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Abstract. A vector fleld on a Riemannian manifold is called conformal Killing if it gen-
erates one-parameter group of conformal transformation. The class of conformal Killing
symmetric tensor flelds of an arbitrary rank is a natural generalization of the class of
conformal Killing vector flelds, and appears in difierent geometric and physical prob-
lems. We prove the statement: A trace-free conformal Killing tensor fleld is identically
zero if it vanishes on some hypersurface. This statement is a basis of the theorem on
decomposition of a symmetric tensor fleld on a compact manifold with boundary to a
sum of three flelds of special types. We also establish triviality of the space of trace-free
conformal Killing tensor flelds on some closed manifolds.

1. Introduction

Conformal transformation of a Riemannian manifold (M;g) is a difieomorphism
M ¥ M such that >7g = ,g for some positive function , on M. A vector fleld u on M is
called conformal Killing if it generates one parameter transformation group of conformal
mappings. In local coordinates, a conformal Killing vector fleld satisfles the equation

1
é(riuj + rjui) = VQjj (1.1)

for some scalar function v (depending on u). Here rju; denote the covariant derivatives
of the fleld u.

The notion of conformal Killing tensor flelds is a generalization of the notion of confor-
mal Killing vector flelds to the case of higher rank tensors, and the equation that deflnes
the flrst class of flelds generalizes equation (1.1).

Given a Riemannian manifold (M; g), let C1(S™;},) be the space of smooth symmetric
covariant tensor fleld of rank m on M. The flrst order difierential operator

d= r:Cr@Smitl) ¥ Ccr(Ss™):
is called the inner derivative. Here r denotes the covariant derivative, and is the
symmetrization. The divergence

—:CH(™ip) ¥ CE(sMiL)
is deflned in local coordinates by (-U)i, iy, = ¢ IjUkiy:im,,- The operators d and j-
are dual to each other with respect to the natural L2-product on the space of symmetric
tensor flelds (see Section 3). We denote by

i:ct(sm) 1 ctsmz),
the following algebraic operator of symmetric multiplication by the metric tensor: iu =

(g > u), and the adjoint of i is denoted by j : C1(S™*2y,) ¥ CH(S™iy). In local

coordinates, (Ju)i,:i,, = ngujkil;;;im. The tensor fleld ju is called the trace of the fleld u.
A symmetric tensor fleld u is called trace-free if its trace is identically equal to zero:

ju=20: (1.2)
1
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A Killing tensor fleld is a symmetric tensor fleld u satisfying du = 0. A conformal
Killing tensor fleld is a symmetric tensor fleld u satisfying the equation

du =iv (1.3)

for some v. Equation (1.3) is a natural generalization of (1.1).

Conformal Killing vector (covector) flelds are the classic object of the Riemannian
geometry. Conformal Killing symmetric tensor flelds of higher rank naturally appear in
various problems of physics and geometry (see [21, 7, 8, 13, 20, 6, 1]). There are also
many papers where antisymmetric conformal Killing tensor flelds are studied (conformal
Killing forms) because of their role in Gravitation Theory and in the Maxwell equations
(see [18, 10] and the references there).

It should be observed that (in some sense) there are \too many" conformal Killing
flelds of rank m , 2. Indeed, if v is any fleld of rank m j 2 then the fleld u = iv satisfles
the equation du = i(dv) because the operators i and d commute. For this reason, it
makes sense to study the trace-free conformal Killing flelds, i.e., conformal Killing flelds u
satisfying equation (1.2). In some papers (for example, see [6, 1]), equation (1.2) is
included into the deflnition of a conformal Killing tensor fleld, but we prefer to speak on
the trace-free conformal Killing flelds in this case.

Eliminating v from equation (1.3), we get pdu = 0, where p is an algebraic operator
deflned in Section 3 below. As is shown in Theorem 5.1 below, the operator —pd is elliptic
on the bundle of trace-free tensor flelds. Therefore, the equation —pdu = 0 implies the
following statement: a trace-free conformal Killing fleld is smooth. Hereafter in the paper,
the term \smooth" always means \C1-smooth".

The deflnition of a (trace-free) conformal Killing fleld is invariant with respect to a
conformal change of the metric in the following sense. If u2 C1(S™;?,) is a (trace-free)
conformal Killing fleld with respect to a Riemannian metric g then ,Mu is a (trace-free)
conformal Killing fleld with respect to the metric ,g for any smooth positive function ,
on M.

As well known, the space of conformal Killing vector flelds on M has a flnite dimension
if n =dimM , 3. In the two-dimensional case, the space can be of inflnite dimension.
Nevertheless, in every dimension, a conformal Killing vector fleld is uniquely determined
by its C1-jet at any point. The following theorem is a generalization of the latter fact.

Theorem 1.1. Let (M;g) be a connected n-dimensional Riemannian manifold; with n
3. If a trace-free conformal Killing symmetric fleld u of rank m , 0 satisfles the conditions

u(X) =0; ru(x)=0; :::: r'u(x)=0 (1.4)

at some point Xxo 2 M, where | = I(m) = 6m depends only on m, then u - 0. In
particular, the dimension of the space of trace-free conformal Killing flelds of rank m
is flnite. If n = 2 then the flrst statement is true if (1.4) is replaced by the following
condition: All the derivatives of the fleld u vanish at the point Xo.

The theorem was flrst proved in [14], with I(m) = 6m. The results of [6, 1] provide
the exact value I(m) = 2m (in the case of m = 2, see also [21]). Arguments of [6, 1]
are based on delicate facts of representation theory and the theory of overdetermined
systems. At the same time, the proof given in [14] is quite elementary although it does
not allow to obtain the exact value of I(m). For reader’s convenience, we reproduce the
latter proof in Sections 9 and 11. For n , 3, the scheme of the proof is as follows. Being
written in local coordinates, (1.2) and (1.3) constitute a linear homogeneous system of
equations in components of the flelds u and v, and their flrst order partial derivatives.
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We difierentiate these equations | times and show that the resulting system can be solved
with respect to all partial derivatives of the highest order | +¢. This means that the
components of the tensors u(t) = u x(t) and v(t) = v x(t) satisfy a homogeneous
linear system of ordinary difierential equations of order | + 1 along every smooth curve
X = x(t). Together with homogeneous initial conditions (1.4), this yields the required
result. In the two-dimensional case, the proof consists of reducing system (1.2){(1.3) to
the Cauchy-Riemann equations.

Corollary 1.2. Let (M;g) be a connected Riemannian manifold of dimension n , 3. If
tensor flelds u 2 C1(S™¢l,) and v 2 CL(S™Mil;l ) (m , 0) satisfy equation (1.3) and
initial conditions (1.4) with the same | = 1(m) as in Theorem 1:1 then there exists a fleld
w 2 C1(smiz;l ) such that u = iw and v = dw. For n = 2, the statement is true
if (1.4) is replaced by the following condition: All the derivatives of the fleld u vanish at
the point Xo.

Theorem 1.1 implies Corollary 1.2 by an algebraic trick presented in Section 3. Theorem
1.1 is also used in the proof of the following proposition.

Theorem 1.3. Let (M;g) be a connected Riemannian manifold of dimension at least 2,
and let ?6& j % M be a smooth hypersurface. In particular; j may be a relatively open
subset of the boundary @M. If a trace-free conformal Killing fleld u vanishes on j then
u - 0.

In the case of m =1 and j = @M, Theorem 1.3 follows from [12, Proposition 3.3].

The authors are indebted to the anonymous reF ree for veriflcation of the following
fact: Theorem 1.3 is not valid if, in the condition u" =0, the hypersurface j is replaced
by a submanifold of dimension less than dimM j 1. We quote: \The dimension of the
space of trace-free conformal Killing flelds of rank 2 on R® which vanish on a straight line,
equals 10, i.e., in some sense, Theorem 1.3 is the best possible result.”

Corollary 1.4. Let (M;g) and j satisfy the hypotheses of Theorem 1:3: If tensor flelds
uFZ CL(S™Mipy) and v 2 CL(SMil;l ) satisfy the equation du = iv and the condition
u |i = 0 then there exists a fleld w 2 C1(S™i2;},) such that u = iw, v = dw, and
wll =0.

The following deflnition was introduced in [16, x3]. A Riemannian manifold with
boundary is called conformally rigid if there is no nonzero conformal Killing vector fleld
that vanishes on the boundary. Theorem 1:3 implies conformal rigidity of an arbitrary
connected Riemannian manifold with nonempty boundary. For such a compact mani-
fold (M;g), Theorem 3.3 of [16] can be formulated as follows: Every rank 2 symmetric
tensor fleld f on M can be uniquely represented in the form

1 .
fi; = §(ri\/j + rjvi)+ ,0i; + Tij; Vijem =0, trf=0;, -F=0:

We generalize this result to higher rank tensor flelds. Given a compact M, let H<(S™},
denote the Hilbert space of symmetric tensor flelds of rank m whose components are locally
square integrable together with their partial derivatives up to order k in an arbitrary
coordinate system.

Theorem 1.5. Let (M;g) be a compact connected Riemannian manifold with nonempty
boundary. Every symmetric tensor fleld f 2 H*(S™i?,) (m , 0, k , 1) can be uniquely
represented in the form

f=dv+i, +F (1.5)
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where v 2 H**1(SMil; 1 ) satisfles the conditions

V=0 Vigw =0; (1.6)
, 2HKSMiZ 1Y), and 2 HK(S™;}),) satisfles the conditions
-f=0, jf=0: 1.7)
The summands in (1.5) continuously depend on T, i.e.; the stability estimates
kvkyk+1 = Ckfkyk; K,kyk ® Ckfkyk;  kfkyx = Ckfkygx (1.8)

hold with some constant C independent of f.

In General Relativity, conformal Killing tensor flelds appear as polynomial flrst integrals
of the equation for null geodesics [8]. Our interest in the conformal Killing tensor flelds
is motivated by the following question from Integral Geometry.

Given a Riemannian manifold (M;g), let

SM =Ff(X;») jXx 2 M; » 2 T,yM; pj? = 0ij (x)»'» = 1g
denote the unit sphere bundle, and let H : C1(>M) 1 C1(>M) be the difierentiation
along the geodesic ow. In local coordinates,
H= »'& i ij!k(X)»J»k%; (1.9
where i}k are the Christofiel symbols. As is seen from (1.9), if the function U(X;»)
polynomially depends on » then HU is also a polynomial in ». More precisely, for u 2
Cl(Smil(',R/,),
H Uiy O™ 120 mit) = (dUiy s, ()™ 0w im: (1.10)

The question on validity of the converse statement is very important: Is it true that
every solution to the boundary value problem

HU = vj i (X)»" 0™ on >M; (1.11)

Uje>my =0 (1.12)

is @ homogeneous polynomial of degree m j 1 in »? The question is equivalent to the

problem of inversion of the ray transform (see [15, Ch. 1] for a detailed discussion). The

question is open in the general case and the positive answer is obtained only under certain
curvature conditions.

Consider the following weaker version of the latter question. Assume a solution U to
the boundary value problem (1.11){(1.12) to depend polynomially on ». Is U a restriction
to >M of a homogeneous polynomial of degree m j 1? The question is not trivial since
ponnomiaIs_o_fHdifierent degrees can have the same restriction to >M in view of the
identity gij»'»1_ = 1. The positive answer to this question can be easily obtained from
Theorem 1.3 even if (1.12) is replaced by the weaker condition

U(x; »)jXZi =0; (1.13)

where j is a relatively open subset of @M. Indeed, assume a solution U(X;») to the
problem (1.11) and (1.13) to be a homogeneous polynomial in » of degree m+2k j 1 (the
case of a nonhomogeneous polynomial can be easily reduced to the considered one). This
means the existence of u 2 C1(SM*%kil;! ) such that

Ux;») = ui1:::im+zki1(x)»i1 Ciiplmekil on M uj; =0:
By (1.10), equation (1.11) takes the form
du = i¥v: (1.14)
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Applying Corollary 1.4, we flnd w 2 C1(S™*2i3;0 ) such that u = iw and WHi =
0. Equation (1.14) can be written in terms of w as i(dw) = i(ikilv). Since i is a
monomorphism, this implies

kil

dw = i“"*v;

Repeating this argument by inductionﬂin k, we find the fleld w 2 C1(S™il;},) such
that u = i“w. This means that U (x;») v coincides with the homogeneous polynomial
Wi i, O e »Imit of degree m 1.

>

The questions under consideration are also important in the case of closed manifolds
(i.e., compact manifolds with no boundary).

Theorem 1.6. If (M;g) is a closed Riemannian manifold of dimension n , 2 of nonpo-
sitive sectional curvature then every trace-free conformal Killing symmetric tensor fleld
u on M is absolutely parallel, i.e., ru = 0, and every symmetric Killing tensor fleld is
absolutely parallel.

In addition, if M is connected and there is a point Xo 2 M such that all sectional cur-
vatures at Xy are negative then there is no nonzero trace-free conformal Killing symmetric
tensor fleld of any rank and every symmetric Killing tensor fleld is of the form cg* for
some constant c.

The classical theorem by Bochner-Yano states: there is no nontrivial conformal Killing
vector fleld on a closed Riemannian manifold of negative Ricci curvature [22, Theorem
2.14]. Theorem 1.6 generalizes the last statement to arbitrary rank tensor flelds, however,
under the stronger hypothesis: The requirement of negative Ricci curvature is replaced
by the requirement of negative sectional curvature.

Theorem 1.7. Let (M;g) be a closed Riemannian manifold of dimension n , 2 without
conjugate points. A vector fleld on M is conformal Killing if and only if it is a Killing
vector fleld. A trace-free tensor fleld of rank 2 is conformal Killing if and only if it is the
trace-free part of some Killing fleld. In addition, if the geodesic ow has a dense orbit
in >M then there are neither nontrivial conformal Killing vector flelds nor nontrivial
trace-free conformal Killing flelds of rank 2.

The natural assumption is that, under hypotheses of Theorem 1.7, similar statements
are valid for higher rank tensor flelds. In the case of dimM = 2, this easily follows from
the uniformization theorem, invariance of the deflnition of conformal Killing tensor flelds
with respect to a conformal change of the metric, and from Theorem 1.6.

The following fact is well known: If the geodesic ow has a dense orbit in >M then
(regardless of the dimension of M) every symmetric Killing tensor fleld is of the form cg
with some constant c (see [3]).

The rest of the paper is organized as follows. Section 2 contains preliminaries from
algebra of symmetric tensor flelds. In particular, after deriving a commutation formula
for the operators i and j, we show that the singular decomposition of the operator ji
corresponds to the decomposition of polynomials in spherical harmonics.

In Section 3, we introduce the difierential operators d and — on symmetric tensor flelds,
prove some commutation formulas for these operators, and obtain some useful proposi-
tions. In this section, we derive Corollary 1.2 of Theorem 1.1.

Sections 4 and 5 contain the proofs of Theorems 1.3 and 1.5, respectively. These proofs
are essentially based on Theorem 1.1.
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In Section 6, we give the proofs of Theorems 1.6 and 1.7. It should be mentioned that
this section difiers from the others by the nature of the methods. Namely, here we use
semi-basic tensor flelds and the estimates for a solution to the kinetic equation which are
based on Pestov’s identity. We cannot present all necessary deflnitions here because of
the volume limitation, so we refer the reader to [15, Chapter 3] for details. This does not
concern other sections since they are independent of Section 6.

In Section 7, we discuss higher order difierential operators on tensor flelds paying a
particular attention to the principle parts of operators.

In Section 8, we introduce the Laplace operator on symmetric tensor flelds and prove
some commutation formulas for powers of the Laplacian which are needed to prove The-
orem 1.1.

The proof of Theorem 1.1 in the case of dimM , 3 is presented in Section 9.

In Section 10, we derive the equations that relate the Fourier coe—cients of a solution
to the Kkinetic equation, to the Fourier coe—cients of the right-hand side. We need these
equations to prove Theorem 1.1 in the two-dimensional case. These equations are also
of some independent interest since they constitute the basis of the so-called method of
spherical harmonics for the numerical solution of the kinetic equation and the related
linear transport equation. In the literature on the method of spherical harmonics, several
versions of the equations are presented for difierent particular geometries (see [2]). How-
ever, the invariant form of the equations, as presented in Theorem 10.2, was probably
unknown before.

The flnal Section 11 contains the proof of Theorem 1.1 in the two-dimensional case.

2. Algebra of symmetric tensors

We use the standard terminology of vector bundle theory. For a smooth manifold N, we
denote the algebra of smooth real functions on N by C1(N). If » = (E;..; N) is a smooth
vector bundle and U % N is an open set then C1(»;U) denotes the C1(U)-module of
smooth sections of » over U, and Cg-(»; U) denotes the submodule of compactly supported
sections. We often reduce the notation C1(»;N) and Cit(»;N) to C1(») and Ci(»),
respectively. We deal here only with flnite dimensional bundles with just one exception:
Sometimes, we consider a graded vector bundle »” = = 1=O»m, where each summand »™

m
has a flnite dimension. Such an object can be thought as a sequence of flnite-dimensional
bundles. If - = =X_,-M is another graded bundle and A 2 Hom(»; -) then A, denotes

the restriction of A to »™. We say A has a degree k if AG»™) %o - M*K,

Let (M; g) be a smooth Riemannian manifold of dimensionn , 2. By jm = (TM;..; M)
and ¢}, = (T'M;..;M), we denote the tangent bundle and the cotangent bundle, re-
spectively. We often shorten these notation to ¢ = (T;.;M) and ¢’ = (T%..;M).
Let >M:." = (>™T%..;M) be the bundle of real covariant tensors of rank m and let
SMe¥=(S™T%..; M) be its subbundle consisting of the symmetric tensors. There is the
natural projection 2 Hom(>™;% S™;") acting as follows:

>

1
(Vi >ttt >vy) = o V. > 006>V my; (2.1)

2fm

S%! =M £R. Itis convenient to assume >™M;? = S™;! = 0 for m < 0. For a point
X2 M, let Ty, T2, >MT!, and S™T? be the flbers over x of the corresponding bundles.

For u2 S™T! and v 2 S'T!, the symmetric product is deflned by uv = (u >v). Thus,
S ="1_,SM;" becomes a bundle of commutative graded algebras.
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local coordinate system in the domain U % M then every tensor fleld u 2 C1(>™;% U)
is uniquely represented in the form

U = Ui, dX'T > 006 > dx'™; (2.2)

where the functions u;,..;., 2 C1(U) are the covariant components of the fleld u in this
coordinate system. In (2.2) and below, we use the Einstein rule: The summation from 1
to n is assumed over an index repeated in the multivariate subscript and superscript of a
monomial. Assuming the choice of a coordinate system to be clear from the context, we
reduce formula (2.2) to

u= (uil:::im): (23)
For x 2 U and u 2 >™T}, formulas (2.2) and (2.3) also make sense but the components
are real numbers in this case. Contravariant components are deflned by

u'Eim = ghdi s gimimyg g
where (g') is the inverse matrix to (gij).
A tensor u = (Uj,.i,,) 2 >™MT! belongs to S™T! if and only if its covariant and (or)
contravariant components are symmetric with respect to all indices. We will also consider
partially symmetric tensors. The partial symmetry of a tensor is denoted by

sym ui1:::ikj1:::j| : (Il i ikil)ik(jl o :jlil)jl: (24)
This means the tensor (Ui, ...i,j,:;j,) IS Symmetric in each group of indices in parentheses
on the right-hand side of (2.4). Along with the full symmetrization , we will use partial
symmetrization operators that are deflned in coordinates by
) ) 1 X
(ll Lo Im)l«Iil:::imjl:::j| = ﬁ ui__v(l):::i_”(m)jl:::j|:
2fm
Lemma 2.1. Letm , 1; p , 1; and x 2 M. For every tensor f 2 >2M*PT} possessing
the symmetry

SYM Fiimmiiokikm - (170 ImJ1 i1 Jp)(Ke i Km); (2.5)
there exists a unique solution to the equation

(1:itimjy:e :jp)uil:::imjl:::jpkl:::km = fil:::imjl:::jpkl:::km; (2.6)
possessing the symmetry

SYM Uiy :simivsipkaiikm - (120 im)U1 i JpKe 1t km): 2.7)

The solution is expressed by the formula

Uiyiminsipkasikn = (17000m) (it JpKe 12 ikm) q

> -
g PFHLEL m+p

£ G I m j | f

1=0

(2.8)

in:imgadpkeiiKmim |+l:::im;

i¢ ) . .
where 'I‘ = ﬁ are the hinomial coe—cients.

Since this is a purely algebraic statement, it su—ces to prove it in the case of M = R".
For p = 1, the statement is proved in [15, x2.4]. For an arbitrary p, the proof is quite
similar. The idea of the proof is as follows. Since the dimension of the space of tensors
possessing symmetry (2.5) is equal to the dimension of the space of tensors possessing
symmetry (2.7), it su—ces to verify the equation obtained by substituting (2.8) into (2.6).
This veriflcation can be done by straightforward calculations that are omitted.
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There is a natural inner product on S™T} deflned in coordinates by
hu; vi = uj,_...j. vimim: (2.9)
We extend the product to ST, = = 1_ S™T! assuming S™T! and S'T} to be orthogonal
to each other for m & |. The product smoothly depends on x. Therefore, 37" obtains

the structure of a Riemannian vector bundle. So we can introduce the L2-product on
CiH (87" as follows: 7

(U; V)2 = hu(X); v(x)idV (x); (2.10)
M
where dV is the Riemannian volume form.

Foru2 ST, leti, : T2 ¥ S7T! be the operator of symmetric multiplication by u,
i.e., iyv = uv, and let j, be the adjoint operator of i,. These operators are expressed by
the formulas

(iuv)ilzz:im+| = (ip::: im+|)(ui1:::imVim+1:::im+|);
(juV)il:::im“ = Vil:::i|ullim+1:::II
for u 2 S™T? and v 2 S'T}. The second formula makes sense only for m = I. If m > |
then juv = 0. For u 2 C1(87"), the operators iy; j, 2 Hom(S7% 37" are deflned by
Iu(X) = Ty and ju(X) = Jury- The operators ig and j4 are of a particular importance in
the present article, so we distinguish them by introducing the notation i =iy and j = jg.
These operators were already used in Introduction.

Lemma 2.2. For m , 0 and k , 1; the following commutation formula holds on S™;°:

sk 2k(n+2m + 2K j 2) il m(m j 1) ij:
(m+ 2k j 1)(m+2k) (Mm+2k j D(m+2k)
In the case of k = 1, the formula has the form
ji= 2(n +2m) N m(m j 1) i 2.11)

C(m+1)(Mm+2)  (m+1)(m+2)

where E the identity operator. The latter formula is proved by a straightforward calcu-
lation in coordinates which is omitted. The general case easily follows from (2.11) with
the help of induction in k.

Lemma 2.3. For an arbitrary integer m , 0; the following decomposition formula holds:
[IRA!
sm= i“(Ker jm; 2¢); (2.12)
k=0
where [m=2] is the integer part of m=2; and Ker jm; 2« is the kernel of the restriction jm; 2k
of the operator j to S™i%%;% Each summand of the decomposition is a subbundle in S™°
and the summands are orthogonal to each other. The operator i is a monomorphism and
its range is related to decomposition (2.12) by the formula

IRA!
Ranim;, = i“(Ker jm;2x): (2.13)
k=1
The product ji is a self-adjoint and positive deflnite operator. Each summand of (2.12)
is a proper subspace of the operator ji associated with the eigenvalue
_ 2(k+1)(n+2m j 2k).
~ (m+1)(m+2)

sk
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The dlr@ensmn of the summand equals film j 2K) § fi(lm § 2k j 2), where fi(m) = fi(m; n) =

"Ml s the dimension of S™;

Proof. The operator ij is self-adjoint and nonnegative since it is the product of two opera-
tors that are dual to each other. Therefore, (2.11) implies that ji is a positive self-adjoint
operator. Hence, i is a monomorphism and the orthogonal decomposition

87'=Kerj " Rani (2.14)

holds with the summands on the right-hand side being sub-bundles of the left-hand side.

Let u 2 Ker jm;2k. By Lemma 2.2, we get (ji)(iku) = ,kiku. Therefore, each summand
in (2.12) is the eigen-subspace of the operator ji associated with the eigenvalue , . Since
all , are difierent, all summands are orthogonal to each other. The injectivity of i and
equation (2.14) imply

dim [i*(Ker jm; 2] = dim (Ker jm;2¢) = fi(m § 2k) § fi(m j 2K j 2):

Equality (2.12) is now proved by comparing dimensions of spaces on both sides of the
equality. —

Let p 2 Hom(S7;% Kerj) and g 2 Hom(S7;" Ran i) be the orthogonal projections onto
the summands of (2.14). One easily checks the equality

q=iGi)"j: (2.15)

Decomposition (2.12) is closely related to the expansion of functions on the sphere in

Fourier series in spherical harmonics. In order to explain the relationship, we introduce
some notation.

If (x*;:::;x™) is a local coordinate system with the domain U then, for x 2 U, a vector

» 2 Ty IS unlquely represented as » = »'@@ (x). The functions x';»' (i = 1;:::;n) form

a local coordinate system on the manifold T with the domain ..11(U), where .. 1s the

projection of the tangent bundle. Strictly speaking, we should write x' —... instead of x'.

We use the shortler notatjon x' and hope it will not cause any amblgwty Thus, every
function > 2 C1 .i%(U) can be written in coordinates as follows:

=7(xh s xhinpt) (x2U» 2Ty):

Since Ty has the structure of an Euclidean space, the Laplace operator q:x CIT(Ty ¥

Cl(Tx) is well deflned It smoothly depends on X, and therefore, defles an operator ¢
CLH(M) ¥ CI(T). Warnlng Do not mix up C1(T) and C1(;)! The operator is
Written in coordinates as
@27 (X;»)

») =gl
¢ (x») =gV (X)——~—— Bri@ri

and is called the vertical (or flberwise) Laplacian.
The embedding {x : S°T! ¥ CL(T) is deflned by

W) = Uil:::im»il ciipim
foru 2 SMTL. It smoothly depends on x, and hence, deflnes an embedding { : C1(S7") ¥
C1(T) by the formula:
WX ») = Uiy, (X 220 nIm
for u 2 C1(S™"). Thus, { identifles rank m symmetric tensor flelds with homogeneous
polynomials (with respect to ») of degree mon T.
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Let > = >M be the submanifold of T which consists of the unit vectors, and let
>, = > \ Ty be the unit sphere in T,. Given u 2 ST}, denote the restriction of {yu
to >, by ,xu . The operator ,, : ST ¥ C1(>,) smoothly depends on x and deflnes an
operator , : C1(S73) ¥ CL(5).

We introduce an inner product h¢; ¢i, gn the space C1(>,) by the formula

T Th= T0)T0)A0);

>x

where d! is the volume form on >, induced by the metric g. The index ! is used in the
notation in order to distinguish this product from the product deflned by (2.9).

Lemma 2.4. The following equalities hold on S™T):

’Xi = ,X; (2'16)
) Y
m(m j D{xJ = ¢ «x{x: (2.17)
For u;v 2 S™T} such that ju = jv = 0; the following equality holds:
m!mn=2
h,xU; ,xVii = hu; vi: (2.18)

2mili(n=2 +m)
Proof. For u 2 S™T! and » 2¢>X, we have

Gxiw() = (ip::: im+2)(ui1:::imgim+1im+z) Lz yime2;

symmetrization (iy:::im+2) here. So we get
(Lxiu)(») = (Uilzzzim»il o :>>im)(gim+1im+2>>im+1>>im+2) = Ui1:::im>>il irypim
because i, in.,»™»'m2 = 1 on >,. By deflnition, the right-hand side of the last

formula equals (,xu)(»). This proves (2.16). Formula (2.17) is also proved by direct
calculations:
@2

(@ La0) =97 5o

=m(M § 19" iy 1™ =m(m § DLIU0):
It su—ces to prove (2.18) for u = v. The polynomial {xu can be written in the two
ways: >
({Xu)(») = uil:::im»i1 .. :»im = Ufi»ﬁ; (219)

ifij=m

¢

i ) )
) R I1 ... Im

equality ug = rf“—“!ui(ﬁ), with i(fi) = (1:::12:::2:::n:::n) where 1 is repeated fi; times,
2 is repeated fi, times, etc.

We choose the coordinates in a neighborhood of x so that g;j(X) = —jj, where (=) is
the Kronecker symbol. Then

iz LS g 2.20
Ui = ijusj?: (2.20)
jfij=m
Indeed,
X L, Xm.
hu; ui = JUiy i) = Frlidn)

i1;im=1 jfij=m
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Taking the relations ujiy = filug=m! into account, we obtain (2.20).
For jfij = m, formula (2.19) implies
@' ({xu) = filug: (2.21)
Therefore equality (2.20) can be written as
h o — 1 > 1 afi 2. 2 22

" jfij=m
In virtue of (2.17), the condition ju = 0 means ,xu is a spherical harmonics of degree
m. Ass well known, the spherical harmonics satisfy the equality

_2mi(n=2+m)j(m+1)

Anm = Aom; 2.23
; i(n:2) o;m ( )
(for example, see [17, Lemma XI.1]), where
z
Aom = j.xU()PdI(») =h,u; ,xuiy; (2.24)
Amm = il 18 ({xWjdr(»):
jfiji=m

>x

By (2.21), the last integrand is constant and the last formula gives
X
Amm =mil, filjugj?;

jfij=m

where 1, is the volume of the unit sphere in R". Together with (2.20), the last formula
implies

Amm = (M) hu; ui: (2.25)
Finally, substituting (2.24), (2.25), and 1, =2.."*?=j(n=2) into (2.23), we obtain (2.18).
/

According to Lemma 2.4, the operator ,, isomorphically maps the subspace Ker jm, %o
S™T! onto the space of spherical harmonics of degree m on >,. Moreover, this isomor-
phism is an isometry up to a constant factor if Ker j., is equipped with the inner product
ht; ¢i and the space of harmonics is equipped with the product ht; ¢i,.

As well known (for example, see [17]), spherical harmonics of difierent degrees are
orthogonal to each other and every function > 2 C1(>,) can be expanded in the Fourier
series in spherical harmonics of difierent degrees. The series converges absolutely and
uniformly. The expansion smoothly depends on the point x, and we arrive to the following
statement.

Lemma 2.5. Every function > 2 C1(>) can be uniquely represented by the series

7= LUm; (2.26)

m=0

where uy, 2 C1(S™;") satisfy the condition ju,, = 0. The series converges absolutely and
uniformly on each compact subset of >.
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By Lemma 2.3, a tensor fleld u 2 C1(S™¢") is uniquely represented in the form
(2]
u= “Um ; 2k, (2.27)
k=0
where every Um;ax 2 C1(S™Mi2k;") satisfles jum;o« = 0. Expansion (2.27) coincides with

the Fourier series (2.26) of the function ,u 2 C1(>). More precisely, the Fourier series
of the function ,u has a flnite number of the summands, namely,

(2]
LU= >Umj 2k
k=0

where the tensor flelds um; 2« are the same as in (2.27).

3. The operators d and -

Given a Riemannian manifold (M;g), let r : C1t(>™.") ¥ CL(>"*1% be the co-
variant difierentiation with respect to the Levi-Civita connection. For a tensor fleld
u = (Uj,-i,), higher order covariant derivatives are denoted by rku = (Ui i ) -
The inner derivative d : C1(S7") ¥ C1(S7") is deflned by d = r. The divergence
- CH(87) ¥ CH(87") is deflned in local coordinates as (Ui, iy, = &I jUkiy-sim; -
These d and - are the flrst order difierential operators of degree 1 and j1, respectively.
They were already mentioned in Introduction.

Theorem 3.1. The operators d and j- are dual to each other with respect to the L2-
product of symmetric tensor flelds. Moreover; for a compact manifold M with boundary;
Green’s formula 7 7

(hdu; vi + hu;-vi)dvV = hi-u;vidV’
M @M

holds for u;v 2 C1(S7:%; where ” is the unit outward normal to the boundary; and dV
and dV ' are the Riemannian volume forms of M and of @M respectively.

The proof is given in [15, x 3.3].
Lemma 3.2. The following equalities hold on C1(S7"):

id = di; i-=-j; (3.1)
pdp =pd;  p-p=-p; (3.2)
qdg =dg;  9-0 =g~ (3.3)
pdg = 0; g-p = 0: (3.4)

Proof. These formulas are written in pairs every of which is formed by two relatively dual
relationships. It su—ces to prove one formula in each pair. The second formula in (3.1)
can be proved by direct calculation in coordinates and we omit it. The flrst formula
in (3.3) is derived from (2.15) and (3.1) as follows:

qdg = iGii)1jdiGi) 't = iGi)*jidGi) i = idGi) 't = diGi)*t = do:
Formula (3.2) is obtained from (3.3) by the substitution ¢ = E j p. The left multiplication
of the flrst formula of (3.3) by p implies the flrst formula of (3.4). —
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Lemma 3.3. The following equalities hold on C1(S™¢"):

] 2 m .
—-i= + — .
T me2 m+2 (3.5)
. 2 mijl,.
= + : .
Jd m+1 m+1J (3.6)

Proof. It su—ces to prove (3.5) since (3.6) is obtained by the duality. For u 2 C1(S™;9,
we have
(-1Wiy:zim = g (ix:itimj K) (9K Uiy 2 )]

by the deflnition of i and -, and by the equality ryg = 0. The expression in brackets
represents the sum over f ... We divide all the terms of the sum into four groups as
follows: The flrst group includes the products of the form g,s¥uy,..,, for fr;sg = fj; kg;
the second group (the third group) consists of the products such that k 2 fr;sg and
J 2fr;sg (k 2 fr;sg and j 2 fr;sg), and the fourth group contains all the remaining
terms. We thus obtain

h >
m+1)(m+2) .
( )2( )(_Iu)ilzz:imj = gkl Ojk Mgy, + Oia V1Uji, i,
a=1
> < i
+ Ojia MUy, i, T Giaip r|ujki1:::i;:::i%:::im :
a=1 lea<hbem

where ~ over an index means the index is omitted. Using the identity g'gj. = -}, where
(1) is the Kronecker tensor, we rewrite the last formula in the form

m+1)(m+2), . 20
( )2( )(‘|U)i1:::imj = Ui, + FiUji i
a=1
X X
+ gjia(_u)il;;;ig;;;im + giaib(_u)jilz::?&:::*g:::im:
a=1 lea<bem

The sum of the flrst two summands on the right-hand side of this formula equals
(m + 1)(du)ji, i, and the sum of the last two summands equals ™0 (i-u);i, .. —

Lemma 3.4. The following equalities hold on C1(S™"):

L SO LU I ey
do=adi oo ot =00 g Pd 3.7)
_ 00 pe = mil .
dp=pd+ o P P TR g Pd (3.8)

Proof. As above, the formulas are written in dual pairs and (3.8) is obtained from (3.7)
by the substitution ¢ = E j p. Hence it su—ces to prove the flrst of formulas (3.7).
By (3.1) and (3.6),
11
2 L m +1 . .

Jid = jdi = m+3 m+3J
The left and right multiplications of this formula by (ji)i* yield
HH il_m+1-- il 2 siyil_grianyil.
dgi) ——m+3(JI) d+m+3(Jl) ignt:
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In virtue of (2.15) and (3.6), this gives

o oginils argls Ml oL 2 i il
dg =di(gi)*"j =id(i) J_I¢m+1(JI) d+—m+1(Jl) ign' j
_mil . om+1. 2 2 i
_m+1l(‘“) miljd'mil +m+1I(JI) d

2 ...

=qd i —7iG)"-(E i q);
i.e., ,
dg=qd i m+1i(ji)i1—p: (3.9)

The equality jp = 0 follows from the deflnition of p. According to (2.11) and (3.1), this
implies

.. _2(n+2m j 2) +(mil)(mi2)__ _2n+2m i 2)
Ui-p= mm+1) m(m + 1) HP= m(m+1)
Hence the equality
Gi)i*-p= mm + 1) (3.10)

2(n+2m j 2)—p
holds on C1(S™;"). Substitution of (3.10) into (3.9) implies the first formula of (3.7). —

Let us now demonstrate how does Theorem 1.1 imply Corollary 1.2. Let u and v satisfy
the hypotheses of Corollary 1.2, and let & = pu. Then

ju =0: (3.11)

Applying the operator p to (1.2), we obtain pdu = 0. Transformation of the left-hand
side of this equality by (3.8) implies

m T
i—n+2mi2|_ ot =0:
We denote v = %miz—u and rewrite the last formula as
de = iv: 3.12)

As is seen from (2.15), the operator p = E j q is represented in coordinates by a matrix
whose elements are rational functions of the components g;; of the metric tensor. Therefore
conditions (1.4) imply the similar conditions for & = pu:

H(X0) =0; ru(X)=0; :::; r'u(x) =0: (3.13)

According to (3.11){(3.13), u satisfles the hypotheses of Theorem 1.1. Assuming the
theorem to be valid, we obtain & = pu = 0. This means the existence of w such that u =
iw. Theorem 1.3 implies Corollary 1.4 in a similar way.

4. Proof of Theorem 1.3

According to Theorem 1.1 whose proof will be given below, Theorem 1.3 follows from
a weaker statement formulated in

Lemma 4.1. Let j be a smooth hypersurface in a Riemannian manifold M. If tensor
flelds u2 C1(S™% and v 2 C1(S™iL; ") satisfy the conditions

du=iv; jJu=0; u : =0
then u and v vanish on j together with all their derivatives.
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Proof. The statement is trivial for m = 0. Let m , 1. We prove by induction in k the
validity of the following statement:

uj; =0; ruj, =0; :::; rfuj; =0;

Vi; =0; rvj; =0; ;i rkilyj. =0
For k = 0, the statement coincides with the hypothesis u|i = 0. Assume the required
statement to be true for some k , 0.

of Xo 2 i so that j is deflned by the equation y = 0 and gin = —in. Here and below (-j;) is
the Kronecker tensor. By the induction hypothesis,

|
%@Eouil:::im =0 for | = k;
' " 4.1
@_yl@xﬂvil:;;imil =0 for | =k i 1
y=0

for an arbitrary (n j 1)-variate index fl.
The equality du = iv has the following form in the chosen coordinates:

FisUiytigas T VigUigigeiges 000+ i Uiy
N
=(M+1) (i ime1) GigioVisstimes -

Applying the operator %Hyzo to this equality and taking (4.1) into account, we obtain

il
@k @uiz:::-im+l +000+ @Ui_l:::im
@yk @XI]_ @le+1 y=0
i . 0 Viy--: [ 1
=M+1) (i1: 0 imen) Gigip—— (4.2)
Y y=0
Hereafter we use the following agreement: Greek indices vary from 1 to n j 1, and the
summation from 1 to n j 1 is assumed over repeated Greek indices. Set (iy;:::;im+1) =
(fig; 21 fim+1) in (4.2). Then the left-hand side of (4.2) equals zero by (4.1) and we obtain
- !
. . @kV iz fima
(Fiy:: fimse1)  Oigfis % =0: 4.3)
@y y:()
We rewrite (4.2) in the form
il
@k @uiz:::-im+1 + 000+ @ui_l:::im “
@yk @Xll @le+1 y=0
_ 1 x g @kvim(g):::im(m+1)[ (4 4)
~ ml Lol K .
ml ...2fm+1 ' @y y:0
Let 0 = s e m. We set (i1;:::;im;s) = (fig; i1 fim;s) and Imjse1 = €00 = iy = N

in (4.4). By (4.1), the flrst m j s summands on the left-hand side of (4.4) are equal to
zero and the last s + 1 summands coincide, i.e.,
|
k o - K+l
1] - @U|2...i|m+1 + 000+ @U|i1...|rn — (S+ 1) (] Ufll.i(.iTisn...n[ :
@y @X 1 @X m-+1 y:O @y y:O

(4.5)
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Let us analyze the right-hand side of (4.4) for the chosen indices. If ..(1) ® m j s and
.(2) >mjstheng; = 0. Similarly, g; =0if.(1)>mjsand..(2) ®*mjs.

(W@ W@
Therefore
k
> o 0 Vi..(3)113i..(m+1)
g'.‘.(l)'..‘(z) @yk
w2fm+1 y=0
Ky,. . Ky/. .
_ X @ VIH(3):::|‘._(m+1)[ + X ) ) @ VI_‘(3):::|“_(m+1)[ ) 4 6
- @yk 9i i@ @yk ’ (4.6)
~2fm+1(s) y=0 2f9 .1(s) y=0
where

froe(S)= .2 fmarj.(D)>mis; ..(2)>m
En+1(s) = . 2fmaj.()emis; .(2)=m

All the summands of the flrst sum on the right-hand side of (4.6) coincide because v is
symmetric. And the total amount of the summands is (m j 1)!s(s + 1), i.e.,

- Em
w (7]

XX Ky: Y

@ |__(é)-.i(|__(m+1) — (m ; 1)!5(5 + 1) @ Vfll.@.flr;isn...n[ (4.7)
2fmea(S) y y=0 y y=0
For s = 0, the right-hand side of (4.7) is equal to zero due to the factor s.
The second sum on the right-hand side of (4.6) is obviously equal to
- !
k PTIT e

c(m;s) (fiy:::fimss) Ofiui, ‘ Vf's'“f'"”s”'“”[ : (4.8)

where ¢c(m;s) = (m j 1)!(m j s)(m j s j 1) is total amount of elements in f° ., (s).
Substitute (4.7) and (4.8) into (4.6) to obtain

# < Oi i @kvi--v(s):::im(mﬂ) = s(s + 1)@kai1:::fimisn:::n[
(mi 1) w2fm+1 rOne oy~ y=0 oy~ y=0
- 1
. . @kaigzz:fim-sn:::n[ )
+Mmis)(misil) (fiviiifimgs) Orishis @ . (4.9)
y y=0
Next, we substitute (4.5) and (4.9) into (4.4)
@k+lUfi1;;;fimisnliin[ _ i@kail:::fimisn:::n[
@yk+l y:O m @yk y_—,_Q !
mis(misil) . . @ vs i g sni F
e D (fiz:Fimgs) G~ g - (4.10)
We deflne the tensor flelds
z&@2CcH (S Oesem);, wO&2CH(ESMi%)) (1esem)
on j as follows:
0% Uiy ofirn n"'n[ @5 Vi, :-ofirn n"'n[
Ze) = Lo mis T Cowl® . = Lomis (4.11)
fiz:ifim;s @yk+1 y=o fir:fim;s @yk Y=o
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For convenience, we also deflne w® = 0, wm*D =0, and w™*2 = 0. Then (4.10) can

be written in the coordinate-free form

Mis)Ymisil), o
m(s + 1)

2 = %W@) + (0 =s=m) (4.12)

and (4.3) can be written as iw® = 0. Since i is a monomorphism, this implies

w® =0: (4.13)
If m = 1 then v is a scalar function and (4.13) gives %Hyzo = 0. Equation (4.12)
implies
k+1y).. k+1
Z(o) _ @ N Usi @ M Un — Z(1) — W(1) =0

fi ™ @yk+1 =Y @yk+1
y y=0 y y=0
This justifles the induction step in the case of m = 1. Therefore, we assume m , 2 in the

rest of the proof.
In the chosen coordinates, the equation ju = 0 is written as follows:

fl —0N-
Uilz::imiznn +0° Us itlimi2 — 0:

Difierentiating this identity k + 1 times with respect to y, we obtain

@k+1Ui1:::imi2nn + g @k+1UfI i1:0img2 =0
@yk+1 9 @yk+1 -
y=0 y=0
We set (ig;:::;0imss) = (Fig; 05 fimgs) and imys+1 = :iim;2 = N in the last formula to
obtain
Z(S)+jz(si2)=0 (2-S-m)
This implies

2 =(jj)z® for 0e2sem; z&D=(§j)zP for 0=2s+1=m: (4.14)

Setting s =m and thens=m j 1in (4.12), we get
m

wm = zM: \yMmiD) — Z(Mi1).
mijl
Taking (4.14) into account, this implies
wem) = (1)@ for m =2m";
2m' + 1 (4.15)
@mb) — - =ym’_(0) — 0 .
w = Z for m=2m" +1;
embijy —  4M Ca\m'ilo () — el
w = z for m =2m’;
2§ 10D (4.16)
wem D = ()™ zD for m=2m’+ 1
Now, we are going to prove the representations
s s
w® = (j1)° a(m;s; Di'js"z@  for 0<2s e m; (4.17)
1=0
[mideBlis
w®*tD = (§1)s b(m;s; Di'js*1zD for 0 <2s+1=m; (4.18)

1=0

with some positive coe—cients a(m;s;1) and b(m;s; 1), where [¢] denotes, as usual, the
integer part of a number. For 0 ® m j 2s = 1, formula (4.17) coincides with (4.15). We
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shall prove (4.17) by induction inm j 2s. Lets>0and m j 2s , 2. If we take s :=2s
in (4.12) then we get
£(25) — 2_5W(2s) + (mj2s)(mij2sijl) W@+
m m(2s + 1)

We express w®) from this equation
W = Ez(zs) . (Mmi2s)(mij2sil) i @s+2)-
2s 2s(2s + 1)

We replace the flrst term on the right-hand side by its value (4.14) and replace the second
term by its expression from the inductive hypothesis (4.17)

(731

(mij2s9)(mij2sil

a(m:;s+ 1;| il+1-s+|+1z(0) .
2s(2s + 1) ( W

m
W(ZS) — (il)s _jSZ(O) +
2s
1=0
Changing the summation index, we transform this expression to the form

EVE

imjsz(o) N (Mij2s)(mij2sijl

. +1| - 1 ilss+l (0)-:
2 25(2s + 1) a(m;s+L1i iz

wi = (j1)°
1=1

This is equivalent to (4.17)8With

< m=2s for |=0;

a(m;S; I) = - (Mi2s)(mij2sjl)
2s(2s+1)

Thus, representation (4.17) is proved. The proof of (4.18) is quite similar.

Sets=0in (4.12)

a(m;s+1;131) for |, 1

2O =(m j Diw?: (4.19)
By (4.17),
B3
w® = j a(m; 1;1)i'j'1z©@:
1=0
Substitution of the last expression into (4.19) gives
h (2] i
E+(mijil) am1ljDi'j z@=0; (4.20)
1=1
where E is the identity operator. The operator in the brackets is nondegenerate since the
coe—cients of the sum are positive and the operator i'j! is nonnegative. Hence, (4.20)
implies z® = 0. So, according to (4.14) and (4.17), z®9 = 0 and w®) =0 for all s.
By (4.13), w® = 0. On the other hand, setting s = 0 in (4.18), we see

h[3¥] i
w® = b(m; 0; Di'j' z® =o0:
1=0
Since the operator in the brackets is nondegenerate, z() = 0. Together with (4.14)
and (4.18), this gives z@s*D = 0 and w®*D =0 for all s.
We have proved z© = 0 and w® =0 for all s. Recalling deflnition (4.11), we see
@k+1ui1:::im — N @kvi1355im

— Yy = 01
@yk+l y:O @yk y:O
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and this is the flnish of the inductive step. —

5. Proof of Theorem 1.5

We start with the following observation: the tensor flelds , and f can be eliminated
from the system (1.5){(1.7). Indeed, let f;F 2 H*(S™"), v 2 H**(SMil") and , 2
H*(SMi2," satisfy (1.5){(1.7). Applying the operator j to (1.5), we get

jf =jdv +ji,:

Express , from this

, = GD)(F i dv); (5.1)
and substitute the result into (1.5)

f=dv+i(ji)itj(f j dv) + T
Due to (2.15), this equality can be written in the form
f=dv+q(f jdv)+T
or
(Eigf=(Eiaqd+TF
where E is the identity operator. Since E j q =p,
pf = pdv + T (5.2)

To eliminate T, we apply the operator - to equation (5.2). Taking -f = 0 into account,
we obtain

-pf = —pdv:
Hence, v is a solution to the boundary value problem
(-pd)v =h; vjem =0 (5.3)
with
h =-pf 2 HKit(SmiL;hy: (5.4)

Recall that the subbundle Ker j of the vector bundle S was deflned in Section 2. The
right-hand side h of equation (5.3) belongs to H<i%(Ker j) by (5.4) and (3.1). The desired
solution v to problem (5.3) must be a section of Kerj since the requirement jv = 0 is
contained in (1.6). Finally, —pd can be considered as a difierential operator on the vector
bundle Kerj, i.e.,

-pd: C1(Kerj) ¥ Ct(Kerj):
since q(-pd) = (g-p)d = 0 in view of (3.4). So, (5.3) can be considered as a boundary value
problem on the bundle Ker j. We shall prove this is an elliptic problem with zero kernel
and co-kernel. Then, applying the theorem on regular solvability of elliptic problems, we
shall deduce that, for every h 2 H*(Kerj) (k , 0), problem (5.3) has a unique solution
v 2 HK*2(Ker j) satisfying the stability estimate

kaHk+2 - Ckthk

Setting h = -pf and deflning , and T by formulas (5.1) and (5.2), we get (1.5){(1.8).
Theorem 1.5 is thus reduced to the following proposition:

Theorem 5.1. Let M be a compact connected Riemannian manifold with nonempty
boundary. Being considered on the vector bundle Ker j, the boundary value problem (5.3)
is elliptic and has zero kernel and co-kernel.
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Proof. We start with checking ellipticity of the operator —-pd on Kerj. The principal
symbols 1(d) and (=) of the operators d and - at a point (x;») 2 T are

(@="1t, O="15,
here pﬁ is the imaginary unit. Hence,
2(=pd) = §J,pi,:
For x 2 M, let Ker}'j = ff 2 S™T! j j¥ = 0g. We have to prove the operator
j>pi, : Kery'j ¥ Kerl'j (5.5)

is an isomorphism for every m , 0 and every 0 & » 2 T!.
The operator j,pi, is easily seen to be nonnegative. Indeed,

hj,pi, F; Fi = hpi, F: i, Fi = hpi, F; pi,Fi = jpi,Fj*
Therefore veriflcation of the ellipticity of —-pd reduces to the following proposition.
Lemma 5.2. If a tensor f 2 S™T! satisfles the conditions
jf=0;, pi,f=0
for some 0 & » 2 T then £ = 0.
To prove Lemma 5.2, we need the following:

Lemma 5.3. The commutation formula

- : - - - - - il-
pl» I»p 1 m+lI(JI) J»p
holds on S™;°.
Proof. The commutation formula
.o 2 . mijl. . m .0
L = mj» + - +1I»j on S™M¢ (5.6)

is checked by direct calculations in coordinates, and we omit them. Using (2.15) and (5.6),
we obtain

il
. - - 2 m j
=i itii =G iLGi) = i(ii)il i -
i, = iGD) i, = G GE) = G S+ b
Hence, - q
P syl : .. m, 0.
ql»_l(JI) m+1J»+m+1|»J on S ¢ - (57)
Using (5.6) again, we get
|
i, = Gidi= ——j+ T Y i= —2 i+ ™ g
J » » m+3)) m+3» m+3>) m+3)) .

Multiplying the extreme parts of this formula by (ji)i! from the left and from the right,
we obtain 5 S
Pyl — fyils teinyil fovils .
LANY = —— =DV LGN + = ()
Hence, ; ,
svily — M3, L TR I m, 0.
(JI) I, = m+1|>>(_||) 1 m+1(.||) J»I(_II) on S [ (58)
We transform the second summand on the right-hand side of (5.7) with the htlp of (5.8).

The summand equals zero in the case of m = 0 and of m = 1 due to the factor j on its
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right. Therefore we assume m , 2. Since the operator j acts before (ji)ili,, the value m
in (5.8) should be changed to m j 2. Thus, the result of the transformation is as follows:

: U DR D NIRRT

] m
- — -y ll. + 1
b m+1I(JI) Prast' m i 1"
We arrange this formula as
. 2 - -

P& arviyils irvayils - oarsiyils

gi, = LGN + i) E(E i 1GD )
and use (2.15) again to obtain

QI»=I»q+mI(JI)'1J»p on SM" (5.9)

We have thus proved (5.9) in the case of m , 2. Actually, (5.9) is valid for any m , 0.
Indeed, both sides of this formula are equal to zero in the case of m = 0. In the case of
m =1, (5.9) has the form

i, = li' on "
q » n J» ¢
and can be easily checked.
Substituting g = E § p into (5.9), we complete the proof of Lemma 5.3. —

Proof of Lemma 5:2. The statement of the lemma is trivial for m = 0 since pi,f =i, f in
the latter case and i, is @ monomorphism for » & 0. So we assume m , 1.

Let f 2 S™T! satisfy the equalities jf = 0 and pi,f = 0. By Lemma 5.3, the second
equality implies

— i f — - syl o
O - pl»f - I»pf 1 m + 1'(.") J»pf'
Since pf = T, this equality is simplifled to the following one:
P F - irinili £ =0
i,T i m+1l(jl) J,F =0:

Taking the scalar product of this with i,f, we get

hi, F; 1, T j 2 hi(Gi)itj, f;i,Fi=0

m+1
or 5
hj,i,F; Fi j ey 1h(ji)”j»f;ji»fi =0: (5.10)
The operators i, and J, satisfy the commutation formula
o
iif = n:»i i mri cif o for £28m (5.11)

(see [15, Lemma 3.3.3)).
Since jf =0, formula (5.6) implies

. 2 .
Jji,f = mj»fi (5.12)

Using (2.11) and taking Jf = 0 into account, we deduce
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Applying the operator (ji)i! to this equation, we infer

Gi)i*G,.f) = 2(:32; 1i)2)j»f: (5.13)

Substitute (5.11){(5.13) into (5.10) to obtain

il

PRfF+m 1 ij,Fi2 =0:

n+2mj 2)
Both coe—cients of the equality are positive in the case of n , 2, m , 1, and » & 0.
Hence, f = 0. —

We have thus proved the ellipticity of the principal symbol j,pi, of the operator j-pd on
the bundle Ker j. Actually, we have shown the principal symbol is positive. This implies
the ellipticity of the boundary value problem (5.3). Indeed, as is known [19, Chapter 5,
Proposition 11.10], the positivity of the principal symbol implies the Lopatinskif condition
for the Dirichlet problem.

Next, we are going to prove the triviality of the kernel of the boundary value prob-
lem (5.3). Let v 2 HX(Kerj) (k , 2) be a solution to the homogeneous problem

(-pd)v =0;  vjgm = 0: (5.14)
Due to the ellipticity, v is smooth: v 2 C1(Kerj). Applying Green’s formula from
Theorem 3.1, we have
(pdv; pdv) 2 = (pdv; dv) 2 = j (-pdv;V) 2 =0;

i.e., pdv = 0. Hence, v is a trace-free conformal Killing fleld. ﬁAccording to Theorem 1.3, if
such a fleld satisfles the homogeneous boundary condition v oM = 0 then it is identically
zero.
Let Sm(;OH@M denote the restriction of the bundle S™;° to the boundary. To prove the
triviality of the co-kernel of the boundary value problem (5.3), we need the following
proposition.
i ¢

Lemma 5.4. If a tensor fleldu2 C1 'Sm(;UH@M satisfles the condition ju = 0 then there
exists v 2 C1(S™; ") satisfying the conditions v oM = 0; jv = 0 and such that

J-pdvjem = u; (5.15)
where ” is the outward normal vector to the boundary.

The proof of Lemma 5.4 will be given below. We now flnish the proof of Theorem 5.1
with the help of the lemma.

Assume a fleld w 2 C1(Kerj) to be orthogonal to the range of the operator of the
boundary value problem (5.3), i.e.,

(w;-pdv) 2 =0 (5.16)

for every v 2 C1(Kerj) satisfying the boundary condition VH@M = 0. We have to show
w - 0. We flrst choose v such that suppv % M n @M. Green’s formula and (5.16) imply

(-pdw; V)2 = (w;-pdv), 2 = 0:
Since v 2 Cgt(Kerj) is arbitrary, this means
—-pdw = 0: (5.17)



CONFORMAL KILLING TENSOR FIELDS 23

i ¢
For an arbitrary u 2 ct' Keer@NI , Lemma 5.4 guaranties the existence of some
v 2 C1(Kerj) which satisfles (5.15) and vanishes on the boundary. With the help of
Green’s formula, (5.15){(5.17) yield
VA
0= (W;-pdv), 2 = (-pdw; V), 2 + hw;j-pdvidvV'= hw;uidv"
eM em

This means WH v = 0 since u is arbitrary. So, w belongs to the kernel of the boundary
problem operator. As was already proved, such w must be identically equal to zero.
Theorem 5.1 is proved. —

Proof of Lemma 5:4. In order to simplify the notation, we give here the proof only in the
case of an odd m. The case of an even m is considered in a similar way. Both the cases
can be considered simultaneoysly but with much more complicated notation.

In virtue of the condi[rion Viem = 0, (5.15) can be considered as an algebraic equation

in the unknown @v=0" oM We are going to prove the existence and uniqueness of a
solution to the equation under the condition ju = 0. Moreover, the solution satisfles
jov=0~ om = 0as will be shown. Then the proof of the existence is realizeq by choosing
a sectiq)n v of the vector bundle Kerj with prescribed boundary values v =0 and

oM
@v=0"";\,

hood of a boundary point so that gi, = -i, and the boundary is deflned by the equation
y = 0. Below the Greek indices change from 1 to n j 1. We deflne the tensor flelds
u®;v® 2 C1(S%},,) for 0 = s « 2m + 1 by the formulas

v,$is)...ﬁ — @Vfil:::fisn:::n .
1...1ls 1

U%Sl):::fis = 2(m + 1)(n + 4mM)Usi,:: fign::n: (5.18)

The condition ju = 0 is expressed in terms of u® as follows:
u® +jut+? =o;
From this,
u® = (Gj)mEuem; uCe = (j)misuCm: (5.19)
Using (3.8), we transform (5.15) to the form

. dV'2m+1i—vﬂH —u
J p I am p = u

aMm
If jv = 0 then pv = v and the equation simplifles 'ItTO the following one:
] 2m+1.
J» dv j m i-v =u: (5.20)
n+4m oM

We are going to derive some recurrent formulas from (5.20) which uniquely determine the
tensors v,
In the normal boundary coordinates, the vector ” has the coordinates (0;:::;0;1) and
equation (5.20) takes the form
2m+1 .

(dV)nilz::i2m+1jy:0 i n+4m (l_V)nil:::i2m+1jy=0 = Uij:tipmas - (5.21)
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Set (ig;:::;0s) = (fig;:::;fig) and g1 = ¢¢¢ = ipms+2 = N in the equality

_ 1 @Viz:::i2m+2 @VI1I3 Hiom+2 @ |1 liom+2
(dv)il iom+2 om+2 @Xil + @ i2 i+ @X|2m+1

= 0. The last 2m j

The flrst s summands on the right-hand side vanish on @M since VH

. . @m
s + 2 summands are pairwise equal. Hence,

2m js+2 Vo)

(AV)fiy::ifign:znly=0 = m fiy:2:fig - (5.22)
Similarly, we deduce
(-V)fiz::sfigninly=0 = Vi) g, (5.23)
Setting (iq;:: ;i) = (fig;:::; fis) and ig+; =606 = ipm+2 = N in the equality
. 1 =<
(-V)ig:tiomer = m 9i_wi.e (_V)i.‘.(s):::i‘..(2m+2)

and analyzing the right-hand side in the same way as has been used for deriving (4.9), we
obtain
2m js+1)(@2m js+2)

(_V)filz::fisn:::n[

(i_V)fil:::fisn:::n -0 —

y 2m + 1)(2m + 2) y=0
s(s i 1) e
(2m+1)(2m+2) (ﬂl f's) gfllflz( V)flg fisn:in y=0
With the help of (5.23), this gives
. _@mis+1)@2mjs+2)
(I—V)fil:::fisn:::n y=0 — (2m T 1)(2m T 2) Vf(lsl) fis
s(sil) i sin? _
2m+1)(2m + 2) fig:fis” (5.24)
We set (iy;:::;0s) = (Fig;:::;fig) and igsq = 006 = ipms+2 = nin (5.21). Then we

substitute values (5.22) and (5.24) for the summands on the left-hand side of (5.21) and
value (5.18) for the right-hand side of (5.21). In such the way we obtain the recurrent
formula

@mijs+2)(n+2m+s j Dv® j s(s j 1)ivEid =u®:
In view of (5.19), this formula can be rewritten as

2(m js+1)(n+2m+2s j 1V § 25(2s j 1)iv®i2 = (§j)misum; (5.25)
(2m j 2s+1)(n+2m+2s)v®*D § 25(2s+1)iv®iD = (jj)misu@m+D: (5.26)
Formulas (5.25) and (5.26) imply the following representations:
X
v@) = g(s; k)ikjmistkyCm:. (5.27)
k=0
X -
V(25+1) — b(S, k)ikjm'5+ku(2m+l); (528)
k=0

with some coe—cients a(s; k) and b(s; k) which depend on n;m;s, and k only. The de-
pendence on n and m is not indicated explicitly since the values of these two parameters
are flxed in the proof.
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Substitution of (5.27) and (5.28) into (5.25) and (5.26), respectively, imply the following
recurrent relations:

Oy — (iyme .
a(s;0) = 2(mjs+1)(n+2m+2sij 1) (5.29)
LY — (2sil) 1L s koo '
a(s;k) = ™ s+1)(n+2m+2551)a(s'1’k il) for lekes;
Ay (iymis _
b(s;0) = (2m j 2s+1)(n+2m +2s)’ (5.30)
b(s: k) = 25(2s + 1) b(siLkil) for l=k=s:

(2m j 2s+ 1)(n + 2m + 2s)

The coe—cients a(s; k) and b(s; k) are uniquely determined by equations (5.29) and (5.30),
and formulas (5.27) and (5.28) show that the tensors v and v(*D are uniquely deter-
mined by u®™ and u@m+1),

Finally, we have to prove the tensors v and vs*1 satisfy the equations

v +jy@*D =0 for e semj 1 (5.31)
V(25+1) +jv(25+3) =0 for s em i 1 (532)

that are equivalent to the relation j%ﬂ@M = 0 in view of the flrst formula in (5.18).
Applying the operator j to equation (5.27), we obtain

>
st = g(s+ 1;k)jikjmistkilyem. (5.33)

k=0
We transpose the factors j and ik on the right-hand side of (5.33) with the help of
Lemma 2.2. We have toset n:=n j 1 and m := 2s j 2k + 2 in the statement of the

Itmma since jMis*kilym js the tensor of rank 2s j 2k + 2 on the (n j 1)-dimensional
manifold @M. So we have

k(n+4s § 2k+1) 4.1 skt
(s+1)(2s+1)

s, (25+2) — =R .
jv = a(s+1;k)

k=0 1-[
(S i K+ 1)(25 i 2k + 1)ik-mis+k u(2m).
(s+D@Es+1) 7 |
This equality can be transformed as follows:
1 (25+2) — (sik+1)(2sj2k+1) :
v . GrEs+D) a(s+1ik)
B ]
(k+1)(n+4sj2kil) eim §s+k
Lk+1) ikgmisTiyem: 34
M (s+1)(2s+1) as+lk+l) 1] ) (5-34)
Substitution of (5.27) and (5.34) into (5.31) gives
x* (5§ k+1)(@sj2k+1)
o asik) + (s+1)(@2s+1) a(s +1k)

+(k+1)(n+4s i2kijl)

+1'k + ikymis+k, (2m) — :
(s+D(2s+ 1) ais+ 1L, k+1) i u 0




26 N. S. DAIRBEKOV AND V. A. SHARAFUTDINOV

Since u®™ js an arbitrary tensor, the expression in the brackets must be equal to zero
for all s and k, i.e.,

sik+1@2sj2k+1)
(s+1)(2s+1)

L k+Dn+4si2kil)
(s+1)(2s +1)

Similarly, (5.32) is equivalent to the equation

(sik+1)(2sj2k+3)
(s+1)(2s+3)

(k+1D(n+4s j 2k+1)
(s+1)(2s +1)

We have to prove the following statement: Being deflned by recurrent formulas (5.29)
and (5.30), the coe—cients a(s;k) and b(s; k) satisfy equations (5.35) and (5.36), re-
spectively. This can be proved with the help of the following explicit formulas for the
coe—cients:

a(s; k) + a(s+1;k)

(5.35)

a(s+1Lk+1)=0 for Oeskesemj1:

b(s; k) + b(s + 1;k)

(5.36)

b(s+1;k+1)=0 for O=kesemj 1l

(iDmisiksi(2s§ DI(m § s)!

2 (n+2m+2s § !
(n+2m+2s j 2k j 3)!! .
(sik)!(mMmis+k+D!(2sj2ki)!

a(s;k) =

(5.37)

+DN@2mj2s j !
(n+2m+2s)!!

2X(n+2m+2s j 2k j 2)!! _
(sik)!(@mj2s+2k+1)!'(2s j 2k+ 1)

b(s;k) = (j1)misi «S!(2s

(5.38)

Here we use the standard notation:
@K =2kkl: k+ D =Ck+1)2k §1):::1; (i) =1

Formulas (5.37) and (5.38) are proved by substituting them into recurrent formulas (5.29)
and (5.30) and checking the validity of the resulting equations. Then the validity of
(5.35) and (5.36) is proved by substitution of values (5.37) and (5.38) followed by a direct
calculation. —

6. Proof of Theorems 1.6 and 1.7

In this section, for a Riemannian manifold, we use the notions of a semibasic tensor fleld
and the vertical and horizontal derivatives of such a fleld. The corresponding deflnitions
are presented in [15, Ch.3] (see also [4, x4] where the case of a Finsler manifold is
considered as well). We denote the space of smooth semibasic (r;s)-tensor flelds on TM

Y h
by CLt(fliM), and r, r : CL(fIIM) ¥ C1(flL,,M) denote the vertical and horizontal
derivatives, respectively.

Proof of Theorem 1.6. Let u 2 C1(S™;},) be a trace-free conformal Killing tensor fleld,
i.e.,, ju =0 and du = iv for some v 2 C1t(S™Mil;). We assume here m , 1 since
the statement of the theorem is trivial in the case of m = 0. Deflne the function U 2
CL(TM) = C2(fiIM) as follows:

U(X;») = Uiy, ()P EEE»Im: (6.1)
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The function is homogeneous with respect to »,
U(x;t») = tTU(X;»); (6.2)
and satisfles the kinetic equation
HU (X; ») = J9]2Viy iy, 1 005 M (6.3)

_h
where H denotes difierentiation along the geodesic ow, and HU(X;») = »'r;jU. Since
Jju =0, the function U satisfles the equation

¢U =0 (6.4)
V.V
where (\f: = r'r; is the vertical Laplacian (see Lemma 2.4).

Let us derive the commutation formula for <\1/: and H. Since the vertical and horizontal
derivatives commute,

v v.v j.h ¢ v.jh .h v ¢ v.h v
¢HU=r'ri»rjU =r' riv+»rjriu =2r'riu+H ¢U:
By (6.4), this gives
\V v . h
¢HU =2r'r;U: (6.5)
We write the Pestov identity for the function U (see [15])
>h v fii vijn. ¢ Hh H2 h jiv ¢
2rUrHU jri r'vtHU ="rU"+ rw' j R, ru ; (6.6)
where
jiv ¢ Vv v
R, rU =Rj»»riutr'u (6.7)

and w is some semibasic vector fleld on TM. It depends on U quadratically but its value
is not relevant now. Since the sectional curvature is nonpositive, we have

iv ¢
R, ru =0 (6.8)

We transform the flrst summand on the left-hand side of equation (6.6) with the help
of (6.5) as follows:

>h v fi h . v
2 rU;rHU =2r'Ut r;i(HU)
v j h. ¢ v.h
=r; 2r'vtHU j2r'ri;UtHU

Vv Vo h . ¢
¢HUtHU + r; 2r'v¢tHuU

vV oV, v | h. ¢
rirHUtHU + r; 2r'utHuU

vVojv. ¢ v, v v j h. ¢
ri r'HUtHU + r'HU ¢ riHU + r; 2r'u ¢HU

Lok 200 ok 5 S enu®
=lrHU" + r; 2r'‘v¢tHU §j r'tu tHu :
Substitute this value into (6.6)

A U CHU 5 FHU NUTTR LI N rw R
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We integrate this equality over >M versus to the Liouville volume form d8 and transform
the integrals of divergent terms by the Gauss-Ostrogradsky formulas (see [15, Theorem
3.6.3])
Z oy o > i 8 e e
rHU"+(n+2m) »; rU j rHU HU d8 = ruU™ iR, ru ds: (6.9)

>M >M

ih v ¢
The coe—cient (n+2m) appears here because the semibasic vector fleld 'ru i rHU HU
is homogeneous of degree 2m+1 in ». With the help of the Euler formula for homogeneous

functions
>

v fi
»; rHU =(m+ 1)HU (6.10)

> h fi
and of », rU = HU, formula (6.9) takes the form

Z y . Z . .
lyrule i m(n+2m)jHUj? d§ = e iRru’ ds: (6.11)

>M >M
Now, we estimate the left-hand side of (6.11) as follows. At an arbitrary point (x;») 2

\%
>M, we represent the vector rHU in the form
v v > v, fi
rHU = ,»+ r"Hu; »r*"HU =0: (6.12)
Here , = ,(X;») is some scalar functign. The second summand of the representation has

a clear geometrical sense: If "y = HU oM is a restriction of HU to the unit sphere >xM

\%
then r"HU(X;») = r"y(») is the gradient of the function ™ at the point » 2 >,M.
Formula (6.3) implies that “x(») = Vi, (X)»" ¢¢e»'mit. Applying the Euler for-
mula (6.10), we see that , = (m + 1)HU. Thus, (6.12) implies

H ;—Huﬂz = (m+ DHUP + jr,j* (6.13)

By Green’s formula,
z z
IrPdre) =0 k@ % d10);
>xM >xM

where €, is the spherical Laplacian on >xM. The eigenvalues of j €, are ,x = k(n+k j 2),
k = 0;1;:::, and the spherical harmonics of degree k are the eigenfunctions corresponding
to ,k. Since " is a polynomial of degree m j 1, the last integral can be estimated as
follows: .

Jryg?die) = j T C1 T dI(»)

)XM )XM Z

= sup Lk iTxi?dY ()

kemijl >xM 7

=(mijl)(n+mij?3) jJHUZd1(»):
>yM
Together with (6.13), this imply
- ' ’
rHU™ § m(n +2m)jHUj?* d8 = j2m+nj4)  jHUj*dS:
M

>M >
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Taking this inequality into account, we derive from (6.11)

: : HU? Mook rive® ds
iCm+njd jHUj=d8 , ru"™ i R, ru ds: (6.14)
>M >M
The coe—cient (2m + n j 4) is nonnegative since m , 1 and n , 2. Hence the left-
hand side of (6.14) is nonpositive. At the same time, the right-hand side of (6.14) is

nonnegative in virtue of (6.8). Thus, both sides of (6.14) are equal to zero. In particular,

h iv ¢
HrU{|2 i R»l rU =0on >M. Applying (6.8) once more, we obtain
\'
R,(ru)=0 (6.15)

h h
and rU = 0 on >M. Hence, rU is identically zero on TM. Now, (6.1) implies 0 =

h -

riU = rjui,..i»"'™. Thus, ru is identically zero on M, i.e., u is absolutely parallel.
Now, we prove the statement: u(xg) = 0 if all sectional curvatures at the point x, are

negative. This implies u - 0 since u is absolutely parallel.

\
Given » 2 >, like in (6.12), we represent the vector rU(Xq;») in the form

f

v v > v |
ru(xe;») =,,0» + r’U(Xe:»); » rUy») =0: (6.16)

\'
Here ,, is some scalar function. We claim r?U (xo;») = 0 for all » 2 >,,. Indeed, assume

\Y
r?U(Xo;») & 0 for some ». Then, substituting (6.16) into (6.7) and using symmetries of
the curvature tensor, we infer

HRY ¢ H v ¢l v
R, r?U(xo;») = K 'xo;» ™ rU(xo;») H r"’U{|2 <0:

Here Kixo;» N ;’rU (Xo; »)¢ is the value of the sectional curvature at the point X in the
two-dimensional direction » ™ ;/rU (Xo;»). The last inequality contradicts (6.15).
Hence, :’?U(xo; ») =0 for all » 2 >,,. This means that
U = ¢ = const: (6.17)

>X0M

In the case of an odd m, the constant ¢ must be equal to zero since the function U(X;»)
is odd in ». In the case of m =21 > 0, (6.1) and (6.17) imply u(Xo) = cg'. The condition
ju =20 implies ¢ = 0. Thus, u(xg) = 0 for all m.

We have proved the statements of Theorem 1.6 concerning trace-free conformal Killing
tensor flelds. We now prove the statements of the theorem concerning a Killing fleld by
induction in the rank m of the fleld.

The statements are valid in the cases of m = 0 and of m = 1 since a Killing vector fleld
is a trace-free conformal Killing fleld as well. Assume m , 2 and let u 2 C1(S™iu) be
a Killing tensor fleld of rank m. Represent u in the form

u=tu-+iv; (6.18)

where o satisfles the condition ju = 0. So, t is a trace-free conformal Killing fleld, and
thus, ra = 0. Applying the operator d to (6.18), we obtain idv = 0. Hence, dv =0, i.e.,
v is a Killing fleld. We obtain rv = 0 by the inductive assumption. So, both summands
on the right-hand side of (6.18) are absolutely parallel, and u is also an absolutely parallel
fleld.

The remaining statement on Killing flelds is proved in a similar way. —
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Proof of Theorem 1.7. We now need the following corollary of Theorem A from [5] (see
also the remark after formulation of the theorem in [5]).

Proposition 6.1. Let (M;g) be a closed Riemannian manifold without conjugate points.
Leth2CT(M)and 2 C1(;},). If the equation

HU(X;») =h(x) + (X' (x;») 2 >M;

has a solution U 2 C1(>M) then h=0and is an exact 1-form.

Assume now u to be a conformal Killing covector fleld, i.e.,

du=iv (6.19)
for some function v on M. Deflne the function U 2 C1(>M) by
Ux;») = ui(x)»';  (x;») 2 >M:
As follows from (6.19), U satisfles the kinetic equation
HU(X;») =v(xX) on >M:
Applying Proposition 6.1, we obtain v - 0. Since
idu(x)¢ij»‘»j = HU(x;») = v(X) = 0;

we see that du = 0, i.e., u is a Killing covector fleld. If the geodesic ow of (M;g) has a
dense orbit in >M then HU = 0 implies U - const. This means that u - 0.
Assume now u to be a trace-free conformal Killing symmetric fleld of rank 2, i.e.,

du=iv;, ju=0
for some covector fleld v. Deflne the function
U (x;») = Ujj (x)»"]
on >M. It satisfles the equation
HU(X;») = vi(x)»';  (X;») 2 >M: (6.20)
By Proposition 6.1, v is an exact 1-form, i.e.,
v=d~ (6.21)
for some function ” on M. Formulas (6.20) and (6.21) imply
duij ’g)=0: (6.22)

Since ju = 0, this means u is the trace-free part of the Killing fleld u j g. On the other
hand, the trace-free part of a Killing tensor fleld is obviousely a trace-free conformal
Killing fleld.

If the geodesic ow (M; g) has a dense in >M orbit then u j g = cg for some constant c,
as follows from (6.22). Together with the condition ju = 0, this means u = 0. Theorem
1.6 is proved. —
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7. Comparison of differential operators modulo low order terms

In our studying difierential operators on tensor flelds, we will usually ignore low order
terms. In order to simplify the exposition, we introduce the following notation: If A
and B are two difierential expressions, we write

Au=Bu (mod rku) on A
if there exists a difierential operator L& of order k such that
Au = Bu+ L®y

for all tensor flelds u belonging to the subspace A of the space C1(>7"). The choice of
the subspace will be mostly clear from the context. Similar notation is used for difierential
operators depending on several variables.

Lemma 7.1. Fork , 1andu2 C1t(>™:";
. o ]
VipcicUinsim = (1700010 FipsgUipsin  (Mod rei2u):

We omit the proof that can be easily carried out by induction in k starting from the
following formula for the second order derivatives:
i ¢ X ’

rjk i rkj Uit — RiakjUil:::iailpia+1:::im; (7-1)

a=1

i_p ¢,
where "R}, is the curvature tensor.

Lemma 7.2. Forv2 C1(S™;") and p , 0;
] ]

m+p

N +1j1
Vi Vizim = (17770m) (177 imep) (i 1) p | i n

1=0
. . B P\, o m+pi2,,\.
£ r_|mi|+1:::|mj|+p+1:::1m+p(C‘I V)lliiilm;|111221|+p (mOd r ! V)-

Proof. Deflne the tensors u and T as follows:

Uilz::imjl:::jpklz::km = (jl o :jpkl Lol km) r_jl:::jpkl:::kmVil:::im;
e T . (7.2)
filz::imjl:::jpkl:::km - (Il oidm]a i -Jp) (kl e km)r]]_:::jpk]_:::kmvil:::im'
By Lemma 7.1, we have
— i2,,\-
rj1:::jpk1:::kai1:::im - Uilzzzimjl:::jpklz::km (mOd rm+p| V)- (73)

Applying the operator (i1:::imj1:::Jp) (Ki:::Km) to this equation and using (7.2), we
obtain

— i2y)-
(Il I E -.lp)uil:::imjl:::jpklzz:km - 1:il:::imjl:::jpkl:::km (mod rmPi V)_

Hence, u and T satisfy the hypotheses of Lemma 2.1. Application of the lemma gives

> T 1
I T T oy PHIE1L m+p
uil:::imjl:::jm+p - (Il s |m) (Jl .. -Jm+p) I=O(I 1)I m j | m j I
£filz::imi|j1:::jm+pi,-ni|+1:::im (mOd rm+pi2V): (7-4)

From (7.2) and Lemma 7.1, we deduce ¢
1 -
fil:::imjl:::jpklz::km = (kl Ll km) rklzz:km (dpv)il:::imjl:::jp (mOd rm+p.2v):

Substituting the last expression into (7.4) and using equality (7.3), we obtain the state-
ment of the lemma. —
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Lemma 7.3. Let u; 2 C1(>Mi;?%) for 1 = i = k. If; for every i; there exists p; , 1 such
that

and u;(Xo) = 0; ruj(Xo) = 0; :::; rPiily;(xy) = 0 at some point X, of a connected
manifold M then all the flelds u; are identically equal to zero.

Proof. We present only the scheme of the proof without details. In order to show that u;
vanish at some point X;, we connect the points X, and X; by a smooth curve x(t). The
components of tensors u;(t) = u; x(t) satisfy a linear homogeneous system of ordinary
difierential equations with homogeneous initial conditions. The order of the system with
respect to u;(t) equals p; and the system is solved with respect to the highest order
derivatives. This implies the statement of the lemma. —

The last two lemmas imply the following proposition.

Lemma 7.4. Assume M to be connected and u; 2 C1(S™i¢"); 1 = i = k. If; for every i;
there exists p; such that

and
Ui(X) =0; rui(X) =0; :::; rM*Piilyi(xe) =0
at some point Xq then all u; are identically equal to zero.

8. Commutation formula for d and -. The operator ¢
Let the operator ¢ : C1(S™;") ¥ CL(S™.") be deflned as follows:
(¢U)i1:::im = gjkrjkuil:::im: (81)

This difierential operator has the order 2 and the degree 0, and acts on sections of the
floer bundle S % Probably, (7.2) is not the best deflnition of the Laplacian, and some zero
order terms should be added to the right-hand side like for the Laplacian on difierential
forms. However, the most of our statements concerning ¢ are formulated modulo low
order terms, and such statements are independent of low order terms on the right-hand
side of (8.1).

Lemma 8.1. The operator ¢ is formally self-adjoint and satisfles the relations

Ci=ic: (8.2)
¢j=j¢; (8.3)
¢'d“u =d“¢'u  (mod rk*2i2y): (8.4)
¢'-ku=-K¢'u (mod rk*?i2y): (8.5)

Proof. As follows from Green’s formula, for u;v 2 Cit(S7Y),
(Cu; V)2 = j(ru; rv),z:

This implies the flrst statement of the lemma since the right-hand side of the last formula

is symmetric in u and v. Equality (8.2) is proved by a direct calculation in coordinates

which is omitted, and (8.3) follows from (8.2) since these relations are dual to each other.
We now prove (8.4) in the case of k =1 =1. For u2 C1(S™"), we have

(¢du)i1:::im+1 = (il I im+1)(gjkrjkim+1ui1:::im);
(d¢u)i1:::im+1 = (il L im+1)(gjkrim+1jkui1:::im):
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By Lemma 7.1, the right-hand sides of these equalities coincide modulo ru. This proves

(8.4) for k =1 = 1. In the general case, (8.4) is proved by induction in k and I. Formula
(8.5) follows from (8.4) by conjugation. —
We deflne the operator R 2 Hom(S7;!; S7:%) by setting
(Ru)iliiiim = gURiianil;;;lpa;;:im +2 glngqRiiajibupqil:::li)a:::li’b:::im
a=1 lea<bem

i ¢
foru 2 S™;. Here (Rijki) is the curvature tensor, and 'Rij = gk'ka is the Ricci tensor.
The second sum on the right-hand side is absent in the case of m =1, .

Lemma 8.2. The following commutation formula holds on C1(S™;"):
1
-d=——(md-+¢ j R):
m+1( i R)

Proof. For u 2 C1(S™:"; we have

(m + 1)(_du)i1:::im = (m + 1)gir\n+lim+2 r-im+2(dlfl)il:::inrwfl

. X
= glm+llm+2 Cimaimaa Yigiim + rim+2iaui1:Z:Q:::im+1

a=1

This can be written in the form
X P ¢
(M + 1)(-du)iy i, = (CUiy iy + Vi, 0™ "2 LU b
a=1
> ¢

i glm+llm+2 Fidimsz | Vimaoia Uil -

a=1

Denote the last sum on the right-hand side of this equality by A;,...i,, and rewrite the
formula as

(m + 1)(_du)il:::im = (¢U)il:::im + m(d_u)il:::im i Ail:::im: (86)
According to (7.1), we have
oo > ot ,
Ail:::im =g medime2 Ribim+2iaui1:::|i>a:::ibi1pib+1:::im+1:
a=1 b=1
b&a

We distinguish the summands corresponding to b = m + 1. Then

>

) R —_ | +1i +2 p
AI]_ZZZIm = gmem Rim+1im+2iauil:::li’a:::imp
X

i im+2pRP = S
+2 g mrLim Ribim+2iauil:::li’a:::liln:::im+1p - (Ru)lliiilm'
lea<bem

a=1

The statement of the lemma immediately follows by substituting the last expression
into (8.6). —

We are going to use only the following corollary of Lemma 8.2:

¢u (mod u) for u2 Ct(sm™Y: (8.7)

m
-du= ——d-u-+
u m+1 u m-+1
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Lemma 8.3. For arbitrary nonnegative integers m; k; and I; the equality

CIm+k X< KT m

_ldkyy = Kipgp_lip k+1j2
d“u CET] o lip dtP¢ u (mod r u) (8.8)

holds for all u 2 C1(S™;"). The summation in (8.8) is taken over all integers p under
the agreement:

B
=0 forj<Oori<j; and i' =0 fori<O: (8.9)
Proof. Equality (8.8) is trivial for k =0 or | =0. For k =1 =1, it coincides with (8.7).
In the case of | =1 and and of an arbitrary k, (8.8) looks as follows:
“du= gk Ldkild:u (mod r*ily): (8.10)
m + Kk m + Kk

The trivial case m = k = 0 is not considered here. We prove (8.10) by induction in K.
Assume (8.10) to be valid for some k , 1. Then
]

+ - -
mrL K__gioie (mod r*it) du

_k+l :_k = -+
du d"(du) m+k+1 m+k+1

_ m+1 k kil K. 3.
= md —du + md ¢ du (mOd r U).

Taking (8.4) and (8.7) into account, this gives

d<*ly = m+1 L L ¢u (modu)'IT
T m+k+1 m+1 m+1
k k k
+md C¢u (mod r*u)

_ m k+1 k+1 Ky py-

T m+k+1 m+k+10 ¢u (modrru):

The last relation coincides with (8.10) for k := k + 1. Hence, (8.10) is proved.

Equality (8.8) is trivial for I > k + m since, in this case, both its sides are equal to
zero. Hence it su—ces to prove (8.8) for 1 « | « k +m. We use induction in |. For
| = 1, equality (8.8) is already established. Assume now that (8.8) is satisfled for some
lel<k+m. Then
H1gky = —(-'du) = I"(m+k jI)! =< kﬂ m ﬂ( dkiP)@P-liPy  (mod r<Hily):

M+ p lip |

Using (8.10) and (8.5), we transform the last formula to the following one:
CBma+k X A

_I+1lgk, —
U= Cop lip
g Mi’l¥P I+pd"inﬁin_Hn“u+—k ip dkipi1¢p+1—'ipu, (mod r*+'ity):
mijl+k mjl+k

Combining the flrst summand in the brackets of the pth term and the second summand
of the (p j 1)th term, we arrive to (8.8) for | := 1+ 1. —
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Lemma 8.4. For arbitrary nonnegative integers m and k; the equality
ke 1
-1u =
(m+1)(m+2)

2k(m j k+2)d-X1tu+k(k j 1)e-*i2u
+(Mijk+D(Mijk+2i-“u  (mod r<izy) (8.11)

is valid forallu2 Ct(S™:"). If m+k , 2 then
1 T

Jdv = T Dm R

2kmd<il-u + k(k j 1)di?¢u
+m(m j 1)dju  (mod rXi2y): (8.12)

Proof. These equalities are dual to each other. Hence it su—ces to prove the second one.
We prove (8.12) by induction in k. This equality is trivial for k = 0 and coincides
with (3.6) for k = 1. Assume (8.12) to be valid for some k , 1. Then

1
(m + K)(m + Kk + 1)

jd“*tu = (jd*)du = 2k(m + 1)d“i-du + k(k j 1)d“i%?¢du
+m(m+1)d%jdu  (mod r*itu):
Transforming each summand on the right-hand side according to Lemmas 8.3, 8.1,
and 3.3, respectively, we arrive to (8.12) for k := k + 1. —
9. Proof of theorem 1.1 in the case of n=dimM , 3

In the case of m = 0, equation (1.3) reduces to du = 0 for a scalar function u, and
Theorem 1.1 is obvious in this case. Hence we assume m , 1 in this section.
Roughly speaking, the next lemma allows us to eliminate u from equations (1.2){(1.3).

Lemma 9.1. Letu2 C1(S™;") and v 2 CL(SMil; ") satisfy (1.2){(1.3). Then

(h+2m i d™ =i'(m j )d™-v j d™il¢v  (mod r™u): (9.1)
v=0 (mod ru): (9.3)

Proof. Applying the operator j to equation (1.3) and using Lemma 3.3, we obtain
(m+1jiv=(mM+1)jdu=2-u+(m j Ddju:

Since ju = 0, this gives

2 .
= -u 9.4
v= i) u (9.4)
Observe that j(-u) = -ju = 0. Applying Lemma 2.2 to -u, we obtain
il = m(m+1) T
an'-u 2(n+2m j 2) "
Substitute this expression into (9.4) to obtain
m

S hemaz v (3:3)
In particular, this implies (9.2) and (9.3).

In order to prove (9.1), we introduce the temporary notation ¥ = iv. Equation (1.3)
can be written as du = f. The latter equation can be solved in r¥r™*u. Indeed, applying
Lemma 7.2 with p = 1, we obtain
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il
— F R -1\l m+1
r_jl:::jm+1uil:::im - (ll s |m) (Jl . -Jm+1) (I 1) |+ 1
1=0
£ rimi|+1:::imj|+2:::jm+1fi1:::imi|j1:::j|+1 (mOd rmilu): (96)

Our further arguments are difierent in the cases of m = 1 and of m > 1. We flrst
assume m > 1. We contract equation (9.6) with g'mit'm (i.e., multiply this equation by
g'mit'm and take the sum over im;1 and iy). In virtue of the equality

imj1i — H — N-
g mit mrjlziijm+1ui1112im - rjliiljm+1<_]u)i1112imi2 - 0’

we obtain T
. . K m+1 . .
Giiitdmer) (D) | g'miim
=1
£ (ll il |m) rimi|+2:::imj|+1:::jm+1fi1:::imi|+lj1:::j| =0 (mOd rmilu): (9-7)

Using Lemma 7.1 and the equality f = iv =0 (mod ru) which follows from (9.3), we
can permute the indices in each factor of the product

fil:::imi|+1j1:::j|

without violating equation (9.7). Using this observation, we divide all summands of the
sum in (9.7) to three groups so that the indices in;1 and iy, belong to the flrst (second)
factor in all summands of the flrst (third) group, and belong to difierent factors in the
summands of the second group. Rename these indices as im;1 = p1 and im = p, for
clarity. In such the way we obtain

r-im i1+2 0 imiieme

| m+1‘IT
Gy, P
1=1

(ii:::imiZ) J1::Jm+1)
£ (lidliri,,

.I+23::imi2j|+l:::jm+1p1p2f
+2(| i 1)(m i I+ 1)rimiI+1:::imi2j|+1:::jm+1p2fil:::imiIjl:::jlpl

- - — il -
+ (m 1 I)(m 1 |+1) rimi|:::imizj|+1:::jm+1fi1:::imi|i1j1:::j|p1p2 =0 (mOd rmi U).

i1 it

Now, we symmetrize this equation in all free indices (i.e., apply the operator

i2mi11 we get
m + 1.IT
(i:itiomin) (i 1)! | ghePe
h I=1
£ (I i 1)(' i 2)rim+2:::i2milplpzfil:::im+1

+2(| i 1)(m i |+1)rim+1311i2mi1p2f

i1:::imp1i

+ M i M i l+)r, .. f =0 (mod r™mity):

i1:im1p1p2

Observe that, for difierent values of I, the values of the flrst (second, third) summand in
the brackets difier only by some factors. So the equation is transformed to the following
form:

+

(i1t omi1) @Finamiomgapips Firstimes + DV i ztiom 102 Fisstimps
gPP2 =0 (mod r™itu); (9.8)

+ Crim:::iZmi1fi1:::imi1p1p2
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where e il

a= GO "N ain0io= iz
I=1
e il

p=2 GO "7 nmi ey =2m+ )
=1
L il

c= (i m|+1 (mihDmil+1)=im(m+1):
=1
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Substituting these values for the coe—cients, we write (9.8) in the coordinate-free form

2dMi2¢f § 2(m + Dd™ilf + m(m + 1)d™jf =0 (mod r™ily):

(9.9)

We recall that ¥ = iv and express all summands of (9.9) in terms of v. Lemma 2.2

and (9.2) imply
2(n+2m j 2)V_
m(m+1)

jf=jiv=
With the help of Lemma 3.3, we deduce

i-V:

. 2 mijl
f=-iv=—"_dv+ "
m+1 m+1

Since the operators i and ¢ commute, we have
¢t =cCiv=icv:

(9.10)

(9.11)

(9.12)

Substituting (9.10){(9.12) into (9.9) and using the commutation formula di = id, we

arrive to the relation _ A
(n+2m j &d™ =i'(m j )d™ily j d"i2¢y  (mod r™ity):

Applying the operator d to this equation, we obtain (9.1).
Let us now consider the case of m = 1. Equation (9.6) takes the form

FioisUi = iy, Ty, + 0 Fj, 1 rify,5,  (mod u):
After difierentiation we obtain
FisoisUi = Vi Fijs + Viyjafij, 1 iifjpge  (Mod ru):

According to Lemma 9.1, the third order derivatives satisfy the relation

FioisUi T VigjijsUi = 0 (mod ru):
Inserting (9.14) into the last equation, we obtain

Fisis fiie + Vi Fings 1 Vi iy 1 VigoFjojs =0 (mod ru):
Now, substituting f = iv, we deduce
Qij, MjajsV + O51ia VijoV 1 9iju VizisV 1 Ujoja VijyV = 0 (mOd ru):

Contracting this equation with gi1J3, we arrive to the formula

(ni 2riv=ji(¢v)g; (mod ru)
that coincides with (9.1) for m = 1.

(9.13)

(9.14)

/

Observe that, in the case of m > 1, we have established relation (9.13) which is stronger

than that of Lemma (9.1).
The next statement plays the main role in the proof of Theorem 1.1.
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Lemma 9.2. Assume u 2 C1(S™.%) and v 2 C1(SMil;?) to satisfy (1.2) and (1.3) for
m , 1. Then; for every integer | such that 0 = | « 2m; the equation

<
a,dMiHPHLGIIPPy = | pdMitPilEliptiey  (mod r™*u) (9.15)
p=p1 P=p3

is valid with some rational coe—cients a, = ay(n;m;l) and b, = by,(m;l). Here the
summation limits are deflned as follows:

p1 = pa(Mm; 1) = max(0; 1 § m j 1);
P2 = p2(m; 1) = min(m § 1;1);

p3 = pa(m;1) = max(0;1 j m+ 1);
Pa = pa(m; 1) = min(m j 1;1+1):

(9.16)

The coe—cients a,, and a,, are not equal to zero.
Proof. Apply the operator -' to equation (9.1)
(n+2m j 4)-'d™*ly = —'ii(m i Dd™-v j dmi1¢v¢ (mod r™*'u):
We transform the right-hand side of this equality with the help of Lemma 8.4 and obtain
2m(2m j 1)(n +2m j 4)-'d™*?v j 21(2m j D(m j 1)d-'itdM-v
illiD(mile-"i2d™v+212m jDd-'itdMitgv+I(l§1)E-"T2dmily
=@mibh@mijlj 1)i£(m i )-ld™-v j —'dmi1¢v/ (mod r™*'u):

Taking (9.3) into account, we transform each summand on the left-hand side and the
summands in the brackets to the form d"¢s-tv by using the commutation formulas for
powers of d, -, and € (see Lemmas 8.1 and 8.3). Elementary but cumbersome calculations
lead us to equation (9.15) where the summation is taken over all integers p under the
agreement dk = -K = ¢* =0 for k < 0, and the coe—cients are as follows:

- bl bl qa, 1
_ ) m+1 mijl mijl mijl
= (M s Y2 i T iz p
: m'IT m ‘”’m'z‘IT
i(mil) 2 + he. 9.17
imil) 2,y lipil pil .17
1 1 11 |
_ i m mi2 _ mijl mjil"
PEMED iper pir Toip p 029

Agreement (8.9) is used in (9.17) and (9.18).

Elementary arithmetical analysis of formula (9.17) shows that the coe—cients a, can
be nonzero for p; = p = p, only, where p; and p, are deflned in (9.16), and a,, and a,,
are deflnitely nonzero. Similarly, (9.18) implies that b, can be nonzero for p; = p = p,
only. —

Proof of Theorem 1:1. Recall that we assume m , 1. First we prove by induction in k
the equality

¢m+k_mikv =0 (mod r3m+ki1u) for ek e m: (9.19)
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The equality is trivial for k = 0 since -™v = 0. Assume (9.19) to be valid for k =

0;:::;8 §1<m. We write (9.15) for | =2m j s+ 1 as follows:
> >
apds+pim¢2mis+p+1_pv =i bpds+pim52¢2misip+2_pv (mod I"3miS+lU)Z
p=mis p=mjs+2

We apply the operator ¢Sit to this equality and transform all terms of the resulting
formula to the form d"¢s-tv with the help of (8.4). By Lemma 9.2, an;s & 0. We
distinguish the flrst summand on the left-hand side and write the result as follows:

¢MTS_Misy + a?od“p img2mip_py
pemist (9.20)
=i b%d“p‘mizdzzmip”—pv (mod r3m*sily):
p=m js+2
By the inductive hypothesis,
¢mrk_miky =0 (mod r3™*kily) for 0=k = s j 1:
Setting kK = m j p here, we have
¢C2MiP_Py =0 (mod r*MiPily) for mjs+lepemijl:
Applying the operators ds*Pi™ and dS*PiMmi2¢ to this equation, we obtain
dsrPim@2mir_Py =0 (mod r®™*sily) for mjs+lepemij 1
dstPimi2@g2miptl by =0  (mod r3M*Sily) for mjs+2epemij i
Both sums on (9.20) are equal to zero (mod r3m*sily), as follows from the last two
equations. Hence,
¢MrS_Misy =0 (mod r3™*sily):
This coincides with (9.19) in the case of k = s. This completes the inductive step.

Thus, (9.19) is proved.
Now we prove the equality

gmr2rrkilg2mirik _ky =0 (mod r°™i%y) forOere2m; 0= k=2mijr (9.21)

by double induction in r and k.
Setting k :=m j k in (9.19), we have

¢2Mmik ky =0 (mod r*mikily) for 0 « k = m:

Applying the operator d™**i! to this equality, we obtain (9.21) for r = 0.
Assume now (9.21) to be valid valid for O e r = s j 1 <2m, i.e,,

gmrarrkitgzmirikky =0 (mod r°Mi?yu) for0eresjl; 0=k=2mjr (9.22)
We are going tg prove (9.21) for r =s. To this end we write down (9.15) for | =0 |this
is exactly (9.1) as follows:

i ] ¢
(n+2m j &d™ v =i'(m j )d™v j d™il¢v  (mod r™u):
Applying the operator d?$i2¢:2™is to this equality, we obtain
(n +2m _i 4)dm+2551¢2misv
— i'(m i 1)dm+2552¢2mis_v i dmi2353¢2mis+1v¢ (mod r.5m52u):
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Settingk =0and r =s j 1in (9.22), and then settingk =1l and r = s j 1 in (9.22),
we see that the right-hand side of the last formula equals zero (mod r°™i%u). We have
thus proved (9.21) for r = s and k = 0.

Assume now (9.21) to bevalidforr=sand0=ek=tjl<2mjs,ie,

dmrastkitg2misik ky =0 (mod r°®Mi%y) for 0 e k =t j 1: (9.23)

We are going to prove (9.21) for k = t.
If t , m, then (9.21) is obviously true for k = t, since -'v = 0 in this case. Therefore
we assume

temin2m js;mijl) (9.24)
Recall also that
lese?2m: (9.25)
Let us write down (9.15) for | =t. By (9.24) and (9.25), this equation takes the form
X X
apdMitPHIgtip Py = j  pdnitPilgtiPtiPy  (mod r™*tu); (9.26)
p=0 p=0
where
ps = min(m j 1;t+ 1): (9.27)

According to Lemma 9.2, the coe—cient a; in (9.26) is not zero. We distinguish the last
summand on the left-hand side of (9.26) and apply the operator d?s*ti2g2misit tg this
equation

dm+25+til¢2misit_tv+ a[;Jdm+25+pi1¢2misip_pv
p=0

X - - - -

=1 bgdm+zs+p'3¢2m's'p+l—pv (mod r°mizy): (9.28)
p=0

The sum on the left-hand side of (9.28) equals zero (mod r°™i2y) by the inductive

hypothesis (9.23). We shall prove the same for the right-hand side.

Settingr =s j 1 and k = p in (9.22), we obtain

dmrETPISEIMisiPtiby =0 (mod r°™i%u) for 0= pe2m js+1: (9.29)
Inequalities (9.24) and (9.27) imply p; = 2m j s + 1. Therefore all the summands

on the right-hand side of (9.28) are equal to zero (mod r°™i2u) according to (9.29).
Hence, (9.28) implies

dm+23+til¢2misit_tv =0 (mod r.5mi2u):

We have thus proved (9.23) for k = t. This completes the inductive step in k and r.
Thus, (9.21) is proved.
Setting r =2m and k = 0 in (9.21), we obtain

d®Mily =0 (mod r°™i?y): (9.30)

According to (1.3), we have du = 0 (mod v). Applying the operator d®™i2 to this equality,
we deduce

d®Mily =0 (mod r°Mi?y): (9.31)
We write the initial conditions (1.4) in the form
u(Xo) =0; ru(X) =0; :::; réMiZy(xy) =0: (9.32)
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From (9.3) and (9.32),
V(%) =0; rv(Xe)=0; :::: r®Midy(xy) =0: (9.33)

We have thus proved that u and v satisfy equations (9.30) and (9.31) and the initial
conditions (9.32) and (9.33). Applying Lemma 7.4, we obtain u - v - 0 This flnishes the
proof of Theorem 1.1 in the case of n , 3. —

Recall that the highest order of derivatives in the initial conditions (1.4) is denoted by
I(m). We have shown in the proof that
I((m) ®« 6m j 2 if m=>0:

As was mentioned after the statement of Theorem 1.1, this estimate is not sharp. The
exact value I(m) = 2m was found in [21] for m = 2, and in [1, 6] for an arbitrary m. In
the same papers, the upper bound

mM+Emidin+m i (n+2m j 2)(n+2m j 1)(n +2m)
m!(m + 1)!(n § 2)!n!
was established for the dimension of the space of trace-free conformal Killing symmetric

tensor flelds of the rank m on a manifold of dimension n , 3. Both the estimates are
sharp and become equalities in the case of a conformal at manifold.

10. Spherical harmonics Fourier series expansion
of solution to the kinetic equation

Let M be a Riemannian manifold. Recall the operator
,:CHE) 1 Crz)
was deflned in Section 2. Let H be the vector fleld on T = TM which generates the
geodesic ow. The fleld is expressed by (1.9) in local coordinates. The fleld is tangent

to the submanifold > % T at points of the latter submanifold. Hence the fleld can be
considered as a difierential operator H : C1(>) ¥ C1(>) on the submanifold.

Lemma 10.1. The following equality holds on C1(S7"):
,d=H,: (10.2)

Since , and H are restrictions to > of some operators deflned on T, it su—ces to prove
the equality
{d=H{ (10.2)
where H is considered as an operator on T, and the operator { : C1(S7%") ¥ CL(T) has
been deflned in x 2. The last equality can be easily checked by calculations in coordinates,
and we omit the calculations.
Now, assume functions U; F 2 C1(>) to be linked by the kinetic equation

HU =F: (10.3)

From (10.3), we will deduce some equations that relate the Fourier series of the functions
U and F.

By Lemma 2.5, the functggs U and F can be uniquely represented by the series
U= ,Umn Un2CHES™"); jum=0; (10.4)
m=0
F=  ,fn fn,2CY(ES™Y); jfn =0: (10.5)

m=0
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As well known [17], the Fourier series of a su—ciently smooth function on a sphere can be
termwise difierentiated with respect to the coordinates of a point of the sphere. The same
is true for the difierentiation with respect to the coordinates of a point x 2 M which play
the role of parameters in the series. Hence, (10.4) implies

X

HU = H,um (10.6)

m=0

and the series converges absolutely and uniformly on any compact subset of >.
According to Lemma 10.1, we have

H,un = ,duy: (10.7)

The condition ju,, = 0 is equivalent to pu, = uy,. The last equality and Lemma 3.4
imply

dum = dpum = pdum + mi—pum = pdum + mi—um:
Apply the operator , to this equality and use Lemma 2.4 to obtain
,dum = ,pdum + m,—um3
Comparing this formula with (10.7), we see
H = + ————— ,-Un!
Substitute this expression into (10.6) to obtain
HU = 0 prugyy + T+ ! 10.8
. Plmis & o (10.8)

For convenience, we assume here u;; = 0. The expression in parentheses in (10.8) belongs
to the kernel of j since - and j commute. Hence, (10.8) is the Fourier series of the function
HU = F with respect to the spherical harmonics, i.e., (10.8) must coincide with (10.5).
We have thus proved the following

Theorem 10.2. Let U 2 C1(>) be a solution to the kinetic equation HU = F; and
let (10.4) and (10.5) be the spherical Fourier series of U and F; respectively. Then
-uy = nfo;
m+ 2
pdun, + m—umg =Ffne, for m=0:1;2;:::;
where n = dim M.

11. Proof of THeorem 1.1 in the two-dimensional case

We assume here n = dim M = 2. As well known, an isothermic coordinate system (x;y)
exists in some neighborhood of every point of a two-dimensional Riemannian manifold.
In such a coordinate system, the Riemannian metric has the form

ds? = e2-0Y (dx? + dy?): (11.1)

It su—ces to prove Theorem 1.1 under the assumption that such a coordinate system is
defined on the whole of M.

Deflne the coordinate system (X;y; ) on the three-dimensional manifold > such that is

the angle between the unit vector » 2 > and the coordinate line y = const. The spherical
harmonics series expansion of a function U(x;y; ) 2 C1(>) coincides with the Fourier
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series with respect to . Hence the next statement is a particular case of Lemma 2.5 (cf.
the remark after statement of the lemma).

Lemma 11.1. Let u 2 C1(S™;" and let

1 X .
Guy; )=§ao(x;y)+ ak(x;y)cosk +he(x;y)sink

k=1

be the Fourier series of the function ,u 2 C1(>). Then
(-pu)(Xy; ) =am(x;y)cosm +bm(X;y)sinm :

Assume u and v to satisfy the hypotheses of Theorem 1.1. The assumption ju = 0 is
equivalent to pu = u. Then, according to Lemma 11.1, there exist functions a;b 2 C1(M)
such that

GUWEKy; ) =a(x;y)cosm +b(x;y)sinm : (11.2)

The condition du = iv is equivalent to pdu = 0. According to Lemma 11.1, this means that
the Fourier series of the function ,du does not contain the harmonics of order m+ 1. Due
to Lemma 10.1, we have ,du = H ,u. Hence the coe—cients at cos(m+1) and sin(m+1)
in the Fourier series of the function H ,u are equal to zero identically in (X;y).
The operator H has the following form in the coordinates (X;y; ):
il
H=ei» cos @+sin @"'(i sin +,,,COS )@ : (11.3)
ox ey "7 e
This can be derived from (1.9) and (11.1) by a direct calculation that is omitted.
Now, we express H ,u in terms of a and b using (11.2) and (11.3), and then expand H ,u
in the Fourier series in . Equating to zero the coe—cients of the series at cos(m + 1)
and sin(m + 1) , we arrive to the following equations:

ax 1 by i MG.x@ i »yb) =0;
(11.4)
ay + by § m(,,ya+,,xb) =0:

Introducing the notation
11
@

@+i_
@x

ey

1
0z,

z=x+1iy; w=a+ib;

N -

we write (11.4) in the complex form

0 .
—(ei™w) =0:

@z,( )

So, ei™-w is a holomorphic function. According to the hypotheses of Theorem 1.1, this
function vanishes together with all its derivatives at some point. Hence it is identically

zero. Now, (11.2) shows that ,u - 0. Hence, u - 0 and Theorem 1.1. is proved.
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