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Abstract

We consider the problem of determining a connection on a vector bundle over
a compact Riemannian manifold with boundary from the known parallel transport
between boundary points along geodesics. The main result is the local uniqueness
theorem: if two connections V' and V" are C-close to a given connection V whose
curvature tensor is sufficiently small, then coincidence of parallel transports with
respect to V' and V” implies existence of an automorphism of the bundle which
is identical on the boundary and transforms V' to V”. A linearized version of the
problem is also considered.
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1 Posing the problem and formulating the result

Starting with some inverse problem for the Schrodinger equation with magnetic potential,
G. Uhlmann posed the following matrix tomography problem.
Let M C R" be a closed convex bounded domain with smooth boundary. Let n matrix

functions .
Ti(z) = ( gfﬂ(:z:))aﬂ:1 (1<i<n,zeM)

of order m are defined in M and smoothly depend on x € M. One has to recover these
functions from the following information that is measured on the boundary dM of the
domain M. Given two boundary points g, r; € OM, we parameterize the straight line
segment 7y = [z, r1] with endpoints xg and 7 in such the way as

Y(t) = mo+ t(z1 —x0), 0<t<1
and consider the following system of ordinary differential equations along the segment:
i+ 4 (O (1 (0’ = 0. ()

Hereafter the following agreement is used: summation from 1 to n (m) is assumed over
repeating different level roman (greek) indices. Assume that, for an arbitrary initial value

uo = u(0) (1.2)

*The work was started in August 1997 during the stay at the University of Washington. Partially
supported by CRDF, Grant RM2-143.



at the point xy, we can measure the final value u; = u(1) at the point x; of the solution
to the Cauchy problem (1.1)—(1.2). In other words, we are given the fundamental matrix
U(zo,x1) of system (1.1)

uy = Uz, x1)ug (1.3)

for all 29, 21 € OM. One has to recover the coefficients I'fy of system (1.1) from the known
fundamental matrix U(xg,xy).

A similar matrix tomography problem was investigated by L. B. Wertgeim [W], but
instead of (1.1) he considered the system

a4+ T(v(t))u” = 0. (1.4)

The difference between (1.1) and (1.4) is as follows: while coefficients of system (1.4)
depend only on a current point (t) of the segment v = [z, x1], coefficients of system
(1.1) depend linearly on the direction % of the segment also. This distinction allows us
formulate our problem in pure geometric terms.

The problem can be slightly generalized in the following way. Instead of a domain in
Euclidean space we may introduce a compact Riemannian manifold (M, g) with boundary
OM and consider equation (1.1) along geodesics v, of the metric g, joining boundary
points. In what follows we restrict ourselves to considering simple Riemannian manifolds.
Let us recall that (M, g) is called a simple compact Riemannian manifold if the boundary
is strictly convex with respect to the metric g and, for every two points z,y € M, there
exists a unique geodesic joining the points which depends smoothly on these points.

A solution to the posed problem is not unique. Indeed, let us transform system (1.1)
by the linear change of variables

u® = a§(y(t)u”, (L5)

where a = a(z) = (a3(z)) is a nondegenerate m x m-matrix depending smoothly on
x € M and meeting the boundary condition

aloar = 1d. (1.6)
Under change (1.5), system (1.1) transforms to the system of the same kind
W+ ATy () = 0 (1.1)
with the coefficients
da

ozt
By (1.6), the fundamental matrices of systems (1.1) and (1.1") coincide:

I=a'"Ta+a’ (1.7)

U(Q?o,l'l) = U/($0,£L'1) (.I'o,xl € 8M)

Uhlmann’s conjecture is the conversion of the latter statement: if the fundamental ma-
trices of systems (1.1) and (1.1") coincide on OM, then their coefficients can be obtained
one from another by transformation (1.7).

Our approach to the posed problem is based on the evident analogy between formulas
(1.1), (1.7) and the corresponding formulas of connection theory. Indeed, equation (1.1)
means that the vector field u = (u®) is parallel along the geodesic v with respect to the
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connection, on the trivial vector bundle n = M x C™, whose Christoffel symbols are equal
to I'j5. After introducing the connection form

I = Tyda’, (1.8)
formula (1.7) becomes the known formula
I"'=a'"Ta+a 'da (1.9)

of transforming the connection form under the automorphism a of the vector bundle 7.
We thus arrive at the following equivalent formulation of Uhlmann’s conjecture.

Let (M, g) be a simple compact Riemannian manifold, n be a smooth complex vector
bundle over M, V' and V” be two connections on 7. Given points x,y € M, let n, be the
fiber of the bundle n over z, and I}, : 7, — n, (I, : n, — n,) be the parallel transport
with respect to the connection V' (V") along the geodesic of the metric g joining the
points. Assume that I} = I for every two boundary points x,y € OM. Does this
imply existence of an automorphism a : 7 — n of the bundle n which is identical on the
boundary, a|gys = Id, and transforms the connection V' to V"7

In some important cases there is a priori information on the coefficients of system
(1.1). For instance, in the above-mentioned inverse problem for the Schrédinger equation
the matrices I'; are skew-hermitian. In this case the fundamental matrix (1.3) is unitary.
From the geometrical viewpoint this means that a Hermitian metric is introduced on the
bundle 7, and we consider a connection compatible with the metric.

The main result of the paper gives positive answer to some local version of the above-
posed problem. Namely, we shall prove the conjecture for connections V' and V” that
are close enough to a given connection V. The result is obtained under some assumption
of smallness of the curvature tensors of the connection V and of the metric g.

To formulate the condition of smallness of curvature tensors, we need some definitions
of connection theory.

For a manifold M, by 7ay = (T'M,p, M) we denote the tangent bundle; by T, M we
denote the tangent space at a point x € M, and by T M, the dual space. Points of the
manifold 7'M will be denoted by pairs (z,&), where x € M and & € T, M.

Let n be a complex vector bundle over a manifold M. Recall that a connection on the
bundle 7 is a mapping

V :C®(1y) X C*™(n) — C™(n), V: (v,u) — Vyu

possessing the following properties:

(1) Voroitpantt = p1Vou + 92Vi,u - (p; € CF(M));

(2) Vo (ug + ug) = Vyuy + Vyus;

(3) Vi(pu) = oVyu +vp - u.

Let (x',...,2") be a local coordinate system with domain U C M, and (ey,...,e,)
be a trivialization of the bundle n over U. The Christoffel symbols I'f; € C*°(U) of the
connection are introduced by the formula

N 0
Va.ep = I'jzeq <8¢ = 3xi> . (1.10)

The Christoffel symbols do not constitute components of a tensor field. Nevertheless, if
V and V' are two connections with Christoffel symbols I'f; and I"{; respectively, then
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the differences (I"§; — I'{3) constitute the tensor field. This means that the set of all
connections on a given vector bundle is an affine space. This affine space is endowed in a
natural way with the C*-topology for every 0 < k < oo because the corresponding linear
space is the space of sections of the bundle 75, ® n ® n*. Speaking about closeness of
two connections, we will always mean the closeness in the sense of topology of this affine
space.
The curvature tensor of the connection V is the linear operator
R:T,M®n, —»T:M®n, (Rv®u))f=R}u'u’ (1.11)

ij
whose components are expressed through the Christoffel symbols by the formula
) B orgs
VBT Oxt Oad

A Hermitian metric on a complex vector bundle is a Hermitian inner product in fibers
of the bundle smoothly depending on a base point. A complex vector bundle n endowed
with a Hermitian metric g is called the Hermitian vector bundle. Such a bundle will be
denoted by (7, g) or sometimes simply by 1. A connection on 7 is called compatible with
a Hermitian metric if the parallel transport in the sense of the connection conserves the
inner product.

For a Riemannian manifold (M, g), by QM = {(z,§) € TM | || = 1} we denote the
manifold of unit tangent vectors. Given a point (x,&) € QM, by v,¢ : [7—(z,§), 74 (x,&)] —
M we denote the maximal geodesic meeting the initial conditions 7, ¢(0) = x and 4, ¢(0) =
¢. For a simple Riemannian manifold, the functions 7_(z,&) and 74 (z,&) are finite on
QM and smooth on QM \ Q(OM).

In the case of a connection on a Hermitian vector bundle (7, g) over a Riemannian
manifold (M, g), we can define the norm |R(z)| of operator (1.11). Defining the norm,
we assume 7, to be endowed with the inner product g, and T, M = T* M, with the inner
product g. Assuming (M, g) to be a simple manifold, we define

+ 151 =I5, (1.12)

T+(z,€)
p(M.G.0,9,V) = sup [ tIR(uet)]dt (1.13)
z,£€QM o
The similar quantity
T4+ (2,8)
FMG) = swp [ UR(e(0)]dt (1.14)
x,6€QM o

is defined for the curvature tensor
R:T,MQT,M — T:MQT:M, (R(v®w))g= Rijuv’u'

of the Riemannian manifold (M, g).
We can now formulate the main result of the present article.

Theorem 1.1 Let (M, g) be a simple compact n-dimensional Riemannian manifold, and
(n,9) be a Hermitian vector bundle over M endowed with a connection ¥V compatible with
the metric. Assume the quantities (1.13) and (1.14) to satisfy the inequalities

- 1
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and
p(M,g) < 1/6. (1.16)

There exists a C-neighborhood of the connection V such that the following statement is
valid for every two connections V' and V" belonging the neighborhood: if the parallel
transport with respect to V' between every two boundary points along geodesics of metric
g coincides with the same with respect to the connection V", then there exists an automor-
phism a of the bundle n which is identical on the boundary OM and transforms V' to V".
If the connections V' and V" are compatible with the metric g, then a is an automorphism
of the Hermitian bundle (n,g).

A connection is called flat if its curvature tensor is identical zero. Let us recall that,
in the case of a flat connection on a vector bundle n over a simply connected manifold
M, the absolute parallelism is defined, i.e., the result of parallel transport from a point
x € M to another point y € M is independent of the choice of a curve along which the
transport is realized. In particular, for a simple Riemannian manifold (M, g), the parallel
transport along every geodesic triangle with vertices in M is the identical transform. We
shall show that the latter property characterizes flat connections under some condition of
smallness of the curvature tensors.

Theorem 1.2 Let (M, g) be a simple compact n-dimensional Riemannian manifold, and
(n,9) be a Hermitian vector bundle over M endowed with a connection V compatible with
the metric. Assume inequalities (1.15) and (1.16) to be satisfied. If the result of parallel
transport, with respect to the connection V along every geodesic triangle with vertices in
OM , is the identical transform, then the connection V is flat.

This theorem is a special case of the following more general result. Let us recall that
a section f € C*(n) is called absolutely parallel if V f = 0 identically.

Theorem 1.3 Assume (M,g), (n,9) and V to be as in Theorem 1.2; inequalities (1.15)
and (1.16) to be satisfied. Let f € C®(n;0M) be a section of the bundle n over the
boundary OM such that, for every two points x,y € OM, the result of parallel transport
of the vector f(x) to the point y along the geodesic of the metric g coincides with f(y).
Then f can be extended to an absolutely parallel section on the whole manifold M.

Similar results are valid for a real vector bundle endowed with a Riemannian metric
and a connection compatible with the metric.

Let us show that Theorem 1.3 implies Theorem 1.2. Indeed, let hypotheses of Theorem
1.2 be satisfied. We choose a point zy € M and an orthonormal basis (f1(xo), . . ., fm(Z0))
of the fiber n,,. We move this basis to all boundary points « € OM by the parallel trans-
port along geodesics. In such the way we obtain the orthonormal basis (fi(x), ..., fm(x))
smoothly depending on z € OM. For every 1 < a < m, the section f, € C>(n;0M)
satisfies the hypothesis of Theorem 1.3. Applying this theorem, we get a trivialization
(fi(x),..., fm(x)) of the bundle n over the whole manifold M which consists of orthonor-
mal and absolutely parallel bases, and Theorem 1.2 is proved.

In sections 2-5 we develop some tensor analysis machinery that is used in the proofs
of these theorems. This tensor analysis is a natural generalization of the techniques
exposed in Chapter 4 of [Sh] which can be considered as the special case of our situation
corresponding to 7 = 77. Sections 67 contain the proofs of Theorems 1.1 and 1.3. In
Sections 8-9 we discuss the linearized version of the problem.
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2 The tensor algebra associated to a vector bundle

Let n be a smooth complex vector bundle over a manifold M. By n we denote the bundle
itself as well as its total space; and by 7,, the fiber of 1 over a point x € M. As usually,
n* denotes the dual bundle.

Let us recall the definition of the conjugate bundle 7. The manifold 7 is a copy
of the manifold n; for u € 7, the corresponding element of the set 7 is denoted by u.
Fibers of the bundle 77 are copies of the corresponding fibers of n; and the vector space
structure is introduced in fibers of 7 in such the way that the following formulas are valid:
u+v=u+v, au=auforu,vemn,, aec C. The identical mapping

n — 1, U U (2.1)
is an anti-isomorphism of complex vector bundles. It defines the anti-isomorphism
C*(n) — C®(n), uw—u (2.2)

of C°°(M)-modulus which meets the rule v
There is the canonical isomorphism (77)*
denoted by 7*.

For nonnegative integers (r, p, A; s, 0, ), we put

v for ¢ € C°(M) and v € C*(n).
(n*)~, therefore each of these bundles is

e 1l

(r,p,\)
T(s,ou) !

=T®..TRAT ®..T'ANR...NRAN'RX...NRXNR..NN" R...Q7",

r s P o A "

(2.3)
where 7 is the complexification of the tangent bundle 7,;, tensor products are taken over
C. We call (2.3) the bundle of n-tensors of degree (r, s, \; p, o, ) over M, and its sections,
n-tensor fields.

Let us list the algebraic operations defined on n-tensors and 7-tensor fields.

Since C"’O(T((;’g”:))n) is a C°°(M)-module, n-tensor fields of the same degree can be
summed and multiplied by smooth functions.

A permutation of each of the six sets

{1,...,r}, {1,....;s}, {L,....p}, A{Ll,....0}, {1,...,A}, {1,...,u}

determines the automorphism of the bundle 7'((;75::; 1 by the corresponding permutation of
factors of one of the six groups on the right-hand side of (2.3). These automorphisms are
called transpositions of indices.

For 1 <k <rand1 <[ <s, the canonical pairing of the k-th factor of the first group
in (2.3) with the [-th factor of the second group determines the homomorphism

k. _(rp) r—1,p,A
e T((sag,u))n - T((S—ch,u))n‘

In a similar way the homomorphisms

C"f : T((;’(fy’;‘))n — T((;’(fj:z;n (1<k<p 1<i<o0),

C'f s rin = Temyn (LS k<A 1<1<p)



are defined. These homomorphisms are called contractions with respect to corresponding
indices.
The tensor product

oo [ __(TpA ooy (0" \) ooy _(r+r', P
C=(r0Nn) x O (7007n) — O (I H o 0

(s,0 ,u (s+s',0+0 ,ut+p’)
is defined which turns C> (/")) = S Co(r {70) into a sixfold graded C(M)-
7,8,0,0,A,4=0

algebra.
Since 7 is the complexification of the real bundle 7,;, the anti-automorphism 7 —
7, v — ¥ is defined and determines, together with (2.1), the bundle anti-isomorphism

7,0, A, _
T((s,!f,,g)n T((s7u,£§77> U — U.

The latter, in its turn, allows us to define the anti-isomorphism

00 7,0, oo/ _(mA _
C (T(Sgu)ﬁ) — (7, %pgn) w1 (2.4)
of C*°(M)-algebras.
We will often use coordinate representation of n-tensor fields. Let (z!,...,2") be a
local coordinate system in M with domain U C M, and (ey,...,e,) be a trivialization

of the bundle n over U; this means that e, € C*°(n;U) and the vectors e;(z), ..., ey (2)
constitute a basis of the fiber n, at every point € U. We denote by 0'(z),...,0™(x)
the dual basis of nf. Then (6',...,6™) is a trivialization of n* over U, (éy,...,én) is
a trivialization of 7 over U, and (',...,0™) is a trivialization of 7* over U. A section
u € C™(r, (; (f’u)) n; U) of bundle (2.3) over U is uniquely represented in the form

o ) .
[ 5 SN 7o S R 7 (o S TN O s
U= ujl~~~jm31mﬂ§|51m5u ori ... Orir - @dr”®
e, ®...Q€, 0" ®..00"®e, ®..06,00"®...00%. (2.5)
As usual, we will abbreviate record (2.5) to the following one:
. 01 Q1 Qp [ Y1 YA
U= (“jl...jsﬁl..ﬂiwl...au) : (2.6)
Let, along with the local coordinate system (z!,..., 2™) and trivialization (ey, ..., en)
with the domain U, we are given “new” coordinates (z'',...,2"") and trivialization
(€],...,€mn) defined in a domain U’. Then in U N U’ the following relations are valid:

=2, 2", da=ales, 0 =030, &, =ales, 0 =030, (2.7)

where (af) is the transformation matrix from the basis (eq) to (e},), and (b3) = (a3)™".

These relations imply the following formula for transforming components of an n-tensor
field under changing coordinates and trivialization:

u/il~~~ira1~-04p|’)/1~~-’7>\ i
jlmjsﬁl-uﬁd‘élu-(su

11 fir l ls
. 8x &E 8371 (923 bapa GJWUB’Yl b'“ 91 aQM k1. .krvi..vpler.. E)\
9xkt T 9k 9t T 9t V1 : b1 - : Op Pl dsTy. o |01...0,
(2.8)




The anti-isomorphism (2.4) is expressed in coordinate form by the equality

i1 drQ1 e 0p|y1yn 1 deyoya]anop (2 9)
jl---jsﬂl---ﬁa‘él---(su - jl---jsal---(sulﬂl---ﬁa : :

An n-tensor field of degree (r, p, p; s,0,0) is called Hermitian if 4 = u. By (2.9), this is
expressed in coordinate form by the equality

uil...iroa1.,.ap|’yl...’yp . uil...irfyl...'yp\al..,ap
J1.-JsB1--Bo|01...00 — Vj1..4s01...00|P1...0s "
The typical example of a Hermitian 7-tensor field is an Hermitian metric. Given a
Hermitian vector bundle (7, g), the metric tensor g = (gq3) is Hermitian, i.e., oz = ggja-
It determines the Hermitian inner product

<U|U> = goz|ﬂu04‘m = ga|ﬁua‘®|ﬁ (’LL, v E 773[:)
on fibers of the bundle n. This inner product is extendible to fibers of the bundle T(((())”Cl:::)) n
by the formula

01101 Bo |0 m1]01 TulOp, Q1| Y1 YA~V Va €1 Ep

(Ulv) = Garler - - - Galepunim - - - Gualn g™+ g7 g™ g g e s
(2.10)
where (g*%) is the inverse matrix to (gas), i.e., g*gg, = 5.
In the case of an Hermitian vector bundle, the canonical isomorphisms
=, iy (2.11)

are defined by the equalities

(pu)(v) = (ulv),  (Pu)(v) = (v|u) (w0 € ).

We will consider isomorphisms (2.11) as identifications. They are expressed in coordinate
form as follows: every vector u € 7 has the contravariant coordinates u = (u®) and the
covariant coordinates u = (u,) that are related by the equalities

Ul = g,@|auﬁ|7 ua\ = ga|ﬁu|5'

Similarly, every vector u € 7 has the contravariant coordinates v = (u/®) and the covariant
coordinates u = (uq|) that are related by the equalities

Ua| = ga|[3u|ﬂa u|a - gmauﬁ\'

Isomorphisms (2.11) allow us also to establish the identifications

(T,P)\) ~Y (T7p+.“7)‘+0') ~/ (7"070)
T(s,0) = T(5,0,0) = Tsxtootw)l

that are expressed in coordinate form by the following rules of raising and lowing greek
indices of an 7-tensor:

1.y _ il...ir’yl...’yo-wl...ép
jl...jsal...ozp\ﬁ1...ﬁa - gal‘(sl e gapwpg')’l‘ﬁl et g’}’o’lﬂoujl...js ’

il.‘.ira1...ap|ﬁ1...ﬂg _ a1|51 O[p‘(sp 71‘61 ’Ya‘ﬁa 1.y
J1odis =9 gy R A T RPN | P A



Using these identifications, formula (2.10) can be rewritten as follows:
(ufv) = ut= oV Pop i1 = U] Br.s, 0"V (2.12)

If the manifold M is endowed with a Riemannian metric g = (g;;), then we can also
raise and low latin indices of an 7-tensor and establish in this way the isomorphisms

(o) L(r+sptudto) o (000)
Tls.ou) = 7(0,0,0) = Ttr+s oot

Formula (2.12) is generalized to the case of n-tensors of arbitrary degree

o iredrareoplfrBor
<U|U> =Uu " L dvzl...lral...ap\ﬂ1...,6’g Uiy ..irar.. 0B ﬁp

11 Q.0 B 50. (213)

3 Covariant differentiation

The definition of a connection on a complex vector bundle n over a manifold M was given
in Section 1. In local coordinates a connection is expressed as follows. Let (z!,... 2") be
a local coordinate system with domain U C M, and (ey, ..., e,) be a trivialization of the
bundle 1 over U. The Christoffel symbols I'fy € C*°(U) are introduced by formula (1.10).

If v=(v') € C®°(ty;U) and u = (ul) € C=(n;U), then
V,u = viViual o

where ‘
ou”
al _ o, B
One can easily show that the latter formula implies the following rule of transforming
Christoffel symbols under change (2.7) of coordinates and trivialization:

e} (9 « 5 a ,Y
/iﬁ ox /zbvr% 5+bva "t

(3.2)

Distinguish the case when the coordinate system does not change, i.e., 2' = 2’ ', In this
case formula (3.2) takes the form

87

v a[lﬁ'l

"5y = 0T 5al + b2 (3.3)
that is equivalent to formula (1.9).

A connection V on a bundle 7 determines the first order differential operator (that is
denoted by the same letter)

Vi C%(n) = C¥(rgyin) — C=(roiin) = C(r* @) (3.4)

by the formula (Vu)(v) = V,u. The operator is called the covariant differentiation with
respect to the given connection. A section u € C*(n) is called absolutely parallel if
Vu = 0.

To extend differential operator (3.4) to n-tensor fields of arbitrary degree, we need also
a connection on the manifold M.



Theorem 3.1 Let a connection
YV C%®(1y) — C=(7h, @ 1) (3.5)

be given on a manifold M, and let V be a connection on a complex vector bundle n over M.
For all (r,s, \; p,o, 1), there exist uniquely determined first order differential operators

V COO( Tﬂ/\) )—>COO( (r,p;A) ) (36)

7—(s ap, (s+1 Uu)n

satisfying the following conditions.

Vi = di for ¢ € C>(M) = C=(7007 ).

2. 'V coincides with operator (3.4) in the case of (r, p, A;s,0, 1) = (0,
3. V coincides with operator (3.5) in the case of (r,p, A;s,0,1) = (1,
4. The operator V commutes with all contractions.
)
o

~

.V is a differentiation with respect to the tensor product.
.V commutes with anti-isomorphism (2.4).

In coordinate form this operator is expressed as follows. If u = (uﬁlfgzgi\gigj) €
Ok (T(gg’u)n) then

o BB QL. Qp Y1 Y 0 0 i is k

e, ®...Qe, 07" ®..00"Re, ®...08,00"®...0 0%,

where

o o . .
110 8r 01 Qp Y1 YA 11.0r Q1 0p Y1V
vkujl‘--jsﬂl~~~ﬁa|51~-§u - axkujl“-jsﬁlmﬁa‘(slm‘s,u+

im 11 i 1Dbmg 1 G QL Q| Y1 YA Z1 Arag..p|y1ya
+ Z T Z I’ +
kp U J1.--JsB1..-Bo|01...0, k]m 1 Jm—1DIm—+1.--JsB1...Ba|01...0,

1B Q] e O — 1 EQUf 1O [ V1 - 1B Q1 0p| Y1 YA
+Zrk5 .71 JsPBi-. /60‘51 6u Zrkﬁ& .71 JsB1...Br— 15ﬁn+1 ﬁall;l 5u+

Vie ) ALl Q1 QY1 Y — 1€Y1+ VA 115 QL Q| V1Y
Zrks ]1 ]Sﬁ1 ,30|51 5 Zl—‘kfsn ]1 ]Sﬁ1 ﬁg‘51...5ﬁ_185ﬁ+1...5u' (38)

Here T'S; are the Christoffel symbols of the connection V, and f‘fj are the Christoffel
symbols of the connection V.

We omit the proof of the theorem which can be done in the full analogy with the proof
of Theorem 3.2.1 of [Sh].
(0,0,0)

Let now 1 be endowed with a Hermitian metric g € COO(T(O 1) n) One can easily show
that a connection V is compatible with the metric if and only if Vg =0.

10



4 Semibasic 7-tensor fields

Let p : TM — M be the projection of the tangent bundle, and n be a complex vector
bundle over M. The bundle
Bamn =" (romin)

over T'M is called the bundle of semibasic n-tensors, and its sections are called semibasic
n-tensor fields. For (r,p, A\;s,0,1) = (0,1,0;0,0,0), we use the term semibasic sections of
the bundle n.

Given a local coordinate system and trivialization of 1 with domain U C M, a semiba-
sic n-tensor field u € C'* (ﬁ(ggzgn,p (U)) can be represented in form (2.5) with compo-

nents depending on (z,¢) € p~'(U) C TM. In C* (ﬁ(z’g’zgn) there can be distinguished
the subspace of basic ﬁelds whose components are independent of &; this subspace can be

identified with C'*° ( S’C‘: ;\)) ) Under changing coordinates and trivialization, the compo-

nents of a semibasic n-tensor field are transformed by the same formula (2.8) as compo-
nents of an ordinary (= basic) n-tensor field.

The following operations defined above for n-tensor fields are extendible to semibasic
n-tensor fields in an evident way: contractions, transpositions of indices, tensor product,
the anti-isomorphism u +— . Unlike basic n-tensor fields, semibasic n-tensor fields can be
multiplied by smooth functions ¢(z,¢) depending on (93,5) € TM,ie., C® (ﬁé;g’u;@

a C°(TM)-module.

The wvertical covariant derivative
[e.e] Py o (T,p,/\)
V C (ﬁ(s g#)n) - C (ﬁ(5+1,0',ﬂ)?7)
is defined by the equality

% uil..,iral...ap\'yl..,'h 0 uil...iral...ap\’yl...'y,\
U0 sBreBo 1.8 ek g1-daBr--Baldr 0y

Given a connection V on M and connection V on 1, we define the horizontal derivative
o0 P> [e%e] (T‘,p,)\)
V ¢ (6(5011)77) —C (ﬁ(s—&-l,a,u)n)
by the formula

01 dr0n . 0p Y170 d 1@ QYT YA gq 0 i1 g0 0p Y1 Dy
kq

Vkujlmjsﬁl-~~ﬁa‘51~~~§,u = axkuj1~~~jsﬁl--~ﬁo“51m6,u agpujl ]sﬁl Bo|51 6

+ Z Fzm el 1Pl 1l Q1O [Y1 Y8 Z F 21 Arai..aplyi.a +
kp J1-.-JsP1.. /80|51 5 k]m J1--Jm—1PJm-+1-- JsB1.. ﬁowlméu

Qe 1o dr O e O 1EQU 1. Op |10V i1edr o 0p |17
+ZF7€€ s jsBr...Bold1...0, Zrk’ﬁm Ujy . Gsp.. ﬁn—155m+1~~~50|51“'6u+

Vi o B1enbr Q1. Olp|’Y1 Ve—1EVr+1--IA 11..0r Q.. Oép\’Yl I
+ZF/€E Uj, . G5B Bo51...0, ZF’C% Ujy o sBreBol81 G168kt 80" <4'1)

Here I'{; are the Christoffel symbols of the connection V, and ffj are the Christoffel

symbols of the connection V.

v h
We establish commutation formulas for ¥V and V.
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Lemma 4.1 The following formulas are valid:

[V, Vi = 0, (4.2)
h v
[Vk7 Vl] = 07 (43)
hooho.o. _ o
11 by p| Y1 i1l Q1 Q| Y1 e
(Vi Vl]uji.‘.jsﬂi..ﬂggi...g: = _Rsklgqvpujll...jsﬁi..ﬂs|gi...g:+

11 A —1Pim41.-- Q. Oép|71 YA 1100001 .. Oép|71 Y

+ Z pkl J1.--GsP1.. ,BL7|51 5 Z R]mkl J1--Jm—1PJm+1-- JsPB.. ﬂo“‘slméu
okl Z1 QU O 1EQ 1. 0p Y17 21 Ao .0p |1

+ Z RklEl J1---3sB1--Bo|01...0y Z Rk’lﬁ |Yj1..jsBrBr—16Brt1- ~/Bo'|6l---6u+

[Ve ) d1dron .. 0p| V1 Yo 1EY k1A Lo Qp|y1-7a
+ZRkl|€ ]1 jg/Bl ,60-‘51...6” ZRIC”C;K .71 jgﬂl Bg|§1...5,¢,165,€+1...5u7 (44)
k=1

where (RW| RY5) is the curvature tensor of connection V defined by formula (1.11),

and (Rjkl) is the curvature tensor of the connection NV defined by the formula

TV
| [
jkl ok 8xl gl lp™ jk

Remark. In section 1 we denoted the components of the curvature tensor of the con-
nection V by R because the sense of vertical bars in indices was not explained at that

moment. Now we use the more precise notation Rz?;"ﬁl’
We omit the proof that is quite similar to the proof of Theorem 3.5.2 of [Sh].
The operator

H:C™ (Brn) — € (B{on)

is defined by the equality H = §iVi.

5 The Pestov identity

Let (M, g) be a Riemannian manifold, and (7, g) be a Hermitian vector bundle over M
endowed with a connection V compatible with the metric. The metrics g and g allow us
to define the operations of raising and lowing all, greek and roman, indices of a semibasic
n-tensor field in the same way as we did in Section 2 for basic n-tensor fields; and also to

introduce the inner product in fibers of the bundle s’f,’ Mgn which is expressed by formula

(2.13). We use the Levi-Civita connection V of the Riemannian manifold (M, §) in the
definition of the horizontal derivative.

Lemma 5.1 (the Pestov identity) Let (M, g) be a Riemannian manifold, and (n,g) be a
Hermitian vector bundle over M endowed with a connection NV compatible with the metric.

For a semibasic n-tensor field u € C™( ((g:g:g))n) the following identity is valid:

12



h v h h v ~ v L v
2Re <VU|VHU> _ |Vu|2+vkvk+vkwk_Rkplqugqvkun-..wal-..Ocp|ﬂ1..ﬂa.vlailmiramapmlnﬂa+

r p
+R6 [(Z R;nlgluz1...zm_1pzm+1-..2ra1...ap\51-.ﬂa + Z Rzln!lun...zra1...om_1ao¢,<+1...oap|ﬂ1...ﬁa +
k=1

m=1

g — . . v
+ Z Rkﬁlraull...lral...O!p|51..-ﬁn—l&ﬁn-‘rl...ﬂo) glvkuilmiramapﬁl...ﬁg] y (51)
k=1

where ,
k kol i1.irae..cp|Bi...Bo o =
v = Re (g v wt p‘ﬁl A : VZuil...ira...ap\,Bl...,Bg -

v . . h
. glvkun..‘zrcx...ozp|/31.~ﬂa . Vlail.--ira---aplﬁl--ﬂa) , (52)
k Ik, i1iranaplBrBe Y -
w” = Re (&£'V u P ViU iva.op|Br. B | - (5.3)

Proof. We will prove the identity in the case of (r,p,o) = (2,2,2). For other values
of (r, p, o) the proof is similar.
By the definition of the operator H,

h v h .. v h h h .. v h
2Vu|VHu) = 2v*u7oP° .y, (€IVluijaﬂ|'y6) = 2|Vul*+ 26V P g N jagps. (5.4)

We transform the second summand on the right-hand side of the latter relation. To this
end we define a function ¢ by the equality

h .. v h v h .. h
2§lvkuzgaﬁlvé . Vleﬂijaﬁhé = Vi <§lvkuzyaﬁlvé . Vluijaﬁh/é) +

h h .. v h v .. h
+WVi <flvkuwaﬂw : Vkuijaﬁ'yzS) — V" (fleUUQBM : Vluijaﬁ|7é> - . (5.5)
Let us show that the real part of the function ¢ is independent of second-oder derivatives

of the field u. Indeed, expressing the derivatives of the products on the right-hand side
of (5.5) through the derivatives of the factors, we obtain

ho,o v h h
@ = —26Ikyiieshe VieVitijapps + |Vu)*+
v h . h h .. v h
3 Y/ AVAURECULIN v/ TP IS o v TR LI v/ v/ T
hoh, . v h, o how
SR A VAVATUL L ViUijaplys + VAT AL ViViUijapys—

18k ijaBlyé h _ 1 | ijafBlys h k h _
£V "Viiu *Vilijapps — § ViU - V" VilUijapys-

After evident transformations, this equality takes the form
h h . h v v h . h
o = [Vul? + &V 1N, Vil tijasns + £ Vi, VMU0 Nitsjapst

h h .. v v .. h, h
o A VAVAUREULS Vilijaplys — g puiePhe Vszfbijaﬁwé-
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By (4.2) and (4.3), the second and third terms on the right-hand side are equal to zero,
and the equality simplifies to the following one:

h h h .. v h, h v ..
o = |Vul? + &V Gt japns — €V Nitijagis - Va0
Taking the real parts, we obtain
h h h, . v h h, . v
2Re p = 2|Vul® + ViV - Gtisjaps + ENIVIETP - g0 —
h, h v .. h, h v ..
—&VF Vitisjaprys - Vi — ENP i 51ap - VTP,
We raise and low indices to obtain
h h h .. v h h .. v
2Re p = 2|Vul® + EViviu?* ¥ 0505 + ENIVRETP T U510 —
Roho v h b v
—fleVlﬂmé'aﬁ : Vkuijvé\aﬂ — fleVlU”aﬁM : katz'jaﬁha-
We see that our equality can be rewritten in the form
h R ho. . v R ho. . v
2Re ¢ = 2|Vul® + €[V, VeJu"*" " - ¥ U005 + €[V VEETP - U 5106
The last two terms are conjugate to one other, therefore
h h h .. v
Re ¢ = |[Vul* + Re <§l [V, ViJu?oPhe . Vk“z‘jaﬂl%) '
Using commutation formula (4.4), we obtain
h o /D) qelp ijaBlyé Sk -
Rep = |[Vul® + Rpgu?’€ VP V Uijapys—
—Re [51 (R;klupjaﬂm + Rypu™ 0 4 Ry a0
.. — .. — .. v
+ R0 . R i 4 R ) G
Substituting this value into (5.5), we obtain
h .. v h h h v
2Re (flvku”aﬁM . VleaijaﬂfycS) = —|Vul|? + Viv* + Vewh—
~ v .. v ~. . ~ . .
_Rkplqufqvkuwaﬁlvévlﬂimmw + Re {(R;klupjaﬁlﬁ + R;kluwaﬁlw +
.. .. — .. — .. v
+ Rglauzjeﬁ\'yé _'_Rglguz]as\'yts _'_R’]Zlguz]aﬁ\eé _i_Rilauzjaﬁh/e) flvkaija,@hé:l

with v and w defined by (5.2) and (5.3). Finally, substituting this value into (5.4), we
arrive at (5.1). The lemma is proved.
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6 Proof of Theorem 1.1

We recall the notation TM = {(z,&) € TM | £ # 0}.

Let (M, g) be a simple Riemannian manifold, and (7, g) be a Hermitian vector bundle
over M endowed with a connection V compatible with the metric. Let connections V’
and V" on 1 be C-close to the connection V (the degree of the closeness will be specified
later). Assume that parallel transports, between boundary points along geodesics of the
metric g, coincide for connections V' and V”.

Given a point (z,£) € T°M, we define the automorphism a(x,€) : 1, — n, of the
vector space 7, in the following way. Let v = v,¢ : [7-(2,§), 7(2,§)] — M be the
maximal geodesic, of the metric g, satisfying the initial conditions v(0) = x and 4(0) = &.
Then the point y = y(7_(x,&)) belongs to the boundary oM. Let I' : n, — 0, be the
parallel transport along ~ with respect to the connection V', and I” : 5, — 71, be the
parallel transport along v with respect to the connection V”. We put

a(z, &) =1"(I")71

We have thus constructed the section a of the bundle 5587’11:8)) n over the domain T°M.

First of all, we should discuss the smoothness properties of the section. One can easily
see that the smoothness of a(x, &) is the same as the smoothness of the function 7_(x, &).
Using the smoothness properties of the latter function which are exposed in Section 4.1
of [Sh], we see that a is continious on T°M and (infinitely) smooth on T°M \ T°(OM).
Some of derivatives of the field a can be unbounded at the set T°(0M). Consequently,
some of integrals considered below are improper and we have to verify their convergence.
The verification is performed in a quite similar way as in Section 4.6 of [Sh], since the
singularities of a are due only to the singularities of the function 7_(z,&). Therefore, in
order to simplify the exposition, we will not pay attention to the singularities of a and will
deal in such a way as a would be a smooth semibasic n-tensor field, a € C* (ﬂ((gi’g)) n; TM).
We will prove that, under hypotheses of Theorem 1.1, a is independent of £. In particular,
this will imply smoothness of a.

By the construction, the field a(z,§) is positively homogeneous of zero degree in the
second argument

a(z,t) =a(z,§)  (t>0), (6.1)
and, by the hypothesis on coincidence of parallel transports in the sense of V' and V",

satisfies the boundary condition
CL‘@(TOM) = Id. (62)

We will derive a differential equation for the field a. Let us fix a point (z,&) € T°M
and a vector ugy € 7,, and construct the vector field /(t) parallel along the geodesic y(t) =
Vs (t) with respect to the connection V' and satisfying the initial condition v'(0) = ug. Let
us then construct the vector field u”(t) parallel along ~(¢) with respect to the connection
V" and satisfying the initial condition u”(7_(z,€)) = u/(7-(z,&)). By the definition of
the operator a, the equality

a(y(t), ¥(t)u'(t) = u"(t)

holds for every ¢ € [r_(z,§), 7 (x,&)]. We write down the equality in coordinate form
using a local coordinate system and trivialization

a3l (v(1), 4(0)u () = u"I(¢).
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We differentiate the equality with respect to ¢

8@ 04
Bl WPl 7Bl WP +aa\u/ﬁ\ — el
gl O 0l e ]
By the equation for geodesics
= _leﬂ 7

The vector fields «' and u” are parallel along v with respect to connections V' and V”
respectively; in coordinate form this is written as follows:

ol arva, 18] ol cipne, nBl i //a ﬂ\ /g|
W = =T u", u = =T 5u VI u

where I'{; and [ are the Christoffel symbols of the connections V" and V" respectively.
Substituting these values into the previous equation, we obtain

(oa% ,0a ol
A Bl _pwza_Bl F’wa?” Pl = T"aaaﬁhu’ﬁ'

oz~ i e

Putting ¢t = 0 in the latter equality and remembering that 4(0) = &, we obtain

da’ da’
B BI re 18] no el /6\
5 (&r’ qu q o6 Fwae) uy = —¢& T il g

Since ug is an arbitrary vector, the latter relation implies

da3) da3)
Bl _ v Al e a0l = o €l
5 (837’ Fiq K aé-p Flﬁ el | — _5 F ic 5\ (63)
In order to write equation (6.3) in a covariant form, we introduce the notations

o _ ol _
Fig =T =T, hig =T =T,

where I'}; are the Christoffel symbols of the connection V. As was mentioned in Section 1,
(fzﬁ\) and (hzm) are well defined n-tensor fields of degree (0, 1,0; 1,1, 0). By the hypothesis
of the theorem on closeness of the connections, we can assume the inequalities

fl<e,  |h[<e (6.4)
to hold with arbitrary small positive €. Adding the expression §iF§‘€aZ“ +&(I"55 — fﬁ)a?l‘
to the both parts of equation (6.3), we obtain

9a° a‘ .
B| a 6| « ) o £ 0‘|
. (a i gq ag Licag — FW“E') = €T — T3 + €I — Tip)al).

Comparing the left-hand side of this relation with definition (4.4) of the horizontal deriva-
tive, we see that the equation can be written in the covariant form

= € + Ehiyal, (6.5)
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where H = 5"& is the operator with respect to the connection V.

We have thus got equation (6.5), boundary condition (6.2), and homogeneity condition
(6.1) for the field a. From now on we can forget the connections V' and V”. All we need
are inequalities (6.4) for the fields f and h. We will show that, if the number € on (6.4)
is sufficiently small, then relations (6.1), (6.2), (6.4) and (6.5) imply

va = 0. (6.6)

dajy | |
re o "o €
or Fzﬂ% =-I ielg)
that can be rewritten in matrix form as follows:
Oa
IM=a'T"a4+a'=—.
ox

The latter equality means that the automorphism a transform the connection V” into V',
and the theorem is proved.
So, our aim is proving (6.6). To this end we write the Pestov identity (5.1) for (u*!%) =

(Vial?) € C(By00)m: TOM):

h v v v . h v 9 h k v k ~ pqvkvz’ alf VY
2Re (VVa|VHVa) = |[VVal” + Viv" + View" — Ripg€PEVTV'a™’ - V' Viaa)p+

+Re [(ﬁ;kl%paaﬁ + RYL Vi + Rij'g%iaals) gl%k%i%m] , (6.7)
where , ,
v" = Re <§kvl%iaalﬁ : %z%i@aw - fl%k%iaalﬁ : VI%iaaW) ) (6'8)
k Wk alf &8
w” = Re [ 'V'V'a™” - ViVita ) - (6.9)

We consider the left-hand side of (6.7) in order to distinguish a divergent term. By
the commutation formula

v v h
VH - HV =V (6.10)
and equation (6.5), we have
v v h h v Sl iTle -
HYaq 3 = ViHao s — ViGa)pg = —Vilag + Vi (flfio[ﬂa\g +& hLmaak) . (6.11)

Taking into account that f and h are independent of &, we obtain
Y h el = Tle = i el &~ i7le & =
HVl&aW = _Vlaam + flolé|as\ﬁ + hhgaak + 6 fz‘o‘é‘VZasVJ’ +€ thVlaa\s-

Applying the operator % to the latter equality, we obtain
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v v h v | v e v _
Vi HNiliajs = —ViVifals + fry Vidiels + By Vidal-+
—i—fka‘Vzasm + hk|ﬁVlaa|s +€ flMVkVZasw + 5 h QVleaoAs (612)

Therefore
hv w v hkvla\ﬁ v v hkvla\ﬁ h v
(VVa|lVHVa) = V'V'a™ - Vi HViaap = =V V'@ - ViVila|s+
Ryl (fZOcIVka€ﬁ + fka|Vlas\ﬁ + hszk’aa\e + By 5Vl“a\s
+E o ViVidie|s + Ghl,}vkvlaa|5> .
Introducing the notation

Fla] = 2Re [V V'al? (fza|Vk“alﬁ + fib Vel + BiigVitage + by Vidag: +

T VeV + €V ) | (6.13)
we write the preceding relation in the form
h v v v hkvl alp h v 1
Re(VVa|VHVa) = —Re <v V'a -vlvkaaﬁ> + 5Jf[a]. (6.14)

In order to distinguish a divergent term, we transform the first term on the right-hand
side on (6.14) as follows:

h, v h v h v h v v h, h v
VIV N Viaas = VF (vlaa'ﬂ ~ vlvkaaw) —V'a®? - VNV Vi) =

h v h v v h h v
= Vi (vlaa'ﬁ - vlv’“aaw) AR VA VA VAL NP
h v h v v h h v v h h . v
=V (vla“'ﬂ - vlv‘“aam) — V' NV VF e — Vi - [V, ViV aas =
h v h v h v h v
= Vi (v’aa'ﬁ : vlv’“aaw) Y (vlaa'ﬁ : vkvkaag) +
alf Yl ol h h Vo
—I—VV a VkV Gajp — V' a Vi, VIV Ao|p =
h v
— W (vla“'ﬁ ViVEaaps — VFa - vlvlaam) +
h v h v v h h v
+VVEa iV s — VI - [V, ViV s
Introducing the notations
v h v v h v
" = Re (vla‘”ﬁ A VAVATNPIS vt vlv’aaw) (6.15)
and

2 = %k%kaa‘ﬁ, (6.16)
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we write the result in the form
h, v h v h v h h v
Re (v’“vla""ﬁ : vlvkaam) = 2> + V" — Re (vlaaﬁ A\ vz]v’“aa@> :
Inserting the latter value into (6.14) and using commutation formula (4.4), we obtain
h v v v 9 h ~k 1
Re(VVa|VHVa) = —|z| — V0" + 5.7—"[&]—

—Re [Vlaaw (ngzfqvpvkdaﬁ Rpklv Aa|g + Rkla\vkaflﬂ + Rl}fmvkaalsﬂ .

We now substitute the latter expression into the left-hand side of the Pestov identity
(6.7) to obtain

h v .
WV +20P = V(0! + 20%) — Viw* + Rla) — Rla] + Fla) (6.17)
where Ra] denotes the sum of terms dependent on the curvature tensor R
ﬁ[a] = Rkplqugq%k%iaalﬁ : %l%iaalﬂ"i_
+Re [Q%ZCLQW <—égkl§q%p%kaa|g + égkl%paa5> - é;klgl%paalﬂ . %k%iaa/g} , (6.18)
and R]a] denotes the sum of terms dependent on the curvature tensor R

R[a] = Re {261(1&"3 (RZLa|%kC_La,6 + Rkl\ﬁ% aale) - (R |Vza€w - Rw Z a€> glv Vzaalﬁ}
(6.19)
We integrate equality (6.17) over QM and transform the integrals of the divergent

terms by the Gauss — Ostrogradskii formulas (Theorem 3.6.3 of [Sh])

h v
IVVal + 2022 = = [ (v+20w)ds®2 = (n = 2) [ (wle)ds+
OOM QM

+ / Rla)ds — /R[a]d2+ / Flaldx. (6.20)

Hereafter we use the notation

lull? = [ fuf*ax
QM

for a semibasic n-tensor field wu.

It follows from boundary condition (6.2) and definitions (6.8), (6.15) of the fields v
and U that v|son = Ulgam = 0. Therefore the first integral on the right-hand side of
(6.20) is equal to zero.

By (6.9), the integrand of the second integral on (6.20) is

h.v . h w v
(w[€) = Re <£ilekaa|ﬂ : ffvjv’“aaw) = |Hval?.
Substituting this value into (6.20), we obtain

h v v —
1VVal? + (n — 2)| HVa|® + 2|22 = /R[a]dE— /R[a]dz+ /]—"[a]dE. (6.21)
QM QM QM
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We will estimate the right-hand side integrals on (6.21) by the left-hand side of this
equality.

We start with the first integral. Expression (6.18) for its integrand can be slightly
simplified. To this and we rewrite (6.18) in the form

ﬁ[a] = fikpqupﬁq%k%iaam . %l%idaw + ReA, (6.22)
where
A= QR’;kl%laaw%pda\ﬁ - 2R§szq%laaw Vs — E;szl%paaw V*Viiags-
After changing summation indices in the last term, this equality takes the form
A = 2R V' a0 5 — (2Rpgpt + Riipg) 67V - VPl 5.
Using the symmetry Rklm = ~qul of the curvature tensor, we obtain
A = 2B a8 50 — 3Rt . TP

We transform this formula once more by distinguishing a divergence term. Since the
curvature tensor is independent of &, we can write

A= ZEI;M%I@QW ' %p@alﬁ o B%k (quklfq%l“am ’ %paalﬁ) -

R kol o8 org R caokglyolB . org
+3quklg V'a -V Qo|p + 3qukl£ V*V'a -V Qo3+
The last term is equal to zero because qukl is skew-symmetric in the indices k,[ while

%k%laaw is symmetric in these indices. Therefore the latter relation takes the form
A= _El;kl%zaaw : %p@am —3v* (équzﬁq%laaﬁ . %paa,{?) .
Inserting this expression into (6.22), we obtain
ﬁ[a] - ékplqufq%k%iaam : %l%ﬂa\ﬁ_

—Re {ngkl%laaﬁ Vg + 3V <Rmkl§q%la“'ﬁ ' %paalﬁﬂ '

Integrating this equality and transforming the last integral by the Gauss — Ostrogradskii
formula, we obtain

/ ﬁ[a]dE - / {ﬁkplqugq%k%iaalﬁ ’ %l%iaa\ﬂ +
QM QM

+3(n — 2) RipigP €V a1 - gy — BE V0% - Pags| dT. (6.23)

We have omitted the sign Re because the integrand on the right-hand side is real.
We stop our calculations for a moment to note some possibility that is not realized in
the present paper. Observe that the right-hand side integrand on (6.23) depends only on
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the sectional curvature and Ricci curvature of the Riemannian manifold (M, g). Therefore
the statement of Theorem 1.1 can be changed in such a way that the hypothesis on (M, g)
would be expressed in terms of the sectional and Ricci curvatures. We do not use the
possibility because it makes the statement of Theorem more cumbersome.

The module of the right-hand side integrand on (6.23) can be estimated by the quantity

RIIVVaAER +3(n—2)|RINaAEE + (= DIR|Va < R] (V¥ + (40— 7)[¥al).

L / Rla]ds

By (6.2), the boundary conditions

Therefore

< [Ir (|%%a|2+(4n—7)\%a|2) dx.. (6.24)
QM

Valsarn =0, VValaan =0

hold and, consequently, the Poincaré inequality (Lemma 4.5.1 of [Sh]) can be applied to
these fields. Estimating the right-hand integrals on (6.24) with the help of the Poincaré
inequality, we obtain

L / R[] d=

where the number p = p(M, g) is defined by formula (1.14).
We now estimate the second integral on (6.21). As is seen from (6.19), the integrand
admits the estimate

< BIHVVa|® + (4n — 7)pl|HVa|]?, (6.25)

[Rlal| < 2{RI[Val - [0Vl + 4 R[IVal* < R (AVVal + (4 + 1/N]Val?),

where A is an arbitrary positive number. Integrating this relation and using the Poincaré

inequality, we obtain
L | Rl
M

where the number p = p(M, g,n, g, V) is defined by (1.13).
We estimate the last integrand on (6.21). By (6.4) and (6.13), the integrand admits
the estimate

< M| HVVa|? + (4 + 1/\)p| HVal?, (6.26)

h v v o v
Flall < 2¢ (319 Val* + [VVal? + 20¥al)

Integrating the inequality, we obtain

L / Fla]ds

Estimating the right-hand side integrals on (6.21) by (6.25)—(6.27), we arrive at the
inequality

h v v v v
< 2 (319 Vall* + [V¥al? + 2 Val?). (6.27)
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h v v h v v v v
[9Val* + (0~ 2) [ HVal* < 22 (319 Val* + [V¥al? + 2 Val?) +

+Op+ DIEVVal? + (4 + 1/\)p+ (4n = 7)p) | HVal*. (6.28)

We are going to eliminate the quantities ||%a||, ||VVa|| and ||HVVa|| from the in-
equality (6.28).
First of all, with the help of the Poincaré inequality, we obtain

v d2 v
[Val* < glleallz, (6.29)

v v d2 v v
Ivval* < Z[HVVal?, (6.30)

where d = d(M, g) is the diameter of (M, 7).
With the help of commutation formula (6.10), equation (6.12) gives

v v h v h v h v
HViNiaog = (VillH — Vi) Vitaig = —ViVida)s — ViViGa|g+

+fl||Engaa\a + f}lgTﬁVlaa|a + hiL|Vkaa|ﬁ + hkaNzaam +¢& f||ngVlaa|a +¢& hm|VkV1aa\ﬁ

This implies the estimate
v v h v v v v
|HVVa| < 2|VVal + 2:|VVa| + 4¢|Val.
Squaring this inequality, we obtain
v v h v v v v
|[HVVa|* < 4|VVval* + 4%V Val* + 1682 |Va|*+

h v v v h v v v v v
+8¢|VVal - |VVa| + 166|VVal| - [Va| + 16e%|VVal - |Val.
Estimating the last tree terms with the help of the inequality between arithmetical and
geometrical means, we obtain

HYVa* < (4+ 20T Val + (12 + 16/)*[VVal? + (24 + 64/ )=* Val?

with an arbitrary positive number p. Integrating this inequality, we obtain

|HOVal < (4 20)[VVall> + (12 + 16/u)* [V Vall* + (24 + 64/ )= | Val . (6.31)

Estimating the last two terms on (6.31) with the help of (6.29) and (6.30), we obtain

|HYVal? < (44 20)[VVal® + (6 + 8/ )< | HVVal|* + (12 + 32/ )| HVal|*

This equality, being rewritten in the form
(1= (64 8/ @) HYValP < (4+ 20)||VVal? + (12 + 32/p) P> HVa

gives the estimate

442
1 — (64 8/p)d?e?

12 4+ 32/u)d?e? v
( IEE a2, (6.32)

v v h v
H 2 < ’
|HVVal? < IVvel + T =65 s/ e
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Inequalities (6.30) and (6.32) imply the estimate

2+ p)d?
1— (6 + 8/p)d2e

(6 + 16/p)d*e?
1— (6+ 8/p)d2e2

v v h v v
IVVal* < IVvall® + [HVall. (6.33)

Estimating the quantities ||HVVa?, |VVa/? and ||Val® on the right-hand side of
(6.28) with the help of (6.29), (6.32) and (6.33), we obtain

h v 9 v 9
IVVall”+ (n = 2)[[HVa|” <

h v (24 p)d® b 2 (6 + 16p)d’e? L2 22 T |2
<23 2 H d*||H
<2 (3190l + (o TR Yl O OOl + Pl +
_ 442 ho oo (124 32/p)d?e? v
A H
+Ao + 1) (1 — (6 + 8/u)d252||vva” + 1— (64 8/u)d?e? [Hvall” |+
+((4+1/Xp+ (dn = T7)p)) |HVal*.
This inequality can be rewritten in the form
h v v
al|[vval|?* + Bl Hva|?* <0, (6.34)
where
_ (4+2u)(Ap +p) (4 +2p)d*e
= A =1- — -6
«@ a(p7p7 7#75) 1_(6+8/M)d252 1_(6+8/M)d2€2 6
and

B=P(p;p; A pi, ) =

~(12+32/p)d'e* e (Ap+ p)(12 + 32/ p)d*e?
1 —(6+8/p)d*e 1 —(6+8/p)d*e

In order to include the two-dimensional case into the scope of our result, we rewrite

inequality (6.34) in a slightly different form. To this end we introduce the semibasic
n-tensor field y = (y7%) € 0> (5((5”3”3))7); TOM) by the equality

=n—2—A+1/Np—(4n—-"T7)p

1
€12

The summands on the right-hand side of this equality are orthogonal one to other. There-
fore, for |£] =1,

iviqelB — yiiald | ¢l el

h v v
IVVal® = y|* + [HVal>.

So, inequality (6.34) can be rewritten in the form

ollyll’ + (o + B HValP < 0. (6.35)
We have to prove that both the coefficients on (6.35) are positive,
alp, p, A, p,€) >0, alp, p, A, p, ) + B(p, o, A, p€) > 0
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under suitable choosing the positive numbers A, © and . Since these coefficients depend
continuously on ¢, it suffices to prove the inequalities

a(p, p; A p1,0) >0, alp,p, A, 1, 0) + B(p, p, A, 1, 0) > 0.

Since a(p, p, A, i, 0) and B(p, p, A\, i, 0) depend continuously on u, it suffices to prove the
inequalities
a<p7ﬁ7A7070>>07 Oé(p7ﬁ7>\7070>+/6<107ﬁ7)\7070)>0'

Substituting the values of o and 3, we arrive at the system
ddp+p) <1, (@A4+4A+1/Np+(4n—-3)p<n—1. (6.36)

If this system is satisfied, then both the coefficients on (6.35) are positive for sufficiently
small positive p and e. It is easy to check that system (6.36) can be satisfied by some
positive A under conditions (1.15) and (1.16).

So the both coefficients on (6.35) are positive, and this inequality gives

H%a =0.

The latter equation together with the boundary condition

Valsan =0

gives
Va = 0.

As was mentioned above, this proves the theorem.

7 Proof of Theorem 1.3

The proof is very similar to the content of the previous section. Therefore our exposition
here will be brief.

Let a Riemannian manifold (M, g), Hermitian bundle (7, g), connection V, and section
f € C*(n; OM) of the bundle n over the boundary dM satisfy hypotheses of Theorem 1.3.
For a point (x,€) € TOM, let v = v, ¢ : [7-(2,8), 74 (2, §)] — M be the maximal geodesic,
of the metric g, satisfying the initial conditions v(0) = x and §(0) = £&. Then the point
y = v(7_(z,€)) belongs to the boundary 0M. We define the vector f(z,&) € 7, as the
result of the parallel transport of the vector f(y) from y to x along the geodesic v. We
have thus constructed a semibasic section f € C“(ﬁ((g:éjg)) n; T°M). By the construction,
it satisfies the equation

Hf =0, (7.1)
the boundary condition
V flaam = 0, (7.2)
and is positively homogeneous of zero degree in &
fla,t§) = f(z,&)  (t>0). (7.3)
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We write the Pestov identity (5.1) for u = %f € Coo(ﬂ((?:é”g))n; TOM):

h v v v h v h v ~ v, v . v,V —
2Re (VVFIVHV) = [VVF? + V" + Viw® — RipgPEIVPV o VIV, ot

+Re Kéfok:z%pf“ + Rg}d%if) fl%k%ifq] , (7.4)
where
k_ ki ral & F iGk ol o i F
v'=Re ("V'V [ ViV fo = VY -V for ) (7.5)
k i h P al h v iF
w” =Re ('VV; [ ViV fo ) - (7.6)
By the commutation formula (6.10) and equation (7.1),
v v h h
HVf=VHf-Vf=-V/. (7.7)
Hence N L
ViHija| = —Vz'ijal = _VjVifa" (7.8)
Therefore

h v v v h.v . h v —
(VVIIVHV ) = V'V - UV fa-
We transform the latter expression in full analogy with the paragraph after formula (6.14)
of the previous section. In such the way we obtain

h v v v h
Re (VVfIVHV ) = —|z> — V"

—Re [%lfa (ngzfq%p%kfal - Rl;kl%pfal + Rila|%kf5)] ;

where
ol h g ol
2 =WV f
and
~k Vel &Sk F Uk pal &SI F
v" = Re Vf Vlv fa\_v f Vlv fa| . (79)
Substituting the latter value into the left-hand side of (7.4), we obtain
h v h v —~
IVV I+ 212 = —=Vi(v* + 20%) — Vw® + R[] = RIf], (7.10)
where - B . .y
R[f] = Rkplqufqvkvlfa‘ ' vlvifa\_'_
+Re [Q%Ifa (_nglgq%’p%kfal + Eﬁkl%pfao - R;klgl%pfal ’ %k%ifal} (7'11)
and

R[f] = Re (2R2'lavlf“' VR + Ry €V v’“vifcq) : (7.12)

We integrate equality (7.10) over QM and transform the integrals of the divergent
terms by the Gauss — Ostrogradskii formulas
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IVVAIE+2al = = [ o+ 20])as? 2 — (n—2) [ (wle)az+

oM oM
+ / RIf1dS — / RIf)dE. (7.13)
oM oM
It follows from boundary condition (7.2) and definitions (7.5), (7.9) of the fields v and
v that v|san = U]san = 0. Therefore the first integral in the right-hand side of (7.13) is
equal to zero.
By (7.6) and (7.7),
hi v ol j h v k7 Vo9 h 9
(w[¢) = Re (&v Vi - &V V fa) = [HVf[* = [Vf[*.
Substituting this value into (7.13), we obtain

IV + (=2 I +2020° = [ Riflas - [ Riflas. (7.1
QM QM

Repeating the corresponding arguments of the previous section, we obtain the following
analogs of estimates (6.25) and (6.26):

Vﬁm@
URW@

with an arbitrary positive number .
It follows from (6.10) and (7.7) that

< pIHVVfI? + (4n — 7)p||HV f|?, (7.15)

1 % v
< MVIEVVE + @2+ 1/l HV fIP (7.16)

v v v v v h v
ViV f* = (HV)V, f = (V:H — V)V, f* =

= VUHV 1) = GV = =V = v el = v el - el
Therefore . .
[ HVV f| < 2|VV f]. (7.17)
With the help of (7.7) and (7.17), estimates (7.15) and (7.16) take the form

Uﬁmm
URW@

Estimating integrals on the right-hand side of (7.14) with the help of (7.18) and (7.19),
we arrive to the following analog of inequality (6.34):

. hw . h
< 4p[IVVfI* + (4n = DpIVfI?, (7.18)

<MV + 2+ 1/0)pl V|2 (7.19)

(L= 2~ 4D)[VVFI + (0 — 2 — 2+ 1/N\)p — (4n — D[V SIP < 0. (7.20)
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We introduce the semibasic n-tensor field y = (y¥°) € C* (ﬁ((g”é:g)) n; TOM ) by the

equality
1

€17

By (7.7), the summands on the right-hand side of this equality are orthogonal one to
other. Therefore, for |£] =1,

hi”j al ijal ihj al
V'V [ =y — oV

h v h
VI = |y]>+ |V

So, inequality (7.20) can be rewritten in the form

N .k
L=2=4p)yl* +(n =1~ 2+ A+1/A)p— (dn = 3)P)[IVf[* < 0. (7.21)
Under conditions (1.15) and (1.16), we can choose A > 0 such that both the coefficients
in (7.21) are positive. In such the case (7.21) implies
h h v

Together with boundary condition (7.2), these equations give

h v

These equalities mean that the section f is basic and absolutely parallel. The theorem is
proved.

8 The Uhlmann ray transform

Let (M, g) be a simple Riemannian manifold, and (7, g) be a Hermitian vector bundle
over M endowed with a connection V compatible with the metric.
We represent the boundary 9QQM of the manifold QM as the union of the two sub-
manifolds
OLQM = {(z,€) € QM | z € OM, £(¢,v(x)) > 0}

of outer and inner vectors; here v(z) is the unit normal to the boundary OM. Let

p: 0. QM — OM be the restriction of the projection of the tangent bundle. By W((?ig)) n

we denote the bundle over 9, QM which is defined by the equality

( s ’O) _ ¥ (0’170)
11,01 =P (7'(1,1,0)77>-
The Uhlmann ray transform is the linear operator
0,1,0 0o/ (0,1,0
U: COO(T((LLO))TI) —C (WEOJ’O))??) (8.1)

defined by the formula

o

UN@e = [ FGOLA0d (@) € 0.0M), (8.2



where v = v,¢ @ [T-(2,§),0] — M is the maximal geodesic of the metric g satisfying the
initial condition v(0) = = and +(0) = &, the angle brackets

0,1,0 0,1,0 « i pQ
(&) 7-((1,170))77 - T((U,LQ))"?? (f, €>5\| =< flg”

mean the contraction with a vector £ € T M, and I' is the parallel transport along 7 from
the point ¥(t) to the point z = v(0) with respect to the connection V.

In coordinate form the Uhlmann ray transform can be written as follows. Let us
choose a parallel along 7 basis (e1(t), ..., en(t)) of the bundle 7. In this basis

0

W= | FOread (8.3)

T (2.8)

Of course, the similar operator

U Co(r(fio,om) — C (o)
can be defined for arbitrary (r, p, A; s, o, ). Nevertheless we restrict ourselves to consider-
ing operator (8.1) because the problem of inverting this operator is a natural linearization
of the above-considered problem of determining a connection, as we shall show.

A smooth one-parameter family V™ (—e < 7 < ¢) of connections on 7 is called the
deformation of the connection V if V? = V. For such a deformation, the derivative

YAl
f= dr

=0

is a well defined 7-tensor field f € C°(7{’{g)n) which is called the tangent field of the

deformation V7. A deformation is called trivial if there exists a one-parameter family of
automorphisms a” : n — n of the bundle 1 such that a”|sy = Id and V™ = (a”)*V. One
can easily check that the tangent field f of a trivial deformation V7 = (a™)*V satisfies
the equation

Vo=f (8.4)

with the n-tensor field v = da” /d7|,—¢ € COO(T((S”II:(?))T]) meeting the boundary condition
vlon = 0. (8.5)

An n-tensor field f is called potential if the boundary value problem (8.4)—(8.5) has a
solution. So, potential n-tensor fields of degree (0,1,0;0,1,0) are just tangent fields of
trivial deformations of the connection V.

Let V7 be a deformation of a connection V. Given a point (x,§) € 0,.QM, we put
Y = Yee(7-(2,§)) and denote by I7, : 1, — 7, the parallel transport from z to y along
Ve With respect to the connection V7. Then the derivative

dl;5
= — N 1 —
dr K My

=0

J%E

is a linear operator smoothly dependendig on (z,£) € 0,QM. We will show that this
operator determines the Uhlmann ray transform of the tangent field f of the deformation
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V7. Therefore the problem of inverting the Uhlmann ray transform turns out to be a
linearization of our inverse problem of determining a connection.

Choosing a coordinate system and trivialization, we write the equation for the parallel
transport along v = v, ¢ with respect to the connection V*

W A TG (y()w? = 0, (8.6)

where f?ﬁ are the Christoffel symbols of the connection V7. Let us fix a vector wy =

(wg‘) € 1, and denote by w(t,7) = (wl(t,7)) the solution to equation (8.6) meeting the
initial condition

w(0, 7) = wo. (8.7)
Then, by the definition of the operator J, ¢,
ow
E(T— (ZL’, 5)7 0) = Jr,§w0~ (88)

Differentiating equation (8.6) with respect to 7 and putting then 7 = 0, we obtain
0+ AT = —4 f2w?,

where u = Ow/07|,—, I'fy are the Christoffel symbols of the connection V, f is the
tangent field of the deformation V7, and w = w(t) = w(¢,0) is a vector field parallel
along v with respect to V. This equation can be written in covariant form

Du)\“ ol 8
— _Adgal Bl
where D/dt = 4V is the total derivative along . By (8.7) and (8.8),

u(0) =0, w(T_(x,€)) = Jyewo. (8.10)

Let us choose a parallel along « basis of the bundle 7 and write down equation (8.9)
with respect to the basis .
il = = f . (8.11)

The vector field w = (w?) is parallel along v, i.e., w?l = const in the chosen basis.
Relations (8.10)—(8.11) imply

0
(ngw)?! = wl(r_(2,€) —ul(0) = w? [ 4f5)d.
7 (2,8)

Comparing the latter equality with (8.3), we see that

Jz,§ = Uf(‘r7€>

Therefore the problem of inverting the Uhlmann ray transform is just the linearization of
the above-considered inverse problem of determining a connection.

The space of potential fields is a subspace of the kernel KerU of the Uhlmann ray
transform. Indeed, if f = Vv, then the integrand on (8.3) is equal to d(vg|| ((¢))/dt.
Therefore U(Vv) = 0 if v vanishes on the boundary.
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We will use the Sobolev spaces H*(a) of sections of a vector bundle a over a compact
manifold. The Uhlmann ray transform (8.1) has the bounded extension

0,1,0 0,1,0
U: Hk(T((Ll,o))n) - Hk(ﬂ((o,l,ogn) (8.12)

for every k > 0. This fact is proved quite similarly to Theorem 4.2.1 of [Sh].

In order to specify the problem of inverting the Uhlmann ray transform, we introduce
the notion of potential and solenoidal parts of an n-tensor field. This is done by the
following

Theorem 8.1 Let (M,g) be a compact Riemannian manifold with boundary, and (1, g)
be a Hermitian vector bundle over M endowed with a connection ¥V compatible with the

metric. For every n-tensor field f € Hk(T((ﬂ’ll’é)))n) (k > 1), there exist uniquely determined

fe Hk(T((loy’i’g))n) and v € Hk+1(7((g:11:00))77) such that
f=F+Vv, Vil =0 wlow=0. (8.13)

The estimates _
[fllax < Cllfllaes vl < CNfllan

hold with a constant C independent of f. In particular, f and v are smooth if f is smooth.

We call f and Vo the solenoidal and potential parts of the field f. The proof is omitted
because it is quite similar to the proof of Theorem 3.3.2 of [Sh].

As was mentioned above, the Uhlmann ray transform does not pay attention to the
potential part. So, given U f, one can hope to recover at most the solenoidal part f of
the field f. We will prove that the recovering is possible under some conditions on the
manifold and connection.

Let (M, g) be a Riemannian manifold. For a point x € M and a two-dimensional
subspace 0 C T, M, by K(z,0) we denote the sectional curvature at the point x in the
two-dimensional direction o. For (z,&) € QM, we put

K(z,&) =sup K(z,0), K*(x,£) = max{0, K(z,¢)}. (8.14)

o3¢
For a simple Riemannian manifold (M, g), we introduce the following characteristic:

T+($,§)

R LG = sup [ KT () Fuel0)d (8.15)
(z,£)e0-_QM

We recall that here v, ¢ : [0, 74 (z,£)] — M is the maximal geodesic satisfying the initial
conditions 7,¢(0) = z and 4,¢(0) = £ In particular k7 (M,g) = 0 if the sectional
curvature is nonpositive.

We can now formulate our main result on the Uhlmann ray transform.

Theorem 8.2 Let (M,g) be a simple n-dimensional Riemannian manifold, and (n,g)
be a Hermitian vector bundle over M endowed with a connection ¥V compatible with the
metric. Assume quantities (1.13) and (8.15) to satisfy the inequalities

_ 1
p(M.g.1.9.V) < 1/n/2, (8.16)

30



k*(M,g) < 1/4. (8.17)

For every n-tensor field f € Hl(T((ﬁ’llj’g))n), the solenoidal part f 18 uniquely determined by

the Uhlmann ray transform U f and the conditional stability estimate

172, < C (U - 10 Flles + 107 )2) (8.15)
holds with a constant C' independent of f.

The remarks given after statement of Theorem 4.3.3 of [Sh] are valid for this theorem
too.

Let us now discuss the case of a flat connection V on the trivial vector bundle n =
M x C™ over a simple Riemannian manifold (M,g). In this case the Uhlmann ray
transform can be reduced to the (longitudinal) ray transform of a vector field

1:C%(ry) = C=@,0M), (1)) = [ A®fitme®)dt  (319)
(2,6)

T—

that was considered in Chapter 4 of [Sh]. Indeed, we can choose a global trivialization
of the bundle 7 consisting of orthonormal and absolutely parallel bases. In formula (8.3)
being written with respect to the trivialization, the components of a field f are inde-
pendent of the geodesic . Therefore we can fix indices a and 3 and define the vector
field f = (f;) € C*°(7a) by putting f; = ffgl After this definition, formulas (8.3) and
(8.19) coincide. In this case Theorem 8.2 coincides with Theorem 4.3.3 of [Sh| with the
only exception that condition (8.17) can be replaced with the following weaker inequality:
kt(M,g) < 1/2.

Finally, consider the case when V is a flat connection, M is a domain in Euclidean
space, and the metric g coincides with the Euclidean one. In this case there is the explicit
inversion formula that expresses the solenoidal part f of a field f through the Uhlmann
ray transform U f. See Theorem 2.12.2 and Section 2.14 of [Sh].

9 The proof of Theorem 8.2

Theorem 8.2 can be reduced to the following special case.

Lemma 9.1 Let hypotheses of Theorem 8.2 be satisfied. For an n-tensor field f €
C’OO(T((ﬁ’ll”g))n) satisfying the condition

Vi =0, (9.1)

the estimate
Ifll7, <C (HjuflaM||L2 NUfllz, + IIUfII?ql) (9.2)

holds with a constant C independent of f. Here j, is the contraction with the unit vector

v of outer normal to the boundary: (jyf)g‘l = %\'.
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The lemma implies Theorem 8.2 by the arguments quite similar to those presented
after statement of Lemma 4.3.4 of [Sh].
Proof of Lemma 8.1. We define the semibasic n-tensor field v € Coo(ﬁ ))n, TM)

on T°M by the formula
0

u(w,) = [ TG 50), (9:3)
T (2.8)
where 7 = v, ¢ : [T_(, &), 0] — M is the maximal geodesic satisfying the initial conditions
7(0) = x and 4(0) = &. The difference between formulas (8.2) and (9.3) is that (8.2) is
considered only for (z,&) € 9, QM while (9.3), for all (x,£) € TOM.
The field u satisfies the differential equation

Hu®ls — é&z’inéW, (9.4)
the boundary conditions
ulo_am =0 (9.5)
and
u|3+QM = Uf, (96)
and is positively homogeneous of zero degree in the second argument
u(a, 1€) = u(w, &) (t>0). (9.7)

We write the Pestov identity for the field u

h v h h v ~ v v
2Re (Vu|VHu) = [Vul> + Viv* + Vew" — Ripg PN u? - V'tig 5+

1 Re {(Rmusﬁ + RS u) € ] (9.8)
where \ N
v* = Re <§kvluaﬁ - Vitlo)g — SAVACTALLS Vlﬂaw) ) (9.9)
h h
w” = Re (flvkuaw : Vﬂm;a) : (9.10)

Let us show that the left-hand side of (9.8) is of divergent form. Indeed, by (9.4)

h v . _ _
(Vu|VHu) = Vk ol . Vk(flfm\ﬁ) k ul? . fk 3= k<ua‘ﬁfka|6) — Ualﬁkakam-
By (9.1), the last term on the right-hand side is equal to zero; and we obtain
h v h .
Re (Vu|VHu) = V0", (9.11)

where

o = Re (u?fk),) (9.12)
We substitute the value (9.11) into the left-hand side of the Pestov Identity (9.8)
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h h v ~ v v
IVul? = Vi(20F — %) — Vw" + Rypg &PV u? - Vi) 5—
—Re [(Rkl luslﬁ + Rkl| uals) §l%kﬂa|ﬁ} .

Integrating this equality over 2M and transforming the integrals of the divergent terms
by Gauss — Ostrogradskii, we obtain

IVl = [ (25— 0,0)ds = —n [ (w,dS+ [ R - iy do-
oQM QM QM

—Re [ (Rjlu? + B ut) €0 s 45,
oM
By (9.10), (w, &) = |Hul?, and our equality takes the form

h
Va2 + n)| Hul? = / (20 — v, V)dZ22 4 / Ripig€P €70 0 - i3 d¥—
oM

“Re [ (Rl u” + Rfjut) €59 s 45, (9.13)
QM

We will estimate each of the right-hand side integrals on (9.13).
We start with the third integral. The module of its integrand is estimated by the
quantity

v v 1
2IR| - ul - [Yul < |R] (AVul + {luf)

with an arbitrary positive number A. Therefore

v 1
< T+ 2) : :
< [ IR (NP + ) s (9.1)

[ () 8
QM

M

By (9.5), both the fields v and %u vanish on 0_Q2M, and the Poincaré inequality can
be applied to these fields. Estimating the right-hand side integrals on (9.14) with the help
of the Poincaré inequality, we obtain

e 5 ale Yk Y 1
L/ (R + Rigu®®) €V i1 d Sp(AHHwH?UHHuu?), (9.15)

M

where p = p(M,g,n,9, V) is defined by formula (1.13).
v h
The next step is estimating the norm ||HVul| through ||Vu|| and ||Hu||. Applying the

operator V to equation (9.4) and using commutation formula (6.10), we obtain (remember
that f is independent of &)

v h
HvVu=f—Vu.
Therefore X X .
|HVul? = [Vul? + [f]* = 2Re(Vu, f) < 2|Vul* + 2| .

33



Integrating this inequality, we obtain

v h
[HVull? < 2[|Vull® + 2| £, (9.16)

On the other hand, the norm || f|| can be easily expressed through ||Hu||. Indeed, squaring
equation (9.4) and integrating the result, we obtain

|l = [ 57 Fieis ( / esfdwz(s)) V(o) = | 1| (917)
M Qz M

With the help of the latter equality, (9.16) gives

v h
[HVul* < 2|Vul® + 2n]| Hul]*. (9.18)

Combining estimates (9.15) and (9.18), we obtain

_ v h
L/ (Reiu?” + R u™®) €'V i) dS| < 20pl|Vul® + (20X + 1/A) pl| Hul%. (9.19)

M

We now estimate the second integral on the right-hand side of (9.13). Its integrand
admits the estimate

Rt €N 1 - Vg g dS < K (2, €)|Vul?,

where K (z,¢) is defined by formula (8.14). Integrating this estimate and using the
Poincaré inequality, we obtain

[ R - Gty 45 < K[ HVull?
QM

with kT = k*(M,g) defined by (8.15). Combining the latter estimate with (9.18), we
obtain

~ v v h
/ Riptg PN uP - g5 d% < 257 || Vul|? + 2nk™ || Hul|>. (9.20)
oM

The first integral on the right-hand side of (9.13) can be estimated as follows:

L [ (2= v,)as 2 < ¢ (liflowlle, - UF e+ WOF ). (921)

QM

This estimate can be proved, on the base of boundary conditions (9.5)—(9.6) and definitions
(9.9) and (9.12), in full analogy with the arguments exposed at the beginning of Section
4.7 of [Sh]; we do not reproduce these arguments here.

Estimating the right-hand side integrals on (9.13) with the help of (9.19)—(9.21), we
arrive at the inequality

h .
al[Sull? + B HW? < € (1o Flontlle - 10 Flle + 10 £12) (9.22)
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with the coefficients
a=a(p,k™,\)=1-2\p—2kT,

B=pmn,p, kT, N)=n—(2n\+1/X\)p —2nk*.
Under conditions (8.16) and (8.17), there exists a positive A such that

a >0, 6> 0.

In such the case (9.22) implies the inequality

1Eul* < C" (1w flont s - 10 Flly + U £II3) - (9.23)

Finally, (9.17) and (9.23) imply estimate (9.2). The lemma is proved.
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