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1. Introduction

The study of differential equations on manifolds is the corner stone of the Geometric Analysis. For
this purpose various methods have been applied: fixed point theorems, continuity method, maximum
principles, a priori estimates, Schauder theory, etc. However it seems that it is little known how the
symmetries of the considered equation (or system) and the geometry of the manifold are related. (By
a ‘symmetry’ we understand a Lie point symmetry [9,10,27,35-37].)
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Let M" be a (pseudo) Riemannian manifold of dimension n > 3 endowed with a (pseudo) Rieman-
nian metric g = (g;;) given in local coordinates {x',...,x"}. In this paper we shall study the Lie point
symmetries of the Poisson equation on M":

Agu+ f(u)=0, (1)
where
1 9 i ou . . .
- 177 )\ Glivv.y = ViV — V. Vi
Agu_ \/gaxi <\/§g 8X])_g VIVJU—V V]u_Vqu

is the Laplace-Beltrami operator, f is a smooth function, (g') is the inverse matrix of (gij), Vi is
the covariant derivative corresponding to the Levi-Civita connection and we have used the Einstein
summation convention, that is, summation from 1 to n over repeated indices is understood.

Eq. (1) can be equivalently written as

H=glu;j — I'uj + f(u) =0, 2)

where I'':= gPi[}},, I'; being the Christoffel symbols, u; = 2% u;; = %
We observe that Eq. (1) includes elliptic and hyperbolic equations, depending on whether (M", g)
is a Riemannian or a pseudo Riemannian manifold. Such equations appear in various geometric and

mathematical physics contexts which we shall not going into here. We merely mention the Poisson

equations in R", in particular those involving critical exponents, taking in (1) f(u) = u% and the
Euclidean metric; the Klein-Gordon equation, taking in (1) the metric ds? = —dt? + dx® + dy? + dz2
and f(u) = u; the semilinear wave equations in R'*", with f”(u) # 0 and the metric ds* =
—dt? + 8ij dx'dxi in (1); and the Klein-Gordon equation on the S? sphere. These particular equa-
tions have been studied in [27,35,6,7,24,43,5,22,25,39]. The interested reader may also consult the
book [27] of Ibragimov, where various aspects of symmetry analysis of differential equations on man-
ifolds are presented. We would also like to mention the paper by Ratto and Rigoli [38] in which these
authors obtain gradient bounds and Liouville type theorems for the Poisson equation (1) on complete
Riemannian manifolds.

The purpose of this paper is three-fold. First we shall obtain a complete group classification for
the semilinear Poisson equations (1) by applying the S. Lie symmetry theory. Then we shall study the
Noether symmetries of (1). (Noether symmetry = variational or divergence symmetry.) The latter will
be used to establish the corresponding conservation laws via the Noether’s theorem.

Since we suppose that the reader is familiar with the basic notions and methods of contemporary
group analysis [9,10,27,35-37], we shall not present preliminaries concerning Lie point symmetries of
differential equations. For a geometric viewpoint of Lie point symmetries, see [34,31]. We would just
like to recall that, following Olver [35, p. 182], to perform a group classification on a differential equa-
tion involving a generic function f consists of finding the Lie point symmetries of the given equation
with arbitrary f, and, then, to determine all possible particular forms of f for which the symmetry
group can be enlarged. Usually there exists a geometrical or physical motivation for considering such
specific cases.

Our first result is the following group classification theorem.

Theorem 1. 1.) The Lie point symmetry group of the Poisson equation (1) with an arbitrary f(u) coincides
with the isometry group of M™. In this case the infinitesimal generator is given by

X=§ =50 (3)
X

where
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L:gij=0

and L is the Lie derivative with respect to the vector filed &.
For some special choices of the function f (u) it can be extended in the cases listed below.
2.)If f (u) = 0 then the symmetries have the form

: ad 2—n ad
X=8'@—=+|| ——H1®+c|ut+bl|—, (4)
ax! 4 ou
where c is an arbitrary constant,

Agb=0, (5)
Agit=0 (6)

and € = £1(x) % is a conformal Killing vector field such that

Legij = U&ij- (7)

3.) In the case f(u) =k = const. # 0 the symmetries are generated by

i a n—-2/(1 ]
X=£'x— —— | = (Agh) — b —, 8
F® +[n+2<k( gb) C>u+ (x)]au (8)
where c is an arbitrary constant,

2p
Agb—O,

and € = £1(x) % is a conformal Killing vector field such that

Legim —2 (- Yab)g: 9)
85 = ) \O T el )

4.) If the function f is a linear function: f(u) = u, then the symmetry generator is given by (4) with
& = &%) satisfying (7),

Agb+b=0, (10)
2—n
TAgu—i—u:O. (11)
5.) For exponential nonlinearity f(u) = e" we have the generator

d 3
Mo (12)

X=£&®) o

where w is a constant and £ = £ (x) % is a homothety such that

Legij = L&ij, M = const. (13)
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6.) For power nonlinearity f(u) =uP, p #0, p # 1, the Lie point symmetry group is generated by

i a w a
X=£'®—+—u—, 14
S(X)ax'—i_l—puau (14)

where w is a constant and the vector field & = £1(x) & is a homothety such that

Legij = &ij, M = const. (15)
6.1) Ifp= % n # 6, the infinitesimal generator of the Lie point symmetries has the form
; 9 2—n 0

X=E(X)— + ——uu—, 16
E Qg+ Mg (16)

where  is a harmonic function on M™:
Agit =0 (17)

and

Legij = 1Gij- (18)

6.2) If p =2 and n = 6, the symmetry group is determined by

X—g"x)i+<— x)u—i—lA )i (19)
=5 Wi POU+ S Aght )5

where  is a biharmonic function on M":
2.,
Az =0 (20)
and € = £ (x) % is a conformal Killing vector field such that

Le gij = L8ij- (21)

It is clear that the projection of the Lie point symmetries listed in Theorem 1 on the space of inde-
pendent variables are, in fact, special conformal Killing vector fields generating some subgroups of the
conformal group of (M", g), which we shall call special conformal groups generated by symmetries.

Theorem 1 applied to the situations studied in [43,5,23,39] immediately gives the results on group
classification, obtained in these works, for semilinear Poisson and wave equations. In this way the
projection on the space of independent variables of the symmetry group of the critical Klein—-Gordon
equation in R!*"

U — Au= u(n+3)/(n—1)

is the conformal group of R1*",
In [5] the wave equation on the sphere S2

1
U = Uyy + (COtX) Uy + ———Uyy
sin“x
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has been studied using the standard Lie approach. In [22] one of us, using the results of the present
paper, generalized [5] for the semilinear wave equation on the sphere S?:

1
Upt = Uy + (COLX)Ux + ———Uyy + f ).
sin“x

Corollary 1. Let (M", g) be a compact manifold without boundary. Then the Lie point symmetry group of (1)
with an arbitrary f(u) coincides with the isometry group Isom(M", g).
If f(u) = 0 the symmetry group is generated by

B
X=&+ (cu+b)—,
au

where £ is a Killing vector field (that is L¢ gjj = 0), c and b—arbitrary constants.
If f (u) = u, then the symmetry generator has the form

X:E—}-(cu—i—b(x))%,

where & is a Killing vector field, fM b(x)dV =0, Agb +b =0 and c is an arbitrary constant.

By the results in [48] one can easily obtain the following estimates on the dimension of the sym-
metry Lie algebras:

Corollary 2. Let G be a Lie algebra generated by the symmetries of the nonlinear Poisson equation on (M", g).
Then, the dimension of G with an arbitrary f(u) does not exceed "(”Z—H) and the equality holds if and only if
the sectional curvature of (M", g) is constant.

For some special choices of the function f (u) the dimension of & can be enlarged.

1 If f(u) =k, k = const. or f(u) =u, then dim(&) = oo and all finite dimensional subalgebras possess
dimension less than W + 1 and the equality holds if and only if (M", g) is a flat manifold.

2. If f(u)=e"or f(u) =uP,withp(p—1)(p— %) #0, thendim(&) < w +1 and the equality holds
ifand only if (M", g) is Euclidean. In particular, if p and e denote the symmetry Lie algebras corresponding

to the cases of power and exponential nonlinearity, then p = e, for any manifold (M", g).
n+2
3.Iffw)= uﬁ, then dim(6) < W and the equality holds if and only if (M", g) is a flat manifold.

In order not to loose the generality we have not made specific assumptions on the manifold M"
except n > 3. (The case n =2 will be treated elsewhere. Some partial results can be found in [16].)
Rather we provide a scheme which can be followed and specialized for any concrete manifold, for
which one should extract further information using its geometrical properties.

Another related point to be emphasized concerns the integrability conditions for L¢ gij = ngi; with
=0 (isometry), u = const. (homothety) or ® = u(x) corresponding to a general conformal transfor-
mation (‘conformal motion’). These conditions are in terms of the Riemannian curvature tensor and
have been thoroughly studied in 1950s-1960s. See for instance [48,40] and the references therein.
Although we shall not explicitly state the integrability conditions corresponding to the cases of Theo-
rem 1, we shall suppose that such conditions hold. (Otherwise the symmetry determining equations
might define the set {0}. The latter, of course, may occur for certain manifolds. This simply means that
there are no nontrivial Lie point symmetries of the Poisson equation (1) on such manifolds.) Moreover,
the number of the integrability conditions is undetermined for a generic manifold. This would create
another considerable difficulty in treating the group classification problem in such a general setting.
For this reason we have presented in Theorem 1 just the relations determining the symmetry groups
as special conformal groups, without entering in differential-geometrical details regarding M" like,
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e.g., positivity, negativity, vanishing or boundedness of its scalar, sectional or Ricci curvatures as well
as of the respective consequences. For a variety of such results see [49] and the references therein.

Our next purpose in this paper is to find out which of the above symmetries are variational or
divergence symmetries.

Theorem 2. 1.) For an arbitrary f(u) any symmetry of (1) is a variational symmetry, that is, the isometry
group of (M", g) and the variational symmetry group of (1) coincide.

2.) In the exponential case f(u) =e" the only variational symmetries are the isometries of (M", g).

3.) In the power case f(u) =uP, p #0, p # 1, the symmetry (14) is variational if and only if

n+2
p= , (22)
n—2

that is, p + 1 equals to the critical Sobolev exponent.

3.1) If p = 2 n £ 6, then the symmetry generated by (16) is a divergence symmetry.

n-2’

3.2) If p =2 and n = 6, then the symmetry generated by (19) is a divergence symmetry.
4.) In the linear cases we have:

41) If f(u) = 0, the symmetry (4) is a Noether symmetry if and only if c = 0.
4.2) If f(u) =k, k # 0, the symmetry (8) is a Noether symmetry if and only if b = c = 0.
4.3) If f (u) = u, the symmetry (4) is a Noether symmetry if and only if c = 0.

From case 4.2) we conclude that the Noether symmetry group for the nonhomogeneous case
f(u) =k coincides with the isometry group of (M", g). Also from case 4.3), if c =0 in (4), then,
except the term b% in (4), the Noether symmetry group of the homogeneous case coincides with the
symmetry group of the critical case (16).

We would also like to observe that in the critical cases 3.1) and 3.2) of Theorem 2 all Lie point
symmetries are Noether symmetries. The general property stating that a Lie point symmetry of an
equation (or system) is a Noether symmetry if and only if the equation parameters assume criti-
cal values has been established and discussed in [12]. Recall that, as it is well known, the so-called
critical exponent is found as the critical power for embedding theorems of Sobolev type. It is also
related to some numbers dividing the existence and nonexistence cases for the solutions of differen-
tial equations, in particular semilinear differential equations with power nonlinearities involving the
Laplace operator. The above mentioned property traces a connection between these two notions: the
Noether symmetries and the ‘criticality’ of the equation. It relates two important theorems, namely,
the Sobolev theorem and the Noether theorem. Theorem 2 shows that this property holds also in the
context of Riemannian manifolds. In fact, this is another motivation to write the present paper. In this
regard, we can see that the widest symmetry group admitted by the Poisson equation may be the full
conformal group of M". Namely:

Corollary 3. If the scalar curvature of (M", g), n > 3, vanishes, then the widest symmetry group admitted by
the Poisson equation (1) is achieved for the critical equation

Agli+ y /=2 _
In this case it coincides with the conformal group of (M", g).

The latter equation and its invariant properties have been studied in [27].
We remark that if the manifold is flat, then the symmetry group of the nonlinear cases is maximal
in the critical case.
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Now we shall state the conservation laws corresponding to the found Noether symmetries. Before
doing this it is worth mentioning that there are powerful modern methods to obtain conservation
laws due to George Bluman et al. [2-4,1,28-30,33,47]. We believe that these methods can be very
useful in the study of various differential geometric problems. However, we have chosen here the
classical approach since we have at our disposal explicit formulae for the potentials ensured by the
Noether’s theorem (see Sections 8 and 9), whose determination is usually the major difficulty. Thus it
is immediate, simple and natural to apply the classical approach.

Corollary 4. The conservation laws corresponding to the Noether symmetries of Eq. (1) are classified as follows:

1. If f (u) is an arbitrary function, then the conservation law is D; A’ = 0, where
k 1 ik kj k
A" =8| 586" — g7¢" Juiuj — VEETF (W), (23)

and X = &! ﬁ is a Killing vector field on (M", g).
2. If f(u) =0, then the conservation law is D; Al = 0, where

1 .. . 2—-n . 1 .
Ak = ﬁ(ig’fs" - g“sl)uiu i+ Tﬁg"f <M”uj - iuﬂﬂ) +vgg (bu; —bju), (24)

and &, b w satisfy (5), (6), (7).
3. If f(u) =k, k = const., then the conservation law is given by Eq. (24) with b = 0.
4. If f(u) = u, then the conservation law is D;A' = 0, where

1 .. . 2-n ) 1
Al = «/E(Eg”s" - g"’él>uiu1 + = veg" (/wuf' - Ewuz)
; 1
+ V&g bu; —bju) — & /gu? (25)

and &, b w satisfy (7), (10), (11).
n+2 .
5 Ifn#6and f(u) = uﬁ, then the conservation law is D;A' = 0, where

1 .. .. 2—n o
A= \/E(zg”s" - g"fé‘)uiuj + VB Ui
2—n i 1
+ =g <Muu i= 5u1u2>, (26)

and &, w satisfy (17), (18). ‘
6. Ifn=6and f(u) = u?, then the conservation law is D; Al = 0, where

1 .. o 1
Al = \/§<§g”5k - gk]%")uiuj - §x/§5ku3
T1
+ /ggh [E(Agﬂuj + pju?) — (puuj + (Agﬂ)]’u)] (27)

and &, u satisfy (20), (21).
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For some applications of symmetries and conservation laws see [10,13,15,27,22].

We observe that in [26,27] Ibragimov has established the fact that the projection of the Lie sym-
metry group on the space of independent variables is a sub-group of the conformal group of the
considered manifold. For this purpose he has obtained the symmetry determining Eqgs. (50)-(52) (see
below and [27]). However, a complete group classification, up to the authors’ knowledge, as carried
out in Theorem 1 without restrictions on the curvature, is new. Moreover, the study of Noether’s
symmetries (Theorem 2) and corresponding to them conservation laws is also original. In this way
our results complement Ibragimov’s ones. We hope that they give useful insights. In fact, the results
on conformally invariant equations established in [27] are our main motivation to write the present
work.

This paper is organized as follows. Section 2 includes the geometric preliminaries and introduces
notations and conventions used in this paper. Further, the determining equations for the symme-
try coefficients are obtained in Section 3. The connections between isometry groups and symmetry
groups are established in Section 4. The group classification for the linear cases is obtained in Sec-
tion 5 and for the nonlinear cases in Sections 6 and 7. The proof of Corollary 1 concerning the Lie
point symmetries in the case of compact manifolds without boundary is presented in Section 8. The
Noether symmetries are found in Sections 9 and 10. In order to illustrate the main results, some
examples are presented in Section 11 in which we perform the group classification and establish
the Noether symmetries and their respective conservation laws for the nonlinear Poisson equations
in the Thurston geometries, namely: R3, the three-dimensional hyperbolic space H?>, the sphere S3,
the three-dimensional solvable group Sol, the product spaces S? x R, H? x R, the universal covering
of SL,(R) and the three-dimensional Heisenberg group.

2. Preliminaries

In this section we introduce notation. We also state some results which will be used later.
The Riemann tensor of (M", g) is given by

i » i i i
leks = F]lk,s - Fjls,k + ﬂérjk - I—‘I’LI—‘]S' (28)

The Ricci tensor
Ris = g/ Rl js (29)

and its trace R := RY; is the scalar curvature of M.
For any contravariant vector field T = (T") the following commutation relation holds

(VikVi = VIVi)T' = —R'gy T°. (30)
See [21].

We observe that the Riemann and Ricci tensors used in this paper coincide with those in Yano's
book [48] and in Dubrovin, Fomenko and Novikov’s book [21]; they are negatives of the respective
tensors used by Ibragimov in [27].

We shall need some auxiliary results which are presented in a sequence of lemmas.

Lemma 1. If & is a conformal Killing vector field satisfying
Vil + VI = g, (31)

then the covariant divergence

div(E) = V;&) = gW (32)
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Proof. Just take the trace in (31). O

Lemma 2. If ¢ is a conformal Killing vector field (see Eq. (31)) then
. L 2—-n ..
Agt'+ Ry = gy, (33)
Proof. Applying the covariant derivative operator V; to equality (31) and summing up we obtain
ViVigl 4 Aget =gl (34)
On the other hand, from (30) it follows that
ViVigl - Vivel = RigS
and hence
V;Vigl = Vidiv(g) 4+ R's&°. (35)
Then (32), (34) and (35) imply the relation (33). O
Lemma 3. (See Yano [48].) If & is a conformal vector field such that
Legij = 18ij (36)
then
1

The next two lemmas concern the form of the semilinear Poisson equation (1) and its variational
structure,

Lemma 4. The Poisson equation (1) can be written in the equivalent form (2).

Proof. This can be seen by performing explicitly the partial differentiations in the Laplace-Beltrami
operator and using the formula

(\/ggik)’k = _gpqrgq\/g- o (38)

Lemma 5. The Poisson equation (1) has a variational structure and it is (formally) the Euler-Lagrange equation
of a functional f,, L dx, where the Lagrangian

L_ Y8

o gluin - Fa Vg, (39)

and F'(u) = f(u).
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Proof. First we apply to L the Euler operator

d d
E=_——Dy—,
u Uy
where
Dy = i +u i +u 0 +
k = 3Xk k u ks FIT

is the total derivative operator. Then, after simplifying, Eq. (1) is obtained. O

3. The determining equations

In this section we shall obtain the set of linear partial differential equations determining the Lie
point symmetries of the Poisson equation (1).
To begin with, let

X—Ei(x u)i+ (x u)i
—s Wl T Way

be a partial differential operator on M" x R which is infinitesimal generator of such a symmetry. Let
XM be the first-order prolongation of X. (See [9,10,27,35,37] for the corresponding definitions.) First
we shall simplify the form of X.

Proposition 1. If n > 2, then the infinitesimals of the symmetry X take the form

{ £ =£),
n=ax)u+b(x),

where a = a(x) and b = b(x) are smooth functions.
Proof. This proposition follows from two theorems of Bluman [8,10]. O

The following intermediate result, up to notation, is the same as in Ibragimov’s book [27, pp. 114-
115].

Proposition 2. (See Ibragimov [27].) The infinitesimals of the Lie point symmetries of Eq. (1) satisfy the rela-

tions:
g4l — g™e) ) — gy +agl =g, (41)
2gla; — gel 4+ Mgl - 1l el —ari=—art, (42)
(Aga)u + (au +b) f'(u) + Agh = 1f (u), (43)

where A = A(x) and I'' := gquliq.

Proof. This proposition follows from Proposition 1 and the definition of Lie point symmetry. 0O
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Proposition 3. Let & = &! % Then the determining equations can be written in the following equivalent form:

Vi&j + V& = Le gij = 18ij, (44)
2gYa; — (Ag&" + R'jE7) =0, (45)
auf’(u) + bf'(u) — Af (u) + (Aga)u + Agh =0, (46)

where i :=a — A and Ri,- is the Ricci tensor of g.

Corollary 5. The relation (45) is equivalent to

4= — =i (47)
which, itself, is equivalent to
2
Ai= nt aj. (48)
n—2
Thus, the determining equations are (44), (47) and
2—n
auf' () +bf' @) + (u = a) f (W) + — = (Agi)u + Agh = 0. (49)
Corollary 6. The determining equations are:
Vi&j + Vjéi = Le gij = 18ij, (50)
2—n
i = — — i, (51)
, n—2 i
auf’(u) +bf' )+ (u —a) f(u) + m[s‘R,i + uR]u+ Agh=0. (52)

The statement of Corollary 6 is explicitly announced in [27, pp. 115-116], without a detailed proof.
For the sake of clearness and completeness we have decided to present here the corresponding proof,
dividing the procedure in three steps: Proposition 3, Corollary 5 and Corollary 6.

Proof of Proposition 3. The equivalence between (43) and (46) is obvious. The equivalence between
(41) and (44) is clear from the definitions of Lie derivative and conformal Killing vectors. Indeed,
from (41):

ghg ) — g% s — gl s =gl
The formula
8= T8 — 8",
substituted above, implies

Viel + VIg = pg.
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Hence and by the definition of Lie derivative, it follows that (44) holds. And vice versa: (44) im-

plies (41).
Further, we shall prove the equivalence of (42) and (45). From (42) we have

2g'aj— (g jo—rig' j+ 1" 5+ urt)=o.
We denote
Al=glel 4, Bh=rlg; =1 8
Then (53) reads
2gla; — (A'— B + C'+ uI') =0.
We aim to express A, Bl and C' in the terms of covariant derivatives. From

Vg =¢ j+ g

and
VjF’ = Fl,j + F]-'SFS
we obtain
and
C'= (VI =18 = (Vi) - g,
Further:

Vg j =& e+ TYE - TGE
& k= Vi(ViE' = T&%) = Ti(V§' = Tj&°) + Iy (Vig" — Tig°)
= ViViE' — (Vi )8° — IVig® — [ vg!
+ L8 + T Vig' = LT
From (53), (56), (57) and (58) it follows that

28"a; — Agt' + g/ (Viljo)&° + g™ I Vis® + Iyg V&' — gy s

—r'vig'+ riries — (virhel + rriE + rivig - ririe —uri=o.

On the other hand, from (44)

(53)

(54)

(55)

(56)

(57)

(58)

(59)
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and hence
_Fi ]kvgl — I-vi Vlr‘;:k _ lkl-vi (60)
k& Vis =1p HE L -
Substituting (60) into (59) we obtain after renaming the indices and canceling some terms:
2g'a; — (AgE' + wig®) =0, (61)
where
wi=—g"(vrj) + g riri + vsrt = r'ry. (62)

Then we express the covariant derivatives in (62) in the terms of usual partial derivatives. In this way
we get that

o . . - o .
Wy =g (Fjys = Tjs i+ Ds i — TiTjs) = 8 R jis = R's, (63)

where R! jks and Ri are the components of the Riemann and Ricci tensors respectively. Thus (61), (62)
and (63) imply (45). O

Proof of Corollary 5. From (33) and (45) we obtain
. 2—n .
2g%aj — ——g"1u; =0,
that is,

2—n

a; = 4

Hi-
The rest of the proof is straightforward. O
Proof of Corollary 6. The conclusion follows from Corollary 4 and Lemma 3 (see (37)). O
4. The isometry group and the Lie point symmetry group for arbitrary f(u)
In this section we prove the first part of Theorem 1.

Let X be a symmetry of (1). Then X has necessarily the form given in Proposition 1. From (46),
equating to zero the terms involving u, we obtain

a=b=A=u=0.

Hence, =0 and X = si%. From (44) with u =0, it follows that X is an isometry.

Let X = Si% be an infinitesimal isometry of M". Therefore Lxgij =0. Hence Eq. (44) holds with
w1 = 0. By the form of X, 7 =0 and thus a =b = 0. Hence the relation (49) is satisfied. Obviously (47)
is satisfied since a = u = 0. Therefore X = &' ﬁ is a Lie point symmetry.

In this way we have proved that

X = £ 06w~ + nx, u)~-
- T xi A
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is a Lie point symmetry of (1) with arbitrary f(u) if and only if =0 and X = éi(x)% =& is an
infinitesimal isometry of M". In other words, the isometry group of (M", g) is the invariance group
of its Laplace-Beltrami operator!

In this case, by (37) we have L¢R =0, an integrability condition for L¢g;; =0, which we suppose
holds true. See [48] for details concerning the integrability conditions for L¢g;; = 0 or, more generally,
L:gij = |L8ij-

5. The Lie point symmetries in the linear cases
In this section we prove parts 2.), 3.) and 4.) of Theorem 1.

Let f(u) =0. Then from (49) we conclude that Agh =0 and Agu = 0. Integrating (47) we ob-

tain a = 24;”u + ¢, where c is an arbitrary constant. This completes the proof of the second part of
Theorem 1.
Further, let f(u) =k = const. # 0. From (49) we have

2—n
(u —a)k + T(Agu)u + Agh=0.
Hence, equating to zero the coefficient of u and the free term, we obtain
Agit=0 (64)
and
(u—a)k+ Aghb=0. (65)

Again from (47) we get a = %u + ¢, where ¢ is an arbitrary constant. Substituting this expression
for a in (65) we find

=02 k=& )

It remains to put the latter into (64) to conclude that Aéb =0.
Let now f(u) =u. From (49) we have

2—n
au—i—b—i—(,u—a)u—l—T(Agu)u—l—Agb:O.

Hence, equating to zero the coefficient of u and the free term, we obtain Agb+b =0 and %Agu +
(= 0. This completes the proof of Theorem 1 in the linear cases.

6. The Lie point symmetries in the case of exponential nonlinearity

Let f(u) =e". From (49) we obtain

2 _
aue' + (b + u — a)e' + Tn(Agu)u + Aghb=0.

Hence, equating to zero the coefficients of ue", e¥, u and the free term, we obtain a =0, b= —u and
Agbh = Agu =0. From (47)
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2—n
4

ni=0

since a = 0. Thus w; = 0 because n > 3. Hence w = const. This completes the proof.
We observe that this case, in fact, is a Liouville-Gelfand problem on Riemannian manifolds.

7. The Lie point symmetries in the case of power nonlinearity

In this section we shall prove parts 6.), 6.1) and 6.2) of Theorem 1.
Let f(u) =uP. The cases p =0 and p =1 have already been considered and we may suppose that

p#0and p#1.
From (49) we obtain

2—n
[(p— Da+ p]uP + pbuP~! + — (Agiu + Agb=0.

Let p # 2. Then, equating to zero the coefficients of uP, uP~!, u and the free term, implies that

1
66
a 1 pl’La ( )

pb=0 and Agu = 0. Since p # 0 it follows that b = 0. From (47) and (66) it follows that

L2l 2o (67)
1—-p g M=%

(i) If p# % then (67) implies p; =0 for all i and thus @ = const. and & is a homothety.
(ii) Let p = % and n # 6. (Otherwise p = 2.) From (66) it is clear that the symmetry has the form
announced in 6.1) of Theorem 1.

Let now p = 2. From (49) we have

(a+,u)u2+(2b+¥(Agu)>u+Agb:0. (68)
Hence
a=—/, (69)
2b+¥(Agu):0 (70)
and
Agb=0. (71)

From (47) and (69) it follows that

6—n
4

i =0. (72)

Again we have to consider two cases.
L) If n # 6 then from (72) we obtain u; =0 for all i and thus u = const. Hence and from (70) it
follows that b = 0. We see that this case is included in case 6.) of Theorem 1.
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II.) Let n = 6. Now we cannot conclude from (72) that w is a constant. From (70) we express b as
a function of u:

n—2
8

1
Agu = EAg[,L.

b=

Substituting this expression for b into (71) we obtain Aé,u, = 0. This completes the proof of Theo-
rem 1.

Proof of Corollary 3. If R =0 then by Lemma 3, (37) any conformal transformation (36) satisfies
Agp =0 and hence the conclusion follows immediately. O

8. The Lie point symmetries in the case of compact manifolds without boundary

In this section we prove Corollary 1.

1.) Let f(u) be an arbitrary function. By Theorem 1 the symmetry group coincides with the isom-
etry group of (M", g).

2.) If f(u) =0 by Theorem 1 the symmetry is determined by (4), (5), (6), (7). Since @ and b are
harmonic, by the E. Hopf's maximum principle it follows that w = const. and b = const. But u =
2div(¢)/n (see Lemma 1). Hence

2
//,VOI(M”):[MdV: E/div(f)dV:O
mn Mn

by the Green’s theorem. Thus © = 0.

3.) Here we observe that the Poisson equation with f(u) =k on compact manifolds without
boundary makes sense only if k = 0. This follows directly from the Green’s theorem.

The proof of Corollary 1 in the rest of the cases in Theorem 1 is similar to the above presented.
For this reason we shall not present further details merely pointing out that the constancy of the
conformal factor u, the harmonicity of w or biharmonicity of p imply that 4 =0 by the maximum
principle and the Green’s theorem.

9. The Noether symmetries in nonlinear cases

In this and the next sections we present the proof of Theorem 2 divided in several propositions
and lemmas.
In order to apply the infinitesimal criterion for invariance [35, p. 257], we need the following

Proposition 4. Let
X= s"(x)i + [aGou + b(x)]i (73)
oxi ou’
where a, b and &' are smooth functions, be a partial differential operator on M™ x R. Then

X(])L + LDiSi — %[gks le(-’;:) + 2agks _ vkgs _ ngk]\/gukus
— V/&div(§)F(u) — /gauf (u) — /gbf ()
+ (aiu +b)V/gg" us, (74)

where X is the first-order prolongation of X and the function L is given in (39).
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Proof. By a straightforward calculation we obtain the first-order prolongation

XD =x+ (a,-u +b; + (aBij - fj,i)uj)%
i

where ‘; means partial derivative: £/ ; = 3&J/0x and Sl.j is the Kronecker symbol. We apply XV to L
given by (39) and then change some of the indices in the obtained expression. In this way we get
that

9El 1. . 1 .
xDp + La_ii — [5§l(gks‘/§),i + (08:{ _ %.k’i)gzs\/g_i_ Efl,igksx/g]ukus
— auf (u)/g — bf (0)/E + (aju + bj)usg™ /g
— FWE' (V)i — FWE' i/8. (75)

Further we shall make use of the formulae
ks _ sl ~k kl s Lk
(g «/E), =—gI; —gIj, We,i= Ive, (76)

where I'’s are the Christoffel symbols. Then by the definition of the covariant derivative operators Vi,
corresponding to the Levi-Civita connection V, and the second formula in (76), the last two terms
in (75) can be written as

—&'(J/8).iF () — £ i /gF () = — div(§) F(u) /2. (77)
(We recall that div(¢) = V;£! is the covariant divergence of £.)

Now we denote by A the expression in the right-hand side of the first line of (75) containing ujus.
Using (76) we obtain that

1 .
A:{Egz\/g[_gsl[#_gkl[wh;_i_gksl—wiﬂ_i_agks\/E

1 . 1 .. 1 .
- Eg’sdﬁék,f - zgkl\/ggs,i + Egksﬁs’,i}uz<us

1, : 1, .. .
— {_i(glsgk,i +g511—}:_<§1) _ E(gklés,i +gklﬂl§$1)

1 ) )
+ 5g’“(s’,1~ + MEY) + ag"s}ﬁukus. (78)

From the definition of the covariant derivative we have that
VSgk — gisék,i +g311—vl£<%-l’
Vk%'S — gki%_s,i +gl<lrh§$i,
Vie =+ g

We substitute these formulae into (78). Thus

A= %[—ngk — VkeS + gM div(g) + 2ag%]/gurus. (79)

From (75), (77) and (79) we obtain (74). O
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Now we shall prove the first part of Theorem 2, namely

Lemma 6. For an arbitrary f(u) any symmetry of (1) is a variational symmetry, that is, the isometry group
of M™ and the variational symmetry group of (1) coincide.

Proof. We have already seen in Section 4 that in this case a =b = pu = div(§) = 0. Substituting this
data into (74) we obtain XL + LD;&! = 0. Thus X = SI(X)% is a variational symmetry. And vice-

i

versa: from (74) it follows that any variational symmetry of (1) with arbitrary f(u) is an isometry. O

Lemma 7. In the exponential case f(u) = e the only variational symmetries are the isometries of M.

Proof. Substituting a =0, b = —u = const., div(¢) =nu/2 and L = ghuyug/2 —e¥ into (74) we obtain
XDL 4 LDig = (n—2)ul/2. (80)

Hence it is clear that X is never a divergence symmetry. Again from (80), the symmetry X is varia-
tional if and only if n =2 or ; =0. Since n > 3 it follows that the only variational symmetries in the
exponential case are the isometries (x =0). O

Lemma 8. In the power case f(u) =uP, p #0, p # 1, the symmetry (14) is variational if and only if

_n+2
p_n—f

that is, p + 1 equals to the critical Sobolev exponent.

Proof. We put a = /(1 — p), i = const., b =0, div(§) =nu/2 and L = g8uus/2 — uPt/(p +1)
into (74). We obtain

1

: n 2 n 1
XD v pigi= (=144 = ks (- 4" p+1 81
+LDi§ < +2+1_p)wgg s = 5oyt JHuvEu (81)

Hence X is a variational symmetry if and only if in (81) the coefficients of the terms containing u
and its derivatives vanish, which holds if and only if p=(M+2)/(n —2). O

Lemma 9. Let X be the Lie point symmetry (16). Then
1) i_2—n ij
XL+ LDiE = T\/Eg Hill . (82)

Proof. Substituting a = (2 — n)u/4, b =0, div(§) =nu/2 and L = g¥upus/2 — (n — 2)uz/ =2 /(2n)
into (74) we obtain (82). O

Lemma 10. If Agpu = 0, the following equality holds:

2—n ij i

T\/Eg pjuu; = D', (83)
where

. . 2—n .
o' =¢'xu)= T«/Eg”ujuz.



890 Y. Bozhkov, LL. Freire / ]. Differential Equations 249 (2010) 872-913

Proof. We calculate the total divergence of ¢ = (goi):

Dip' = (@ -l—ui@ +Uika—uk + - ) (Tx/gguﬂflﬂ)
_2—n([ ij ‘)u2+2_”\/— i s

=5 88 1j); 2 gg& njuu;
2—n ij i ki 2, 2-n1 ij

=T[Vi(@g wj) — Liv/ee wjlu® + 4 V&g juui
2—n ij ij i kj 2, 2—n ij

= —5 [ViVe)g u + Vevi(g' ns) — Nav/ee ujlu” + ——eg" wjuui
2—n

8

. . 2—n .
= [(Viv®) — [iv/E) g 1 + VEAgu]u® + = —v/Eg" ujuu;
2—n iy
= T«/Eguﬂjuui

since the metric is parallel with respect to the Levi-Civita connection, Agu = 0 and Flfif =

(In/8)i/g=(/8)i=Vi({/g). O

Then from (82) and (83) it follows that
XL+ LDiE = Dig,
that is, X is a divergence symmetry. In this way we have proved the part 3.1) of Theorem 2.
Lemma 11. Let X be the Lie point symmetry (19). Then
XDL 4+ Ipigl = —1¢§A uu® — J/gg i piuu; + 1\/§gij(A Wit (84)
i 2 g bt AL gl

Proof. Substituting a = —u, b = Agu/2, div(§) =3 and L = g%upug/2 — u3/3 into (74) we ob-
tain (84). O

Lemma 12. If Aépc = 0, the following equality holds:
1 2 ij 1 ij i
—5VEAgu” — /gg  tinuj + 5 /887 (Agpiuj = Dig', (85)
where
) ) 1 . iy
o' =o' w) = -2 VEg ju’ + V/Eg (Agp)ju.

Proof. We calculate the total divergence of ¢ = (¢'):

; d 0 a 1 .. .
Di¢' = (@ + Ui£ + Uika + - ) <—§\/§g”,uju2 + \/Egu(Agll«)j”>
K

= —5 (Vg w® - Vagnjuui + (vag! (Agm)))u + Vag! (Mg jui
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= _%[Vi(\/ggij:uj) — Ikv/gg uilu? — /g pjuu;
+ Vi(vEg (Mg j)u — /88" (Ag)ju + VES (Ag) ju;
= —%[Vi(@) - ve]gpju® - %«/EAgILUZ — V88" wjuu;
+[VitVe) — Tiv/g]e" (Agu)ju + VEAG uu + /28 (Agpu)iuj
= —%@Aguuz — VEg i + %@gij(Agu)fuj

since the metric is parallel with respect to the Levi-Civita connection, Aéu =0 and r,ji@ =

(Iny/8)iveg=(/8i=Vi(/8. O
Then from (84) and (85) it follows that
XL+ LDig" = Dig,
that is, X is a divergence symmetry. In this way we have proved the part 3.2) of Theorem 2.
10. The Noether symmetries in linear cases

Here we shall prove the part 4.) of Theorem 2.

Lemma 13. Let X be the symmetry (4). Then
. 2—n . .
XL+ LDig" =2cL + = —/gg" piun; + vggbiu . (86)

Proof. Substituting a = ({%",u,(x) +0), dive) =5u, Fu)=f(uy=0and L = JEg"ugus/2 into (74)
we obtain (86). O

Lemma 14. If A = Agb =0, the following equality holds:

2—n p . .
T«/Eg”,ujuui + /gg"biuj = Di¢', (87)

where

. . 2—n . .
P =0 (xu)= Tﬁg‘fuju2+¢§g’1bju. (88)

Proof. We have ¢’ = ¢' + /!, where ¢ = 2" /gglipu® and y' = /gglbju. Since the divergence
of ¢! was already calculated in Lemma 10 we have that

. A . 2-n - 0 0 9 ij
Di¢' = Dig' + Diy' = — —/gg" i + (W gy kgt ) (Veg'bju)
2—n .. .. ..
=~ V&g  wiuuj + (Vgg"hj)u + V2g"bjui

2—n y .
= T@g’luiuuj +V/8Agbu + /gg"biu;
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2-n i ii
=~ V&g wiuuj + /g biu;
since Agh=0. O
Lemma 15. Let X be the symmetry (4). Then X is a Noether symmetry if and only if c = 0.
Proof. From (86) and (87) it follows that
XL 4+ LDigE" =2cL + Dig'. (89)
Then the conclusion of Lemma 15 follows from (89). This proves part 4.1) of Theorem 2. O

We observe that the symmetry (4) can be written as
X=6+ 20 +b) -+ cu—
- 1 "% du du’
where & = éi(x)% is a conformal Killing vector field satisfying (7), ¢ = const., Agb =0 and Agu =0.
The potentials ¢!, ' are the potentials of the symmetries & + 2%" /L(X)% and b(x)aiu, respectively.

The symmetry u% corresponds to a non-Noetherian symmetry and it reflects the linearity of the
equation.

Lemma 16. Let X be the symmetry (8). Then

. 2 — . .
XD+ LD =2¢cL + T"@glfuiuuj +./8g"biuj + /gAghu — /gbk. (90)

Proof. Substituting

a= (Z;nu(x)—i-c), div(¢) = gu F(u) =ku, f) =k,

L=gg%uus/2 —kuy/g

into (74) and using Agh =ck — #uk (see (9)) we obtain (90). O

Observe that by (9): u = ﬁ(c — £ Agb). Hence Agju =0 since A2b=0.

Lemma 17. Let ¢! be the potential (88) and Agu = 0. Then

. 2—n . .
Di¢' = T\/Egl]liiuuj‘i‘«/ggubiuj + /gAgbu. (91)
The proof of this lemma is similar to that of Lemma 10 and Lemma 14.

Lemma 18. Let X be the symmetry (8). Then X is a Noether symmetry if and only ifc =b = 0.
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Proof. Substituting Agh = —#ku + kc and (91) into (90), we obtain

XL+ LDig" = 2cL + Di¢' — /gbk (92)
which implies Lemma 18. This proves part 4.2) of Theorem 2. O

Now let X be the symmetry (4) of (1) with f(u) = u. We shall only sketch the proof of 4.3) of
Theorem 2.

Substituting a = (2 —n)u/4 +c, div() =n/2, f(u) =u, F(u) =u?/2, L = /gguju;/2 — /gu?/2
into (74), we obtain

) ) 2—
XL+ LDg = 2¢L + Dig' — @u2<T"AgM n M)/z — JEu(Agh +b), (93)
where ¢' is given in (88). Then from (10), (11) and (93) we get

XL 4+ LDigE" =2cL + Dig'.

Hence X is a Noether symmetry if and only if c =0.
Thus, we have concluded the proof of Theorem 2.

11. Examples: Poisson equations on Thurston geometries

In this section we apply our results to Poisson equations on the Thurston geometries. The presen-
tation is very schematic in order not to increase the volume of the paper.

All examples presented here involve elliptic forms of Eq. (1). Examples of symmetry analysis in-
volving some particular hyperbolic cases of (1) can be found in [5,22,24].

Some of the results presented in this section were verified using the SYM package [19,20].

To the authors’ knowledge, the results in Sections 11.3, 114, 11.5, 11.6, 11.7, 11.8 and 11.9 are
original.

11.1. Thurston geometries

A manifold M" is said to be homogeneous if, for every x, y € M, there exists an isometry of M"
such that it leaves x in y. Let X be the universal covering of M" and G its isometry group.

A geometry consists of a pair (X, G) as above, where X is a connected manifold and G is a group
that acts effectively and transitively on X, and where all stabilizers Gy are compact. This is also
equivalent to the data of a connected Lie group G and a compact Lie subgroup H of G, if we associate
to this data the homogeneous space X = G/H endowed with the natural left action of G.

Two geometries (X, G) and (X', G') are identified if there is a diffeomorphism from X to X’ which
sends the action of G to the action of G'. (X, G) is said to be maximal if there is no larger geometry
(X', G") with G € G’ and G # G'. For more details, see [11,41].

There are exactly 8 three-dimensional maximal geometries (X, G), the so-called Thurston geome-
tries.

Thurston [45] has classified the three-dimensional, simply-connected, homogeneous manifolds as
follows (see also [44,46,11,41]):

e the Euclidean space R3 ={(x, y, 2) | x, ¥, z € R}, with canonical metric

ds? = dx? + cly2 + dzz;
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o the hyperbolic space H> = {(x, y, z) € R | z > 0}, with metric
ds® = (dx2 +dy? + dzz)/zz;

o the sphere S® = {(x1, %2, x3, x4) € R* | 7, x? = 1}, with induced metric from R*;
o the solvable group Sol, which can be defined as the Lie group (R3, ) where

xy. 2% (X, y.2)=(x+x,y+e 7y z+€7),

with left-invariant metric ds? = dx? + e2*dy? + e~2Xdz?;
o the space S? x R, with product metric;
o the space H? x R, with product metric. Here H? is the two-dimensional hyperbolic space;
e the universal covering of SL,(R), or ]Ri ={(x, y,2) € R3| z > 0}, with metric

dy\?  (dy?+dz?
d32: dX+—y _’_M
z z2

and
o the Heisenberg group H'!, whose group structure is given by

P y. 0, (X, ¥ ) =(x+x,y+y . t+t' +2(yx —xy'))

and the left-invariant metric is ds? = dx? + dy® + (dz + 2y dx — 2xdy)>?.

Three of them are isotropic geometries: if the curvature is positive, then the isotropic geometry is
the 3-sphere S3. If the curvature is negative, the isotropic geometry is the hyperbolic space HZ. If the
curvature vanishes, the isotropic geometry is the Euclidean space R3. _

Four of the Thurston geometries, the product spaces S? x R, H? x R and two Lie groups, SL;(R)
and H!, are known as the four Seifert type geometries.

Finally, we have the Sol group, which possesses this name because the group G of the pair (Sol, G)
is solvable and it is the only one of the Thurston geometries with this property.

For more details about the Thurston geometries, see [44-46,11,41].

11.2. The Euclidean space

The application presented in this subsection is well known. It corresponds to the group classifi-
cation, Noether symmetries and conservation laws of nonlinear Poisson equations in R3. The group
classification of these equations can be found in [43] as a particular case. The Noether symmetries
and conservation laws are established in [13] in a more general context.

Here we shall consider the three-dimensional vector space R3 with the Euclidean metric

ds? = dx® + dy? + dz?
and the Poisson equation

Uxx + Uyy + Uz + f(u) =0. (94)
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11.2.1. The group classification
1. For any arbitrary function f(u), the symmetry group of (94) coincides with the isometry group
of R3. It is well known (see e.g. [27,21]) that the latter is generated by translations and rotations
given by

R 9 x8 R 9 z8 R—za x8 (95)
TV Ty TV Ty TR T Y

Hence (95) determine the symmetry group of (94) for arbitrary function f(u).
2. If f(u) =0 then the additional to (95) symmetries are

L
= Yoy Tz T 2o

0 — X — a ]
Rg_xz—+yz— + u —Zu

ax ay 2 3z u’
Re — 8+y2—x2—228+28 yu 9
O =M ox 2 oy Yz 2w
x2—y2—72 % B] 0 xu d
Ro="—"— " — 4xy—+x2— — ——, 96
10 2 ax VT T 7w (96)
d d
Rl] =u—, Roo :b(x,y,Z)—, (97)
u u

where Ab=0.
3. The case f(u) =k = const. 0 reduces to the homogeneous case under the change u — u —kx?/2.
4, If the function f is a linear function, f(u) = u, then the additional symmetry generators are given
by (97), with Ab+b=0.
5. For exponential nonlinearity f(u) =e", the additional generator is

Ris=x gy L 10 52
B Yy T ‘au

6. For power nonlinearity f(u) =uP, p#0, p#1, and p # 5, the additional generator is

R xa—i- 8+ + 2 ua
M Yy Tz 1= p

7. If p =5, then the additional infinitesimal generators of the Lie point symmetries are given in (96).
We observe that the critical Sobolev exponent % in this case is exactly 5 and, if
p(p —1)(p —5) # 0, then the symmetry group of (94), with f(u) = uP, is isomorphic to the symmetry
group of (94) with f(u) =e" and the special conformal group generated by the symmetries is the
group of homothetic motions in R3.
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11.2.2. The Noether symmetries

1. The isometry group is a variational symmetry group of the nonlinear Poisson equation in R3. In
particular, it is the Noether symmetry group of the cases f(u) =e" and f(u) =uP, with p #
0,1,5.

2. The conformal group of R? and the symmetry R, generate a Noether symmetry group for
Au=0.

3. The isometry group and the symmetry R., generate a Noether symmetry group for Au + u =0.

4. The full conformal group of R3? is a Noether symmetry group for Au + u® = 0.

The corresponding conservation laws can be obtained as a particular case of those, more general,
established in [13] and for this reason they are not stated explicitly here.

11.3. The hyperbolic space

We consider the Klein’s model of the hyperbolic space H® represented by the set of (x, y,z) € R,
with z > 0, and endowed with the metric

4 — dx? +d3;2 +dzz.
z
This metric has constant negative scalar curvature R = —6 and its sectional curvature is equal
to —1 (see [18, p. 160]). Thus one immediately concludes from [48, p. 57], that the isometry group
of H? possesses a six-dimensional Lie algebra.
It is easy to check that the following vector fields

H]:i, Hz—i, H3——yi+ Pt
X ay ax ay
Hy=x_— +yi +Zi,
ax ay 0z
H5:X2 yz 223+Xyi+xz ,
2 ax ay 0z
2 2_ 2
H6:xy88—x+_x+#%+yz% (98)

are Killing fields on (H3, g) and, for maximality, they form a basis of generators of Isom(H?, g).
The nonlinear Poisson equation on (H3, g) is given by

Z2Au—zu, + f(u) =0, (99)

where A is the Laplace operator on R3 and u, = ‘3—2

11.3.1. The group classification
1. For any function f(u), the symmetry group coincides with Isom(H3, g).
2. If f(u) =0 then the additional symmetries are

0
Hoo=b—, (100)
ou
with Agh =0, and
0
H7=u_—. (101)
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3. The case f(u) =k = const. # 0 is equivalent to case f(u) =0 under the change v=u+ (k/2)Inz.
4, If the function f is a linear function, f(u) = u, then the additional symmetry generator is given

by (100), with Ab+b =0, and (101).

11.3.2. The Noether symmetries
1. The isometry group of (H3, g) is a variational symmetry group.
2. Symmetries (100), with Agb =0 or Agh +b =0, are the Noether symmetries to the cases

f)=0 or f(u)=u, respectively.
11.3.3. The conservation laws

Here we present the conservation laws corresponding to the Noether symmetries of Eqs. (99) with
arbitrary f(u).

1. For the symmetry H1, the conservation law is Div(A) =0, where A = (A1, A2, A3) and

2 Y2422 X2

24,2
_ YA =Xty o oy ]
A = T(ux —uy—uz) — 7 (Y tadly + X2Uxllz) + ———5——F(u),
24,2 42
Xy y +zc—x Xy
Az =7 (ux — U u7) + Tty — xzuyu; — S5 F ),
X V2422 -x X
A u u ————uyu; — xyuyu, — —F(u).
3= 2( + ) 27 xUz — XyUylz 27 ()

2. For the symmetry H», the conservation law is Div(B) =0, where B = (B1, B2, B3) and

22 2

Xy 2 2 2 X =Yy +z Xy
B =5y it =)+ T aty —yta = P,

2

Xty +z7 o5 o oy XY 1
Bo= o (wy e —uz) =ty =y = 5 P,

224 2

y 2 Xy X -y +z y
BV Xy XY u, - L Fw).
3= Z(U +u ) ZuXuJ/"f' 27 UyUz 27 (u)

3. For the symmetry Hs, the conservation law is Div(C) = 0, where C = (C1, C, C3) and

X 2 y X
u u—u — “UxUy — Uy, — — F(u),
( + ) 2 xtly xUz 22()

C
1= 2z
Y 2 2 2 X
szz(ux—uy—i—uz)—Euxuy—uyuz 22F(u)
1.5 2 2 X y
ngz(uxjtuy—uz)—Euxuz—zuyuz—z—zF(u).

4, For the symmetry Hy4, the conservation law is Div(D) =0, where D = (D1, D,, D3) and

y X y
D u u —u Uxu F(u),
1= 22( + )+z Vo2 @
X 2 2 2 y 1
D2:2—Z(uy—ux—uz)—;uxuy+ s F(w),
X
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5. For the symmetry Hs, the conservation law is Div(E) =0, where E = (Eq, E3, E3) and

1 1
Ei= —(uf,—i—u% —u,%) — ﬁF(u),

2z
1

E, = —Euxuy,
1

E3 = ——uxu;.
z

6. For the symmetry Hg, the conservation law is Div(F) =0, where F = (F1, F2, F3) and

1
Fi1 = —;uxuy,
1 2 2 2 1
FZ = Z(ux - uy +uz) - ﬁF(U),
1
F3 = —Euyuz.

7. For the symmetry H,, with Agb =0, the conservation law is Div(G) =0, where G = (G1, G2, G3)

and
Gy = buy —bxu,
z
Gy buy —byu,
z
bu, —b
c3=¥. (102)

8. For the symmetry Hoo, with Agh +b =0, the conservation law is Div(G) =0, where G is given
in (102).

11.4. The sphere

Let us now consider the 3-sphere S3. Its metric is given by the restriction to S* of the canonical
metric of R%. Or, more specifically

4

ds? =
(1+x2+y2 +22)?

(dx® +dy? +dz?). (103)
This metric determines the following Poisson equation on S3

Uu——-——(xu u zu u)=0, 104
1+x2+y2+22( x+yuy + 2)+ fw ( )

where A denotes the Laplacian in R3.
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The Isom(S?, g) is generated by the following vector fields:

d d d
S1=(1+x*—y*—2%)— +2xy— +2xz—,

X ay 9z

0 0 0

Sy =2xy— 1—x2 22— 42z —,
2 yax+( +y )8y+ Vs

d 0 d
S3=2z—+2yz—+ (1 - - y* +2%) —,

ax ay 0z
0] 9
S4=y——Xx—,
ax oy
ad a
Ss=z— —x—,
X 0z
Sz d 9
=%y rr

The scalar curvature of (S, g) is R =6.

11.4.1. Group classification

899

(105)

1. Arbitrary f(u): It is immediate that the vector fields (105) are symmetries. (See Theorem 1 and

Corollary 1.)

2. Linear case: In addition to Isom(S?, g), we have the symmetries

and

S7=u—
7 ou
0
Seo=b—,
o u

where Agh+b=0, f,nbdV =0.

3. Homogeneous case: In this case, the symmetries are given by (105), (106) and

ad
Sg=—.
8 Jau

11.4.2. The Noether symmetries

1. For arbitrary f(u), the isometry group of (S?, g) is a variational symmetry group.

(106)

(107)

2. If f(u) =0, in addition to the variational symmetries Isom(S?, g), we have the divergence sym-

metry 2.

3. If f(u) =u, the additional divergence symmetry is (107), with Agh+b=0.

11.4.3. The conservation laws
1. For the symmetry Si, with arbitrary f(u), the conservation law is Div(A) = 0, where A =

(A], A2, A3) and

1

(1+x% — y? = 22) (U5 + uZ — u2) — 4xyuxuy + 4xzuyl,

(1 +x2 +y2 +22)?
14x2—y2 -2
(A+x2+y2+22)3

F(u),
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2(xyui — xyud + xzu2) — (14 x* — y> — 22)uu,
2= (1 +x2+y2+22)2

4xy

— F(u),
a+%+ﬁ+%ﬁ()

2((xzuf + xzuj — xzu2) — (1+x* — y? — 2)uyity)
- (1+x2 + y2 +22)?

8xy

—~ Fu).
arx+yirz2s @

2. For the symmetry S,, with arbitrary f(u), the conservation law is Div(B) = 0, where B =
(B1, B2, B3) and

B 2(xy (U3 4+ uZ —ug) — 2yzuyuz — (1 — x> — y + 2%)uyuy)
B (1+x2+y2 +22)?

1

8xy F
(1+x2+y2+272)3

_a — X +y* — 2%)(ug — u5 +u3) — 4xyuuy — 4yzuyu,

(w),

By =
2 (1 +x2+y2 +22)2
4(1 — 2 2 _ 2
kel et 2 Y00
(1+x2+y2+22)3
2(yz(ui +u2 — u?) — 2xyuxu; — (1 — X2 + y? — 2)uuy)
3:

(1+x2+y? +22)?
8yz F
(1+x2+y2+272)3

(u).

3. For the symmetry S3, with arbitrary f(u), the conservation law is Div(C) = 0, where C =
(C1,C2,C3) and

B 2(xz(u} 4+ uf —u) — 2yzuuy — (1 — x> — y + 2%) i)
B (1+x2 +y2 +22)?

1
8xz F
(1+x2+y2+22)3
B 2(yz(uZ — u2 + u?) — 2xzupuy — (1 - X2 — y? + 2)uyuy)
2T (1+x2+y2 +22)2

(w),

8yz

- F(u),
Artyrvzp W

(1—x2 —y? + 22) (Ui + u — u2) — dxzuyu, — 4yzuyu,
(1 +x2+y2 +22)?

41 -x* - y* +2%)

(1 +x2+y2+22)3

(3=

F(u).




Y. Bozhkov, LL. Freire / ]. Differential Equations 249 (2010) 872-913 901

4, For the symmetry S4, with arbitrary f(u), the conservation law is Div(D) = 0, where D =
(D1, D2, D3) and

2y(u? 4+ uZ — ud) — 4xuyuy 8y
1= 2 2 22 - 2ol W,
A 4+x-+y*+2%) (14+x24y-+2z°)
—2x(u? — u? +u?) — 4yuyu 38
py = U Uy F U~ Ayually | * F(u),
(‘1+x2+y2+22)2 (1+X2+y2+22)3
Ds 4xuyu; — 4yuyl,

T A+t AT

5. For the symmetry S5, with arbitrary f(u), the conservation law is Div(E) = 0, where E =
(E1, E3, E3) and

2z(u? + u? — u?) + dxuu, 8z

1= 2 L2202 5o o3 W
A +x*+y+2z°) A +x*+ys+2z°)

Ey— 4xuyu; — 4zuyuy

(1 +x2+y2 4+22)%

2X(ug + uj — u?) + 4zuxu; — 4yux, 8x
3= 2L v2 1 22 - 5o a3 W

(1 4+x*4+y*+2z%) (14 x4+ y=+z%)

6. For the symmetry Sg, with arbitrary f(u), the conservation law is Div(F) = 0, where F =
(F1, F2, F3) and

4yuyu, —4zuxuy

Fi= :
T ATty 2y
2z(ug +uj —u3) +4yuyu, 8z
2= 2 L v2 1 202 - 5 v 28 W
(I +x4+y+2z4) A +x44y4+2%)
2y(u? —uf —u}) — dzuyu, 8y
F3 = 5 3 5 — F(u).
(1+x2+ y2 +22)? (1+x2+y2+22)3

7. For the symmetry S, with Agh +b =0 or Agh =0, the conservation law is Div(G) = 0, where
G =(G1,G2,G3) and

buy — byu
Gl=r—F T3
1+x2+y2+22

Gy buy —byu
1T+x2+y2 22

bu, —byu

G3=——F—F——.
T1r iy
8. For the symmetry Sg = % the conservation law is Div(J) =0, where J = (J1, J2, J3) and

Ux

h=1reyy+z
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o=

2T lrRtyia 2
u

I3 g

1ty
11.5. The Sol group

The solvable group Sol topologically is the real vector space R3. Its Lie group structure is deter-
mined by the product

®y. 2% (X, y.2)=(x+x,y+e 7y, z+e7),

where (x, y,t), (X', y',t') € R3. See [17].
The left-invariant metric on Sol is

ds? =dx? + e?*dy? + e~ 2¥dz? (108)

and it determines the semilinear Poisson equation

Uy + e uyy +e*uy, + f(u) =0. (109)

The sectional curvature of (Sol, g) is nonconstant. See [11]. Its scalar curvature R = —2.
The dimension of Isom(Sol, g) is 3 (see [11,42]) and a basis of Killing vector fields on Sol is given
by

So—8 8—1—28 So—a So—a (110)
L y8y 9z’ 27y 3Tz

11.5.1. The group classification
1. Arbitrary case: The Lie point symmetry group of (109) is Isom(Sol, g) generated by (110).
2. Linear case: In addition to the isometry group, we have the symmetries

9
Sog=u—1,
04 ”au
0
S000 =b(x)—, (111)
au

where b is a function such that Agh +b=0.
3. Homogeneous case: We have the same symmetries as in the linear case, but the function b
in (111) satisfies Agh =0.

11.5.2. The Noether symmetries
1. The isometry group Isom(Sol, g) is a variational symmetry group of (109) for any function f(u).
2. If f(u) =0 in (109), the additional divergence symmetry is (111), with Agh =0.
3. In the remaining linear case, the Noether symmetries are Isom(Sol) and (111), where Agb+4b =0.
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11.5.3. The conservation laws
1. For the symmetry Soq, with arbitrary f(u), the conservation law is Div(A) = 0, where A =
(A1, Az, A3) and

1
A= E(e_z"u2 +e*u? —u) + yusuy — zusu; — F(u),

1
Ay = —E(yu,% + ye*u? — ye ?ul) — e"uuy — e *zuyu, + yF(u),
z
A= E(u)z( + e‘z"uf, e*u2) — e™uyu, +e*yuyu, + yF(u).

2. For the symmetry Sop, with arbitrary f(u), the conservation law is Div(B) = 0, where B =
(B1, B2, B3) and

1
B, = _(uZ e 2xu2 + equZ) F(u),

B3 = —e*uyu,.

3. For the symmetry Sos, with arbitrary f(u), the conservation law is Div(C) = 0, where C =
(C1,C2,C3) and

C1 = —uxlg,
2X

Co =—e “uyuy,
1
C3= z(u +e—2x ?/ er 2) F).

4. For the symmetry So,,, with Agh =0, the conservation law is Div(S) =0, where S = (S1, S2, S3)
and

S1=buy — byu,
Sy = e’z"buy — e’z"byu,

S3 = e*bu, — e?*b,u. (112)

5. For the symmetry So., with Agb 4+ b =0, the conservation law is Div(S) =0, where S is given
n (112).

11.6. The product space S* x R

Let us now consider the set S* x R endowed with the product metric

dx? +dy?

ds? = —— -
(1+x2 + y2)?

+dZ%. (113)

The product manifold (S? x R, g) is a manifold with constant scalar curvature R = 2. The isometry
group Isom(S* x R, g) has the following generators:
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9 9
St =(1+x%— y?)— +2xy—,
1=(1+x -y + Vay

3 9
Sh=2xy— + (1 —x% + y?)—,

y
Sh= 9 x8
375 ay’
d
S,=—.
47 5z

The nonlinear Poisson equation on (S? x R, g) is given by

2
(142 + ¥ (ax + Uyy) + Uzz + f() =0.

11.6.1. Group classification

1. Arbitrary case: For any function f(u), the symmetry group coincides with Isom(S? x R).

2. Homogeneous case: If f(u) =0, then the additional symmetries are

il
S =b—,
* Tou
where Agb =0 and
Sy—ul
> T ou

(114)

(115)

(116)

(117)

3. Constant case: The case f(u) =k is reduced to the earlier under the change u + u — kz?/2.
4. Linear case: The isometry group and the symmetry S__, with Agb =0 in (116), generate a basis

to the symmetry group generators.

11.6.2. The Noether symmetries
1. The isometry group of (S* x R, g) is a variational symmetry group of Eq. (115).

2. Symmetries (116), with Agh =0 or Agh +b =0, are the Noether symmetries in the cases

f@) =0 or f(u)=u, respectively.

11.6.3. The conservation laws

1. For the symmetry S, with arbitrary f(u), the conservation law is Div(A) = 0, where A =

(A1, Az, A3) and

A+x* =y 5 1+ -y
A= ——(uf —uz) — 2xyuyxu P EEE——— /]
! 2 (try = i) = 2xyus YA yB

1 2 _ 42
_up(u)’
(1+x2 + y2)?
Ay =xyu2 —xyu? — (1+x% — y?)ueuy + L A
* y (1+x2+y)2 *
2xy
- — = _F(),
(14x2 4+ y?)? W
1+x%+ y? 2xy

Az =— Uxlly — Uyll,.
3 A+24+y22 2 A4x2ty22 Ve
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2. For the symmetry S, with arbitrary f(u), the conservation law is Div(B) = 0, where B =
(B1, B2, B3) and

Xy 2xy
By — 2 _ 2 2 1— 2 2 - = F ,
1=xy(uy ”x)+(1+xz+yz)2”z (1=x"+ y*)usuy A4+ y2)2 )
1—X2+y2 ) 5 ]_X2+y2 )
=——(us—u —————U; — 2Xyuxlu
2 7 T+ gy e T Bty
1— 2 2
_wp(u),
(1+x2 + y2)?
2xy 1—x%+ y?

B3 = —F——uyu; + ———————=uyu,.
T 2 N - s

3. For the symmetry S,, with arbitrary f(u), the conservation law is Div(C) = 0, where C =
(Cq,C2,C3) and

y

Y/ 2 2 y 2
Ci==(uf —u —_———u Xuyu, — ————F(u),
=5 X)+2(l+x2+y2)2 dal - eyt W
X X
=Wl —-ud)- —— u?— yuu ———F(u),
2 2(y ¥ (1+x2+y2)2 7 y"”(1+x2+y2)2 w

C3=————uyu _7“”.
3 (1 +x2 + y2)2 X Y+(1+X2+y2)2 Y=z

4, For the symmetry S/, with arbitrary f(u), the conservation law is Div(D) = 0, where D =
(D1, D2, D3) and

D1 = —uyuz,

D = —uyu,,
u? F(u)

20424y (x4 y)?

1
D3 = E(u,z( + uf,)

5. For the symmetry S, with Agh =0 or Agh + b =0, the conservation law is Div(E) = 0, where
E = (E1, E2, E3) and
E1 =buy — byu,
E; =buy —byu,

bu, —b
Uz = Ol (118)

Ey= —2
T A2ty

11.7. The product space H? x R

Let H? = {(x, y) € R?: y > 0} endowed with metric

dx? + dy?
¥2
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be the hyperbolic plane (Klein’s model) and consider the set (H; x R, g) endowed with the product
metric

dx? + dy?
d52=";72y+dz2. (119)

The Lie algebra of the infinitesimal isometries of (H? x R, g), Isom(H? x R, g), is given by (see [32])

9 5 9 9
X; = 2wl =2 xy=x—4y L xe=2 (120
! 2 ax Yy 27 9% 3= ey 1=5 (120

The scalar curvature of (H2 x R, g) is R = —2 and the nonlinear Poisson equation is given by

Y (U + Uyy) + Uzz + f(u) =0. (121)

11.7.1. Group classification
1. Arbitrary case: For any function f(u), the symmetry group coincides with Isom(H? x R, g).
2. Homogeneous case: If f(u) =0, then the additional symmetries are

a
Xoo=b—, (122)
ou
where Agb =0 and
a
Xs=u—. (123)
ou

3. Constant case: The case f(u) =k is reduced to the earlier under the change u > u — kz?/2.
4. Linear case: The isometry group and the symmetry X, with Agh =0 in (122), generate a basis
to the symmetry group generators.

11.7.2. The Noether symmetries
1. The isometry group of Isom(H2 x R, g) is a variational symmetry group of Eq. (121).
2. Symmetries (122), with Agb =0 or Agh +b =0, are the Noether symmetries in the cases
f@) =0 or f(u)=u, respectively.

11.7.3. The conservation laws
1. For the symmetry X;, with arbitrary f(u), the conservation law is Div(A) = 0, where A =
(A1, Az, A3) and

22 2.2 2.2
X=Y" 2 2 -y X° —
A= 2 (uy —ug)+ ay? Us — Xyuylly — WF(U)’
2.2
_ ) X 5, X—y X
Az_—(ux—uy)—i—ﬂuz— 5 uxuy—;F(u),
2.2
x —
Az =— Uxlz Uylz
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2. For the symmetry X, with arbitrary f(u), the conservation law is Div(B) = 0, where B =
(B1, B2, B3) and

B — ul—ul w2 F(u)
1= v2  y2
2 2y y
By = —uyuy,
B3 = —uyu,.

3. For the symmetry X3, with arbitrary f(u), the conservation law is Div(C) = 0, where C =
(C1,C2,C3) and

X, 5 5 X 5 X
C1_§(uy—ux)+ﬁuz—yuxuy—FF(u),
2
_ Y2 2y, U F(u)
CZ_E( x_uy)+ﬂ_xu>(uy+7’

X uyu
C3=——2uxuz— Y2
y y

4. For the symmetry X4, with arbitrary f(u), the conservation law is Div(D) = 0, where D =
(D1, D2, D3) and
D1 = —uyuy,
Dy = —uyiuy,

Cuptuy u? F)
- 2 2y2 y2 .

3

5. For the symmetry X, with Agh =0 or Agh+b =0, the conservation law is Div(E) = 0, where
E = (E1,E2, E3) and

Eq1 =buy — byu,
E; =buy —byu,
bu,—b
E3= uz—zzu (124)
y

11.8. The universal covering of SL,(R)

The universal covering of the Lie group of 2 x 2 matrices with determinant equal to 1, denoted
by SL, (R), topologically is ]R§r :={(x,y,2) € R3: z> 0}, endowed with the Riemannian metric

dy\? dy?+dz?
ds? = (dax+ &) T4 (125)
z 72

(STZ (R), g) possesses scalar curvature R = —5/2.
The nonlinear Poisson equation induced by metric (125) is given by

Uy — 22Uy + 22 (Uyy + Uz) + f () =0. (126)
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We have not found references giving the explicit form of Isom(STz, g). (At least in the information
sources available to us.) However it is known that its dimension is 4. See [41]. Then we shall proceed
in a way opposite to that in Sections 11.2-11.7.

Since the scalar curvature of (SLp, g) is constant (R = —5/2), from the proof of Theorem 1 we
conclude that the symmetry group of (126), with f(u) # Au, A = const., is reduced to the symmetry
group of the arbitrary case. Then, using the package SYM [19,20] by Stelios Dimas et al., we obtain
that the symmetries of Eq. (126) are determined by

X—8 X—a X3 = a—i—za X—za—i—yz_zza—i—za (127)
S M Tayy BTV TP MTERT T2 ay V%

To see that (127) is the isometry group of (SE,g) we have two alternatives. The first one is to
check whether the fields (127) are Killing vector fields. Indeed, a simple substitution of (127) into the
Killing equations confirms this claim. Then, from [41], dim(Isom(SLz, g)) = 4. Thus, (127) generate a
basis of the generators of the isometry group of (SLy, g). _

The second one is as follows. From Theorem 1 is proved that the isometry group of (SL;, g) and the
symmetry group of (126) are the same. Since (127) generate a basis of the symmetry group of (126),
we conclude that (127) is a basis of the isometry group of (SLy, g).

This procedure suggests that the existing programs for symbolic calculation of symmetries of dif-
ferential equations may be used to calculate the isometry group of the considered manifold.

11.8.1. Group classification _
1. Arbitrary case: For any function f(u), the symmetry group coincides with Isom(SL,(R), g).
2. Homogeneous case: If f(u) =0, then the additional symmetries are

d
Xoo =b—, (128)
u
where Agb =0 and
d
X' =u—. (129)
Jau

3. Constant case: The case f(u) =k is reduced to the preceding case by the change u — u — kx?/2.
4. Linear case: The isometry group and the symmetry X, with Agb 4+b =0 in (128), generate a
basis of the symmetry algebra.

11.8.2. The Noether symmetries _
1. The isometry group Isom(SLy(R), g) is a variational symmetry group of Eq. (127).
2. Symmetries (128), with Agh =0 or Agh +b =0, are the Noether symmetries to the cases
f@) =0 or f(u)=u, respectively.

11.8.3. The conservation laws
1. For the symmetry X;, with arbitrary f(u), the conservation law is Div(A) = 0, where A =
(A1, Az, A3) and

2 2
u u u F(u)
Ay = — X y y _
1 22+2+2 2

Az = —Uxl;.
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2. For the symmetry X, with arbitrary f(u), the conservation law is Div(B) = 0, where B =
(B1, B2, B3) and

B 2 -i-u§
1= —ZUxl -
2 YTy
uz ud w2 Fu)
Bo=2 -5 +5——
z 2 2 z
B3 = —uyu,.

3. For the symmetry X3, with arbitrary f(u), the conservation law is Div(C) = 0, where C =
(C1,C2,C3) and

2y 2 y
Ci1= —7uxuy — ;uxuz + ;u?, + uyuz,
y y y y
Cy = 27”>Z< + uxy — Euf, —Zuyuz + Eu% — Z—ZF(u),
2
Uy Z 5 z 5, F@
G = 5 Uxlly + Euy — yuyl; — Euz - —.

4, For the symmetry X4, with arbitrary f(u), the conservation law is Div(D) = 0, where D =
(D1, D2, D3) and

2 2 2 2

u zZ—y 2y y° 5 z , F@
Di=—-*%+ Uylly — —=Uxllz + =—Uj + Yuyu, + —u; — ——,
! z 2y T il oty Tz T ol z

2 2 2 2 2 2

ye+z 5 ye—z¢c 5, z°-y
D2:7ux—zuxuy—i-yuxuz—yzuyuz—i- 7 u; + 272 F(u),

2 2

) yz o,  Z"—) yz 5y

Dg:;ux—yuxuy—zuxuz—i-?uy—i- 3 uyuz—juz—EF(u).

5. For the symmetry X, with Agh = or Agb + b =0, the conservation law is Div(E) = 0, where
E = (Ey, E2,E3) and

2 1
Ei= Z_z(bu" —byu) — Z(buy —byu),
1
Ey= —;(bux —bxu) + (buy —byu),
E3 =bu, —b,u.
11.9. The Heisenberg group

The three-dimensional nilpotent Lie group, also called Heisenberg group H!, topologically is the
real three-dimensional vector space R endowed with the group structure determined by the compo-
sition law ¢ : R3 x R? — R3 defined by

P(x, v, 0, (X, ¥, ) :=(x+x,y+y . t+t +2(x'y —xy')).
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This composition law determines the left invariant vector fields

d d d d d
T=—, X=—+2y—, Y=——-2x— (130)
at ox at ay at
and the left invariant metric on H!
ds? = dx? + dy? + (dz + 2y dx — 2xdy)>?. (131)

The scalar curvature of (H!, g) is R = —8 and the operators (130) satisfy the following commuta-
tion relations:

[X,Y]=—4T, [X, T]=[Y,T]=0.

These formulae represent in an abstract form the commutation relations for the quantum-
mechanical position and momentum operators. This justifies the name Heisenberg group.

It is well known that the metric (131) determines the following generators of the isometry group
of H!, denoted by Isom(H!, g):

a ] a ~ a ] a a
2y—, Y=—+2x—, R=y——x—. (132)
ay at X ay

Note that T corresponds to translations in t, R—to rotations in the (x, y) plane and X, Y determine
the right multiplication.

For more details, see [14,15,32].

The nonlinear Poisson equation on H! is given by

U + Uyy + [4(x* + ¥?) + 1uge + Ayuee — 4xuye + f(u) =0. (133)

11.9.1. Group classification
1. Arbitrary case: For any function f(u), the symmetry group coincides with Isom(H!, g).
2. Homogeneous case: If f(u) =0, then the additional symmetries are

d
Hoo =b—, (134)
ou
where Agb =0 and
a
Hi=u—. (135)
ou

3. Constant case: The case f(u) =k is reduced to the earlier under the change u — u — kx2.
4. Homogeneous case: The isometry group and the symmetry Ho,, with Agh =0 in (134), generate
a basis of the symmetry group generators.

11.9.2. The Noether symmetries
1. The isometry group of (H!, g) is a variational symmetry group of Eq. (133).
2. Symmetries (134), with Agb =0 or Aghb +b =0, are the Noether symmetries to the cases
f@) =0 or f(u)=u, respectively.
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11.9.3. The conservation laws
1. For the symmetry T, with arbitrary f(u), the conservation law is Div(A) = 0, where A =

(A], Az, A3) and
A1 = —uyup — 2yu?,
Ay = —uyu; +2xuf,

242 2, 42
uy+u 4x-+y°)+1
A3 = "2 Y _ 5 u? — F(u).

2. For the symmetry X, with arbitrary f(u), the conservation law is Div(B) = 0, where B =

(B1, B2, B3) and
_ 2 2 2
u 4(x*+3 1
wu? — F(u),

X

2
; P + 2yuxu; — 2xuyu; + 5

By = —uxuy — 2yuyue + 2Xuxuy — 4xyuf,
B3 = —3yu? — yuf, + 2xuxuy + y[4(x* + y?) + 1]u}
—[4(x* + ¥?) + 1]uxue + 2y F ().
3. For the symmetry Y, with arbitrary f(u), the conservation law is Div(C) = 0, where C =

(Cq,C2,C3) and

C1 = —Uylly — 2XUylly — 2YUylUe — dxyu?,

2.2 2, .2
us —u 4(3x° + +1
Cy=2 5 y +2yuxut—2xuyut+%uf—F(u),

C3 = —xuj + 3xu — x[4(% + y?) + 1]uf — 2yu,u,
—[4(x* + ¥?) + 1]uyue — 2xF (u).
4. For the symmetry R, with arbitrary f(u), the conservation law is Div(D) = 0, where D =
(D1, D2, D3) and

2) + 2 (462 + y?) 1] 4y - yE@),

Dy = —g(ui +ul) - f[4(x2 +¥%) +1]uf — yuxuy +xF(u),
D3 = —2y*uj — 2x%uj + dxyuxuy — y[4(x* + y?) + 1]uxu;
+x[4(x* + y®) + 1uyu,.
5. For the symmetry Hoo, with Agh =0 or Agh +b =0, the conservation law is Div(E) = 0, where
E = (E1, E2, E3) and
E1=b(ux +2yur) —u(bx + 2yuy),

Ep =b(uy — 2xus) — u(by — 2xuy),
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E3 =b{2yuy — 2xuy + [4(x* + y?) + 1]uc}
— u{2ybx — 2xby + [4(x* + y*) + 1]b}. (136)
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