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Separation of variables
in the two-dimensional wave equation

with potential
R.Z. ZHDANOV, I.V. REVENKO, W.I. FUSHCHYCH

The paper is devoted to solution of a problem of separation of variables in the wave
equation us —uze + V(x)u = 0. We give a complete classification of potentials V' (z) for
which this equation admits a nontrivial separation of variables. Furthermore, we obtain
all coordinate systems that provide separability of the equation considered.

Jlana crtaTTs TpHCBSiUE€HA PO3B’SI3aHHIO TPOOGJEMH PO3MiNeHHs 3MiHHHUX 1Js XBHJIbOBOTO
PIBHSIHHS Ut — Uze + V(2)u = 0. Bkasaui Bci mortenuianu V(z), ons fKux naHe piB-
HSIHHS JIONyCKae HeTpuBiasibHe po3iiseHHs1 3MiHHUX. Kpim Toro, omepxkaHi Bci cHcTeMH
KOOPAMHAT, B IKMUX PO3[III0€TbCA NOCAiAKYyBaHe PiBHSAHHS.

1. Introduction. In this paper, we study the two-dimensional wave equation with
potential

(O4 V(@) = usy — tge + V(x)u =0, (1)

where u = u(t,z) € C*(R%R!) and V(z) € C(R!,R!), by using the method of
separation of variables (SV). Equations belonging to class (1) are widely used in the
modern quantum physics and can be related to other linear and nonlinear equations
of mathematical physics (these relations will be discussed below, at the end of the
article). In particular, class (1) contains the d’Alembert equation (with V(x) = 0) and
the Klein— Gordon-Fock equation (with V(z) = m = const).

The separation of variables in two- and three-dimensional Laplace, Helmholtz,
d’Alembert, and Klein-Gordon-Fock equations had been carried out in the classical
works by Bocher [1], Darboux [2], Eisenhart [3], Stepanov [4], Olevsky [5], and
Kalnins and Miller (see [6] and references therein). Nevertheless, a complete solution
of the problem of SV in equation (1) is not obtained yet.

When speaking about solution of equation (1) with separated variables wy, wa, we
mean the ansatz

u(t, z) = At x)p1 (w1 (t, ) pa(wa(t, 7)) (2)
reducing (1) to two ordinary differential equations for the functions ¢;(w;)
@i = Ai(wi, @i + Bi(wi, Nwi, i=1,2, (3)

In formulas (2) and (3), A,w;,ws C C%(R%,RY), A;, B; C C?*(R! x A,R!) are some
unknown functions, A € A C R! is a real parameter (separation constant).
Definition 1. Equation (1) admits SV in the coordinates wi(t,x), wa(t,z) if the
substitution of ansatz (2) into (1) with subsequent exclusion of the second derivati-
ves p1, po according to (3) yields an identity with respect to the variables p;, p;, A
(considered as independent ones).
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On the basis of the above definition, one can formulate the procedure of SV in
equation (1). At the first step; one has to substitute expression (2) into (1) and to
express the second derivatives 1, ¢o via the functions ¢;, ¢; according to equati-
ons (3). At the second step, the obtained equality is splitted with respect to the
independent variables ¢;, ;. As a result, one gets an overdetermined system of par-
tial differential equations for the functions A, wy, we with undefined coefficients. The
general solution of this system gives rise to all systems of coordinates that provide
separability of equation (1).

Let us emphasize that the above approach to SV in equation (1) has much in
common with the non-Lie method of reduction of nonlinear differential equations
suggested in [7-9]. It is also important to note that the idea of representing solutions
of linear differential equations in the “separated” form (2) goes as far as to classical
works of Euler and Fourier (for a modern exposition of the problem of SV, see
Miller [6] and Koornwinder [10]).

The present paper is organized as follows: In the first section, we adduce principal
assertions about SV in equation (1). In the second section, the detailed proof of these
assertions is given. In the last section, we briefly discuss the obtained results.

2. List of principal results. It is evident that equation (1) admits SV in the
Cartesian coordinates wy = t, wy = x for an arbitrary V = V(x).

Definition 2. Equation (1) admits a nontrivial SV if there exists at least one coordi-
nate system w1 = (t,x), wa(t,x), different from the Cartesian system, that provides
its separability.

Next, if, in equation (1), one makes the transformations
t—Cit, z—Ciz, t—t, z—ax+Cy C;eR!,
then the class of equations (1) transforms into itself and, moreover,

V(z) = V'(z) = C{V(Cix),

V(z) = V'(z) =V(x+ Cy). @

This is why the potentials V(z) and V'(z) connected by one of the above relations
are regarded as equivalent ones.

Theorem 1. Equation (1) admits a nontrivial SV iff the function V (z) is given up
to the equivalence relations (4) by one of the result formulas:
1) V =ma;

2

V =ma—7;

DO

V =msin~? z;
V =msh 2z
V =mch™? x; ()]

V =mexpux;

=~ W

~N

V = cos™? x(my + masinx);
V = ch 2 z(my + myshx);
V =sh 2 z(m; + mgychx);

A~ o~ N~~~ o~~~ —
0] (4
NN NED N I SN b NI
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(10) V =mjexpx + mqexp 2z;
(11) V =my +moz~2;
(12) V=m.

Here, m, my, mqy are arbitrary real parameters, mos # 0.

Note 1. Equation (1) with the potential V(z) = mexpz is transformed by the change
of variables [11]

x x
— exp§cht, t = expisht

into equation (1) with V(x) =m (i.e., into the Klein—-Gordon-Fock equation).
Note 2. Equations (1) with potentials 3, 4, 5 from (5) are transformed into equation (1)
with V(z) = ma~2 by the changes of variables [11]

o' =tg{+tgn, 1 =tgl—tgm,
' =th&+thny, t'=thé—thn,
2’ =cthé+thy, ¢ =cthé—thy.
Here, £ = (z +t)/2, n = (x —t)/2 are cone variables.

In virtue of the above remarks, Theorem 1 implies the following assertion:

Theorem 2. Provided that equation (1) admits a nontrivial SV, it is locally equi-
valent to one of the following equations:

(1) Ou+ mau=0;

(2) Ou+ma2u = 0;

(3) Ou+ cos™2x(my + masinx)u = 0;

(4) Ou+ch ?z(my + myshz) =0; ©)
(5) DOu+sh™2z(my +mgchz) =0;

(6) Ou+ e*(my + moe*)u = 0;

(7) Ou+ (mq +mex=2)u = 0;

(8) DOu+ mu=0.

Thus, there exist eight inequivalent types of equations of the form (1) that admit
a nontrivial SV.

[t is well known that there are eleven coordinate systems that provide separability
of the Klein-Gordon-Fock equation (O + m)u = 0 (see, e.g., [12]). This is why the
case V(z) = const is not considered here.

As is shown in Section 2, the general form of the solution of equations (6) with
separated variables is as follows:

u(t,z) = p1(wi(t, z))p2(wa(t, z)); (7)

here, ¢1(w1), @2(ws) are arbitrary solutions of the separated ordinary differential (6)
here, equations

Gi = A+ gi(wi))ps, =12, (3)

and the explicit form of the systems w;(t, z), g;(w;) is given below.
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Theorem 3. The equation Ou + mzu = 0 separated in two coordinate systems

(1) wi=t, wr=w g =0, go=mws;

(2) wi=(@+)"+ (-2 wy=(z+0)"? - (z-1)'/2, (9)
m m
g =—mwl, g2 =—uwp.

Theorem 4. The equation Ou + sin~? x(my + mocosx)u = 0 is separated in four
coordinate systems

(1) wi=t, we=x; ¢g1=0, go= sin 2 wa(my + ma coswy);
(2) { f } = arctg sh(w; + wa) £ arctgsh(wy — wa),
g1 = (m1+ma)sh™>wi, go=—(my —ma)ch™>w;

(3) { f } = arctgtn (w1 + wq) £ arctg tn (w; — wa)

2 2

w1 sn~ 2wy 4+ ma[sn2w; — dn’w; en2w ], (10)
2

g1 =mq dn2w1 cn”

g2 = mik* sn’ws enZwodn 2wy + maok?[cn?wsy dn~2wy — sn wal;

@) {f} — arctg ((g) Y ot w)) + arctg ((:) Y s — m)) ,

g1 =my [dn2w1 en—2wy + k? sn?wi] + mo[(k')? en 2wy + k2% cn?w],

g2 = my [dn2w2 en2wy + k? sn?ws] + ma[(k')? ecn 2wy + k2% cn?wy).

In formulas (10), k, k' = V1 — k2 are the moduli of the corresponding elliptic
Jacobi functions and k is an arbitrary constant satisfying the inequality 0 < k < 1.

Theorem 5. The equation Ou 4 ch™?z(m; + moshz)u = 0 is separated in four
coordinate systems

(1) wl—t wy =1z, g1 =0, go=-ch ?wy(my+mashws);

(2) _<( 1/2 n (w1 +w2)> FIn ((%)1/2 cen (wy — wz)) ;
k)2 (dn 2
(

g2 = ( "2 dn2w2) + Mg en 2wy (dn2wsy) ~2;

)

2 + mgcn 2w (dn2wq )™

1 1
(3) {zf} = —lnsha(wl + wy) £ Inch §(w1 — ws),

g1 = ch_le(ml —mashwi), g2 = ch_2w2(m1 — mashws);

1 1 11

(4) {f}:lntni(wl —|—w2):|:1ndn§(w1 + ws). (1)
g1 = —mik?sn?wi + k*ma snw; cnwy,
g2 = —m1k? sn?ws + k2ms snws cnws.

Here, k, k' =+/1—k? are the moduli of the corresponding elliptic functions, 0 < k < 1.
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Theorem 6. The equation Du + sh™2z(my + maochz)u = 0 is separated in eleven
coordinate systems

(1)
(2)

(10)

Here, k is the modulus of the corresponding elliptic functions, 0 < k < 1.

wi =t we==x, ¢ =0, go= sh_ng(ml + machws);
f } =—In %(wl +wsy)+1In %(wl — wa),

1= (my—ma)wi?,  ga = (my+ma)wy?;

{f } = —Insin %(wl + wy) + Insin %(wl — wy),

g1 = (my —mg)sin 2wy, go = (mq +my)sin~ 2 wy;

{f} = flnsh%(wl +uwe) F lnsh%(wl — wa),

g1 = sh™2w, (mq 4+ mochwy), g¢go = sh_2w2(m1 — machws);
{gtc } = —lnch%(wl +uw) F lnch%(wl — wa),

g1 = sh_2w1(m1 —machw), ¢2= sh_gwg(ml — machws);
{i } = lnth%(wl +ws) = lnth%(wl — wa),

g1 = ch?wi(ma —m1), g2 = —ch *wy(ma +my);

2 2

1 1
Tl Intg— (w1 +w2) £ Intg = (w1 — wa),

t 2 2
g1 =cos ?wi(my +ma), gz =cos ?wa(mg —ms);

{ i } = arthen (w1 + ws) + arthen (wy — ws),
2

g1 = (mq +ma) dn?w; en2w; + (my — ma)k? sn?wy,

g2 = (M1 — ma) dn?ws en2ws + (m1 + ma)k? sn?wy;

—

9;} = arthdn (w; + w2) + arthdn (w1 — wa),

g1 = (mq1 +ma)k

g2 = (m1 — ma)k? en’wq cn 2wy + (M + ma)k? sn?wy;
T

{

g1 = (mq +ma)sn2w; + (m1 — ma)k? sn?wy,

2 en2w; dn 2wy + (m — mo)k?sn?wy,

arthsn (w1 + wg) & arthsn (wy — we),

g2 = (mq + ma)k? cn’ws dn2wy + (mq — ma) dn’ws cn~2ws;
{;E} =—1Incn(wy; +w2) £ 1In en (wy — wo),
g1 = —m sn’2w1 — Mo CN W1 sn’zwl,

ga = —my sn’ng — Mo CN W2 sn’zwg.

(12)

Theorem 7. The equation Du + e”(my + mae®)u = 0 is separated in six coordinate

systems

(1)

wi=t wy=2x, g1=0, g2=e2(mg+moe?);
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(2) {x} = —Incos(w; + ws) F Incos(wy — wy),

t
g1 = —2mq cos 2wy — % cos 4wy,
go = —2mq cos 2wy — % cos 4wo;
(3) { f } = Insh (w1 + w2) £ Insh (w1 — wa),
g1 = —2mych2w; — %chzlwh
go = —2mych 2wy — %Ch A
(4) { f } = Inch(w + ws) £ Inch(w; — wa), 13)
g1 = —2mych 2w; — %chélwl,
g2 = —2mych2wy — %ch 4ws;
(5) { f } = Inch(w; + ws) + Insh(w; — ws),
g1 = —2mysh 2w, — %chélwl,
g2 = —2mysh 2wy — %ch dwy;

(6) { f } = In(wy + ws) + In(wy — ws),
g1 =2mq + ngwf, go =2m1 + ngwg.

Theorem 8. The equation Ou + (my + maoz~2)u = 0 separated in six coordinate
systems

(1) t, wo==x, g1 =0, go=my+mow;>;

(2) f } = exp(w1 + w2) £ exp(w1 — w2),

g1 =4miexp2wi, ga = mach *wy;
(3) {f} = sin(w; + wa) £ sin(w; — wa),
g1 = 2my cos 2wy + mg sin —2 w1, g2 = —2my cos 2wy + Mo cos 2 wy;
4 = sh(w; + wy) £ sh(w; —w
(@ {} 1 n) & h(wr —w2), "
g1 = 2mish2w; + maosh ™2 w1,
g2 = —2msh2wy — mgsh_ng;
(5) { f } = ch(wy + w2) + ch(wy — ws),

g1 = 2mich2w; — mgch_le, g = 2mich2wy — mgch_ng;

© {7} =rte s -,

g1 = —16m1w% + mgwa, g2 = —16m1w§ + mow, “.
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It was established in [13] that the Euler—Poisson-Darboux equation
Vit = Viw — 2V +m?272V =0

is separated in nine coordinate systems. Since the above equation is reduced to the
equation g — Uz, + (m? —1/4)x=2u = 0 by the change of dependent variable v(t,z) =
x~Y2u(t,x), equation (1) with V(z) = Az~2 is also separated in nine coordinate
systems.

[t has been understood not long ago [6, 14] that SV is intimately connected with
the symmetry properties of the equation under the study. Therefore, it is important
to investigate the symmetry of equation (1).

Clearly, equation (1) with an arbitrary V() is invariant under the two-dimensional
Lie algebra that has the basis elements @1 = J¢, @2 = ud,,. Below, we adduce without
a proof the assertion which gives a complete description of the potentials V(z) that
provide an extension of the symmetry algebra admitted by equation (1).

Theorem 9. Equation (1) admits additional symmetry operators (i.e., operators not
belonging to the algebra (0,ud,)) iff the potential V(x) is given by one of the
[ollowing formulas:

(1) V(z)=mexpux;

(2) V(x)=ma"2

(3) V(z) =msin" " x;
(4) V(z) =msh ?z;
(5) V(z) =mch ?z;

(6) V(z)=m, mecRY

with the additional symmetry operators having the form

Ga=ew{3-0} @ -0 Qi-en{-je+n}@ +a

(1)
(2) Q3 =10, +t0, Q4= (x2+12)0; + 2tx0,;

(3) Qs =sintcoszd; +sinxcostd,, Q4 = —costcosxzd; + sinxsintdy;
(4) Qs =shtchad; +shxchtd,, Q4 =chtchad,+ shtshzd,;

(5) Q3 =shxzchtd, +shtchzd,, Q4 =shtshzd;+ chtchad,;

) Q3=0:, Q4=10;+ 20,

This theorem is proved by the standard Lie method (see, e.g., [15, 16]).

Ut

(6

Corollary. If equation (1) admits additional symmetry operators, then it is locally
equivalent to one of the equations Ou + mu = 0 or Ou + mz~2u = 0.

Thus, separability of equations 1, 3-7 from (6) is not connected with their Lie
symmetry. To explain this fact one has to take into account the second-order (non-
Lie) symmetry operators of equation (1). This problem will be briefly discussed in the
last section.

3. Proof of Theorems 1-8. To prove the assertions listed in the previous section
one has to apply the above described procedure of SV to equation (1).

By substituting ansatz (2) into equation (1), expressing the functions ¢; in terms
of the functions ¢;, ¢;, with the help of equalities (3), and splitting the obtained
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equation with respect to independent variables ¢;, ¢;, we get the following system of
nonlinear partial differential equations:

1) ADw; + 2(Awn — Apwiz) + A4y (w1, A) (W, — wi,) =0, (15)
2) ADw; + 2(Away — Apwas) + Az (wa, A) (Wi, — wi,) =0, (16)
3) DA+ A[Bi (w1, N)(w], — wi,) + Ba(w? \) (w3, —w3,) + AV(2) =0,  (17)
4) wiwoy — Wigwa, = 0. (18)

Here, O = 02 — 92.

Thus, to separate variables in the linear differential equation (1) one has to con-
struct a general solution of system of nonlinear partial differential equations (15)-
(18). The same assertion holds true for a general linear differential equation, i.e., the
problem of SV is essentially nonlinear. This is the reason why, even for the classical
d’Alembert equation Oqu = uy — Agu = 0, there is no complete description of all
coordinate systems that provide its separability [6].

It is not difficult to become convinced of that from (18). Since the functions wy,
wq are real, we have

(w%t - w%x)(wgt - w%z) 7& 0. (19)

Differentiating equations (15), (16) with respect to A and using (19), we get A1) =
Agx = 0.

Consequently, the relation ByyB2y # 0 holds. Differentiating with respect to A we
have

Bia(wi, — wi,) + Baa(ws; — w3, ) =0

or Biy/Bax = —(w3, — w3,)/(w}, — w},). Diiferentiation of the above equality with
respect to A yields Byaan/Bix = Baxx/Bax. But the functions By = Bi(w;), Bs =
Bs(wq) are independent, whence it follows that there exists a function such that
Bi)\)\ = K()\)BM, 1= 172.

Integrating the above differential equation with respect to A, we get

Bi(wi) = A()\)fi(wi) + gi(wi), 1 =1,2,

where f;, g; are arbitrary smooth functions.
On redefining the parameter A — A()), we have

Bi(wi) = Afi(wi) + gi(wi), i=1,2, (20)

Substitution of (20) into (17) with a subsequent splitting with respect to A yields
the following equations:

OA + Algi(wi) (@i, — wip) + g2(w2) (W), —wi,) + V(2)A =0, (21

filwn) (WP, —wi,) + falws) (W5, — w3,) = 0. (22)
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Thus, system (15)-(18) is equivalent to the system of equations (15), (16), (20)-
(22). Before integrating it, we make a remark. It is evident that the structure of
ansatz (2) is not changed by the transformation

A — A = Ahq(w1)ha(w2),

wi_)w»ﬁ :Ri(wi)a i= 1723

(23)

where h;, R; are some smooth functions.

This is why solutions of the system under the study, connected by relations (23),
are considered as equivalent ones.

By a proper choice of the functions h;, we can put R;, f1 = fo =1and A; = Ay =
0 in equations (15), (16), (22).

Consequently, the functions wq, wy satisfy equations of the form

2 2 2 2
wiwer — wigw2e =0,  wiy —wi, +wy —ws, =0,

2 _
2=

w1 = f(&) +9(n), wa=f(&)—gn), (24)

where f,g C C?(R!,R!) are arbitrary functions, & = (x +1)/2, n = (x — t)/2.
Substitution of (24) into equations (15), (16) with A; = Ay = 0 yields the following
equations for a function A = A(¢,z): InA); =0, (InA), =0, whence A =1.
At last, substituting the obtained results into equation (21), we have

whence (w; + wp)? — (w1 & wq)2 = 0. Integrating the above equations, we get

V(@) = [01(f +9) — galf - g)]j—éj% (25)

Thus, the problem of integration of the overdetermined system of nonlinear diffe-
rential equations (15)—(18) is reduced to the integration of the functional-differential
equation (25).

Let us sum up the obtained results. The general form of the solution of equation (1)
with separated variables is as follows:

ur = o1(f(&) + 9m)p2(f(E) — 9(n)); (26)

here, @, are arbitrary solutions of equations (8) and the functions f(£), g(n), g1(f+9),
g2(f — g), V(z) are determined by (25).
To integrate equation (25) we make the hodograph transformation

§=P(f), n=R(), (27)

where P # 0, R # 0.
After making transformation (27), we get

91(f +9) = g2(f —g9) = P(f)R(9)V(P + R). (28)
Evidently, equation (28) is equivalent to the equation
(9 = FIP(HR(G)V(P+R) =0
or

(PPT'—RR YW +3(P-RV +(P?—R)V =0. (29)
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Thus, to integrate equation (25) it suffices to construct all functions P(f), R(g),

V(P + R) satisfying (29) and substitute them into equation (28).
Let us prove the following assertion.

Lemma. The general solution of equation (29), determined up to transforma-

tions (4), is given by the one of the following formulas:

(1) V =V(z)is an arbitrary function, P=a, R=a;
2) V=mz, P*=aP+p3, R’=aR+~;

(3) V=ma=2 P=F(f), R=G(y),
F2 = qFY 4 BF3 + yF2 + 6F + p,
G? = aG* — BG® + G2 — 6G + p;

(4) V=msin?z, P=arctgF(f), R=arctgG(g),
and F, G are determined by (31);
(5) V=msh %z, P=arthF(f), R=arthG(g)
and F, G are determined by (31);
(6) V =mch 2z, P=arcthF(f), R=arcthG(g)
and F, G are determined by (31);
(7) V=mexpu,
P2=qexp2P + fBexpP+v, R2=aexp2R+dexpR+ p;

(8) V =cos?x(my + mgsinx),
P2 = asin2P + Bcos2P +~, R2=asin2R+ fcos2R + ;
(9) V =ch 2z(mq + mgshz),
P? = ash2P + Bch 2P + 7, R? = ash2R — Bch 2R + 7;
(10) V= sh™2z(my + maochz),
P2 = ash2P + fch2P +~, R?= —ash2R+ fch2R +~;
(11) V = (my +moexpz)expu,
P=-P+8, R=-P+p;
(12) V =my +mox~?,
P?2=aP?+p3P+vy, R?=aR?-pBR+7,
(13) V =m,
P2=aP24 3P+~ R2=aR2+6R+p.

(30)

(31)

(32)

(33)

(34)

(35)

(36)

Here o, (3, 7, §, p, m1, ma, m are arbitrary real parameters; t = +n =P+ R.

Proof. Since the functions P, R in (29) are arbitrary, equation (29) is equivalent to

the following system of equations:

(HypprHy' = HoggHy )WV (H) +3(Hpp — Hyg)V(H)+ (H7 — Hg )V (H) = 0,(37)
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Hyy = 0; (38)

here, H = P(f) + R(g).
Taking differential consequences of equation (37), we have
Hysrp = HyppHypHp' 4 VV T (HyggHy " HY — AHpppHy) +
+VVL(3H,,H? — 5Hy H?) + V V™Y H2H? — H}),
Hggq9 = HgngggHg_1 + Vv_l(Hfffong2 - 4HgggHg) +
+VV =Y (3HH2 — 5HygH2) + V VY (H}H2 — H}).

(39)

For system (39) to be compatible, it is necessary that relations Hy¢rrg = Hyggg95 =
0 hold. Differentiating the first equation in (39) with respect to g and taking into
account relations (39), we get

(Hfffo_1 - HgggHgfl)(5V2V72 —4VVTh) + (Hys — Hgq) %

X (8VVV=2-5V V)4 (H? ~H)(VVV2—(VV~1))=0. %)

Since equation (40) is a necessary compatibility condition for a system (39), one
has to supplement the system under study (equations (37), (38)) by equation (40). To
investigate the system of equations (37), (38), (40) it is necessary to consider several
inequivalent cases.

Case I. Let V.= 0, V # 0. Then equalities H;; = Hy, = 2a, a = const hold.
Hence, we have

V=m(H+C)=m(z+C),
P(f)=af’+B, Rl(g)=ag’+v, B,7CR,
i.e., we obtain the potential listed in the lemma under number 2.

Case 2. Let V # 0 and let equation (40) be a consequence of equation (37). In this
case, the coefficients of V', V, V must be proportional

(5V2V=2 4VV-hH =@QVVV 2 -5y V- H3V) ! =
=QVVV 2y V-)y(V)-L

From the above equalities, we get a system of two ordinary differential equations
for a function V =V (H)

V=4vv—l —3v3y—2, (41)

V=2VVVTl—4vivl 45727V (42)

But equation (42) is the differential consequence of equation (41). The general
solution of equation (41), determined up to equivalence relations (4), is given by one
of the following formulas [17]:

Vi=mH 2 Vy=msin 2H,

-2 —2 (43)
Va=msh ™ “H, Vy=mch “H, Vs=mexpH;

i.e., we obtain potentials listed in the lemma under numbers 3-7.
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By substituting V = V4 = mH 2 into (37) and replacing H by P(f) + R(g), we
get
(P+R?*(PP*—RR™)—6(P+R)(P—R)+6(P*— R?* =0. (44)
By differentiating (44) with respect to f and g, we obtain
(P+ R)(hiP™' — haR™Y) = 2(hy — ho),

where hy = PP~! and hy = RR™!.
Differentiation of the above equation with respect to f and g yields the following
relation:

(M P~Y)y Pt = (hyR™Y) R (45)
Since the functions P(f), R(g) are independent, it follows from (45) that the

equalities
(M PY)y =12aP, (heR™') =12aR. (46)

hold, where « is an arbitrary real parameter.
Integration of equations (46) yields

P = aP*+ C P? + CyP? + C3P + Cy,
R? = aR*+ DR + DyR? + D3R + Dy,
where Ci,...,Cy4, D1,...,D4 are arbitrary real constants. Substituting the above

result into the initial equation (44), we get restrictions on the choice of arbitrary
constants

Ci=-Di1=p, Co=Dy=v, C3=-D3=46 Cy=Dy=p.

Thus, we have obtained the potential listed in the lemma under number 3.

[t is straightforward to verify that the equations obtained by the substitution of
functions V' = msin™2 H, V = mch™? with H = P(f) + R(g) into (37) are reduced
to equation (44) by the following changes of variables:

P — arctg P, R — arctg R,
P —arthP, R — arthR,
P — arcth P, R — arcth R;
i.e., the potentials listed in the lemma under numbers 4-6 are obtained.
Equation (1) with the potential V' = mexp H is reduced to the Klein—-Gordon-Fock
equation (see case 4 and Note 2 below).
Case 3. Let V # 0 and assume, in addition, that equation (41) does not hold.

In this case, we can exclude from equations (37), (40) the third derivatives of the
function H

Hff_Hgg+A(H)(H]2‘_Hgg):O» (47a)
where

A(H) = (V' =2V VV T —4V2V 4 5VV2V2)(V —4VVV ! 4 3V°7 %)~
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It follows from (47a)
Hypp = AHp(H? — Hj) —2HypHp A, Hygy = AHy(H7 — H}) — 2HygH, A,

(we have used equation (38)).
By taking the first differential consequence of the above equations with account of
equation (38), we get

2A(Hyy — Hyy) + A(H7 — H}) = 0. (48)

Clearly, equations (47a) and (48) are consistent iff the function A(H) satisfies the
following ordinary differential equation:

A=24A,
the general solution of which is given by one of the formulas (up to scaling H — CH).

A=C, A=tg(H+C), A=—th(H+0),
A=—cth(H+C), A=—-(H+C)"', CeR.

Next, we consider the above cases separately.
Case 3.1. A(H) = C, C # 0. In this case, equation (47a) takes the form

Psp— Ryg+ C(P; —R2) =0 (47b)
or
Ppy+CP} =Ryy+CR. =3, BeR.
Finally, we get
Pjy=—CP}+ B, Ryy=—-CR)+0. (49)

Differentiating the first equation with respect to f, the second equation with
respect to g, and subtracting, we get

PypsPpt = PoggPyt = —20(Pyy — Ryy). (50)
Substituting (49), (50) into equation (37), we come to the equation for V =V (H),
V —3CV +2C%*V =0
the general solution of which reads
V =myexpCH +mgexp2CH, mao,my C RL (51)

[t is not difficult to check that function (51) satisfies equation (47b) provided that
A(H) = C. Consequently, if the potential is given by formula (51) (after rescaling
H — CH, we can choose C = 1), then the functions P(f), R(g) are determined by
equations (35).

Case 3.2. A =tg(H + C). Multiplying equation (47) by ctg (H 4+ C) and differen-
tiating the obtained expression with respect to f and g, we arrive at the equation

(PrpsPpt = PyggPy ') — 2ctg (H 4+ C)(Pps — Rgg) = 0. (52)
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After excluding the function ctg (H + C) from (47) and (52), we get an equation
with separated variables

(Pff)“D]:1 - nggpg_l) + 2(P? - Rz) =0,
whence
PrspPrt +2PF =0, RggeR)' + 2R, = 6. (53)

In (53), 6 is an arbitrary real constant.
Substitution of formulas (52), (53) into equation (37) gives the equation for V =
V(H),

V —3tg(H+C)V -2V =0
the general solution of which has the form [17]
V = cos 2(H + C)[my + mysin(H + C)]. (54)

As a direct check shows, the function V(H) (54) satisfies equation (47b) with
A=tg(H+C).
Integrating equations (53), we get

P? = Cysin2P + Cycos2P v, PJ = Dysin2R+ Dy cos2R + 7, (55)

where C;, D;, and + are arbitrary real constants.

Substitution of (55) into (47) with A = tg (H 4 C) yields the following restrictions
on the choice of the constants C;, D;: C1 = D1 = «, Co = Dy = (5.

Thus, provided that the function V' (H) is given by (44), the functions P(f), R(g)
are determined by equations (32).

Case 3.3. A= —th(H + C). In this case, one can obtain the following differential
consequence of equation (47):

PfffPJ:1_PgngPg_1 :2Cth(P+R+C)(Pff_Rgg)~ (56)
Excluding the function ctg (H 4+ C) from equations (47), (56), we get the equation
Pfffpf_1 - ngng* = Q(PJ% - RE),
whence
PyppPrt —2PF =0, RgggR;' — 2R, = 0. (57)

In (57), 6 is an arbitrary real constant.
Integration of equations (57) gives

P{ =Cysh2P+Cych2P +~, R, =Dish2R+ Dych2R+7, (58)

where C;, D;, and v are arbitrary real constants.
Substituting expressions (56), (57) into (37), we obtain an equation for V(H),

V +3th(H +C)V +2V =0,
the general solution of which has the form [17]

V =ch™?(H + C)(my + mash(H + C)), m,; € R (59)
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It is not difficult to become convinced of the fact that function (59) satisfies
equation (47b) with A = —th (H + C).

At last, substituting (57) and (58) into (47), we get Cy = Dy = a, Cy = —Dy = (3.
Consequently, if the potential V/(H) is given by formula (59), then functions P(f)
and R(g) are determined by equations (33).

Case 3.4. A= —cth (H + (). In this case, one can obtain the following differential
consequence of equation (47):

PrppPrt = RyggRy' = 2th (P + R+ C)(Pyy — Ryy). (60)
Using equations (37), (47), and (60), we get an equation for V(H),
V +3cth(H + )V +2V =0,
the general solution of which has the form [17]
V =sh™*(H + C)(my +mach(H +C)), m; € R (61)

By direct computation, one can check that function (61) satisfies equation (47b)
with A = —cth (H + C).

Next, by eliminating the function th (H 4 C) from equations (47) and (60), we get
an equation with separated variables

Pfffpf—1 — PyggPyt = 2PF + 2R} =0,
whence
PfffP;1 —2P} =0, RgyR,' —2R. =0.

Here, 0 is an arbitrary real constant.

Integration of the above ordinary differential equations shows that the functions
P(f) and R(g) are determined by equations (58), where C;, D;, and v are arbitrary
real constants. Substituting (58) into equation (47), we have the following restrictions
on the choice of C;, D;:

C’1:—D1:a, 02:D2:5.

Thus, if the function V(H) is given by (61), then functions P(f) and R(g) are
determined by equations (34).

Case 3.5. A= —(H + C)~!. In this case, it follows from (47a) that the equality
PfffPJ:l = RgggR, " holds. Hence, we get equations for P(f), R(g),

Pryp = GPf, Rggq = ‘gRg (62)

with arbitrary § € R'. Moreover, the equation for V' (H) has the form V+3(H+C)V =
0, whence

V:m1+m2(H+C)_2, m; ERl. (63)

It is not difficult to check that function (63) satisfies (47b) with A = —(H +C)~ .
Integration of equations (62) yields the following result:

P} =aP?+C\P+Cy,  Rj=aR’+ DiR+ Dy, (64)

here «, C;, and D; are arbitrary real constants.
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Next, substituting (64) into (47), we get C1 = —Dy =3, Cy = Dy = 7.

Thus, if the potential V' is given by (63), then the functions P(f), R(g) are
determined by equations (36).

Case 4. V(H) = m = const. In this case, equation (37) reads PfffPfl =

RyggR, "', whence
Pryy=0Ps,  Rggg = 0Ry, (65)

where 6 € R! is an arbitrary constant.

Integrating (65), we get equations listed in the lemma under number 13.

Case 5. V(H) is an arbitrary function. In this case, the coefficients of V, V, V
in (37) must vanish. Consequently, the relations

-1 _
HypsH;' = HyggH, ', Hyy=Hysp, Hj=H,

hold. Hence, we have Hy = o, Hy =, a € R!. The lemma is proved.

Theorems 1, 2 are direct consequences of the above lemma. To prove Theorems
3-8, one has to integrate ordinary differential equations (30), (32)-(36) and substitute
the obtained expressions into (27),

%u+ﬂ=ﬂﬁEP<M;w>,lw—ﬂZR@ER<M;M>v

and (28).

Integration of equations (30), (32)-(36) is carried out in a standard way [17, 18],
the obtained result depends essentially on relations between parameters «, 3, 7, 9, p.
This procedure demands very cumbersome computations; this is why we omit details.

With the above remarks, the proof of Theorems 1-8 is completed.

4. Discussion. Let us say a few words about intrinsic characterization of SV in
equation (1). It is well known that the solution of a second-order partial differential
equation with separated variables is a joint eigenfunction of mutually commuting
second-order symmetry operators of the equation under study (for more details, see [6,
10, 14]). Below we construct, in an explicit form, a second-order symmetry operator
of equation (1) such that the solution with separated variables is its eigenfunction and
the parameter X is an eigenvalue.

Making the change of variables (24) in equation (1), we get

Uiy — gy = V(E+0)(F(€)d(n) u. (66)

Provided that equation (1) admits SV, by virtue of equation (25), there exist
functions g1 (f + ¢) and g2(f — g) such that

VE+n(F©am) ™ = ai1(f +9) — g2(f — 9).
Since f 4 g =w; and f — g = ws, equation (66) takes the form
Usoywr — Uwaws = (91(w1) — g2(w2))u
or

Xu=0 X-= 831 - 832 —g1(w1) + g2(w2).



Separation of variables in the two-dimensional wave equation with potential 307

It is evident that the operators @; = 83 — gi(w;), i = 1,2, commute with the
operator X, i.e., they are symmetry operators of equation (1) and, moreover, the
relations

Qiu = Qip1(w1)p2(w2) = Ap1(wi)p2(w2) = Au, i=1,2

hold.

Thus, each solution of equation (1) with separated variables is an eigenfunction of
some second-order symmetry operator admitted by equation (1).

Now, let us turn to partial differential equations related to equation (1). First, we
consider the wave equation

Ou + U(y5 — yi)u = 0. (67)

It occurs [11] that equation (67) is reduced to the form (1) by the change of
variables

1 1
t = exp <§y1) chyo, ¢ =exp (5111) shyo

and, moreover, the potentials V' (7), U(7) are connected by the relation

1

T ar

U(r) V(7). (68)

Consequently, to obtain all potentials U(y3 — y?) such that equation (67) ad-
mits a nontrivial SV, one has to substitute potentials V() listed in Theorem 2 into
formula (68). The solution with separated variables has the form (7), where

y1+yo = exp{P((w1 +w2)/2)}, 1 —yo = exp{R((w1 — w2)/2)}.

The explicit form of the functions P and R is given in Theorems 3-8.
Another related equation is the following equation of hyperbolic type

Veozg — Vzia, 62(1'1) = 07 (69)

which is widely used in various areas of mathematical physics (see, e.g. [19] and
references therein).
Equation (69) is reduced to the form (1) by the change of variables

u(t,z) = [e(x1)] V2 0(xo, 21) ¢ = x0, x:/[c(zl)rldxl,

and, moreover,

V(z) = —03/2(951)(01/2(1;1))"‘z:f dzy (70)

c(z1)

Thus, to describe all functions c¢(x;) that provide separability of equation (69),
it suffices to integrate the ordinary differential equation (70). Let us show how to
reduce the nonlinear equation (70) to a linear one.

On making in (70) the change of the variable

c(z1) = (y(a1)) 7,
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we get
s 3 .
V=) + 2V ()i

The above equation with the change of the variable § = 2%(y) is reduced to the
form

zyy — V(y)z = 0. (71)
So, the general solution of the nonlinear equation (70) is given by the formula

c(z1) = 27 (y(21)), (72)

where z(y) is a general solution of the linear differential equation (71) and the function
y(z1) is determined by the quadrature

y(z1)
/ 2 3(r)dr =2, +C, C€R. (73)

Consequently, the problem of description of all functions ¢(z) such that equa-
tion (69) admits a nontrivial SV is reduced to the integration of the linear ordinary
differential equation (71), where V' is given by (6). Solutions with separated variables
have the form

v = /c(x1)pr(wi(zo, 21))p2(wa (o, 21)),

where the functions w;, are determined by the equalities

o [ ) (252). o[ ) -n(52),

and the explicit form of P and R is given in Theorems 3-8.

Let us also note that, by using the corollary of Theorem 9 and formulas (71)-(73),
it is not difficult to obtain the results of Bluman and Kumei [19]. In that paper, they
have pointed out all the functions c¢(x;) that provide the extension of the symmetry
group admitted by equation (69).

The third related equation is the nonlinear wave equation

Uy — [ 2(U)U,). = 0. (74)

By substitution U =V, equation (74) is reduced to the form
Vit — ¢ 2 (Vi) Vaw = 0.
Applying the Legendre transformation
ro=Vy, T1=Va, Uy, =1, vy, =z, v+V=tVi+2V,,

we get equation (69). Consequently, the method of SV in the linear equation (1) makes
it possible to construct exact solutions of the nonlinear wave equation (74).

In conclusion, we suggest a possible generalization of the definition of SV in order
to take into consideration nonlinear partial differential equations,

U(x,u,gi,g,...,%):o, (75)
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where z = (xg,%1,...,%,—1) and the symbol u denotes the collection of k-th order

derivatives of the function u(x).
When speaking about a solution of equation (75) with separated variables w; =
wi(z,u), i = 1,n, we mean the ansatz

F(x7u7%01(w1)7"'730n(wn)) :Ov (76)
which reduces equation (75) to n ordinary differential equations
gpz(N) :fl(w17<p17§0177(p§]\]—1)ax) (77)
In the above formulas, w; € CN(R**+1 R!), f; are some sufficiently smooth func-
tions, and A = (A1,...,A,—1) are real parameters.

We say that equation (75) admits SV in the coordinates w;(z,u), i = 1,n, if the
substitution of ansatz (76) into (75) with subsequent elimination of the N-th order
(M) i = T,n, yields an identity with respect to the variables @;, ¢, ...,

derivatives ¢,
@ENﬁl), i=1,n, X (considered as independent ones).

An application of the above approach to SV in nonlinear equations will be the topic
of our future publications.

Here, we present without derivation some results on separation of variables in
a two-dimensional nonlinear wave equation obtained with the use of the above descri-
bed approach.

We have succeeded in separating variables in the following PDE:

—_

) Oou = Ai(chu + (sh2u) arctge™) + Ag sh 2u;
) Oou = Ajet + Age 24
)
)

w N

Oou = Aq(shu — (sh2u) arctg e*) + A2 sh 2u;

=~

Oou = Mg (2 sinu + (sin 2u) In tg %) + Ao sin 2u;
5) Oou = AMu+ Aulnu,

where A1 and A, are arbitrary constants.
Below, we adduce ansatzes for u(z) which provide a separation of equations 1-5
and corresponding reduced ordinary differential equations.

1) u(z) = Intg(p1(xo) + p2(21)),
P2 = Ccosdpy + Apy + By, ¢3 = Ccosdps — Apy + Bo,
where C, A, By and B, are arbitrary constants satisfying the relations A = A\;/2,
By — By = \y/2;
2) u(z) =In(p1(zo) + p2(21)),
@1 = 2408 + Bl + Cp1 + Dy, @3 = —2A03 + By — Cpa + Dy,
where A, B, C, Dy and D, are arbitrary constants satisfying relations A = Ay,

Dy — Dy = X2/2;

3) u(z) =In th(p1(xo) + w2(71)),
Sb% = Cchdp; + Ay + By, Sb% = C'ch4yy — Aps + By,
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where C, A, By and By are arbitrary constants satisfying the relations A = A\1/2,
Bl — BQ = )\2/2;

4)  wu(x) = 2arctgexp(p1(zo) + p2(x1)),
(p% = Csh2p; + 2A<,01 + 2B, Lp% = Csh 2¢9 — 2Aps + 2Bo,

where C, A, By, and Bs are arbitrary constants satisfying the relations A = Ay,
By — By = \g;

5) u(w) = exp(p1(zo) + p2(71)),
@3 = Cre72%1 + Apy + By, ¢35 = Cae™ 292 — Apy + Bo,

where Cy, Co, A, By, and B are arbitrary constants satisfying the relations A = Ay,
Bi — By = Xy — \1.
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