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Symmetry reduction and exact solutions
of the Yang—Mills equations

V.. LAHNO, R.Z. ZHDANOV, W.I. FUSHCHYCH

We present a detailed account of symmetry properties of SU(2) Yang—-Mills equations.
Using a subgroup structure of the Poincaré group P(1,3) we have constructed all
P(1, 3)-inequivalent ansatzes for the Yang-Mills field which are invariant under the
three-dimensional subgroups of the Poincaré group. With the aid of these ansatzes
reduction of Yang-Mills equations to systems of ordinary differential equations is carried
out and wide families of their exact solutions are constructed.

1 Introduction

Since Newton’s and Euler’s works, exact solutions of differential equations describing
physical processes were highly estimated. Green, Lame, Liouville, Cayley, Donkin,
Stokes, Kirchhoff, Poincaré, Stieltjes, Forsyth, Volterra, Appel, Macdonald, Weber,
Bateman, Whittaker, Sommerfeld and many other famous researchers constructed
different classes of exact solutions of linear Laplace, d’Alembert, heat, and Maxwell
equations.

Nowadays, this constructive branch of mathematical physics is not so popular as
earlier. But if one wants to have some nontrivial information on solutions of basic
motion equations in quantum mechanics, field theory, gravitation theory, acoustics,
and hydrodynamics, then the more intensive research work should be carried out in
order to develop analytical methods of solution of partial differential equations (PDE).
And what is more, unlike the mathematical physics of the 19th century, modern
mathematical physics is essentially nonlinear. It means that all principal equations
of modern physics, biology and chemistry are nonlinear. This fact complicates very
much the problem of constructing their exact solutions (see, e.g. [1] and references
therein).

Up to now, we have comparatively few papers devoted to construction of exact so-
lutions of nonlinear multi-dimensional d’Alembert, Maxwell, Schrédinger, Dirac, Max-
well-Dirac, Yang—Mills equations. Whereas, a huge amount of papers and monographs
are devoted to construction of exact solutions of equations for gravitational field. It
is difficult even to estimate the number of papers and monographs, where the soliton
solutions of the one-dimensional nonlinear KdV, Schrédinger and Sine-Gordon equa-
tions are studied. We are sure that the above mentioned equations should deserve
much more attention of researchers in mathematical physics.

With the present paper we start a series of papers devoted to construction of new
classes of exact solutions of the classical Yang—Mills equations (YME) with the use of
their Lie and non-Lie symmetry. Here we study in detail symmetry reduction of YME
by Poincaré-invariant ansatzes and obtain wide families of its exact Poincaré-invariant
solutions.
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By the classical YME, we mean the following nonlinear system of twelve second-
order PDE:

0,0" A, — "0, Ay + €[(0,4,) x A, = 2(9,4,) x A, + (" 4,) x A] + (D)

+e24, x (A¥ x A,) = 0. '
Here 0, = %, i, v =0,3, e = const, ff# = ffu(xo, x1,x2,x3) is the three-component
vector-potential of the Yang-Mills field (called, for bravity, the Yang-Mills field).
Hereafter, the summation over the repeated indices p,rv from O to 3 is understood.
Raising and lowering the vector indices is performed with the aid of the metric tensor

1, p=v=0,
Guv = _17 H=v= 172737
0, p#v

(i.e. O* = g,,0,).

It should be said that there were several reviews devoted to classical solutions
of YME (see [2] and the literature cited there). But, in fact, symmetry properties of
YME were not used. 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 [2]).

The structure of our paper is as follows. In the second Section we give all
necessary information about symmetry properties of YME and about a solution
generation procedure by virtue of the finite transformations of the symmetry group
admitted by YME. In Section 3 we construct P(1,3)-inequivalent ansatzes for the
Yang—Mills field invariant under the three-parameter subgroups of the Poincaré
group. Section 4 is devoted to reduction of YME to systems of ordinary differential
equations (ODE). Integrating these in Section 5 we construct multi-parameter fami-
lies of exact solutions of YME. In Section 6 we consider some generalizations of
the solutions obtained and, in particular, construct the generalization of Coleman’s
solution.

2 Symmetry and solution generation
for the Yang—Mills equations

It was known long ago that YME are invariant with respect to the group C(1,3) ®
SU(2), where C(1,3) is the 15-parameter conformal group having the following
generators:

P,=0,,

Ja[j = xaag — xﬁaa + A““&Ag — A“ﬁaAg,

D= 1}“8# - AZ@Aﬁ,

K, =22"D — (z,2")0, + 2A"2,040 — QAZxV(?Az,

2.1)

and SU(2) is the infinite-parameter special unitary group with the following basis
generator:

@ = (cabcALws(2) + e LO,w" (x))D s (2.2)
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In (2.1), (2.2) aAZ = %, w®(x) are arbitrary smooth functions, 4. is the third-
order anti-symmetrical tens%r with €123 = 1. Hereafter, summation over the repeated
indices a, b, ¢ from 1 to 3 is understood.

But the fact that the group with generators (2.1), (2.2) is a maximal (in Lie’s
sense) invariance group admitted by YME was established only recently [3] with the
use of a symbolic computation technique. The only explanation for this situation is a
very cumbersome structure of the system of PDE (1.1). As a consequence, realization
of the Lie algorithm of finding the maximal invariance group admitted by YME
demands a huge amount of computations. This difficulty had been overcome with the
aid of computer facilities.

One of the remarkable possibilities provided by the fact that the considered equati-
on admits a nontrivial symmetry group gives the possibility of getting new solutions
from the known ones by the solution generation technique [1, 4]. This technique is
based on the following assertion.

Lemma. Let

x/u:fu(xvuaT)7 /-1‘207”_17

ul, = go(z,u,7), a=1,N,

where 7 = (11,7a,...,7-) be the r-parameter invariance group of some system of
PDE and U,(x), a = 1, N be its particular solution. Then the N-component function
uq(x) determined by implicit formulae

Ua(f(xau’T)) :ga(xauvT)v a:m (23)

is also a solution of the same system of PDE.

To make use of the above assertion we need formulae for finite transformations
generated by infinitesimal operators (2.1), (2.2). We adduce these formulae following
[1, 2].

1. The group of translations (generator X = 7,P,)

r_ dr _ 4d
T, =z, + T, A = A

2. The Lorentz group O(1,3)
a) the group of rotations (generator X = 7.J,)
=0, .=, c#a, c#b
xl = x4co8T + TpSinT,
T} = TpCOST — Ty SIN T,
Al =Ad, AY = Al c#a, c#D,
AY = AdcosT + AlsinT,
A = Ad cosT — Adsin T,
b) the group of Lorentz transformations (generator X = 7Jy,)

xh = xg cosh T + z, sinh 7,

xl, = xocoshT + xgsinht, z, =3, b#a,

Ad" = Ad cosh T + Adsinh T,

Ad = Alcosht + Adsinh 7, A¥ =A¢, b+#a.
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3. The group of scale transformations (generator X = 7D)

z), = x,e", AZ’ = AZ@‘T.
4. The group of conformal transformations (generator X = 7, K*)

T, = (2, — Tz’ )oH(z),

Aﬁ’ = [guo(x) + 2(x,Ty — TuTy + 2702 T Ty — Ta T, Ty — TaTal‘,ul‘l,]AdU.
5. The group of gauge transformations (generator X = Q)

xL =Zp,

Az’ = AZ cosw + edbcAZnC sinw + 2ndnbAZ sin? % +
1
2

In the above formulae o(z) = 1 — 7,2% + (To7%)(z52”), n® = n%(z) is a unit
vector determined by the equality w®(z) = w(z)n®(z), a =1, 3.

Using the Lemma it is not difficult to obtain formulae for generating solutions of
YME by the above transformation groups. We adduce them omitting derivation (see
also [3]).

1. The group of translations

AZ(Q’J) = uﬁ(w + 7).
2. The Lorentz group

{ :
+e §nd3uw + =(9un?) sinw + egpe(9,n")n°| .

Ai(m) = auug(ax, bx, cx,dx) + buuil(ax, bx, cx,dr) +
+ cpud(az, br, cx, dz) + dyul(ax, b, cx, dz).
3. The group of scale transformations
d _T..d T
Al (x) = eTuy (weT).
4. The group of conformal transformations
AZ(x) = [gl“,a*l(m) + 20*2(x)(x#71, — Xy Ty + 270 T T, T, —
— 22T, Ty — TaTo2, 2, ) Ju® ((z — T(202%))0 1 (z)).
5. The group of gauge transformations
AZ(.’L‘) = ufﬁ cosw + adbcuch sinw + 2ndnbuz sin? % +

(1 1 . c
+et gndauw + §(aund) sinw + egpe (0,n’)nc| .

Here uz(m) is an arbitrary given solution of YME; Az(sc) is a new solution of YME;

T, T, are arbitrary parameters; a,, by, c,, d, are arbitrary parameters satisfying the
equalities
aygat = —b, b = —c,ct = —d,d" =1,

o B W ol — wo— o
a,b =a,ct =a,dt = b, =b,d" = c,d* = 0.

Besides that, we use the following designations: « + 7 = {z, + 7., = 0,3},
ar = a,z".

Thus, each particular solution of YME gives rise to a multi-parameter family of
exact solutions by virtue of the above solution generation formulae.
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3 Ansatzes for the Yang—Mills field

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,(z) invariant under N-dimensional subalgebras of the
algebra with the basis elements (2.1), (2.2) [1, 5]. Since we are looking for Poi-
ncaré-invariant ansatzes reducing YME to systems of ODE, N is equal to 3. Due to
invariance of YME under the Poincaré group P(1,3), it is enough to consider only
subalgebras which can not be transformed one into another by group transformati-
on, i.e. P(1,3)-inequivalent subalgebras. Complete description of P(1,3)-inequivalent
subalgebras of the Poincaré algebra was obtained in [6] (see also [7]).

According to the classical symmetry approach, to construct the ansatz invariant
under the invariance algebra having the basis elements

Xa = fau(«’f; A)ap, + 772”(307 A)@Az, a = m> (31)

where A = {A% a=1,3,=0,3}, one has

1) to construct a complete system of functionally-independent invariants of the
operators (3.1) Q = {w;(z, A),i = 1,13};

2) to resolve relations

Fij(wi(z,A),...,wiz(z,A)) =0, j=1,13 (3.2)

with respect to the function Aj.
As a result, one gets the ansatz for the field Af(z) which reduces YME to the
system of twelve nonlinear ODE.

Note. Equalities (3.2) can be resolved with respect to 4%, a = 1,3, u = 0,3 if the
condition
rank [|€o,u (@, Alla_, 20 =3 (3.3)

a=1 p=0 =

holds. If (3.3) does not hold, the above procedure leads to partially-invariant solu-
tions [5], which are not considered in the present paper.

In [1, 4] we established that the procedure of construction of invariant ansatzes
could be essentially simplified if coefficients of operators X, have the following
structure:

Ean = Ean(®), oy = Pagu (2) A (3.4)

(i.e. basis elements of the invariance algebra realize the linear representation). In this
case, the invariant ansatz for the field Af(z) is searched for in the form

Aji(x) = Qg () By (w(x)). (3.5)

ab

Here BY(w) are arbitrary smooth functions and w(x), Q%

of the system of PDE

(x) are particular solutions

gauwwu =0, a= 13—37
(gaual/ _pg(;;a) gﬁi :07 /J/:Oa37 a‘abad: 173

(3.6)
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Basis elements of the Poincaré algebra P,, J.g from (2.1) evidently satisfy the
conditions (3.4) and besides the equalities

773# = pa;w(x)Ag» a,b=1,3, p=0,3 (3.7)

hold.

This fact permits further simplification of formulae (3.5), (3.6). Namely, the ansatz
for the Yang—M:ills field invariant under the 3-dimensional subalgebra of the Poincaré
algebra with basis elements of the form (3.1), (3.7) should be looked for in the form

Al = Quu(2) By (w(x)), (3.8)

where BZ(w) are arbitrary smooth functions and w(z), Q. () are particular solutions
of the following system of PDE:

gauwm“ =0, a = m7 (39)

faaaaQuu - pameaV =0, a= mv py v =0,3. (310)

Thus, to obtain the complete description of P(1,3)-inequivalent ansatzes for the
field Af,(z) invariant under 3-dimensional subalgebras of the Poincaré algebra, one
has to integrate the over-determined system of PDE (3.9), (3.10) for each P(1,3)-
inequivalent subalgebra. Let us note that compatibility of (3.9), (3.10) is guaranteed
by the fact that operators X3, X, X3 form a Lie algebra.

Consider, as an example, the procedure of constructing ansatz (3.8) invariant under
the subalgebra (Py, Py, Jo3). In this case system (3.9) reads

wwl = 07 wCEQ = 07 xowwg + x?)wwo = 07

whence w = 23 — 3.

Next, we note that coefficients pi,,, p2, of the operators P, P, are equal to
zero, while coefficients ps3,, form the following (4 x 4) matrix

0 0 0 1

5 000 0
||p3l“/|| wr=0 — 0 0 0 0
1 0 00

(we designate this constant matrix by the symbol S).
With account of the above fact, equations (3.10) take the form

Qam =0, sz =0, xOng + x3Qmo - SQ =0, (311)

where @ = HQIW(x)”i,y:O is a (4 x 4)-matrix.

From the first two equations of system (3.11) it follows that Q = Q(=xo, z3). Since
S is a constant matrix, a solution of the third equation can be looked for in the form
(see, for example, [4])

Q = exp {f (2o, 23)5}.
Substituting this expression into (3.11) we get

(20 frs + T3fuo — ) exp{fS} =0
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or, equivalently,

xO.f:Ca +£U3fx0 = 17

whence f = 1In(xg + x3).
Consequently, a particular solution of equations (3.11) reads

Q = exp {In(xo + 23)S}.

Using an evident identity S = S® we get the following equalities:

Q=" (n) " (In(xp + 23))"S" =
n=0

= I+ S[In(z + 23) + (3) ' (In(zo + 23))® + -] +
+ 52[(2!)—1(111(1;0 + 55'3))2 + (4!)—1(111(1.0 + 1,3))4 +o]=
= I + Ssinh(In(zg + x3)) + S%(cosh(In(zg + z3)) — 1),

where I is a unit (4 x 4)-matrix.

Substitution of the obtained expressions for functions w(z), Q. (x) into (3.8) yi-
elds the ansatz for the Yang-Mills field Af(z) invariant under the algebra (Py, P, Jo3)

A$ = B (x2 — 22) coshIn(zg + 3) + B (22 — x2) sinh In(xg + x3),
A = B¢(x3 — 23), A% = BY(23 — 13), (3.12)
A% = BY(x3 — x3) coshIn(zg + 23) + B (2% — 22) sinh In(zg + x3).

Substituting (3.12) into YME we get a system of ODE for functions Bjj. If we will
succeed in constructing its general or particular solutions, then substituting it into
formulae (3.12) we get an exact solution of YME. But such a solution will have an
unpleasant feature: independent variables x,, will be included into it in asymmetrical
way. At the same time, in the initial equation (1.1) all independent variables are on
equal rights. To remove this defect one has to apply solution generation procedure
by transformations from the Lorentz group. As a result, we will obtain an ansatz for
the Yang—Mills field in the manifestly-covariant form with symmetrical dependence
on .

In the same way, we construct the rest of ansatzes invariant under three-dimen-
sional subalgebras of the Poincaré algebra. They are represented in the unified form

Al (z) = {(apay — dyudy) cosh Oy + (d,a, — dyay,)sinh O +
+ 2(a, + dy,)[(01 cos O3 + 02 sin 03)b, + (62 cos @3 — 0 sinb3)c,
+ (02 + 03)e=%(a, + d,)] + (bucy, — byc,) sinfz —
— (cucy + buby) cos 03 — 2= (01b,, + Oac,) (ay, + dy)} B (w).

* (3.13)

Here 6, p = 0,3, w are some functions whose explicit form is determined by the
choice of a subalgebra of the Poincaré algebra AP(1,3).
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Below, we adduce a complete list of 3-dimensional P(1,3)-inequivalent subalgebras

of the Poincaré algebra following [7]
Ly = (Py, P, P);
L3 = (Py+ P3, Py, P);
= (Jo3, Po + P3, Py1);
= (Joz + P1, Po + P3, Py);
= (J12 + Py, P1, P2);
L11 = (Jiz+ Py — P3, P\, P,);
Lis =(G1+ P>, Py + P3, Py);
Li5={(Gy+Py— Ps,Ph+ P5, P, + aPs); L
Li7 =(G1+ P2,Gy — PL + aPs, Py + Ps3); L
Lyg = (G1, Jos, Po + Ps);
= (G1, Jos + P1 + aPs, Py + Ps);
= (G1, Py + Ps, P1);
L25 = (Jos, Po, 3);
La7 = (Jo1, Joz, J12).
Here G; = Jo; — Jis (i =1,2), a € R.

Ly = (P, Py, Ps);

Ly = (Jos + aJi2, P1, Py);

Le = (Joz + P1, Po, Ps);
Lg = (Ji2 + ados, Py, Ps3);

LlO = (Ji2 + P3, P1, Py);

(

(G1,Py+ Ps3, P> + aPy);
L14 =G+ D5 —P3,P0+P3,%14)
(J12, Jos, Po + P3);

= (Jos, G1, Pa);
(
(
=
(

Lzo = (G1,Joz + P2, Py + P3);

L22 = (G1,G2, Joz + aJi2);
Ji2, Py, Py);

L26 = (J12, J13, J23);

Ansatzes for the Yang-Mills field Af(x) are of the form (3.13), functions 6, (z),
u=0,3, w(z) being determined by one of the following formulae:

Li: 6,=0, w=dzr; Ly: 0,=0, w=awx; L3: 0,=0w=kxz;
Ly: 6p=—-Inlkz|, 61 =0=0, 65=aln|kz|, =(a ) (dz)?;
Ls: 6p=—Inlkz|, 6,=02=05=0, w=cz;
Lg: 6g=—-bx, 01 =0,=0;=0, w=cxz;
L7Z Hoz—baz, 91:92:93:0, w:bx—ln|kx|;
Ls: 6y = aarctan(bz(cz)™t), 61 =0 =0,
03 = —arctan(bz(cx)™t), w = (bx)? + (cx)?;

LgZ 90:91:92:0, 93:—a$, w:dx;
L10 90 :91 :02 :0, 03 :dI, w = axr;

1
L11 90 = 01 = 92 = 0, 93 = —Ekx, w = ar — dx, (315)

1

Lig: 6p=0, 6= i(bx —acx)(kz)™, Oy =03=0, w=ku;
L13 00 = 92 = 03 = 0, 01 = %cx, w = ka:;

1
L14 90 = 02 = 33 = 0, 91 = —ka, w = 4b£L' + (kx)27

1
Lis: 6p=0,=03=0, 6= fzkx, w = 4(abx — cx) + a(kr)?;
Lig: 6p=—Inlkx|, 6 =0,=0, 603=—arctan(bz(cz)™!),

w = (b2)? + (co)?;
1

Li7: 6p=03=0, 6= 5(037 + (a4 kz)bx) (1 + kx(a + kx)) L,
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0y = —%(bx —cxkx)(1 + kx(a + kx)™Y,  w = ka;
ng : 90 = —ln|kx|, 01 = %bx(kx)_l, 92 = 03 = O7
w = (ax)? — (bx)? — (dz)?;

1
Lig: 6p=—Inlkz|, 6, = §bx(ka:)_1, 0y =03 = 0,w = cx;

1
Log: 6p=—Inl|kz|, 6, = §bx(kx)_1, 0y =605 =0, w=In|kz|— cx;

L21 : 90 = —11’1|k$|, 01

1
§(bx —In |kz|)(kx)™t, 6y =03 =0,
w = aln kx| — cx;
1 1
Los: 6p=—Inl|kz|, 6, = §bx(ka:)_1, 0y = —cx(kx)™?,

03 = alnlkz|, w= (ax)* - (bx)?* — (cz)? — (dz)>.

NN

Here ax = a,a*, bx = byat, cx = ¢ 2, de = d,a*, p=0,3, kx = az + dx.

Note. Basis elements of subalgebras Los, Loy, Los, Log, Lo7 do not satisfy (3.3). That
is why, ansatzes invariant under these subalgebras are partially-invariant solutions
and are not considered here.

4 Reduction of the Yang—Mills equations

In order to reduce YME to ODE it is necessary to substitute ansatz (3.13) into (1.1)
and convolute the expression obtained with Q(x). As a result, we get a system of
twelve nonlinear ODE for functions B%(w) of the form

Ky BY + Ly BY + My B + €9 BY x BY + ¢hy BY x BY + 1)
+¢e®B, x (B x B,) =0. '

Coefficients of the reduced ODE are given by the following formulae:

kuy = g Fr — GuGy, Ly = guy Fo + 25,4 — GuH, — Guéw

My = Ry = Gy Gy = 917G + 907G = 29, Gy, (4.2)

huw = (1/2)(9u'va - gHVH"/) = Lvry,
where g,,,, is a metric tensor of the Minkowski space R(1,3) and Fi, F>, G, ..., Ty
are functions on w determined by the relations

Fi = we,wen, Fo=0w, G,=QuauWz,, Hy=Qauz,,

S = QQuvayw,s, Ry = Q20Qu, (4.3)

Ty = QuQava;Qpy + Q) Qaya; @pp + QF Qapa s Q-

Substituting functions @, (z) from (3.13), where §,(x), w(z) are determined by
one of the formulae (3.15) into (4.2), (4.3) we obtain coefficients of the corresponding
systems of ODE (4.1)

Lyt kuy = =Guy = dudy, Ly =y =0,

uvy = g,u'ydlz + gu’yd,u - 2g,uud'y> h,uv'y =05
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LQZ

Lg:

L45

Lg:

Lgl

kuy = guy — apay,  luy = myy =0,
Guvy = Jur Qv + Guypu — 29 ays  Rppny = 05
Ky = —kpky, Ly =muy =0, guuy = Guykv + Gurky — 290k,
Dy = 0;
kpy = 494w — agay(w + 1) — dydy (w — 1)2 — (a,dy + aydy,) (w? — 1),
by = UGy + albucy = cuby)) = 2ku(ay —dy + kyw),  myy =0,
Guvy = €(Guy(ar — dy + kyw) + gy (a, — dyy + kpw) —
= 29 (ay — dy + kyw)),

€
huvy = 519uvkv = guvks] + ael(bucy — cuby)ky + (bycy — cuby )by +

2
+ (byep — eybu)kul;
Kuy = =Gy = €uCys Ly = —€cuky,  myy =0,

Guvy = JurCv + GuyCp — 20 Cyy hpny = g(gH’YkV = Guvky);
kuy = —guy = Cutys  luy =0,
My = —(apay — dudy),  Guuy = GuvyCo + GumyCu — 2G,0C,
hyw~y = —[(audy, — ayd, )by + (avdy — ayd, )b, + (ayd, — a,dy)by];
Ky = =guy — (b — €kp)(by — €ky),  Luy = —2(apdy — aydy),
My = —(apay — dudy),
Gy = Guy by — €ki) + guny (b — €kp) — 29, (by — €ksy),
hywy = —[(apdy — aydy)by + (aydy — ayd, )by, + (ayd, — aydy)by]; (4.4)
kuy = —4w(guy + cucy), Ly = —4(gpry + cucy),
Myy = _%(QQ(GNG’Y — dyudy) + buby),
Guvy = 2\/5(%701/ + GuyCu — 2G0C4),
hpy = ﬁ(gwcv — GuvCy) + %((audv —ayd,)by +
+ (avdy = dyaqy)by + (aydy — apdy)by);
kuy = =gpy — dpdy, Ly =0,
Myy = buby + cucy,  Guvy = Gurdu + gurdy — 2g,0dy,
Py = ay(bucy — cuby) + ap(bucy — euby) + ay(byey — cyby);
kuy = guy — apay,  luy =0,
Myy = —(buby + cucy)s  Guuy = Guy@w + Gurapu — 2guay,
Py = —[dy (bpcy — cuby) + dp(bucy — cuby) + du(bycp — cyby)l;
kuy = —(ap — du)(ay — dy), Ly = =2(bucy — cuby),  muy =0,
Gy = Gury (@ — dy) + gun(ay — dy) — 29, (ay — dy),
Py = %[kw(bucv —cuby) + ku(buey — cuby) + ky(bycy — cyby)];
2
kuy = —kuky,  luy = _%kukvv Myy = _%kﬂk%
Guvy = Gurkv + Gurkp — 29,0k,

1
(Guvkn — guwky) +

M = 5
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L20 :

L21 :

LQQ :

+ %((k#by — kybu)ey + (kuby — by )ey + (kyby — kubs)e);
kuy = =kpky, Ly =0, myy = —kuky,
Guvy = Gurkv + Gk = 29p0ky, hpwy = —((kuby — kuby)ey +
+ (kuby = kyby)ep + (kyby — kuby)ey);
iy = =16(guy + buby),  luy = Mpy = By =0,
Guvy = HJurbu + gurby — 29,04);
kpy = —16[(1+ 0?) gy + (cu — aby)(cy — aby)],
by = My = iy = 0,
Guvy = —4Hgury (v — aby) + gury (e — abpu) — 29, (cy — aby));
kpy = =4w(guy + cucy),  luy = =4guy + cucy) — 2€ekycu/w,

1
My = _Ebubw Gy = 2V W (G o + Gun € — 291 Cy ),

1 1
hpwy = §[e(g,wk‘,, — Guvky) + ﬁ(gwcv = GuwCy)l;

2w+« I
w(w+a)+ 177
My = =4k (1 +w(a + w))—z’ Guvy = Gurkv + Gurky — 29,0k,
hyry = %(oz + 2w) (Gurky — Guvky) (1 + wla +w))~t —
2(1 + w(w + )" ((kuby — kuby)ey + (kyby — kyby)e, +
+ (kyby = kpby)cy);
Ky = 4wguy — (kpw + ay — dy) (kyw + ay — dy),
luy = 69py + Hapdy — aydy) = 3k (kpw +ap —dy), My = —kuky,
Guvy = €(Guy (kow + ay — dy) + goy (kpw + ay — dy) —
= 29 (kyw + ay — dy)),
hpvy = €(Gurky — guvky);
kuy = =gy = Cutys Ly = 2€kycp,  myy = —kyky,
Gy = Gy € + GunCp = 290 Cys hpwy = €(guyky — guvky);
Ky = =Guy = (cu — k) (Cy = €ky), Luy = 2€kyc — 2k, ky,
Myy = —kyky,
Guvy = Guy (ki — ) + Gur (€ky — ) — 29, (eky — ),
huvy = €(Guykv — guvky);
Ky = —Guy = (cu — aeky)(cq — aeky), Ly = 2(ekyc, — akyky),
Myy = —kpky,
Gy = —Guy(cv — aeky) — gy (cp — aeky) + 29,0 (cy — aeky),
Py = €(Guvkv = Guvky);
kuy = 4wg,y — (ap — dy + kyw)(ay — dy + kyw),
by = 4200y + a(bucy — cuby) — apay + dudy — wkyky ],

kuy = =kuky, iy = —

Myy = =2k, k5,
Guvy = G(guv(au —d, + kyw) + gw(au —dy+ kuw) -
= 29 (ay — dy + kyw),
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3e
Py = E(kav — Guvky) — ealky (bucy — cuby) +

+ ku(bycy = cuby) + ky(bycy — cyby)];

where k,, = a, +d,, e =1 for ax +dr > 0 and e = —1 for az +dz < 0.

5 Exact solutions of the Yang—Mills equations

When applying the symmetry reduction procedure to the nonlinear Dirac equation,
we succeeded in constructing general solutions of a large part of reduced systems
of ODE. In the case involved we are not so lucky. Nevertheless, we obtain some
particular solutions of equations (4.2), (4.4).

The principal idea of our approach to integration of systems of ODE (4.2), (4.4)
is rather simple and quite natural. It is a reduction of these systems by the number
of components with the aid of ad hoc substitutions. Using this trick we construct
particular solutions of equations 1, 2, 5, 8, 14, 15, 16, 18, 19, 20, 21, 22 (a = 0).
Below we adduce substitutions for Eu(w) and corresponding equations.

1. By = a,éif(w) + bufag(w) + c,f3h(w),
f=e (@ +n)f =0, §+eX(fP=h*g=0, h+e*(f2—g*)h=0.
2. B, = b,& f(w) + c,fag(w) + d,ésh(w),
FHeX@+h)f=0, G+e(f2+h2)g=0, h+e*(f2+¢2)h=0.
B, = k&1 f(w) + buéag(w), f—e2g>f=0,§=0.
8.1  (a=0) B, = k& f(w) + buéag(w),

qwf+4f —e2g®f =0, 4wj+4g—wlg=0.
82. B, =a,éf(w)+d,erg(w)+byesh(w),

a? 2ce

dwf4df — —f—Zgh+e2(h2+ A f =
wf+df ——f N +e*(h*+g°)f =0,
o? 2ce
Awi 46 @ <«ae 2 2_h2 _
wy + g+w9+ﬁfh+e(f )g =0, 5.1)
.. . 2
dwh + 4h —w th+ 2% fg + (2 — ¢*)h = 0.
EVAYY

14.1. Bl = a,é1 f(w) + d,eag(w) + ¢ esh(w),
16f —e2(h? +¢*)f =0, 16§+ €*(f* —h?)g =0,
16h + e2(f2 — g®)h = 0.

14.2. B, = k,& f(w) + c,fag(w), 16f —e2g?f =0,§=0.

15.1. Eu = a,€ f(w) + d,éag(w) + (1 + a2)_%(acu +b,)esh(w),
16(1+a?)f —e*(h2 + ¢*)f =0, 16(1+a?)§+ e*(f2 —h?)g =0,
16(1 + a2)h + €2(f2 — g*)h = 0.

15.2. B, = k&1 f(w) + (1 + )" 2 (ac, + by,)éag(w),

16(1+02)f — e2fg> =0, §=0.
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—

16. B, = k,é1f(w) + b,é2g9(w),

qwf +4f — 22 f =0, 4wj+4g—wlg=0.
18. éu = bue1f(w) + cuéag(w),

qwf+6f +e2g2f =0, 4dwi+ 6g+ e2f2g = 0.
19. B, = k,& f(w) + b,&ag(w),

f-egf=0, g=o0.

—

20 B/,l, - kliglf(w) + b#€29(w)7
f—e2g’f =0, §=0.

21. B, = k& f(w) + b.éag(w),
f—e*g?f=0, §=0.

22. (a=0) B, = b,& f(w) + cufag(w),
4wf—|—8f+6292f =0, 4wj+8g+e%f2g=0.

In the above formulae we use designations € = (1,0,0), & = (0,1,0), €5 =
(0,0,1).

Thus, combining symmetry reduction by the number of independent variables and
reduction by the number of dependent variables we reduce YME to rather simple ODE.
[t is worth reminding that effectiveness of the widely used ansatz for the Yang—Mills
field suggested by t'Hooft et al [2] is closely connected with the fact that it reduces
the system of twelve PDE to one nonlinear wave equation.

Next, we will briefly consider a procedure of integration of equations (5.1).

Substitution f =0, g = h = u(w) reduces the system of ODE 1 from (5.1) to the
equation

U= ezu?’, (5.2)

which is integrated in elliptic functions [8]. Besides that, ODE (5.2) has a solution
which is expressed in terms of elementary functions u = v/2(ew — C)~1, C € R,

ODE 2 with f = g = h = u(w) reduces to the form i + 2e%u3 = 0.

This equation is also integrated in elliptic functions [8].

Integrating the second equation of system of ODE 5 we get g = Ciw + Cs,
C; € RY. If Cy # 0, then the constant Cy can be neglected, and we may put Cy = 0.
Provided Cy # 0, the first equation from system 5 reads

f—e*C?uw?f =o. (5.3)

A general solution of ODE (5.3) is given by formula f = wl/QZ%(%Cle).

Hereafter, we use the designation Z,(w) = C3J,(w) + C4Y, (w), where J,, Y, are
Bessel functions, C3, Cy4 are arbitrary constants.

In the case C; =0, Cy # 0 a general solution of the first equation from system 5
reads f = C3cosh Coew + Cysinh Coew, where C3, C4 are arbitrary constants.

At last, provided C; = Co = 0, a general solution of the first equation from
system 5 has the form f = Czw + Cy, C3,Cy € RY.

A general solution of the second ODE from system 8.1 is of the form g = C1/w +
Co(y/w)™t, where Cy, Cy are arbitrary constants.
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Substituting the expression obtained into the first equation we get
4w f + dwf — e2(Crw + Co)%f = 0. (5.4)

Under C7,Cs # 0 a solution of ODE (5.4) is not known. In the remaining cases
its general solution reads

a) C1£0, Co=0 f=2 [%Clw} ,
D) Cr=0, Co#0 f=Cqw= +Cuw 2,
C) Ci=0, (=0 sz’glnw+C4.

Here C3, Cy are arbitrary constants.

We do not succeed in obtaining particular solutions of system 8.2. Equations 14.1
coincide with equations 1, if one changes e by 7. Similarly, equations 14.2 coincide
with equations 5, if one changes e by . Next, equations 15.1 coincide with equations 1

and equations 15.2 — with equations 5, if one replaces e by (1 +a?)"z.

System of ODE 16 coincides with system 8.1 and systems 19, 20, 21 - with
system 5. We did not succeed in integrating equations 18.

At last, system 22 (a = 0) with the substitution f = g = u(w) reduces to the form

2
wii + 20 + %US — 0. (5.5)

ODE (5.5) is Emden-Fowler equation and the function u = e~lw=2, is its parti-
cular solution.

Substituting the results obtained into corresponding formulae from (5.1) and then
into the ansatz (3.13), we get exact solutions of the nonlinear YME (1.1). Let us
note that solutions of systems of ODE 5, 8.1, 14.2, 15.2, 16, 19, 20, 21 satisfying the
condition g = 0 give rise to Abelian solutions of YME. We do not adduce them and
present only non-Abelian solutions of YME.

1. /T,L = (aby, + E3¢,)V2(edr — N) 7L

Asn <\/§e)\dx> dn <\/§e)\dx>] lcn (ﬁe)\dxﬂ _ ;
2 2 2

(€xb,, + €3¢, ) A[en (edz)] ™
(€1b,, + €axcy + €3d,) A cen (edax);

2. /YIL = (ggb# —+ é'gcu)

A
A

5. A, é'lku|kx|_1\/aZi [%e)\(cx)ﬂ + éxbyAe;

—

6. A, = é&1k,|kz|" [A; cosh(edez) + Ao sinh(eex)] + é2b, A\,

i

2

8. Ay =&k ((be)® + (e2))F + da((b)® + (cx)?) "7 ]+
+ Ey(bucx — ¢, br)A((bx)? + (cx)?) 1

—

7. A, =éakuZ, [ eX((bx)? + (CI)Q):| + e (b cx — ¢ bx) A
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9. A, = [*2 (é(du — ky(kx)?) + %bukx) + égcu] Asn (%A(ﬁlbm + (lm)2)> X

—1
x dn (%x\(%ax + (kx)2)> (cn (%/\(41)% + (kx)2)>> ;

B 1 1
10. A, = [52 (g(dﬂ — ky(kx)?) + §bukx) + ggcu] x

X A |ﬁn (@(Zﬂm + (km)%)] ;

- 1 1
11. AN = |:€2 (g(dM - k‘u(k‘x)Q) + 5[7“]637) + €3CM:| X
x 4V2(e(4bx + (kx)?) — \) 7Y
12. A, = & 1k,\/4bx + (kz)?Z1 (%(M)x + (kx)2)2> + Esc, A(4bx + (kx)?);

—

13. A, =¢éik, (/\1 cosh (%(Zﬂ)x + (lm)z)) +
+ Az sinh (%(41)33 + (kx)2)>> + Ereu;

. 1 1
4. A, = {52 (d“ — ke (kz)? - 2bukx) +

8
+ €3 (acu +0b,+ %kzuk‘x) (1+ az)_%} X (5.6)
X Asn le)\s\/i(él(abx —cx) + a(kz)?)(1 + az)_%] X
x dn [6)\8\/5(4(abx —cx) + a(kx)?)(1 + az)_%] X

X {cn le)\g/i@(abx —cx) + alkz)?)(1 + a2)_%] } ;
" {52 (du — %kzu(kzx)2 — %bﬂk’x) +

1
+ €3 <ac# +b,+ 2k#kx> (1+ 042)5} X

1

15.

S
|

x {cn [%(4(@% —cx) + alkz)?)(1+ a2)§l }1 ;

- 1 1
16. AH = {62 (dﬂ — gku(kx)2 — §buk$) +

+ €3 (acﬂ +b,+ %I@kx) 1+ aQ)_%} X

x 4V2(1 + 02)7 [e(4(abz — cz) + akz)?)] ™Y
17. ffu = €1k“{\/4(ozbz —cx) + a(kxr)? x
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18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

X
N

Bl

e\ _1
(8(4(ab:17 —ex) + alkz)?)?(1 + a?) ) }+
+é <acu +0b,+ %k’uk‘x) M4(abx — cx) + a(kz)?)(1 + a?)" 3,
A)u = é’lku{)\l cosh {%(1 + az)_%(Al(abx —cx)+ a(k:ac)Q)] +
+ Ao sinh [%(1 + az)_% (4(abx — cx) + a(kx)z} }—l—

1
+é (acM +0b,+ 5/@’“]{:33) A1+ a2)_%;

o T\
A= ikl 20 | 5 (00 4 (0| + 220,00 - )
A, = &k lka| T ((0)2 4 (cx)?)F + Ao ((b2)? + (ex)?) ™) +

+ &y (bycx — ¢, br)A((br)? + (cx)?) 1

A, = élkﬂ|kx|*1\/§Zi (%(c:ﬂf) + &(by, — kb (kx) ™) Aew;
A)u = €1k, kx| [A1 cosh(Aecz) + Az sinh(Aecx)] + €x(b, — kubx(kx) 1)\

/YH = &1k, kx|~ /In [kx| — cxZy (?(ln |kx| — cx)Q) +

+ & (b, — kubz(kz) A (In |kz| — cz);
“Yu = €1k, kx| [\ cosh(Ae(In kx| — cx)) + A2 sinh(Ae(In [kz| — cz))] +
+ &(by, — kb (kx)h)A;

/Yu = e1kylkx| /aln [kz| — cxZy (%(aln |kx| — cx)2> +

+ &(by, — k(b — In |kx|) (ko) ") A (aln [kz| — cz);
A, = & k,|kx| 7 A\ cosh(Ne(an |kz| — cx)) +
+ Agsinh(Ae(aln kx| — cx))] + €2(b, — Ky (bx — In [kz|) (kz) 1)\
A, = {& (b, — kuba(kx)™Y) + E(cy — kpcx(kz) ™) re  (z,2") 7,
Ay = {E1(by — kb (k) 1) + (e, — kpex(kz) )} f (),
wf +2f + (2f3/4) =0, w= zot = (ax)? — (bx)? — (cz)? — (dz)?.

Cu
Cu

In the above formulae Z,(w) is the Bessel function; sn, dn, cn are Jacobi elliptic

functions having the modulus @; A, A1, Ay = const.

In the present paper we do not analyze in detail the obtained solution. We only note
that the solutions numbered by 27 is nothing more but the meron solution of YME [2].
In the Euclidean space meron and instanton solutions were obtained by Alfaro, Fubini,
Furlan [9] and Belavin, Polyakov, Schwartz, Tyupkin [10] with the use of the ansatz
suggested by 't Hooft [11], Corrigan and Fairlie [12] and Wilczek [13].

Another important point is that we can obtain new exact solutions of YME by
applying to solutions (5.6) the solution generation technique. We do not adduce
corresponding formulae because of their cumbersomity.
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6 Some generalizations

[t was noticed in [14] that group-invariant solutions of nonlinear PDE could provide us
with rather general information about the structure of solutions of the equation under
study. Using this fact, we constructed in [4, 14] a number of new exact solutions
of the nonlinear Dirac equation which could not be obtained by symmetry reduction
procedure. We will demonstrate that the same idea will be effective for constructing
new solutions of YME.

Solutions of YME numbered by 7, 8, 19, 20 can be presented in the following
unified form:

A, = k,B(kx,cx) + b,C(kz, cx), (6.1)

where kz = kya*, cx = c o, ky = a, +d,,.
Substituting the ansatz (6.1) into YME and splitting the equality obtained with
respect to linearly-independent four-vectors with components &, b,, c,, we get

1

1. Cyw, =0,
2. CxCy =0, (6.2)
3. éwlwl +6C_"wo x C + e*C x (C_" X E) =0.

Here we use designations wy = kz, wy = cx.

A general solution of the first two equations from (6.2) is given by one of the
formulae

I C= flwo),
I1. ( F

= (w1 4+ vo(wo)) f(wo),

C
c

where vy, fare arbitrary smooth functions.
Consider the case C' = f(wp). Substituting this expression into the third equation
from (6.2) we have

Bunw, + efuwo X f+Ef(fB) — 2B =0. (6.3)
Since equations (6.3) do not contain derivatives of B with respect to wq, they can

be considered as a system of ODE with respect to the variable w;. Multiplying (6.3)
by f we arrive at the relation (Bf)u,w, = 0, whence

éf: vl(wo)wl +’U2(’LUO). (6.4)

In (6.4) v1, vo are arbitrary smooth enough functions.
With account of (6.4) system (6.3) reads

éwlwl - le_’QB' = 6f>< fwu - 62(1}111]1 + ’UQ)JE"

The above linear system of ODE is easily integrated. Its general solution is given
by the formula

B = §(wo) cosh e| flwy + h(wo) sinh e| flwy +
+ e 172 fuo T+ [f172 (01w +0) £

where g, h are arbitrary smooth functions.

(6.5)
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Substituting (6.5) into (6.4) we get the following restrictions on the choice of the
functions g, h:

fg=0, fh=0. (6.6)

Thus, provided C,,, = 0, a general solution of the system of ODE (6.3) is given
by the formulae (6.5), (6.6). Substituting (6.5) into the initial ansatz (6.1) we obtain
the following family of exact solutions of YME:

A, = k,{g(kz) cosh e|flex + h(kx) sinh e| flea +
+ e fI72 % [+ (v (ka)ex + va(ka)) f} + buf

where f(kx) "’(kx) h(kz), vi(kz), vo(kz) are arbitrary smooth functions satisfying

6.6), /= 4L
The case C' = (w1 + vo(wo))f(wp) is treated in analogous way. As a result, we
obtain the following family of exact solutions of YME:

4

i, - ku{<cx+v0<kx>>% k)7, (517l + wn(ha))?) +
+ h(kz)Ys <26| _](cx+vo(kx))2)] +
+ (v1(kx)cx + vg(kx))f—i— e*1|j?|72].?>< f} + by (cx + vo(kx))f_’7

where f(kz), (kz), i_i(k:x) vo(kx), vi(kx), va(kx) are arbitrary smooth functions
satislying (6.6), J1(w), Y1(w) are the Bessel functions.

Another effective ansatz for the Yang—Mills field is obtained if one replaces in (6.1)
cx by bz

A, = k,B(kx,bx) + b,C(kz, bz). (6.7)
Substitution of (6.7) into YME yields the following system of PDE for B, C:
Bu,w, — Cuwgw, — €(B x Cuy, + 2By, x C+C x C,,) +€2C x (C x B) = 0.(6.8)

We succeeded in integrating system (6.8), provided C = f(wp). Substituting the
result obtained into (6.7), we come to the following family of exact solutions of YME:

Ay = k(G + 11715 x fbw) cos(e| flbx) + (7 + | I x fow) sin(e] flba) +
+ e 172 % [+ (v (ka)bw + va(ka)) f} + b, ],

where f(kxz), (ka), h(kz), vi(kx), vs(kz) are arbitrary smooth functions.
Besides that, we obtained the following class of exact solutions of YME:

A, = ke vo(ka)u?(bx) + b, éau(br),

where €1 = (1,0,0), €, = (0,1,0); vo(kz) is an arbitrary smooth function; u(bz) is a
solution of the nonlinear ODE i = e?u®, which is integrated in elliptic functions.
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In conclusion of this Section we will obtain a generalization of the plane-wave
Coleman solution [15] ]

A, = ku(f(kx)bz + §(kx)cx). (6.9)

—

[t is not difficult to verify that (6.9) satisfy YME with arbitrary f, g.
Evidently, solution (6.9) is a particular case of the ansatz

f_fu = kué(kx, bx, cx). (6.10)
Substituting (6.10) into YME we get
Buyw, + Bugw, = 0, (6.11)

where w; = bz, wy = cz.
Integrating the Laplace equations (6.11) and substituting the result obtained into
(6.10) we have

— —

A, =k, (U(kx,bx + icx) + U(kx, bx — icx)).

—

Here U(kz,z) is an arbitrary analytical with respect to z function. Choosing U =

L(f(kx) — ig(kz))z we get Coleman solution (6.9).

7 Conclusion

Thus, starting from the invariance of YME under the Poincaré group we have obtained
wide families of its exact solutions including arbitrary functions. In our future papers
we intend to describe exact solutions of YME invariant under the extended Poincaré
group and conformal group.

Besides that, we will study exact solutions which correspond to the conditional
and non-local symmetries of the Yang—Mills equations (1.1)
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