1 .
¢, coswi — b, sinw; + 2k, (- cel +T) (bx sinwy, — cx coswy) + ws)|;
(2 I © 4

1

A, = ek, e T [C1 ch eX (bx coswy + cx sinw; + wg) + Co sh e\ (bx coswi+

cx sinwy + wy)] + e\ [CM coswy — b, sinwi+

1 .
2y (7 (e + 1) (b simwy —cx coswn) + )]
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A, = ek, e T [02 (bx coswi + cx sinw; +w2)2 + X202 ]1/2—1-

& A [C? (ba coswy + cx sinwy +wy)? + A2 €2 02 'x

1

{bu coswy + C,, sinwy — B k, [w1 (bx sinwy — cx coswy) — wg]};

A, = éik, Zy (7 [(bz 4+ w1)” + (cx + wa) ]) + @ Ax
1

{Cu (bx +w1) — by (cx + we) — 5 ky [w1 (cx + we) — o (bx + wl)]};

A, = &k, [C1 (bz +w) + (cz + wa)2) M 2y

1

—eA/2 + & A [(br + w1)? + (cx + we)?] " x

Co ((bx 4+ w1)? + (cx + w2)?)
1 ) .
{Cu (bx +w1) — by (cx + we) — 5 ky [wr (cx + we) — o (bx + wl)]}.
Here C1,C5,C # 0,e,\ are arbitrary parameters; wi,ws,ws are arbitrary smooth

functions of & =1 kz, T =T() is a solution of ODE (10).
Besides that, we use the following notations:

kx =k, xt, bx = b, xH, cr = ¢, ot
Zs(w) = Cr1Js(w)+ CyYs(w),
€1 = (1,0,0), €y = (0,1,0)

where J,, Ys; are Bessel functions.
Thus, we have obtained the wide families of exact non-Abelian solutions of YME (1).
In conclusion we say a few words about a symmetry interpretation of the ansatzes (2),
(7), (10). Let us consider, as an example, the ansatz determined by the formulae 1 from
(9). As a direct computation shows, generators of the three-parameter Lie group leaving
it invariant are of the form

Ql = ka aom
3
Q2 = bada— {[wo (kuby =k bu) +ws (ke — k)] SAD } 0 gan, (16)
a=1
3

Qs = ol —2{wr (kuby — kv bu) +ws (ku ey =y cu)] Y A™ 0 gan.
a=1

Evidently, the system of PDE (1) is invariant under the one-parameter group having
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the generator (1. But it is not invariant under the groups having the generators @2, Q3.
At the same time, the system of PDE

— — —

9,0" A, — OO, A, +el(0,A)x A, —2(8,A,) x A, + (" A,)) x AV|+
1z 1z 1z

—

e A, x (A¥ x A,) =0

)

QOA';L = kaaagu:(_ja
Q1 A, = body Ay +2[wo (kb — Ky by) +ws (ky ¢y — by c,)] A = 0,
Q2 A, = caBaAy+2[wi (kuby —kyby) +ws (ke — k)] AY =0

is invariant under the said group. Consequently, YME (1) are conditionally-invariant
under the Lie algebra (16). It means that the solutions of YME obtained with the help
of the ansatz invariant under the group with the generators (16) can not be found by the
classical symmetry reduction procedure.

As rather tedious computations show, the ansatzes determined by the formulae 2—4
from (9) also correspond to conditional symmetry of YME. Hence it follows, in particular,
that YME should be included into the long list of mathematical and theoretical physics
equations possessing a nontrivial conditional symmetry [12].
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