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ABSTRACT. For a compact Riemannian manifold with boundary, endowed with
a magnetic potential o, we consider the problem of restoring the metric g
and the magnetic potential o from the values of the Mafié action potential
between boundary points and the associated linearized problem. We study
simple magnetic systems. In this case, knowledge of the Mafié action potential
is equivalent to knowledge of the scattering relation on the boundary which
maps a starting point and a direction of a magnetic geodesic into its end point
and direction. This problem can only be solved up to an isometry and a gauge
transformation of a.

For the linearized problem, we show injectivity, up to the natural obstruc-
tion, under explicit bounds on the curvature and on oe. We also show injectivity
and stability for g and « in a generic class G including real analytic ones.

For the nonlinear problem, we show rigidity for real analytic simple (g, «),
rigidity for metrics in a given conformal class, and locally, near any (g, o) € G.
We also show that simple magnetic systems on two-dimensional manifolds are
always rigid.
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1. INTRODUCTION

1.1. Statement of the problem. Let M be a compact manifold with boundary,
endowed with a Riemannian metric g, and let 7 : TM — M denote the canonical
projection, 7 : (z,&) — xz, x € M, £ € T, M.

Denote by wy the canonical symplectic form on 7'M, which is obtained by pulling
back the canonical symplectic form of 7% M via the Riemannian metric. Let H :
TM — R be defined by

1
H(v) = 5|v|§, veTM.

The Hamiltonian flow of H w.r.t. wg gives rise to the geodesic flow of M. Let 2 be
a closed 2-form on M and consider the new symplectic form w defined as

w = wg + 70

The Hamiltonian flow of H w.r.t. w gives rise to the magnetic (or twisted geodesic)
flowpt : TM — TM. This flow models the motion of a unit charge of unit mass in
a magnetic field whose Lorentz force Y : TM — T M is the bundle map uniquely
determined by

Qu(&5m) = (Ya (&), m) (1.1)
forallz € M and §,n e T, M.
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Magnetic flows were first considered by V. I. Arnold in [4] and by D. V. Anosov
and Y. G. Sinai in [3]. As shown in [5, 25, 26, 27, 18, 28], they are closely related to
other problems of classical mechanics, mathematical physics, symplectic geometry,
and dynamical systems.

It is not hard to show that the generator G, of the magnetic flow is

0
&1’
where G is the generator of the geodesic flow, and that every trajectory of the

magnetic flow is a curve of the form ¢ — (v(t),7(t)), where 7 is a curve on M
which satisfies the equation

Gu(z,€) = G(z,8) + Y (2)€’

Vg =Y (%), (1.2)
which is nothing but Newton’s law of motion. Such a curve 7 is called a magnetic
geodesic. Note that time is not reversible on the magnetic geodesics, unless {2 = 0.
If 2 = 0 we recover the ordinary geodesic flow and ordinary geodesics.

When € is exact, i.e. = da for some magnetic potential «, the magnetic
flow also arises as the Hamiltonian flow of H (z,p) = 5(p + )2 with respect to the
standard symplectic form of 7% M. The function H is the symbol of the semiclassical
magnetic Schrédinger operator.

Since the magnetic flow preserves the level sets of the Hamiltonian function H,
every magnetic geodesic has constant speed.

Unlike the geodesic flow, where the flow is the same (up to time scale) on any
energy levels, the magnetic flow depends essentially on the choice of the energy
level. We fix the energy level H~1(1/2), thus considering the magnetic flow on
the unit sphere bundle SM of M, in consequence we consider only the unit speed
magnetic geodesics. Note that fixing the energy level to be SM is no restriction at
all, since one can obtain the behavior in any energy level by considering the flow
on SM upon changing 2 by A2, where A € R.

We define the action A(z,y) between boundary points as a minimizer of the
appropriate action functional, see (1.6) and Appendix A. In the case Q@ =0, A(x, y)
coincides with the boundary distance function dy(z,y). In this case, we cannot
recover g from dy up to isometry, unless some additional assumptions are imposed
on g, see, e.g., [9]. One such assumption is the simplicity of the metric, see, e.g.,
[22, 33, 37, 38]. We consider below the analog of simplicity for magnetic systems.

Let A stand for the second fundamental form of M and v(zx) for the inward
unit normal to M at z. We say that OM is strictly magnetic conver if

Az, &) > (Ya(§), v(2)) (1.3)

for all (z,&) € S(OM) (see Appendix A for an explanation). Note that if we replace
& by —¢, we can put an absolute value in the right-hand side of (1.3). In particular,
magnetic convexity is stronger than Riemannian one.

For x € M, we define the magnetic exponential map at x to be the partial map
exph : T, M — M given by

exph(t&) = mop'(£), t>0, £€ S, M.

It is not hard to show that, for every x € M, exp# is a Cl-smooth partial map on
T, M which is C*-smooth on T, M \ {0} (see Appendix A).
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Definition 1.1. We say that M is simple (w.r.t. (g,)) if IM is strictly magnetic
convex and the magnetic exponential map exp# : (exp#)~™ (M) — M is a diffeo-
morphism for every € M (cf. the definition of a simple Riemannian manifold

[32]).

In this case, M is diffeomorphic to the unit ball of R™ (so we can assume that
M is this ball); therefore, ) is exact, and we let a be a magnetic potential, i.e.,
is a 1-form on M such that

da = Q. (1.4)

Henceforth we call (g, o) a simple magnetic system on M. We will also say that
(M, g, ) is a simple magnetic system.
Given z,y € M, let

Clx,y) ={y:[0,T] = M :T >0, y(0) = z,v(T) =y, is absolutely continuous}.

The time-free action of a curve v € C(z,y) w.r.t. (g, «) is defined as

T
h) = hoal) =3 [ B0+ 37 [ o (15)

For a simple magnetic system, unit speed magnetic geodesics minimize the time-
free action (Lemma A.5 in Appendix A). More precisely,

A(z,y):= inf A(Y)=A(y) =Toy —/ Q, (1.6)
’YGC(I,y) .

z,y
where v 4 : [0, Ty ] — M is the unique unit speed magnetic geodesic from  to y.

The function A(z,y) is referred to as Mané’s action potential (of energy 1/2),
and we call the restriction A|sarxans the boundary action function.

Now, we state the boundary rigidity problem in the presence of a magnetic field
as follows: To which extent is a magnetic system (g, a) determined by the boundary
action function?

To be more precise, we say that two simple magnetic systems (g, @) and (¢’, ')
are gauge equivalent if there are a diffeomorphism f : M — M, which is the identity
on the boundary, and a function ¢ : M — R, vanishing on the boundary, such that
g = f*gand o/ = f*a+dp. Observe that gauge equivalent magnetic systems have
the same boundary action function.

Now, we rephrase the above problem as follows: Given a simple magnetic system,
is any other simple magnetic system on the same manifold gauge equivalent to the
former as soon as it has the same boundary action function? If so, we call the given
magnetic system magnetic boundary rigid.

Surely, this problem can be considered under various natural restrictions. For
example, we can consider it for a fixed Riemannian metric and try to restore a mag-
netic potential, or, vice versa, fix a magnetic potential and try to restore a metric,
or consider the problem for metrics in a fixed conformal class, etc. In particular,
for the zero magnetic potentials we recover the ordinary boundary rigidity problem
for Riemannian metrics (see recent surveys of the latter in [10, 39]).

For simple magnetic systems, knowledge of the action A(x,y) between boundary
points is equivalent to knowing the scattering relation, see section 2.2. For non-
simple systems, the problem of recovering (g, ) from the scattering relation is the
natural problem to study. The scattering relation appears naturally in the study
of the scattering operator in R™ with g Euclidean outside a ball, and o compactly
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supported. Namely, for non-trapping metrics, the scattering operator associated
to the semi-classical magnetic Schrodinger operator is a Fourier integral operator
with canonical relation that determines the scattering relation on a large sphere,
[1, 2, 15]. (It should be noted that for magnetic Schrédinger operators the resolvent
is also a Fourier integral operator.)

1.2. Description of the results. In section 2, we show that for simple magnetic
systems, the action determines the jets of g and a in boundary normal coordinates.
We define the scattering relation and show that for simple magnetic systems, it
determines A(z,y) on the boundary, and vice-versa. We also show that one can
recover the volume from A(z,y).

In section 3, we study the linearized problem. This reduces to the magnetic ray
transform I. We show that potential pairs (see Definition 3.5) belong to the kernel
of I. We say that I is s-injective, if the kernel of I consists only of potential pairs.

In section 4, we show that the normal operator N = I*[ is a pseudo-differential
operator in the interior of M, elliptic on solenoidal pairs that are an orthogonal com-
plement of the potential pairs. We construct a parametrix of N; near the boundary,
additional arguments are needed. This parametrix recovers the solenoidal projec-
tion f? given Nf, up to a smoothing term. We show that s-injectivity implies a
stability estimate, uniform near any (g, ), in appropriate spaces, see Theorem 4.3.
We counsider in this section and in Appendix B real analytic (g, @) and show that
then I is s-injective. A crucial element of the proof is that N is an analytic pseudo-
differential operator in the interior of M. This is delicate since the magnetic ex-
ponential map is only C! smooth when ©Q # 0, even in the analytic case. To
handle this, the analysis is done in polar coordinates. The s-injectivity for real
analytic magnetic systems and the uniform stability estimate imply s-injectivity of
the magnetic ray transform for generic (g, @).

In section 5, we show that I is s-injective for simple magnetic systems with an
explicit bound on the curvature and 2. This relies on an analog of Pestov’s identity
for our case, see [30, 33] that goes back to [23, 24], see also the references there.

In section 6, we consider the non-linear magnetic rigidity problem. We prove
rigidity in a given conformal class and rigidity within real analytic systems. We
also show that if a simple Riemannian manifold (M, g) is boundary rigid (within
the class of Riemannian metrics), then it is also magnetic boundary rigid. In this
section we also study the local problem. We show rigidity near any (g, «) in the
generic class G using the analysis of the linear problem. This does not directly follow
from the implicit function theorem, and the stability estimate in Theorem 4.3 plays
a crucial role. There is an essential difficulty compared to the Riemannian case
a =0, [37, 38], since we cannot decouple g and « in the linearization argument.
This difficulty is resolved by Lemma 6.7.

Section 7 is devoted to two-dimensional systems. Here we prove that two-
dimensional simple magnetic systems are magnetic boundary rigidity. This gen-
eralizes the boundary rigidity theorem of [32]. Our proof essentially resembles that
in [32], establishing a connection between the scattering relation of a magnetic sys-
tem and the Dirichlet-to-Neumann map of the Laplace-Beltrami operator of the
underlying Riemannian manifold.
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2. BOUNDARY DETERMINATION, SCATTERING RELATION, AND VOLUME

2.1. Boundary jets of the metric and magnetic potential. Here we show
that up to gauge equivalence the boundary action function completely determines
the Riemannian metric and magnetic potential on the boundary of the manifold
under study.

Lemma 2.1. If (g,«) and (¢', ') are simple magnetic systems on M with the same
boundary action function, then

i*g:i*g/, i*a:i*a/, (2'1>
where i : OM — M is the embedding map.

Proof. Given x € OM and £ € T,(OM), let 7(s), —e < s < ¢, be a curve on IM
with 7(0) = = and 7(0) = &. It is easy to see that

ATl _ gy, — ae)

A similar equality holds for the magnetic system (¢, o). Therefore,

[€lg — a(§) = €]y — (&)

lim

s—0

Changing £ to —¢, we get
[€lg + () = [€lg + a'(§),

whence we infer (2.1) O

Now, we prove that the boundary action function determines the full jets of the
metric and magnetic potential on the boundary. This generalizes the corresponding
results of [22, 20].

Theorem 2.2. If (g,a) and (¢',’) are simple magnetic systems on M with the
same boundary action function, then (¢', ') is gauge equivalent to some (g, &) such
that in any local coordinate system we have 0™glapy = 0™Glom and 0™ alop =
O™ a|gn for every multi-index m.

Proof. Denote by v the inward unit normal to M w.r.t. g. The “usual” boundary
exponential map expy(p,t) = exp,(tv(p)), p € OM, t > 0, takes a sufficiently
small neighborhood of the set M x {0} in M x R, diffeomorphically onto some
neighborhood of OM in M.

Let ' and exp’ denote the corresponding objects for the metric ¢'.

The map expyy; o (exph,,) "+ is well defined in some neighborhood of M in M
and is the identity when restricted to 9M. We extend this map from a neighborhood
of M in M to a diffeomorphism f : M — M and put § = f*¢' and o =
f*d/. By Lemma 2.1, g and g induce the same Riemannian metric on 9M and, by
construction, at each point of M the inward unit normal w.r.t. § coincides with
the one w.r.t. g. Therefore, gloar = glom-

Next, by Lemma 2.1, @ and o/ induce the same 1-form on M. Applying Lemma
2.2 of [35] to the form w = a— o’ we find a function ¢ € C§°(M) such that w —dp
induces the zero form on every sufficiently short geodesic of g starting from 0M in
the normal direction. We now put & = o’ + de.

Let us prove the equality of derivatives on the boundary. We will use the same
argument as in [20]. We fix o € OM and introduce boundary normal coordinates
(z',2™) w.r.t. g near xg. By construction, the same coordinates are boundary
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normal coordinates w.r.t. g. Thus, the line elements ds? and d3? of these metrics
are given by

ds* = g,xdaldz!, + dz?,

ds* = g,.da’dx!, + dz?,
where ¢,k vary from 1 to n — 1. Therefore, for h = g — g we have h;, = 0 for

i=1,...,n. Also, by the construction of @, for 3 = « — @ we have 3,, = 0.
It now suffices to prove that

O hs|lo=zo =0, O Bilo=ee =0 form=0,1,...; t,k=1,...,n—1. (2.2)

The case of m = 0 is granted. Assume that there is a least m > 1 such that
(2.2) is not true. The Taylor expansion of h and  then implies that there is a unit
vector & € Ty, (OM) such that

1
§hm(x)§L§“ — B(x)€" >0 (or <0) (2.3)

for 2™ > 0 and &’ both sufficiently small and £ close to &. (Here ¢ and s vary from
1 to n — 1 because hy, = hy1 =0 and 3, =0.)
For arbitrary z,y € OM, let v = v44 : [0,T] = M (¥ = Ap,y : [0,T] — M) be
the unit speed magnetic geodesic of the system (g, a) (system (g, @)) from x to y.
On the one hand, since 4 minimizes the time-free action w.r.t. (g, @), we have
T

T
ha) < 5 [ auG@ 0r O a7 - [ anerod

0
On the other hand, since v minimizes the time-free action w.r.t. (g, a),

T T
baw) =5 [ louG@R 07 Oa+57- [ ano)o]

Therefore,
- _
| |5rs0mrenio -somso| @ <o (2.4)

Similarly, we derive the inequality

o _
| |53 07 0 - sew)3 )] d o (25)

Continuing the proof of the theorem, we now choose & = x¢ and choose y = 4(s),
where d : (—e,e) — M is a smooth curve with §(0) = zo and §(0) = &. Then
for s > 0 sufficiently small we see that, in view of (2.3), we cannot simultaneously
have (2.4) and (2.5). This contradiction concludes the proof of the theorem. O

2.2. Scattering relation. Now, we define a scattering relation and restate our
problem in terms of the scattering relation.

For (z,£) € SM, let vz ¢ : [0~ (x,€),4(x,£)] — M be a magnetic geodesic such
that 70.6(0) = 2, 4.e(0) = & and Yot (2,6)), YU, ) € OM. Clearly,
the functions ¢~ (z, §) and ¢(x, §) are continuous and, on using the implicit function
theorem, they are easily seen to be smooth near a point (x, ) such that the magnetic
geodesic 74 ¢ (t) meets OM transversally at ¢t = £~ (x, &) and t = {(z, §) respectively.
By (1.3) and Lemma A.6 in Appendix A, the last condition holds everywhere on
SM \ S(OM). Thus, ¢~ and ¢ are smooth on SM \ S(OM).
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Let 01SM and 0-SM denote the bundles of inward and outward unit vectors
over OM:

aJrS‘]\4 = {(Iag) €ESM:z € aMa <§,I/($)> = O}a

0_SM = {(2,€) € SM : x € M, (€, v(x)) < O},
where v is the inward unit normal to M. Note that d(SM) = 0+SM U J_SM
and 9, SM N 9_SM = S(OM).

Lemma 2.3 (cf. [34, Lemmas 3.2.1, 3.2.2]). For a simple magnetic system, the
function L : 9(SM) — R, defined by

{é(x,@ if (2,6) €0,5M,

L(z,8):= 0~(2,6) if (z,6)€d_SM,

is smooth. In particular, £ : 0+ SM — R is smooth. The ratio <E‘E§S§g> is uniformly
bounded on O(SM) \ S(OM).

Proof. Let p be a smooth nonnegative function on M such that M = p~1(0)
and |gradp| = 1 in some neighborhood of OM. Put h(z,{,t) = p(yz.e(t)) for
(,€) € 0(SM). Then

h(x’ 67 O) = 05

oh

E(xa 3 O) = <I/(:E), §>a

O (r,,0) = Hess, plé, ) + {v(2), Y(€)).

Therefore, for some smooth function R(z, &, t),

h(ZE, 3 t) = <V($)a §>t + % (HGSSm P(fa g) + <I/(:E), Y(§)>> £+ R(ZE, 3 t)tg'

Since h(z, &, L(z,€)) = 0, it follows that L = L(z,§) is a solution of the equation

Pz, &, L) := (v(x),§) +% (Hessy p(&,6) + (v(2),Y(8))) L+ R(x, &, ¢)L* = 0. (2.6)

By (1.3), for (z,&) € S(OM)

O (0.6.0) = & (Hess, p(€.€) + (@), Y(©))

=5 (=A(z,8) + (w(2),Y(£))) <0.

Now, the implicit function theorem yields smoothness of L(z, ) in a neighborhood
of S(OM). Since L is also smooth on d(SM)\S(OM), we conclude that L is smooth
on 9(SM).

Next, from (2.6) we get for (x,&) € (SM) \ S(OM)

— N =

[\]

L6 _

(v(x), &)

Again by (1.3) this yields boundedness of the ratio % for (z,&) sufficiently
close to S(OM) (where L is sufficiently small), and clearly implies boundedness of
the ratio on the whole set 9(SM) \ S(OM). O

%(Hessm p(&,8) + w(x),Y(E)) + R(z, & t)L(x, §)
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Definition 2.4. The scattering relation S : 04+ SM — 0_SM of a magnetic system
(M, g, ) is defined as follows:

S(@,8) = (Ya.c (U, €)); Vo e (U, £)))-
The restricted scattering relation s : 01SM — M is defined to be the post-
composition of the scattering relation with the natural projection of 0_SM to M,
i.e.,

5(2,€) = Ve (€(x, €))-

By the preceding lemma, S and s are smooth maps.
The next lemma generalizes the well-known assertion of [22].

Lemma 2.5. Suppose that (g,«) and (¢',a’) are simple magnetic systems on M
such that glop = ¢'|loam- If the boundary action functions Ao xonm and A |onrsxom
of both the systems coincide, then the scattering relations S and S’ of these systems
coincide, S = §'.

In the opposite direction, we have the following;:

Lemma 2.6. Suppose that (g,«) and (¢',a’) are simple magnetic systems on M
such that glay = ¢'|lom and i*«a = i*a’. If the restricted scattering relations s
and ' of the systems coincide, 5 = 5, then the boundary action functions of these
systems coincide, Alorrxom = A |ormrxon -

To prove these lemmas, we need one fruitful result.

Lemma 2.7. If (M, g, ) is a simple magnetic system, then for x,y € OM

%?y) = ~(Y2,y(0),€) + (&)  for & € To(OM),
%ﬁ?w = (Yay(T),n) —a(n) forn € T,(OM),

where Yz 1 [0, T] — M is the unit speed magnetic geodesic from x to y.

Proof. Fixx,y € OM, x # y, and £ € T,,(OM). Let 7(s), —e < s < &, be a curve on
OM with 7(0) = x and 7(0) = £. For every s, put y(t,5) = v,(s)y(t), 0 < t < T,
denoting v = v(t,0) and T = Tp, and consider

T
c(t,s) = "y(?t, s), 0<t<T.

Each curve c¢(-, s) is defined on the interval [0, 7] and its length is exactly T. We

have or(ey) d p
oAx,y) _ dls o 4
o0& T ds (0) ds{/,ys a} s—0

Using the first variation formula for length and the fact that c¢(¢,0) = y(t), we
have

dT, : o
75 (0)==(3(0).6) = | (V57 V) dt,
§ 0
where V(t) = %(t, 0) is the variation field of ¢(¢, s). Using the equation of magnetic
geodesics (1.2) and the definition (1.1) of Y, we obtain

T
dj;s(o)——@(o),@—/o Q(4, V) dt.
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On the other hand, it is easy to see that

di{/va} ——a(§>+/OTQ<v,~'y>dt-

This gives the first formula of the lemma. A similar calculation gives the second
formula. O

Proof of Lemma 2.5. By Lemma 2.1, a(v) = o/(v) for all v € T(OM). Using
Lemma 2.7 and the fact that both metrics are the same on the boundary, we easily
conclude that the scattering relations are the same. O

Proof of Lemma 2.6. Take x € OM and define s, : 9,.5M \ S(OM) — OM \ {z}
by 5,(&) = s(z,&). This map is a diffeomorphism. Consider its inverse s, ' :
OM \ {z} — 0+SM. By Lemma 2.7, for every y € OM, y # x, we have for all
EeT.(0M)

P — (5713, + ale) (.7

The assumptions of the lemma imply that the right-hand side of (2.7) is the same
for the second magnetic system; therefore, so does the left-hand side. Now, the
claim of the lemma is immediate. O

Thus, for simple magnetic systems, the boundary rigidity problem is essentially
equivalent to the problem of restoring a Riemannian metric and a magnetic poten-
tial from the restricted scattering relation.

2.3. Determination of volume. Here we show that the boundary action function
determines the volume of the manifold. This generalizes the well-known assertion
of [22, Proposition 2.13].

Theorem 2.8. If (g,a) and (¢',’) are simple magnetic systems on M with the
same boundary action function, then the volume Volg M of M w.r.t. g equals the
volume Volgs M of M w.r.t. ¢'.

Proof. By Santalé’s formula (see (A.4) in Appendix A) we have

1
Vol M = / 0z, &) dp(x, §).
Wn—1 8+ SM
Using
[ atwgas i =0 (28)
SM
and Santalé’s formula again, we obtain
1
Vol M = [ A du(a ) (2.9)
Wn—1 8+SM

In view of Theorem 2.2 and Lemma 2.5, we may assume that the right-hand side
of this equality is the same for the magnetic system (¢’, a’). This yields the sought
equality of volumes. O
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3. MAGNETIC RAY TRANSFORM

3.1. Derivatives of the action function. Let (g, @) be a simple magnetic system
on M. Tt is easy to see that there is an € > 0 so that every magnetic system
(g + h, o+ B), satisfying

[hllc2 <& Bller <e, (3.1)
is simple.
Given h and 3 satisfying (3.1), consider the 1-parameter family (¢°, a®) with
9°=g+sh, o’ =a+s8, se]l01].
Clearly, each of these systems is simple.

Lemma 3.1. For z,y € OM,

dAgs os(z,y) 1 )
R R A RN (32)

where 7y, is the unit speed magnetic geodesic from x to y w.r.t. (g%, a®).
If
hlone =0,  Blom =0, (3.3)
then
d?Ags o (2, 9)
ds?
with a constant C independent of h and 3 and C? locally uniform in (g, ).

Proof. Define

1T 1 i
o(s,7) :=Agr o7 (7s) = 5/ |”ys(t)|§f dt + iTS —/ a’.
0

< C(IRlE: +181E), (3-4)

s

Then ey) 0 5
dAgs os(z,y) _ Op O
— 0 = B (s,8) + 5y (s,9). (3.5)

By Lemma A.5, unit speed magnetic geodesics minimize the time-free action;
therefore, for a fixed 7, Agr o+ (7s) has a minimum at s = 7, which yields

Oy B
g(T, 7)=0. (3.6)

Next,

dp 1 (Tra . ., d 1
L=z A% ) dt— | —aT ==
or 2/0 (8T|7(>|g> /ys dTa 2/y

Combining (3.5)—(3.7) gives (3.2).
Differentiating (3.2) and using (3.3), we obtain

(h42) — / 5 (37

s s

d2A5a5 €, T 1 cq e q .3 . g
Hratet) = [ () il il (9
- (V'ygﬂi) "Y; - 51 (va”@)} dt,
where 7. = 0, /0s. Whence
’d2Agsyas (z,y)

3 < C(llkller + 18ller) (Iille + 1V 3slle) - (3-8)
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By the equation of magnetic geodesics, we have
V’.Ys’:ys = Y(FYS)a (39)

S S
where V stands for the covariant derivative related to ¢g°, and Y is the Lorentz force
associated with ¢°, as. The initial conditions are given by

FYS(O) =Z, FYS(O) = (e)‘ng)i (y)a (310)

where e)ipg‘ stands for the magnetic exponential map associated with g°, as. From
(3.9) and (3.10) we easily infer that

[velle + IVy3slle < C([[hller + [1Bllcr) - (3.11)

Combining (3.8) and (3.11) leads to (3.4). O

3.2. Magnetic ray transform. Let (M, g, a) be a simple magnetic system and
¢ : SM — R a smooth function on the unit sphere bundle. We define the magnetic
ray transform of ¢ to be the following function on the space of unit speed magnetic
geodesics going from a boundary point to a boundary point:

T
Iww—AW—A¢W@d@ML

where 7 : [0, T] — M is any unit speed magnetic geodesic such that v(0) € M and
~(T) € OM. Assuming that the magnetic geodesics are parametrized by 04SM,
we obtain a map I : C*°(SM) — C(90+SM),

£(x,€)
w@@:A (0 (2. €) dt,  (2,€) € D, SM. (3.12)

In the space of real-valued functions on 04 SM define the norm

HMP:ASMWWL

and the corresponding inner product. Here du(z,&) = (¢, v(z)) dX?"2 (see A.4 in
Appendix A). Denote the corresponding Hilbert space by Li (0LSM).

Lemma 3.2. The operator I extends to a bounded operator
I:L*(SM) — L2(8+SM).

Proof. Indeed, it is easy to see that (I¢)? < CI¢?, with some constant C indepen-
dent of ¢. Therefore,

[ uopgnsc| 1a-c[ fas
84 SM 84 SM SM

by the Santalé formula (A.4). O
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3.3. Solenoidal and potential pairs. For a decomposition of a symmetric tensor
field into a potential and a solenoidal part (relevant when € = 0), we refer to [33, 34].

In view of the linearization formula (3.2), we are mainly interested in I applied
to functions ¢ that are of the form

$(x,€) = hij(2)€'€ + B;(x)€’ (3.13)
(and, more generally, that are polynomials in £). Then, given a symmetric 2-tensor
h and a 1-form 3, we set for (z,&) € 0LSM

I[h,ﬁl(x,ﬁ):/o hij(v(t))”'f(t)ﬁ’(t)dtwL/o Bi(v()37 (t) dt, (3.14)

where v =7,¢, T = {(z,§).

If F is a notation for a function space (C*, LP, H*  etc.), then we will denote
by F(M) the corresponding space of pairs f = [h, 3], with h a symmetric covariant
2-tensor and § a 1-form, and denote by F(M) the corresponding space of pairs
w = [v, ], with v a 1-form and ¢ a function on M. In particular, L2(M) is the
space of square integrable pairs f = [h, 5], and we endow this space with the norm

n—1
o1 = [ {iw+ "5 1o v (3.15)

with the corresponding inner product. (The choice of the factor (n —1)/2 will play
its role in the proof of Theorem 5.4.) In the space £?(M) we will consider the norm

|\w|\2:/M (Ju[2 + ?) dVol. (3.16)

Clearly, the norm of a pair [h, 3] in L%(M) is equivalent to the norm of the
corresponding polynomial (3.13) in L?(SM). Therefore, Lemma 3.2 implies that

I:L*(M) — L2,(0+SM)

and it is bounded.
Define Y : T*M — T*M by

Y(n) =—-(7n;), n=(n)eT"M.
Note that this definition agrees with the map Y : TM — T'M and the isomorphism
between the tangent and cotangent bundles via the Riemannian metric.
Clearly, I vanishes on functions ¢(x, &) = G, ¥(x,&) if ¥ vanishes for z € IM.
To find a class of such functions that are polynomials of £ of degree at most 2,
assume that

Gulvi(@)8" + @(@)] = hij(2)€'¢’ + B;(2)&”.

Since
G (vi(2)E" + @(x)) = &vi & + vY] + ¢ ]
= (d*0);€°€ + (.5 — Y (v);)€, (3.17)
we get
h=d%, B=dp—Y(v), (3.18)

where d®v is the symmetric differential of v. We used here the fact that the even
part of (3.17) w.r.t. £ € S, M determines the quadratic form (d*v);;£'¢?, while
the odd part determines (8(¢). Next, knowing (d%v);;£'¢/ for n(n + 1)/2 generic
& € Sy M is enough to recover v; similarly knowing 3(§) for n linear independent
& € 5, M is enough to recover 3. We have the following stronger statement.
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Lemma 3.3. Fiz x € M. Given any open subset V' of Sy M, there exist N =
n(n+1)/2+n vectors &, € V, m=1,..., N, such that [h, 8] is uniquely determined
by the values of Y(z, &) := hi;(2)€ + Bj(x)& at E =&, m=1,...,N.

Proof. Since x is fixed, we denote 9(§) = ¥ (z,£). We show first that (&), known
for all £ € S, M, determines [h, 3]. Since ¥(€) is a linear functional of [h, 5], and the
latter belongs to a linear space that can be identified with R”, it is enough to show
that ¥(¢) = 0 implies h = 0, 3 = 0. By replacing £ by —¢, we get that h;;£°¢7 =0,
B;€7 = 0. The second relation easily implies that 3 = 0. The first one implies h = 0
easily as well (see, e.g., [34], where also a sharp estimate is established).

Next, assume that ¥(£) = 0 in V. Then (§) = 0 on S, M by analytic contin-
uation, thus [h, 5] = 0. Finally, since for any fixed &, () is a linear functional
belonging to (RY) =2 RY and {1(€); &€ € V'} is a complete set, there exists a basis
(&), k=1,...,N, in it. O

Remark 3.4. We can say a bit more. Since the determination of [k, 8] is done by
inverting a linear transform, one can choose &,,, continuously depending on z, if =
belongs to a small enough set X, such that the map {¢¥(z, &, (z)), m=1,...,N} —
[h, £] is invertible with a uniform bound on the inverse. Then this can be extended
to compact sets X.

Definition 3.5. We call a pair [h, 8] € L2(M) potential if the equations (3.18) hold
with [v, @] € H{(M).

This can be written as follows:

(3)=2() 2= (5 )

where d°® stands for the symmetric derivative acting on covector fields and d is the
usual differential acting on functions (which coincides with the symmetric differen-
tial on functions).

Clearly, potential pairs satisfy

I(dfv, ¢]) = 0. (3.19)

This follows from (3.17) if v,  are smooth, and follows by continuity for general v,
, once we establish the mapping properties of N = I'*I below.

We will relate potential pairs to the non-linear problem. Let (g, a) and (¢', &)
be two gauge equivalent pairs, i.e., ¢ = f*¢g and o/ = f*a + dp with some dif-
feomorphism f : M — M, fixing M, and some function ¢ vanishing on OM.
Linearize this near f = Id and ¢ = 0. In other words, let f. be a smooth fam-
ily of such diffeomorphisms with fo = Id and let ¢ be a smooth family of such
functions with ¢ = 0. Let ¢" = frg, o™ = ffa + dy", and we will compute
the derivatives at 7 = 0. It is well known [34, (3.1.5)] and is easy to calculate
that dg”/d7|,—0 = 2d°v, where v = df;/dT|;=0. Let d¢"/dT|;=0 = 1. Since
al = (ajo fr)0f1/0x" + 0™ |0z, we get

61' = % T:OOZZ = vj(?jozi + O[jai’Uj + U),i
= ’UjOzl'yj + O[j’Ui- + U),i
= ’UjO[iJ' + (O[J"Uj)yi — ’UjO[j’i + U),i

= —(da)iv? + (a0’ + ).
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Using (1.4), (1.1), and treating v as a 1-form (by lowering the index), we obtain
B =Y ) +d({a,v) + ).
This shows that

d
dr

|:lgTa _aT:| = d[’U, _<aa ’U> - U)]a where v = % 1/) = d‘P
7=0

2 7 lr=0’ dr lr=0
(3.20)
Since v can be arbitrary (as long as it vanishes on OM ), we see that the linearization
of (¢, ') near f =1d, ¢ =0 is given by d[v, ] with v, ¢ that can be arbitrary.
For future references, let us mention that by (3.17)

Gu(w,§) = (dw,§) — %<W(V),*¥>:<dW(V),”’Y> (3.21)

for any unit speed magnetic geodesic v(t), where w = [v, ], and we used the
notation (f, &) = (h, £2) + (3, &), where f = [h, (], and similarly (w, &) = (v, &) + .
Definition 3.6. We say that I is s-injective if I[h, 3] = 0 with [h, 3] € L*(M)
implies that [k, §] is potential, i.e.,

h=d’v, B=-Y(v)+dy (3.22)

with [v, @] € H{(M).
Let [h, 8] be orthogonal to all potential pairs. Then
—1
/ {(h, dv) + nT(B, Y (v) + d<p)} dVol=0
M

for all v, ¢ vanishing on M. Then
-1 -1
—/ {(5h— r —Y(®).v) + I (55)<p} dVol = 0,
M

2

where ¢ is the divergence. Therefore,

n—1

oh —

Y(B)=0, é8=0. (3.23)
Definition 3.7. We call a pair [h, 5] solenoidal if the equations (3.23) hold.

This can be written as
h\ _ (5 %Y
(F)=0 s=(t ).
Then d = —6~.

In terms of the operators &, d, the solenoidal pairs are defined as the ones in
Ker §, and the orthogonal complement of Kerd is Rand, consisting of potential
pairs. Next, we will describe the projections to solenoidal pairs.

We will show first that the operator —dd is an elliptic second order (and clearly,

a formally self-adjoint) operator, acting on pairs w = [v, ¢|, where v is a 1-form
and ¢ is a function on M. First, notice that
(—ddw, w) = [dwl|?, w e C(M™); (3.24)

thus, —dd is a non-negative operator. Let o,(P) stand for the principal symbol
of P. Then (3.24) implies that for any such w and a fixed z

(—op(dd)w, w) = [|op(d)w)]|?, (3.25)
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where the inner product and the norm are in the finite dimensional space to which w
belongs, i.e., they are as in (3.16) before the integration. We will show that —o,(dd)
is in fact a positive matrix-valued symbol for & # 0. Since it is homogeneous in
the dual variable ¢, it is enough to show that —o,(dd)w = 0 implies w = 0 for
&€ # 0. In view of (3.25), if —o,(dd)w = 0, then o,(d)w = 0. Then o,(d*)v =0
(see (4.6)), &p = 0, where [v,¢] = w. It is well known [33, 34], and easy to see
directly, that d° is elliptic, therefore v = 0. Next, £&p = 0 implies ¢ = 0 as well.

Note that the Dirichlet boundary conditions are coercive for dd, because the
latter is positive elliptic. We will show that the kernel and the cokernel of this
elliptic problem are trivial. If w belongs to the kernel of dd, and satisfies Dirichlet
boundary conditions, it has to be smooth and then (3.24) holds for it as well.
Then dw = 0 and w = 0 on OM. This easily implies w = 0 in M by integrating
(3.21) along magnetic geodesics connecting boundary and interior points, and using
Lemma 3.3. Using standard arguments, one easily checks that the cokernel of dd
equipped with Dirichlet boundary conditions, is trivial as well. Indeed, fix u in the
cokernel. Since u is orthogonal to ddw for all w € C5° (M), we get that ddu = 0.
This in particular implies that u has a trace on M, and choosing w’s with a dense
set of normal derivatives on OM , we show that this trace vanishes. Therefore, u =0
by what we proved above. Denote by (dd)p the Dirichlet realization of dd on M.
The arguments above show that (dd)p is an invertible self-adjoint operator.

We define the following projections

P=d(6d);'s, S=1d-P. (3.26)
Then f* = Sf is solenoidal, Pf = dw is potential, and we have the orthogonal
decomposition
f=1°+dw
into the solenoidal and potential parts.
Since I vanishes on PL?(M), the s-injectivity of I is then equivalent to the
following: I is injective on SL2(M).
3.4. Adjoint of I. For a fixed simple (g, ), consider
I:L*(M) — L2,(0:5M)
and consider its dual
I*: L2 (84 SM) — L*(M).
We will now find an expression for I*. Let f = [h, 5] and ¢(z, ) be as in (3.13).
Let 9(z,€) € C(04+SM). Then

(mwzéﬂﬂwawwa

£(x,8) ) ) )
[ e )i 0 )+ A e 0] .
By Santald’s formula (A.4) of Appendix A, we get
(1t.6) = [ (@) + ] i€ 4P a,6),
SM

where 9 (x, &) is defined as the function that is constant along the orbits of the
magnetic flow and that equals ¢(x,€&) on 0L.SM. Let do,(§) be the measure on
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SzM. Then
(IF, ) = / iy () / €169 (a,€) dora(€) d Vol(z)
M

x

i\ lﬁx g ollx).
+/M@< >/Mw< €)do,(€) dVol(z)

Therefore, see also [35],

1*1/) = [/ M&lgjwﬁ(x,g) dO'x(f), L ‘/SIM §1¢ﬁ(x,§) de(f) ' (3'27)

n—1

x

3.5. Integral representation for the normal operator. Let M; D M be an-
other manifold with boundary (a domain in R", actually) such that Mi®t > M.
Extend g, a to M;. Then (Mq, g, «) is still simple if M is close enough to M.

Choose zg € M7 \ M, and counsider the map

(exph,) ™t : My — (exply, )~ (M)

It is C'°° away from x = =z, therefore it is a C*° diffeomorphism to its image, if we
restrict it to any compact submanifold M /5 of Mirt, We can assume that M /2
has a smooth boundary, and that Mf/’g D M. We denote M, by M; again, and
the map above gives us global coordinates in a neighborhood of M; that can be
identified with a subset of R™ with a smooth boundary. So in this section, M is
considered as a subset of R™. If g, « are analytic, and M is analytic, then we will
also assume that dM; is analytic.

Denote by I; the magnetic ray transform on L2(M;),

I : LQ(Ml) — Li(8+SM1),
and denote by I its dual. Set
N=I5. (3.28)

Extending all tensors as 0 on Mj, we consider L?(M) as a subspace of LZ(My).

In this way we may consider N as the operator
N :L*(M) — L3(My).

We then define s-injectivity of N as in Definition 3.6.
Lemma 3.8. N : L?2(M) — L2(M;) is s-injective if and only if I is s-injective.

Proof. Let N be s-injective. Assume that If = 0 with f € L?(M). Then I;f =0
on 0y SM; as well, therefore Nf = 0, which implies that f is potential.
Now, assume that I is s-injective and let Nf = 0. Then

0= (Nf, f)r2my) = HIlfH%i(ale),
therefore, If = 0 as an element of L? (91 SM) as well, hence f is potential. O

We will find an integral representation of N and will show that it is a ¥DO in
a neighborhood of M, following [37, 38, 36].
Using (3.27), and replacing £ by v, we get the following.

Proposition 3.9.

2
Nf = | Nogh 4+ N1 3, H(Nwh‘i‘]vllﬁ) ) (3'29)



18 N.S. DAIRBEKOV, G.P. PATERNAIN, P. STEFANOV, AND G. UHLMANN

where

Vup) (@) = |

Sz M1

(Viah) (@) = |

Sz My

o' d0,(0) [ Bilna )30 (0) dr

UW%@/%MMW%NMAWM
» o . (3.30)
WmWN@—LM#Wd%@/@wAm%NML

(MM”@—LMWWMMMEMMW%WMAMt

In each of the integrals above, split the t-integral into two parts: I, correspond-
ing to t > 0, and I_, corresponding to ¢t < 0. In I;, make the change of variables
Y = Yew(t) = expt(tv). Then tv = (exp”)~'(y), and t,v are C* functions of =,
y away from the diagonal x = y. We treat I_ in a similar way by making the

substitution ¢ = —t, v/ = —v. To this end, note that the simplicity assumption
implies that the map
expt” (tv) = Torp Tt (—v), t>0,vE S, M. (3.31)

is also a C! diffeomorphism for every = € M.

We analyze the Schwartz kernel of N near the diagonal below, but at this point
we just want to emphasize that it is smooth away from the diagonal and therefore
N has the pseudolocal property.

4. ANALYSIS OF THE OPERATOR N. GENERIC S-INJECTIVITY

In this section, we analyze N and prove s-injectivity for analytic (g, ), and for
generic ones.

Here we first assume that [g,a] € C*(M). As a result, various objects related
to g, a will have smoothness (k) such that I(k) — oo as k — oo. To simplify
the exposition, we will not try to estimate I(k) (actually, I(k) = k — ko with ko
depending on n only). We will say that a given function (or tensor field) f is
smooth, or that f € C!, if such an | = [(k) exists, and | may vary from line to line.
In particular, if £ = oo, then | = co.

At the end of the section we analyze the case in which (g, «) is an analytic
magnetic system.

4.1. More about the magnetic exponential map at the origin. In order
to study the singularities of the kernel of N near x = y, we need more precise
information about the exponential map at the origin. One of the interesting features
of the magnetic problem is that the magnetic exponential map is not C? unless
Q = 0 by Lemma A.7. On the other hand, in polar coordinates, it is a smooth map.
We are therefore forced to work in polar coordinates.

Consider y = exp(tv) = v4(t), where v € S;M;, and t > 0 are such that
y € M. Recall that M; now is a subdomain of R®. We are interested in the
behavior of y for small |¢| near a fixed xg, therefore, we can assume that we work
inU = {x; |y — xo| < e} with 0 < e < 1 such that U is strictly convex w.r.t. the
magnetic geodesics as well as w.r.t. the Euclidean metric.

By Lemma A.7, the map tv = £ +— y is not C? in general. On the other
hand, the map (¢,v) — y is smooth, and respectively analytic, if g is analytic,
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and in fact extends as a smooth/analytic map for small negative ¢ as well, by the
formula y = 74 ,(t). Similarly, the function m(t,v;x) = (74,,(t) — x)/t has the
same smoothness, therefore

Yoo (t) = =tm(t,v;z), m(0,v;x)=". (4.1)
We introduce the new variables (r,w) € R x S, U by
r=tlm(t, v;x)lg,  w=mt,v;z)/|m(t, v; )y (4.2)

Then (r,w) are polar coordinates for y — x = rw in which we allow r to be ne-
gative. Clearly, (r,w) are smooth/analytic at least for ¢ small enough, if g is
smooth/analytic. Consider the Jacobian of this change of variables

A(r,w)
a(t,v)

It is not hard to see that J|;—o = 1, therefore the map R x S, U > (¢,v) — (r,w) €
R x S, U is a local C!, respectively analytic, diffeomorphism from (a neighborhood
of 0) x S, U to its image. We can decrease ¢ if needed to ensure that it is a (global)
diffeomorphism on its domain because then it is clearly injective. We denote the
inverse functions by ¢ = ¢(r,w), v = v(r,w). Note that in the (r,w) variables

J :=det

t=r+0(r]), v=w+0(r]), Feult)=w+O0(r|). (4.3)
Another representation of the new coordinates can be given by writing
Exph (t,v) = 7.0 (2).

Then
Expl(t,v) — x
o — ’
|Expl; (t,v) — z|,

r = sign(t) [Expf (t,v) — z|,, w = sign(?)

and
(t,v) = (Expt) ™" (z + rw)

with the additional condition that r and ¢ have the same sign (or are both zero).

4.2. Principal symbol of N. Since we showed that the Schwartz kernel is smooth
away from the diagonal, and we want to prove eventually that N is a DO, it is
enough to study the restriction of N on a small enough set U as above. We analyze
Nag, for example. Perform the change of variables (t,v) — (r,w) in (3.30), to get

(N22h)i/j/(33) :/S U/Rvi/(r,w;x)vj/(r,w;x)hij(x—|—Tw)wi(r,w;3:)wj(r,w;x)
x J7Hr, w; x) dr do,(w), (4.4)

where w(r,w, ) = Y5 (t), and supph C U.

This type of integral operators is studied in Appendix B. Applying Lemma B.1
and the remark after it to Nao, see (4.4), and proceeding similarly for the other
operators Ny, we get
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Proposition 4.1. Ny, k,1 = 1,2, are WDOs in M{™ with principal symbols
ap(N) (€)= 2 [ W0 €) o),

S U

p(N12)" ¥ (2,€) = 27T/S Uwi/wiwj(S(w &) doy(w) =0,

Up(Nm)i/j/i(% §) = 27T/S Uwi/wj/wi(S(w &) dog(w) =0,

ap(Nzg)i/j/ij(x, &) = 27r/ wi/wj/wiwj(S(w &) dog(w).
S.U

Here w - ¢ = w/¢;. The reason for o,(Ni2) = 0, 0,(N21) = 0 is that they
are integrals of odd functions. We therefore get that, as a ¥DO of order —1,
op(N) = diag(ap(Ngg), n;flap(Nll)). Note that the principal symbols of Ny1, Nao
are the same as in the case of “ordinary” geodesics, i.e., they do not depend on Y.
Explicit formulas for o,(N11), 0p(Na2) can be found in [37, 36] and they are based
on the analysis of the Euclidean case in [33]. Similarly, the principal symbols of d

and ¢ are independent of Y and are given by
1 . .
op()[v, 6] = diag (5<&vj +sjvi>,§i¢>) . 0O B = (€hiy, €5) . (46)

It is well known [37, 38], and follows immediately from Proposition 4.1, that Nog
is elliptic on solenoidal tensors, i.e., op(Na2)[h, 3] = 0 and o,(9)[h, 5] = 0 imply
[h, 5] = 0. Similarly, Ny; is elliptic on solenoidal (divergence free) 1-forms. As a
result, IV is elliptic on solenoidal pairs.

We want to emphasize here that pairs solenoidal in M and extended as zero to
M\ M (that we always assume), may fail to be solenoidal in M; due to possible
jumps at oM.

4.3. Parametrix of N. We proceed as in [37, 38]. We will define the Hilbert space
H?(M,) as in [37, 38]. Let z = (2/,2™) be local coordinates in a neighborhood U
of a point on M such that 2™ = 0 defines M. Then we set

n—1
1y = [ (32100012 + a0 P+ 1117) @ Volle).
j=1

This can be extended to a small enough neighborhood V' of M contained in M.
Then we set

1N a2 ary = D 10 Fll s vy + 15D s oy (4.7)
j=1
We also define the H? (M) space of symmetric 2-tensors and 1-forms, and also the
H?(Mj) space of pairs f = [h, 3] which we denote by H2(M;). Clearly, the latter
is a Hilbert space and H2(M;) c H2(M;) c H'(M;).
The space H?(M;) has the property that for each f € H'(M) (extended as zero
outside M), we have Nf € H?(M;). This is not true if we replace H2(M;) by
H2(M,).

Lemma 4.2. For any t = 1,2,...,00, there exists k > 0 and a bounded linear
operator

Q: H2(M;) — SL*(M) (4.8)
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such that

QNf =f*+ Kf forall feH' (M), (4.9)
where K : HY (M) — SH™ (M) extends to K : L*(M) — SHY(M). Ift = oo,
then k = co. Moreover, QQ can be constructed so that K depends continuously on g
in a small neighborhood of a fived gy € C*(M).

Proof. We will first reconstruct the solenoidal projection fy, from Nf modulo
smooth terms. Recall that we extend f as zero outside M, and fj; is the solenoidal
projection of the so-extended f in M;. Next, we will reconstruct £* from f;, . We
follow [37, 38].

As in [37, 38], we will work with ¥DOs with symbols of finite smoothness k > 1.
All operations we are going to perform would require finitely many derivatives of the
amplitude and finitely many seminorm estimates. In turn, this would be achieved
if ge Ck, Y € C*, k> 1, and the corresponding ¥DOs will depends continuously
ong, Y.

Since N is elliptic on solenoidal pairs, we get that

W := N + NoPyy, : C°(M) — C'(M;)

is an elliptic DO of order —1 in M™ where Ny is any properly supported
parametrix of (—A)/? (having principal symbol [¢[;1). Next, W, restricted to
a small neighborhood of dM; in Mj, is smooth because suppf C M. Therefore,
there exists a left parametrix P to W such that PW —Id : L?(M) — H'(M;)
with ¢ > 1, if k > 1. Then Sa, (PW — 1d)Syy, has the same property, therefore
Py := Spp, P satisfies PLN = Sy, + Ko, where Ky has the smoothing properties
above, therefore,

P Nf = £}, + Kof. (4.10)

The next step is to compare f* and £y, . We have f* = f§; + du, where u =
w, — W, and the latter are the potentials related to f in M; and M, respectively.
Notice that d commutes with the extension as zero when applied to w because the
latter vanishes on dM. Then u solves the boundary value problem

(5d)u:0 in M, u|3M:WM1|3M. (411)

We need to express wy, |aasr in terms of Nf. Since f = 0 outside M, relation (4.10)
implies that
—dwyy, = PINf — Fof in M; \ M. (4.12)

Let (z,&) € S(M™\ M) be such that the magnetic geodesic v, ¢(t), t > 0, can be
extended in Mint\ Mt for t € [0, 41(x, €)) and v, ¢(¢1(x, €)) € OMy; and moreover,
Ve,¢ is transversal to OM;. Such (x,&) clearly exist if M; is close enough to M
and if v ¢ is close to the outgoing magnetic geodesic normal to M. Using (3.21),
integrate (4.12) along such v, ¢ to get

01 (x,€)
(Wi, (2),€) = / (PUNE — Kof) (). A d. (4.13)

Here we denote (w, &) = v;¢&7 + ¢, where w = [v(z), ¢(x)] with a 1-form v and
a function ¢, see also (3.21). Similarly we define (f,£). By Lemma 3.3, for a
fixed x, one can reconstruct v(z), ¢ from (w, &) known for finitely many £’s in any
neighborhood of a fixed &, and this is done by inverting a matrix. Moreover, one
can do this near any fixed x, and the norm of the solution operator is uniformly
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bounded in z, see the remark after Lemma 3.3. By a compactness argument, one
can construct an operator P such that

Arguing as in [37], we see that
PP, : H?(M;) — HY?(OM) (4.15)

is bounded. Let R : H!~'/2(M) — H*(M) be the solution operator u = Rh of the
boundary value problem ddu =0 in M, u =h on 9M. Then (4.10), (4.11), (4.14),
and (4.15) imply (see also [37])

£ = (Id + dRP;)PNf + KT,
where K has the required smoothing properties. We apply S to the identity above
and set Q := S(Id + dRP»)P;.
To prove the last statement of the lemma, we note that all ¥DOs we work with
depend continuously on g, a if k£ > 1. The same applies to S, R and Ps. O

4.4. Main results for C* coefficients.

Theorem 4.3. Let (g,a) be a simple C* magnetic system on M extended to a
simple magnetic system on My. Then, for k> 1,

(a) Ker INSL2(M) is finitely dimensional and included in C'(M), where | — oo
as k — oo.

(b) Assume that I is s-injective for the pair (g,«). Then

1£°]2ary < ClINE (g2, (4.16)

with a constant C' > 0 that can be chosen to be uniform in (g,«) under a small
enough C* perturbation.

Proof. This theorem is an analog of [37, Theorem 2] except for the uniformity state-
ment which is similar to an analogous result in [38]. Part (a) follows directly from
Lemma 4.2. Part (b), without the last statement, can be deduced from Lemma 4.2
as well, as in [37]. Finally, the proof of the statement about the uniformity of C' is
identical to that of [38, Theorem 2]. O

Without the assumption that I is s-injective, one has a hypoelliptic a priori
estimate that can be obtained from (4.16) by adding Cs|| f[|g-+(ar,), ¥s > 0, to its
right-hand side, see [37, Theorem 2(a)].

Corollary 4.4. The set of simple C* magnetic systems (g, o) with s-injective mag-
netic ray transform I is open in the C* topology, if k> 1.

The next lemma is a linear version of Theorem 2.2, see also [38, Lemma 4].

Lemma 4.5. Let (g,a) be a simple C* magnetic system on M. Let f € L2(M) be
such that If = 0. Then there exists a C' pair w, with | — oo as k — oo, vanishing
on OM, such that for £ :=f — dw we have

O floar =0, |m| <1, (4.17)
and if f= [iL, B], then in semigeodesic boundary normal coordinates,
Bin = Bn =0 forall i. (4.18)
If k = oo, then | = 0o and, in particular, (4.17) holds for all m.
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Proof. In view of Theorem 4.3(a), we may assume without loss of generality that
f e CY(M).

We now show how to construct f satisfying (4.18). We refer to [13, 35] for similar
arguments. Let (2/, 2™) be semigeodesic boundary normal coordinates. Then g;, =
Sin, T8, = T% =0 for all i. Let f = [h, 8], w = [v,¢]. Condition (4.18) is
equivalent to

Vivn + Vov; = 2hin, Onp — Y v, = Sy (4.19)
The first system can be solved by setting first ¢ = n and solving 9, v, = hpn, vy =0
for 2™ = 0 by integration. Then we solve the remaining system of n — 1 ODEs of
the form
Onv, — 2T v = 2hyy, — O0n, ¢=1,...,n—1, (4.20)
with initial conditions v, = 0 for ™ = 0. Finally, we solve the second equation in
(4.19) with the same zero initial condition. This defines w near M. To define w
in the whole M, we replace w by xw, where x is an appropriate smooth cut-off
function equal to 1 near OM and supported in a larger neighborhood of OM.

To prove (4.17), we argue as in Theorem 2.2, following [20]. Assume that (4.17)
is not true at some xo € M. Then by studying the Taylor expansion of (f, &) =
B €67 4 B, near x = xg, we see that there is & € T(OM) such that (£, £) is either
strictly negative or strictly positive for ¢ lying in some neighborhood of £;. This
contradicts the fact that If = 0 if we integrate over magnetic geodesics originating
from x¢ with directions close to &. (I

4.5. Analytic magnetic systems. Assume that M is an analytic manifold with
smooth boundary M that does not need to be analytic (that can always be
achieved by choosing an analytic atlas; and in case we have a simple system, we can
start with a fixed global coordinate system and do only analytic changes of vari-
ables). We will show that then [ is s-injective, if (g, @) are analytic. By “analytic”,
we mean real analytic, and we say that f is analytic in the set X, not necessarily
open, if f is analytic in a neighborhood of X. Then we write f € A(X). Notice
that one can construct an analytic M; as before.
The central result of this section is the following.

Theorem 4.6. If (g, o) is an analytic magnetic system on M, then I is s-injective.
We will give a proof at the end of this section.

Theorem 4.7. Let g, a be analytic in My. Then Ny, k,1 = 1,2, are analytic
U DOs in M{™ with principal symbols as in Proposition 4.1.

Proof. Notice first that by (3.30) and the simplicity assumption, Ny; have Schwartz
kernels that are analytic away from the diagonal. Therefore, it is enough to prove
the theorem for N; o restricted to an arbitrary small open subset of M;. This,
however, follows from (4.4) and Lemma B.3 of Appendix B. O

Lemma 4.8. Let g, a be analytic in My and assume that If = 0, f € L?(M).
Then £* € A(M).

Proof. Consider the solenoidal projection f§, = f —dwy, of f (extended as 0
outside M) on M;. Since 6fy;, = 0 and Nfy, =0 in Mit and since § and N
together form an elliptic system of analytic ¥DOs (we can apply an elliptic ¥DO
of order 2 to the left of N to make the new operator and & of the same order,
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see also [37, 38]), we get that f3;, € A(M™). On the other hand, wyy, solves
ddwyy, = 0in M\ M, wy, = 0 on OMy, and by elliptic boundary regularity,
see [38, Lemma 3] and references therein, we have that wyy, is analytic up to My,
therefore £y, € A(My).

Next, we have £ = f§; + du, where u = wy;, — w, see also the proof of
Lemma 4.2. Then u solves the boundary value problem (4.11), and all we need is
to prove that wyy, |aas is analytic. Note that in general, wyy, is not analytic across
OM, because dw);, may have a jump there but it belongs to H! because d is
elliptic; therefore the trace on M is well defined. Since dwyy, = £}, in Mint\ M,
and it is analytic in its closure, in the notation of (4.13), we have

£1(x,€)
(Wi, (2),€) = / (31, (o) ) dt

for x € OM and ¢ in a small neighborhood of the unit exterior normal to OM.
This, combined with Lemma 3.3 and the remark after it, shows that wyy, |oar is
analytic. O

Lemma 4.9. Under the assumptions of Lemma 4.5, assume that g and « are
analytic in a neighborhood of OM. Then £ =0 in a neighborhood of OM.

Proof. Tt is enough to notice that near M, w in the proof of Lemma 4.5 is ob-
tained by solving ODEs with analytic coeflicients. Therefore, f is analytic in a
neighborhood of OM, and it must vanish there by (4.17). O

Proof of Theorem 4.6. We first find w as in Lemma 4.5 and Lemma 4.9 such that
f = f° — dw vanishes near dM, i.e.,

f* =dw near OM. (4.21)

Our next goal is to show that one can extend w = [v, ¢] to the whole M analytically;
then (4.21) would be preserved by analytic continuation (recall that £° is analytic
by Lemma 4.8), and this would imply f* = 0.

Let u4(z, §) be the solution of the kinetic equation G,u = (£, §) with u =0 on
0+ SM. Integrate to get

() .
wa (e, &) = F / (B (ose)s A dt,
0

where £T stands for £. Since If = 0, we have uy +u_ = 0. For (z, ) such that z is
close enough to M and £ close enough to —e,, (in boundary normal coordinates),
we have uy (x, &) = (dw, &) = (v(x), &) +p(x) by (4.21) and (3.21). This also implies
—u_(x,£) = (v(x), &) +p(x). If wereplace £ by —¢, since —¢ is close to e, we get by
(4.21), Zu_ (2, —€) = —(v(x),€) + p(a); therefore, u (v, —€) = —(v(z), &) + p(2).

In particular, for x close enough to OM and £ € S, M close enough to either e,
or —en,

<p(33) = u+,cvcn(33a g)a vj(x) = 8777' |77|gu+,odd(33a 77/|77|g)’|,7|g:1a (4-22)

where % odd/even Stands for the odd/even part of uy w.r.t. . The derivative on
the right-hand side of (4.22) can be written as Puy oq4, where P is a first order
differential operator on S, M with coeflicients analytically depending on z and £. A
direct differentiation shows that (Pu); = 9gju — &€ giu + £ju, and the first order
part is clearly tangent to Sy M.
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We define ¢(x,&) and v(z, &) by (4.22) on the whole SM. Since uy(z,§) is
analytic on SM, so are ¢(z,&) and v(x, ). By (4.22), in some open set they are
independent of &, i.e., grads¢(z, &) = 0, gradev(z,§) = 0 there, where grad, stands
for the gradient on S; M. Those equalities extend to the whole SM by analytic
continuation; therefore, (4.22) defines £-independent ¢ and v in the whole M, and
they are analytic functions of x. O

We are ready now to state the generic s-injectivity result.

Definition 4.10. For a fixed manifold M, we define G¥ to be the set of simple C*
pairs (g, o) with s-injective magnetic ray transform I = I .

Theorem 4.11. There exists ko > 0, such that for k > kg, the set G* is open and
dense in the set of all simple C* pairs (g, ) and contains all real analytic simple
pairs.

Proof. By Corollary 4.4, G is open. By Theorem 4.6, it is dense. O

5. ENERGY ESTIMATES METHOD

It is easy to see that if (M, g, @) is a simple smooth magnetic system and the
magnetic ray transform of a smooth function ¢ : SM — R vanishes, then ¢ is

the flow derivative of a unique function v which is continuous on SM, smooth on
SM \ S(OM), and vanishes on 9(SM):

G#u = ¢, u|3(5M) =0. (51)
Indeed, u is defined by the formula

£(x,€)
(e, €) = / ot (x, ©)) dt,  (x,€) € SM, (5.2)

In this section we will analyze the linear problem (5.1) for ¢(x,&) of degree at
most 1 in £ (the linear problem for 1-tensors) and for ¢(z, &) of degree at most 2 in
& (the linear problem for 2-tensors).

5.1. Semibasic tensor fields. We recall the notion of semibasic tensor field and
its derivatives (we prefer to adhere to the notations of [12]).

Let m: TM\{0} — M be the natural projection, and let 55 M := 7*77 M denote
the bundle of semibasic tensors of degree (r, s), where 77 M is the bundle of tensors
of degree (r,s) over M. Sections of the bundles 87 M are called semibasic tensor
fields, and we denote the space of smooth sections by C*° (55 M) (in particular,
C>(BYM) = C°(TM \ {0})). For such a field T, the coordinate representation

T = (15, 57)(,€)

J1---Js

holds in the domain of a standard local coordinate system (x?, &%) on TM \ {0}
associated with a local coordinate system (z%) in M. Under a change of a local
coordinate system, the components of a semibasic tensor field are transformed by
the same formula as those of an ordinary tensor field on M.

Every “ordinary” tensor field on M defines a semibasic tensor field by the rule
T — T om, so that the space of tensor fields on M can be treated as embedded in
the space of semibasic tensor fields.
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For a semibasic tensor field (T‘")(x, £), the horizontal derivative is defined by

Ji--Js
T'levvir — a ; i a
Ji..-js|k Ok I1--ds

Ti i TR ¢4 Tt
q
r T
G b1 - — 1 PhmA 1o p 01l
+ Y T Ty DR Y A T
m=1 m=1

o Ji---Js
the vertical derivative by
i O i,
Ji---Js'k T agk Ji---Js?
and the modified horizontal derivative by

RN T S Gt
T3 = T3 5w T IV 50

The operators
V1 C™(BM) — C*(Bey 1 M), V.:C®(BM) — C=(Bg 1 M),
and
V: : Coo(ﬁgM) - Coo( §+1M)a
are defined as

(VD) = VT = e

Ji--Jsk Ji---Js sk

I i i
(V)55 = VT 5 =T 5
and

(V:T)ilmir — V:kT?lmir — T?l"'i'r‘

J1---Jsk J1---Js J1---Jsik”
For convenience, we also define V!, V', and V' as

V=gV, V=gV, Vi=giv,.

h v
In [30, 33], the operators V| and V. were denoted by V and V respectively.
Given u € C*°(TM \ {0}), we define

Xu(z, &) = Euy = & (up; + €)Y u.y).

Note that X restricted to SM coincides with G,.
For V = (V%) € C®(B{ M), we set

h . m . v . . .
divV:=Vi divV:=Vi divV:=Vi (XV) =¢"Vi.
Note if v is a magnetic geodesic, then

(XV)(2(8),7(1)) = V5 (V(7(2), ¥(2))-

Given a function u : SM — R, we will also denote by u its extension to a
positively homogeneous function of degree 0 on T'M \ {0} (hoping that this will
not yield any confusion). For a smooth ¢ the smoothness properties of u defined
by (5.2) are determined by those of ¢(x,£). As mentioned in the beginning of
Subsection 2.2, the latter function is smooth on SM \ S(0M). All points of S(OM)
are singular for ¢ as some derivatives of £ are unbounded in a neighborhood of such

a point. Nonetheless, some derivatives are bounded. Let p be a smooth function on
M such that 9M = p~1(0) and |grad p| = 1 in some neighborhood of M. Define

Viu(e, &) = Viu(z, €) — (Vu(e, &), grad pla)) grad p(a).
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Note that Viu(z,§) is completely determined by the restriction of u to the level
set of p that contains (z, &).

Lemma 5.1 (cf. [34, Lemma 3.2.3]). The semibasic vector fields Vi,t and V'{ are
bounded on SM \ S(OM).

Proof. Clearly, Vip = 0. Let h(x,&,t) = p(y2,(t)). Since h(z,§,0) = p(z), it
follows that V},h(z,&,0) = 0 and therefore

Vih(z, ;1) = a(z, &, 1)t

for some smooth field a. Differentiating the equality h(x,&, €(z,€)) = 0 for (z,€) €
SM \ S(OM), we obtain

. 0 .
Vi h(a, & (e, ) + 3 (@, (2, ) Villa, &)
= Vyh(e,€ 0w, &) + (grad ply), m) V(. €) =0,
where (y,1) = ¢*®€) (z,£) € 9_SM. Hence,

bz, §)
m a(z, &, l(z,§)).

Since £(z,§) < [L(y,n)|, boundedness of Vi /((z,{) now follows from Lemma 2.3.
Boundedness of V7 is established similarly. O

5.2. Identities. The next identities are particular cases of those in [12, Lemma 4.6
and Lemma 4.7]. For (z,£) € SM:

2{Viu, V' (Xu)) = |Viul? + X((Viu, Vu)) — div (Xu)V'u)
4 div (Xu) Vi) — (Re(Vu), Viu) + (Y (Vu), Vi), (5.3)
2(Viu, V' (Xu)) = |Vul* + |V (Xu) |* + (Y (€), Viu)* — [X(V'u) %,
where Re(7) = (Ri,,£7¢'2%),
R;‘kl =Rl + fj(Ykiu - Ysz) + 95V Yy = YY),
and (R};,) is the Riemann curvature tensor.

For a unit speed magnetic geodesic 7, the operator C on smooth vector fields
along ~y is defined by (see [12, (45)])

C(Z2) =R(Y,2)y —Y(Z2) = (VzY)(),

where Z stands for the covariant derivative along v, Z = V2.
The operator C on smooth semibasic vector fields on T'M \ {0} is defined by (see
[12, Subsection 4.6])

C(2)(2,€) = Re(Z) — Y(XZ) — (V2Y)(9),

where R¢(Z) = (R;klfjﬁle) is the curvature operator.
Notice that )
C(Z)((1),7(1)) = C(Z(v(1),¥(2)))-
In view of this identity, we henceforth omit the tilde in the notation of C , hoping
that no confusion will arise.
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Lemma 5.2. The following hold for (x,€) € SM:
IX(Vu)]? = (C(Vu), Vu) — (Y(E), Vu)y? = |V (Xu)? - div (Xu)Viu)

— d]ilv (Viu, Vu)é — (Xu)Vu) + div (Viu, Vu)Y(€)), (5.5)

IX(Vu)]? = 2(C(V'u), Vu) = (Y (€), Viu)?
— |V (Xu)|? — 2div (Xa)Viu) — [Viul? + 2(Viu, V' (Xu))
~ odiv ((Viu, Ve — (Xu)V'u) + div (Yo, VY (€).  (5.6)
Proof. Note that
X((Viu, Vu)(z,€) = & (Viu, Viu)y = (Viu, Vuye? ), — (Viu, Vu)g,
— div ((Viu, V'u)€) — (Viu, VuyY? = div ((Viu, V'u)é), (5.7)

because ij = 0 by the skew-symmetry of Y.
Using (5.7), we first change (5.3) to

2(Viu, V' (Xu)) = |Viul? + div V + div (Xu)Viw)

—(Re(V'u),Vu) + (Y (Vu), Vu), (5.8)

with
V = (Viu,Vu)é — (Xu)V'u.

Next,

m . . . h v

divV =V; =V;+ Y/ V) =divV +div (Y(V))

h v v
=divV +div ((Viu, Vu)Y(§)) — div (Xu)Y (V')

and

div (Xu)Y (V'u)) = (Xu)¥7 g™ us) | = (Xu) ;¥ g% s + (Xu)g Vs,

= (V' (Xu),Y(V'u)),

because gkiYij U..; = 0 by the skew-symmetry of ¥ and symmetry of mixed deriva-
tives of w.
Then (5.8) takes the form

2(Viu, V' (Xu)) = |Viul? + d]iIVV + div (Viu, V)Y (€)) — (V' (Xu), Y (V'u))
+ div (Xu)Viu) — (Re(V'u), V'u) + (Y (Vu), V). (5.9)
We have (see [12, Subsection 4.6]):
(C(Vu),Vu) = (Re(Vu), Vu) + (V (Xu),Y(Vu) — (Viu,Y (V)
+{Y(©), V'u)? = (Vv Y)(€), V'u).
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Also,
(Re(V'u), Viu) = (Rl + §J(Yk|z k) +95s(VY = YY) u o'l u
= (R(V'u,8)§, V'u) + (VY (Viu), Viu) — <V(v-u>Y(§), Vi)
+ <Y(§) Y (Viu), Viu) = (Y (Vu), (Y (E), Viu)
= (Re(V'u), Vu) — (Vivw)Y)(€), Viu) + (Y (€), V'u)?.
Therefore,
Re(V'u), Vuy = (C(Vu), Vu) — (V' (Xu), (V) + (Viu,Y(Vau). (5.10)
Using (5.10) in (5.9), we get

2V, V' (X)) = [Voul? + div V + div (Vu, VY (€)) + div (Xu) V')
—C(Vu), V). (5.11)

Subtracting (5.11) from (5.4), we arrive at (5.5). Multiplying (5.11) by 2 and
subtracting the result from (5.4), we arrive at (5.6). O

5.3. Linear problem for 1-tensors.

Theorem 5.3. Let (M, g, ) be a simple magnetic system, v a square integrable
1-form, and ¢ a square integrable function on M. If the magnetic ray transform
of the function ¢(z,&) = vi(1)€" + () vanishes, then ¢ = 0 and v = dh for some
function h € HE(M).

Proof. Recall that the space £2(M) consists of the pairs [v, |, where v is a square
integrable 1-form and ¢ is a square integrable function on M, furnished with the
norm (3.16) (see Section 3.3). In L2(M), we consider the subspace SL2(M) of
solenoidal pairs [v, ¢|, defined by the condition jv = 0, and the subspace PL2(M)
of potential pairs [dh,0], where h € H}(M). Then L£2(M) decomposes as the
orthogonal direct sum of SL2(M) and PL*(M).

Associating each pair [v, ] € £L2(M) with the function ¢(z, &) = vi(x)E' + ¢(z),
define

I[’U, <P] = I¢.

Clearly, Z vanishes on PL2(M) and, to prove the theorem, it suffices to show
that kerZ N SL%(M) = 0.

By considerations similar to those in Section 4, one can prove, as in part (a) of
Theorem 4.3, that KerZ N SL2(M) C CY(M).

Thus, we may assume under assumptions of the theorem that [v, ¢] € C!(M).

Define u : SM — R by means of (5.2). Then u satisfies the boundary value
problem (5.1). As before, we preserve the notation u for the extension of u to a
positively homogeneous function of degree 0 on TM\{0}. Then for (z,&) € TM\{0}
we have

Xu(z,€) = vi(2)E" + |E|e ().
Now, we wish to integrate identity (5.5) over SM. However, u has singularities
on T(OM), and we need some precautions against them. We proceed in the same

way as in the proof of Theorem 3.4.3 in [34]. Let p : M — R be a nonnegative
smooth function such that 9M = p~1(0) and |grad p| = 1 near M. For € > 0, let
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M, ={x € M : p(x) > e}. Then u is smooth on SM,. Integrating (5.5) over SM,,
we get

/ {IX(Vu)|* = (C(Vu), Vi) = (Y(€), Viu)} x> (z, €)
SM.

:/ |v~(xu)|2d22"*1_/ div (Xu)Viu) ds2"—!
SM. SMe

—/ d?v((Vﬂ,V'u}{— (Xu)V'u) dr* 1
SM.
+/ div ((Viu, V)Y (€)) d=2" (2, ). (5.12)
SM.

Now, we transform the last three integrals on the right-hand side by using the
Gauss—Ostrogradskii formulas of [34, Theorem 2.7.1]. They give:

/ div (Xu)Viu) ds2"—! :n/ (Xu)Viu, €) d=2"Y(z, €)
SM. SM.

= n/ (Xu)? dx?—!
SM.

because (Viu, &) = Xu,
/ d]ilv (Viu, Vuyé — (Xu)Vu)dx?—t
SM.
— (cr / (i, V') — (Xu)Vu, grad p(x)) dS2"(x, )
d(SM.)

=M [ (T Ve grad ) — (T €V, grad ) a5
9(SM:)
because a straightforward calculation gives
(Viu, V'u)§ = (Xu)V'u, grad p(x)) = (Viu, V'u) (€, grad p) — (Vi u, §)(V'u, grad p),

and
/ d?v((Vﬂ,V'u}Y({)) dx* Nz, €)
SM.

=(n—-1) /SM (Viu, V)Y (€),6) d=*"(2,¢) = 0

’>:O'

because (Y (£),¢
.12) takes the form

Hence, (5
/SM {IX(Vw)? = (C(Vu), Viu) = (Y(€), Vu)*} ds"~(a,€)
:/ |V'(Xu)|2d22"*1—n/ (Xu)? dn?"—!

SM. SMe

+ (—1)"/ ((Viu, V'u)(€, grad p) — (Vi,u, E)(V'u, grad p)) dX*"~*  (5.13)
o(SM.)
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Observe that by Lemma 5.1 and (5.2), the derivatives Viu and V'u are bounded
in SM \ S(OM). This fact allows us to pass to the limit in (5.13), arriving at the
identity

/ {IX(Vu)]* = (C(Vu), Viu) = (Y(€), Viu)?} dE*" (2, €)
SM

:/ |V'(Xu)|2d22"71—n/ (Xu)? dx? !
SM SM

+ (—1)"/ (<V:pu, Vu) (€, grad p) — <V:pu, ENV u, gradp)) dx?n—2,
B(SM)

Note that the last integral on the right-hand side vanishes, because u|g(sar)y = 0
and hence V'u|gsnr) = 0.

For (x,€) € SM, Xu(z,&) = v;(2)€" + ¢(z). As follows from Lemma 4.5.3 of
[33] (and is easy to check directly),

[ V@ + panPast <o [ () + o) as
SM

SM
Setting Z = V'u, we thus have

| Axzi - c2).2) - (v (). 27} s <o,
SM

By Santalé’s formula (A.4) and the Index Lemma A.10 of Appendix A, this is
possible if and only if Z = 0. So u(z, ) is independent of £, which clearly implies
the sought conclusion. O

5.4. Linear problem for 2-tensors. For a magnetic system (M, g, o) and (z,§) €
SM, put

ku(z,€) = Sup {2K (2, 0¢,) + (Y (1), )* + (n+ 3)[Y ()[* = 2((V,Y)(€), )},

where the supremum is taken over all unit vectors n € T, M orthogonal to £, and
K(z,0¢ ) is the sectional curvature of the 2-plane o¢ , spanned by ¢ and 7.
Define

k:{ (z,€) = max{0, k(z,&)}

and
T

Tt (4(0), 4(1)) dt,

where the supremum is taken over all unit speed magnetic geodesics v : [0, T,] — M
running between boundary points.

k(M,g,a) = sup T’y/
vy 0

Theorem 5.4. If (M, g, a) be a simple magnetic system with k(M, g, «) < 4, then
I 1s s-injective.

Remark 5.5. Note that the condition k(M, g, ) < 4 holds if (M, g) is negatively
curved and the Cl-norm of Y is small enough. Also, it is easy to see that this
conditions is valid for every sufficiently small simple piece of any magnetic system.

Proof. Assume that [h, 3] € ker I N SL?(M). Then, by Theorem 4.3(a), the pair
[h, B] is smooth. Define u : SM — R by means of (5.2). Then u satisfies the
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boundary value problem (5.1). As before, we preserve the notation u for the exten-
sion of u to a positively homogeneous function of degree 0 on T'M \ {0}. Then for
(x,€) € TM \ {0} we have

Xu = [¢] " hij(2)€'€’ + B; ()¢’ (5.14)
Now, we wish to integrate identity (5.6) over SM. Again u has singularities on

T(OM). We overcome this obstacle in the same way as in the proof of the previous
theorem. Thus, we deduce

{IX(Vu)l? = 2(C(V'w), Vu) = (Y(€), Viu)*} d8*"~H(z,€)
SM

:/ |v~(xu)|2dz2"*1_2/ div (Xu)Vu) d22"*1—/ V|2 dz?n
SM SM SM

h
+2/ <V:u,V'(Xu)>d22"71—2/ div ((Viu, Vu)é — (Xu)V'u) ds?"
SM SM

+/ div (Viu, V)Y (€)) ds2n— .,
SM

Again we use the Gauss-Ostrogradskii formulas to transform integrals of diver-
gent form. Denoting the leftmost side of the above formula by A, we obtain

A= |V (Xu)? du?" ! — / {2n(Xu)? + |Viul?} d5*
SM SM
+2/ (Viu, V' (Xu)) ds?" !
SM
< / |V (Xu)|? d2?" 1 — (2n + 1)/ (Xu)? dx?—!
SM SM
+ 2/ (Viu, V' (Xu)) ds?"~ 1, (5.15)
SM
where we have used the inequality |Xu| = |[(Vu, &)| < |[Viul.
From (5.14) we have for (z,&) € SM
(Xu).q = 2hy;& — Ehi€'¢ + B,

Therefore,
/ |V'(Xu)|2d22"*1:/ 12h(€) — (h, €2)€ + B dx2n}
SM SM
= [ LAROP =38 4 1817 +4(h(6). §) — (. €)(6.)} 5>

= {41n(9)]” = 3(n,€%)* + B} d=*"~,  (5.16)
SM

/ (Xu)? dv?" ! = / {(h, )* + (B,€)* } dx>" 1. (5.17)
SM SM
Now, we transform the last integral in (5.15). Once
Vo= Vu—-Y(Vu),
it follows that
(Viu, V(Xu)) = (Viu, V.(Xu)) = (Y(V.u), V.(Xu)). (5.18)
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Observe that

(Vju, V.(Xu)) = g™ (2hi;6” — §ihij&'¢ + Bi)
= 2(ug™hi; €)1k — 2ug* by € — (uEhig€' )k + ug (hig€' &)k + (uB* ) — ul,

= d]ilv (W) — 2u(6h) ;& + uG(hi;€'&) — ud(B)
= div (W) — (n— DY (8),6) + uG((h, &), (519)

with
W* = 2ughh;;& — ufh ;¢ +upk.

Here we have used the equations (3.23) for solenoidal pairs.
Integrating (5.19) and transforming integrals by means of Gauss—Ostrogradskii

formulas, we get

/ <V|u, V(XU)> dx?rt
SM
= (-1 /SM<uY<6>,5> x4 /SM

- / div (Y () ds?* — | G(u)(h, €2) dx?
SM SM

uG((h, %)) dx? !

—— [ @ vas- [ G ast
SM SM

+ / (€Y7 uy)(h, €2) ds2n !
SM

— [ @ as- [ neas
SM SM
+ / (Vu, V() ) dS> . (5.20)
SM

Next,

/ (Y(V.u), V.(Xu)) ds?"*

SM

[ (T, @he - Ghig'e + o) as

SM

(V'u, Y () (b, €2) dx2 !

+/ (Y(V'u),B)do* 1, (5.21)
SM

:2/SM<Y(V'u),h(§)>dE n- +/SM

where h(€) = (g% hi;€7).
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From (5.18), (5.20), and (5.21) we get
/ (Viu, V' (Xu)) ds?" !
SM

= —/ <h,§2>2d22"*1—2/ (Y (V'u), h(€))ds?"!
SM

SM

<_ / (h, €22 dsnt 2 / Ih(e)]? ds?1
SM n+2 Jou

2
nt / Y (Vu)[2dx2L. (5.22)
2 SM

Using (5.16), (5.17), and (5.22) in (5.15), we find that

A< / {47 — 3(h, £2)2 + |62} dx2n !
SM

_ (27’L—|— 1) ‘/SM {<h,,§2>2 + <6a§>2} d22n71 _ 2/ <h,§2>2 d22n71

SM

4
+ / |h()|?dE*" ! 4 (n+ 2)/ Y/(Vu)?ds? !
n+2 Jou SM

4(n + 3)

_ 2 2n—1 _ n 2\2 2n—1
=R [ m@ram 2 [t

2 sznfl _ 2 1 2 sznfl
+/SM|5| (2n + >/SM<5,§>

+(n+2)/ Y (Vu)?dx? 1.
SM

As follows from Lemma 4.5.3 of [33] (and is easy to check directly),

n— n+2 n—
[om@past< 02 [ eyasie,
SM SM

/ B2 A5 < n / (8,60 ds>n L,
SM SM

Therefore,

A< (n+ 2)/ Y (V'u)?as?" L.
SM
Setting Z = V'u, we rewrite this as follows:

/ {IX(2)? -2(C(2),2) - (Y(2),6)* = (n +2)[Y (Z)]} d=*""! < 0. (5.23)
SM
We need the following lemma whose proof is given below.

Lemma 5.6. Let v :[0,T] — M be a unit speed magnetic geodesic. If

/ " k(90,4 (0) db < 4/T,
0

then for every smooth vector field Z along ~ vanishing at the endpoints of v and
orthogonal to ¥y we have

T
| {izr-202.2 - @572 - w2 @} azo G2

with equality if and only if Z = 0.
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Continuing the proof of the theorem, observe that, by Santald’s formula (A.4)
and Lemma 5.6, inequality (5.23) may hold if and only if Z = 0. So V'u = 0,
which means that u(z, £) is independent of €. Since the pair [k, 3] is solenoidal, this
readily yields the sought conclusion. O

Proof of Lemma 5.6. Denote the left-hand side of (5.24) by B. Since
C(Z) =Ry(2) ~Y(2) = (V2Y) (%),

we have

T
B [ {IZP - 2Ri(2).2) +20V(2).2) + (VY )3). 2)
— (Y(2),57 = (n+ 2V (D)} at.

Let e;, i =1,...,n be an orthonormal frame at (0), with e, = 4(0). Let E;(t),
0 <t <T, be a vector field along v satisfying the equation

E; =Y (E;)
with the initial condition F;(0) = e;. Surely, E,, = . Since

%(Ei, Ej) = (E;, E)) + (E;, Ej) = (Y(E;), Ej) + (E;, Y (E;)) =0,

we see that Fy(t),..., Ey(t) is an orthonormal frame for each .
Consider the expansion of Z in this frame:

Z2(t) = ()En(t), ke{l,...,n—1}

Then
Z =3E.+2"E, = "E, + 2"Y (E,) = "E, + Y (Z),
|22 =) a5 42V 4+ Y (2),
(Y(2),Z) = ('Y (Bx) + Y?(2), 2 E)) = =Yaa2"2* = [Y(2)
with
Vi = (Y (Ey), Ey).
Therefore,

T
B— /0 {Zz“z“ — [2K(05,2)| Z? + (Y (2),4)?

+(n+ 3V (2) = 2((V2Y)(9), 2)] } dt

> /OT { %:z“z'“ — kulZ[2} dt = /OTXK: {2727 = kuzmam .

Now, the claim follows from Lyapunov’s inequality [16, p. 346]. O
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6. GENERAL RIGIDITY THEOREMS

6.1. Rigidity in a given conformal class. We first state a rigidity theorem, fix-
ing the conformal class of a metric. The theorem below generalizes the correspond-
ing well-known result for the ordinary boundary rigidity problem, see [9, 23, 24].

Theorem 6.1. Let (g,«) and (¢',a') be simple magnetic systems on M whose
boundary action functions Alanrxon and A'|opxan coincide. If ¢’ is conformal
to g, i.e., ¢ = w?(x)g for a smooth positive function w on M, then w = 1 and
o' = a+ dh for some smooth function h on M wvanishing on OM, hence (¢', ') is
gauge equivalent to (g, ).

Proof. In view of Lemma 2.1, w = 1 on the boundary of M. Next, using Lemma
2.5, we see that the scattering relations S and 8’ of both magnetic systems coincide.
Let us show that w = 1 on the whole of M. Note that for (z,€) € 0.5M

1 U8 1
K SWe) =3 [ Plue®)dt+3t@e) - [ o (61)
0 RERS
Using (2.9) and (2.8), whence we obtain
1
Vol () = —— [ 803}, )z, €
Wn—1 0y SM
1 £(w,£) )
<o [ AT net i .0 faute.o
Wn—1 Jo,SM 0

:l/ deVol—l-lVolg(M).
2/, )

On the one hand, by Hélder’s inequality

/ w?d Vol < {/ w"dVo1}" {/ dVol} "= Vol (M)* Vol,(M)*, (6.2)
M M M

with equality if and only if w = 1.
It follows that

n

1 1
Vol (M) < 5 Vol (M)# Vol (M)™+ + 5 Voly(M1). (6.3)

However, by Theorem 2.8, Voly (M) = Voly(M), which implies that (6.3) holds
with the equality sign. This means that (6.2) holds with the equality sign. Thus,
w=1.

Now, (6.1) and the equality A’(v, () = A(7z,¢) yield

/ « Z/ o
Va,g Va,&

In view of (A.4) and (2.8), we conclude now that

/Mw—a)—o

for all (z,&) € 9+ SM. By Theorem 5.3, we see that o/ — a = dh for some function
h on M vanishing on M. This completes the proof of the theorem. O

x
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6.2. Rigidity of analytic systems.

Theorem 6.2. If M is a real-analytic compact manifold with boundary, and (g, @)
and (¢', a’) are simple real-analytic magnetic systems on M with the same boundary
action function, then these systems are gauge equivalent.

Proof. Consider the diffeomorphism f : M — M constructed in the proof of
Theorem 2.2. Recall that in a neighborhood of OM, f coincides with the map
expyy © (exply,,) !, which is obviously analytic for analytic systems.

As shown in that proof, g and f*¢’ have the same jets on dM. Hence, by an-
alyticity, g and f*¢’ coincide in some connected neighborhood of M, and f is
thus an analytic isometry of a neighborhood of M of the the analytic Riemannian
manifold (M, g) onto a neighborhood of M of the analytic Riemannian manifold
(M, g¢'), which is moreover the identity when restricted to dM. Now, the same
arguments as in the proof of [21, Theorem C(a)] show that f extends from a neigh-
borhood of M to an analytic isometry f of (M, g) onto (M, ¢'). Now, the sought
conclusion follows from Theorem 6.1 applied to the magnetic systems (M, g, «) and

(M, J*g', J*e). O

6.3. Rigidity of reversible systems. A magnetic system (M, g, @) is said to be
reversible if the flip (x,&) — (z, —€) conjugates ' with ¢p~t. It is easy to see that
a system is reversible if and only if dae = 0, i.e., if and only if the Lorentz force Y of
the system vanishes. In this case magnetic geodesics are nothing but the ordinary
geodesics of the Riemannian manifold (M, g); moreover, simplicity of a reversible
magnetic system (M, g, a) is equivalent to simplicity of the Riemannian manifold
(M, g).

It is interesting to know whether reversibility of a magnetic system can be es-
tablished by boundary measurements. Observe that if a system is reversible then

S(=8(z,¢)) = (z,-¢) (6.4)
for all (z,€&) € 01SM. Let us call the systems satisfying (6.4) boundary reversible.

Theorem 6.3. A simple magnetic system is boundary reversible if and only if it
is reversible.

Proof. Let (M, g,«) be a boundary reversible simple magnetic system. Consider
the magnetic system (g, —a) on M. Note that if v : [0,7] — M is a unit speed
magnetic geodesic of the system (g, «), then the curve 7 : [0,T] — M, defined as
(t) = v(T —t), is a unit speed magnetic geodesic of the system (g, —«).

For z,y € M, let v, : [0,T, ] — M denote the unit speed magnetic geodesic
of the system (g, «) from z to y. By Lemma A.5,

A(”Yx,y) < A(:Yy,m)a

n
:

Interchanging x and y, we receive

Ty —/ a<Ty, —|—/ o. (6.6)
5. 5.

Y,z z,y

ie.

a<Ty,+ / a. (6.5)
g

z,y Y,z
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For (z,¢&) € 01:5SM and y = v, ¢({(z,§)), we have in view of (6.4)

From (6.5) and (6.6) we get

a—|—/ a>0. (6.7)

Y,z

Yo,y = Vx,&5 :Yy,ac = :Ym,fa

where ;¢ : [0,0(z,€)] — M is the unit speed magnetic geodesic of the mag-
netic system (M, g, —) with initial conditions A, ¢(0) = =, 4, ¢(0) = &, and with
Az.e(l(z,€)) = y. Therefore, (6.7) yields

/ a— / a > 0. (6.8)
Y, € Ve, €

By Santald’s formula (A.4) and (2.8), we have

AMM{AMQ_AMa}dML@—O- (6.9)

Combining (6.9) and (6.8) yields

/ o= / ! (6.10)
RENS Ve, €

for all (x,€&) € 0+ SM. From (6.5) we then obtain

U, &) < U(x,9),
and from (6.6),

U, &) < U(x,0).
Thus,

Uz, &) = Uz, ). (6.11)

Now, by (6.10) and (6.11)
Aee) = Alyag) = Az, y).
This implies that 7, ¢ is a unit speed magnetic geodesic of the system (g, &) which
joins x to y. By simplicity, we then have
Vo6 = Vase-

Valid for all (z,€) € 0+ SM, this equality means clearly that the magnetic system
(M, g, @) is reversible. O

Theorem 6.4. A simple reversible magnetic system (M, g, &) is magnetic boundary
rigid if and only if the simple Riemannian manifold (M, g) is boundary rigid.

Proof. Suppose that a simple reversible magnetic system (g, ) on M is magnetic
boundary rigid. Let ¢’ be a simple Riemannian metric on M whose boundary
distance function equals the boundary distance function of g. We must prove that
¢’ is isometric to g by an isometry which is the identity on the boundary.
Without loss of generality we may assume (see, e.g., [20, Theorem 2.1]) that

g'lorr = glonr. (6.12)



THE BOUNDARY RIGIDITY PROBLEM IN THE PRESENCE OF A MAGNETIC FIELD 39

Then equality of the boundary distance functions of g and ¢’ and (6.12) are well
known to imply equality of the scattering relations of the Riemannian manifolds
(M, g) and (M, g’) (see, e.g., [22]).

Consider the magnetic system (¢’, ) on M. Since da = 0, this system is re-
versible as well. It is trivial that for a reversible system, the scattering relation of
the magnetic system coincides with the scattering relation of the underlying Rie-
mannian metric. Therefore, the magnetic systems (g, ) and (¢',«) on M have
the same scattering relations. In view of (6.12) and Lemma 2.6, the boundary ac-
tions functions of these systems coincide. From the magnetic boundary rigidity of
(M, g, ) we infer that the metric ¢’ is isometric to g by an isometry which is the
identity on the boundary, as required.

Now, let (M, g, a) be a simple reversible magnetic system such that the simple
Riemannian manifold (M, g) is boundary rigid. Let (¢’,a’) be a simple magnetic
system on M whose boundary action function A’|garxaa equals the boundary ac-
tion function Alsyrxonr of the magnetic system (g, ). By Theorem 2.2, we may
assume that ¢'|oar = gloam and o'|onr = aloar. Now, Lemma 2.5 implies that the
scattering relations of the magnetic systems (M, g, «) and (M, ¢’, ') are the same.
Since (M, g, @) is reversible and hence boundary reversible, (M, ¢’, o’) too is bound-
ary reversible and hence, by Theorem 6.3, it is also reversible. This implies readily
that the scattering relations of the Riemannian manifolds (M, g) and (M, g') are
the same. Applying Lemma 2.6 to the magnetic systems (M, g,0) and (M, ¢’,0),
we see that the boundary distance functions of the metrics g and ¢’ are the same.
Hence, by the boundary rigidity of the Riemannian manifold (M, g), there is a dif-
feomorphism f : M — M, flaa = identity, such that ¢’ = f*g. Then Theorem
6.1, applied to the magnetic systems (M, g, «) and (M, f*¢’, f*a’), gives the gauge
equivalence of the magnetic systems (g, @) and (¢’, o), as required. O

6.4. Generic local boundary rigidity. We will prove that near each (go, o) in
the generic set G of Definition 4.10, the action on the boundary determines (g, a).
Note that, by Theorem 5.4, this generic set G* contains the magnetic systems
(g, ) with k(M, g, «) < 4, in particular magnetic systems in which the underlying
Riemannian metric is negatively curved and the magnetic field is sufficiently small.

Theorem 6.5. Let ky be as in Theorem 4.11. There exists k > ko such that for
every (go, o) € G¥, there is € > 0 such that for any two magnetic systems (g, a),
(¢, &) with
lg = golleran + lla = aollerary < &, 119" = golleran + I’ — aollorary < €
we have the following:
Ag,a = Ag/,a/ on OM x OM (613)

implies that (g, ) and (¢', &) are gauge equivalent, i.e., ¢ = V*g, o/ = Y*a+ do
with some C*+1(M)-diffeomorphism  : M — M, firing the boundary, and some
CH+L function ¢ vanishing on OM.

Observe that g is solenoidal (with respect to itself), and if we replace a by its
solenoidal projection a® := a — d¢, where Ay¢ = da, ¢loar = 0, then da® = 0
as well. Therefore, [% g, —a®] is not necessarily a solenoidal pair in the sense of
Definition 3.7, instead

E) Bg, —oﬁ] = [HT_IY(QS), o] . (6.14)
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We will prove an analogue of [11, Theorem 2.1].

Lemma 6.6. Let (g,a) € CF*, 0 < pu <1, k> 2, be a simple magnetic system on
M with éa = 0. Then for any other (¢',a’) close enough to (g, ), there exists a
magnetic system (§',&’) gauge equivalent to (¢', ') and satisfying (6.14), i.e.,

b [%g’,—&’] - [”; 1Y(oz),0], (6.15)

where & and Y are related to (g, @).
Moreover, if ||(g'»a’) — (g, @)l|cwn < & withe < 1, then |7, &) — (g @)l crr <
€1, with ey =¢e1(e) - 0 ase — 0.

Proof. Our argument is much the same as that in the proof of [11, Theorem 2.1].
So we merely sketch it.

We have to show that there exist a diffeomorphism f of M, fixing OM, and a
function ¢, vanishing on dM, such that ¢ = f*¢’, & = f*a’+dp, and (6.15) holds.
If f is close enough to the identity, we can identify f with a certain vector field v
as follows. If v is a vector field vanishing on M and |Vv|, < 1, the map

ey () = exp, (v(z))

is well defined on M, with image in M again, and it is a diffeomorphism for ||v||ck.u
small enough. Then v +— e, has an inverse defined as follows. If f is a diffeomor-
phism close enough to the identity, set vs(z) = exp,'(f(z)), i.e, ve(x) = (0),
where v : [0,1] — M is the geodesic such that v(0) = z, v(1) = f(z). The exis-
tence of such a geodesic follows from the strict convexity of the boundary, following
in turn from the simplicity assumption. Clearly, the differential of the map v — e,
at v = 0 is the identity transformation.
Let h=1(9' — g), B = —(a/ — «). Condition (6.15) then takes the form

n—1

S(esla/2+m)+ Y (et + )+ do) = " (@), (6.16)
=0 (ej(a+ B) +dp) =0. (6.17)

We define the map (recall that (g, «) is fixed)

E([v, ¢l [, B])

= [5(extg/2+ W) + Y ((Eia + ) + dg) =5 (eiar+ ) + di) |

Then (6.16), (6.17) can be rewritten as

F(lv. ¢l [h. B]) = [” Y<a>,o] | (6.18)

We want to solve this equation for [v, ¢] if [h, §] are small enough and g, « are fixed.
If [h, 5] = [0, 0], then [v, ¢] = [0,0] is a solution by (6.14). To show solvability for
[h, 8] small enough, we apply an implicit function theorem in Banach spaces as in
[11]. For this purpose, we need to compute the derivative Fy, ([0, 0], [0, 0]).
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Set [k, 8] = 0 in (6.18) and use (3.20) to deduce
£, 1([0,0],[0,0])[v, ]
- [Msv + nT_lY(Y(v) +d{v, a) + dg), —5(Y (v) + d{v, @) + d)
= dd[v, —(v,a) — ¢,

where v is considered as a 1-form by lowering the index. Thus, the derivative above
is the superposition of the map [v, ¢| — [v, — (v, &) — ¢], which is an isomorphism
(and this map and its inverse preserve the zero boundary conditions), and dd with
Dirichlet boundary conditions, which is also invertible in appropriate spaces. We
refer to [11] for more technical details. O

The next lemma states, loosely speaking, that gauge equivalent pairs differ by a
potential one, modulo a quadratic term.

Lemma 6.7. Let (¢/,a’) and (g, ) be in C*, k > 2, and gauge equivalent, i.e.,
g =19, o =yTat+dy

for some diffeomorphism v fixing OM and some function ¢ be vanishing on OM.
Set f =[1(¢' — g), —(e/ — @)]. Then there exists w, vanishing on OM, such that

f=dw +fo,

and for (g,a) belonging to any bounded set U in C*, there exists C(U) > 0 such
that

[faollor-2 < CO)IIY —1d[[E-s,  [IWllor-1 < CU)IY —Td][ o1

Proof. As in the proof above, set v(x) = exp, *(¢)(z)), which is a well defined vector
field if 1 is close enough to the identity in C? (it is enough to prove the claim in this
case only) and v = 0 on OM. Set ¥, (x) = exp,(Tv(x)), 0 < 7 < 1. Let g7 = ig.
Then the Taylor formula implies

d
g’:g+—’ 9" +h=g+2d+h,
dr =0
where

3

1 d2g~r
hl < = ’_
W< 5 max |0

and 2d°v is the linearization of g™ at 7 = 0. To estimate h, write

Pk oyl
Oxt Ox7’

9i; = gk ¥r

and differentiate twice w.r.t. 7. Notice that
- PV,
or? or?
This yields the stated estimate for the first component of f5 for k& = 2. The estimates
for k > 2 go along similar lines by expressing the remainder A in its Lagrange form
and estimating the derivatives of h.
The analysis of the second component is similar, using (3.20). In particular, we

get that w = [v, —a(v) — ¢] which corresponds well with the linearization formula
(3.20). O

< Cllollie, | < CllollZ.
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Proof of Theorem 6.5. We can assume that (¢’, ') is replaced by its gauge equiva-
lent pair that satisfies the assumptions of Lemma 6.6 (where § and Y are related to
(9,)). Set £ =[(¢'—9g)/2, —(a/ —)]. Then 6f = 0. We assume that (g, @) belongs
to a small enough neighborhood of (go, @), so that (g,a) € G*, and the constant
C in Theorem 4.3 is uniform in that neighborhood. By the second statement of
Lemma 6.6 and the assumptions of Theorem 6.5,

[fllcr < e1(e), (6.19)

where e — 0 as ¢ — 0, and k > 1 is fixed (this requires the original (¢’,a’) to
be in GF*1 if we want to avoid the C*# spaces). Moreover, ||g||cx + [|acr < A,
where A > 0 depends on (gg, ap) and on an upper bound ¢¢ of e. All constants C
below will depend only on A and will be uniform in € < gq.

Let 9 be a diffeomorphism in M that maps boundary normal coordinates w.r.t.
¢ into boundary normal coordinates w.r.t. ¢’ near M, then extended to the whole
M. In other words, if ¥; that maps a neighborhood of M into OM x [0, §] defines
the semigeodesic normal coordinates related to g and if ¢y is defined in the same
way corresponding to ¢, then 1) = 15 0 b7 !, Clearly,

¥ —Td]|gr-r < Cllg’ = gller < C[I]cn- (6.20)

Set §' =¢*g', & = ¢*a’+dyp, where  is such that in boundary normal coordinates
a,, =0, see Lemma 4.5. Set f = [§'/2, —&] — [9/2, —a]. By Lemma 6.7 and (6.20),

f=f+dw+h, |hlce><C|f|Z., (6.21)

with w|gar = 0; so, roughly speaking, fandf differ, up to a quadratic term, only by
a potential term. By Theorem 2.2, f vanishes on M together with its derivatives
up to any fixed order m, if £ > 1. We will choose m below. We are going to prove
that f = 0, and this would prove the theorem.

Since Ay o = Ay .o = Ay .o on OM x OM, by the linearization Lemma 3.1

1] L~ < Cf]2n.
By (3.27), [|Nf|| L (ary) < C||If]| po<; therefore,
INEll L (ary) < ClENEA- (6.22)
We apply Theorem 4.3 to get
I1£°) 2 ar) < CINTl| B201,), (6.23)

where we estimated the H? norm by the H? norm, which is finite for f. Note that
for the solenoidal projection f* of £ we have, by (6.21),

f*=f+h% (6.24)
in particular,
1511 22(an) = 11fll22ary = [0°] 22(ary = €]l L2an) = Ol |2 (6.25)

Using interpolation estimates in H* (M), see [41, Theorem 4.3.1/1], and (6.22),
we get

P wn2/s al—2/s w2—4/s
INE[|rr2aryy < CINE|3S 0 INEl 2hny < CURIZYS, s>2. (6.26)
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To estimate the first factor in the middle term, we used the fact that oof lomr =0
for || < m and therefore, if m > s — 2,

INFlzs ) < CllElLires (an) < C' €l orany < C”

if k > s+ 1. The last inequality follows by comparing f, f using (6.21) and the
estimate on w in Lemma 6.7, combined with (6.20). Combine (6.23), (6.25), and
(6.26) to get

2—4/s
€l z2any < © (IEIE" + 1122
Using again the fact that [|f[|cr) < C (k> 1), Sobolev embedding estimates,
and interpolation estimates in H*(M), one gets

—4/s
1£ ]l 2oy < CIENGan "

with 0 < p < 1 that can be chosen as close to 1 as needed, provided that k£ > 1. It
is enough now to choose s > 2 and u so that (2 —4/s)u > 1 to deduce that f =0
if e < 1, see (6.19). O

7. RIGIDITY OF TWO-DIMENSIONAL SYSTEMS

The main result of this section is the following rigidity theorem for two-dimensional
systems:

Theorem 7.1. If dimM = 2 and (g,«) and (¢',a’) are simple magnetic sys-
tems on M with the same boundary action function, then these systems are gauge
equivalent.

This theorem generalizes the boundary rigidity theorem for simple Riemannian
surfaces which was established in [32]. Our proof of Theorem 7.1 mimics that of
the mentioned theorem in [32].

First of all, by Theorem 2.2 and Lemma 2.5 we may assume that ¢’ coincides
with g on OM,

d'lon = glon,

and that the scattering relations of the magnetic systems (M, g, a) and (M, g’'a’)
coincide:

S =8. (7.1)

The crucial step then consists in establishing that the scattering relation of a
two-dimensional magnetic system (M, g, @) determines the Dirichlet-to-Neumann
(DN) map associated to the Laplace-Beltrami operator of the Riemannian manifold
(M, g).

It is proved in [21, 19] for two-dimensional manifolds that the DN map determines
the conformal class of the Riemannian metric up to an isometry that is the identity
on the boundary.

Afterwards, the proof of Theorem 7.1 is finished by applying Theorem 6.1 which
claims magnetic boundary rigidity within a given conformal class.

Derivation of the connection between the scattering relation and the DN map
is based on the properties of the magnetic ray transform and the commutation
formula between the magnetic flow and the fiberwise Hilbert transform.

We proceed with describing the needed properties of the magnetic ray transform.
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7.1. More about the magnetic ray transform. We recall that, given a notation
F for a function space (C*, LP, H* etc.), we denote by F(M) the corresponding
space of pairs [v, @], with v a 1-form and ¢ a function on M. Also, recall that in
the space £2(M) we consider the norm (3.16) defined as

|2 = /M (Juf2 + ¢?) d Vol.

Associating each pair [v, ] € £L2(M) with the function ¢(z, &) = vi(x)E' + ¢(z),
we may consider £?(M) as a subspace of L*(SM).
Consider the restriction Z of the magnetic ray transform I to £%(M):

£(x,€) ) £(x,€)
Tlo, ol(x,€) = / 0i (g (DA ¢ (8) it + / (e (1)) dt

:Ilv(xag)_FIO(P(xag)a (‘Iag) € a+SM
By Lemma 3.2, we receive an operator
T:L*(M)— L7 (045M).
Let
T : L2(04SM) — L*(M)
be its dual. The same calculations as in Subsection 3.4 show that
T'w = [ZT7w, Tiw)
with
fo=([ €@oan©). Hu- [ weodno.
S M
The following holds:
kerZ = PL*(M), (7.2)

ImZ* C SL*(M). (7.3)

Equality (7.2) is just the claim of Theorem 5.3. Equality (7.3) follows, as soon as
ImZ* is in the orthogonal complement to ker Z and the orthogonal complement to
PLEM) is SL2(M).

Consider the operator

N =TT : L2(M) — L*(M),

which can be written down as

Nv, @] = [N11v + Niow, No1v + Nooy).

Considerations similar to those in the proof of 4.1 show the following:
Proposition 7.2. N is a YVDO in M™ of order —1 with principal symbol
op(N) = diag (ap(J\/ll), Up(J\/oo)),

op(N1)] (2, €) = eal€] (8] = €76,/ 1€°),

p(Noo) (z, §) = cnl€| ™,
where [¢]? = g" (2)&&; and & = ¢7* ()&
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Define
C(01SM) = {w € C>®°(8,SM) : w* € C®(SM)},
where w? is the function that is constant along the orbits of the magnetic flow and
equals w on 4 SM. This space can be described in terms of the scattering relation
S alone; by the forthcoming Lemma 7.6
C(0+SM) ={w € C®(04+SM) : Aw € C(I(SM))}, (7.4)
where
M
AU}(.I,g): w(xagEi (33,5) eaJrS ’
woS H(x,§), (x,&) € I_SM.
The following is an analog of [29, Theorems 3.3.3, 3.3.4] (see also [32, Theorem
1.4], [31, Theorems 4.1, 4.2]).

Theorem 7.3. Let (M, g,«) be a simple magnetic system. Then, for every pair
[v, @] € C®(M), there exist w € CL(01SM) and f € C*(M) such that
[0+ Y, 6] = T'w.
(Note that if v is solenoidal then, in view of (7.3), f is harmonic in M.)

Proof. Our argument is the same as in [29, 32, 31]. Embed M into a closed manifold
M and extend g and a smoothly to a Riemannian metric g and a 1-form o on M.

If U C M is an open neighborhood of M with smooth boundary, then (U, g, a)
is also a simple magnetic system if OU is close enough to M. Henceforth such an
U is assumed to be fixed.

Denote the magnetic ray transform for (U, g, «) by Zy, and denote by rys the
operator of restriction to M. We have the following analog of [29, Theorems 3.3.1,
3.3.2] (see also [32, Theorem 3.1], [31, Theorem 4.3]):

Lemma 7.4. For every pair [v, o] € H*TH(M), s > 0, there exists a pair [u,] €
H3(U) and f € H*T2(U) such that

[v+ V¢l =ruTiTulu, ¥).

Again, the proof is similar to the one in [29, 32, 31]; we will merely sketch it.

Cover M by finitely many open sets Uy such that U = Uy, Uy N M = () for
k> 2, and (U, g, a) is a simple magnetic system for every k. Let {hz} be a subor-
dinate partition of unity such that hi|y = 1. Consider the operators Z(y,, I(*k) for

(Ug, g, ), and define the following operator on the bundle TM & (M x R):
Plu, ] = > hiZ Ty ([, ¢ |v,)-
k

In view of Proposition 7.2, P is a DO of order —1 with principal symbol

. & &g o1
cp di L = .
ag(m BE |§|>

The operator A : C°°(TM) — C®(TM),
A= —¢,V(=A)"3/2,
is a YDO of order —1 with principal symbol
c 5;‘&.'
SE
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Therefore, the principal symbol of the operator
P + diag(A, 0)
equals
e ding (71¢17, 1€ 7).

which means that P + diag(A, 0) is an elliptic ¥DO of order —1.
Now, the same arguments as in [29, 32, 31] show that the operator

rar(P + diag(A, 0)) : H*(U) — H*TH(M)
has closed range and finite codimension.
Since on H*(U)
TMP = TMIZF]IU, (75)
(7.3) and the argument of [29, 32, 31] show that the equation
(P + diag(A, 0))[u, ¥] = [v, ¢]
has a solution [u, ] € H*(U) for every pair [v, ¢| € H*T1(M). Then by (7.5)
[v, 0l + [V £, 0] = ruZiZuu, ¥
with f = ¢, (—=A)~3/25u, which proves the lemma.
Continuing the proof of Theorem 7.3, observe that by Lemma 7.4, for every pair
[v, @] € C°(M) there exist [u,?] € C*°(U) and f € C*°(M) such that
[v+Vf, ] =ruIyZulu, ¢ (7.6)
For (z,&) € SU, define (* (x,¢) by

(" (2,€)) € U, 1~ <0, F>0.
Define

ot (x,8) _
wﬂ%OzA (i (e (O35 € () + g (1)) di,

0
ww%@:/ (e (5 (£) + (rm e (1)) .
£~ (x,8)

These functions belong to C*°(SU). Let w = (w™ + w™)|o,sm. It is easy to see
that (wt + w™) is constant on the orbits of the magnetic flow; therefore, w* =
(wF +w™)|sm and wf € C®(SM). Since Iy [u, ¥] = (wt +w™)|a, su, we see from
(7.6) that Z*w = [v + V f, ¢], which completes the proof of the theorem. O

7.2. Scattering relation and folds. The main aim of this section is to prove the
characterization (7.4) for the space C5°(01SM) (Lemma 7.6). We will proceed in
the same way as in [32].

Preserving the notations of the previous section, define the map

®:9(SM) — 0_SU
by
O(2,€) =y (2,8, (2,€) € ASM). (7.7)
Since T is smooth in SU, ® is smooth as well.

Lemma 7.5 (cf. [32, Theorem 4.1]). ® is a fold map with fold S(OM).
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We recall that a smooth map f: M — N between two smooth manifolds M

and N of the same dimension is said to be a Whitney fold (with fold L) at a point
m € L if f drops rank by one simply at m, so that {z : df(z) is singular} is a
smooth hypersurface near m and ker(df(m)) is transverse to T, L.
Example. Let ¥ be a manifold, R a smooth function on ¥ having 0 as a regular
value, and M = {R71(0)}. Let X be a nonzero vector field on ¥ such that
XR(m) =0, and XXR(m) # 0 for a point m € M. Let N be a hypersurface in
transversal to X such that the projection f: M — N along the integral curves of
X is well defined. Then f is a Whitney fold at m with fold M N {(XR)~*(0)}.

Indeed, we may assume without loss of generality that ¥ is a domain in R",
X = 0/0x™, and N is the hyperplane {z, = 0}. In this case, we easily verify the
claim by straightforward calculations.

Proof of Lemma 7.5. Let p be a defining function of M in U with grad p(z) = v(x)
for x € OM. Then
G#(p © W)(.I, g) = <§a grad p(x»a
G(pom)(z,€) = (& Vegrad p(z)) + (Vs (v), grad p(z)).

Therefore, for (x,£) € S(OM) we have G (pon)(z,§) =0, while G2 (po7)(z, &) =
—A(x, &) + (Y (§),v(x)) # 0 by strict magnetic convexity of OM.

We arrive directly at the above Example if we take ¥ = SM ,R=pom, M =
O(SM), N'=9(SU), and X = G,,. This completes the proof of the lemma. O

Define the extension operator
A:C(0+SM) — C(SM)
by

’LU(.I,g), (.I,g) € 8+SM5
woS H(x,§), (z,€) €0-SM,

where S is the scattering relation.

Lemma 7.6 (cf. [32, Lemma 1.1]). If (M, g, «) is a simple magnetic system, then
C(015M) ={w e C®(04SM) : Aw € C*(0(SM))}.

Proof. If w* € C>°(SM), then Aw = w¥|y(gar) is smooth as well. Let us prove the
converse. If Aw € C*°(9(SM)), then from Lemma 7.5 and [17, Theorem C.4.4]
we deduce the existence of a smooth function v on a neighborhood of the range
®(O(SM)) such that w =vo P.

Let W : SM — 0_SM denote the map

U(z, &) = @ (2,6), (2,€) € SM,
and Uy : SU — 0_SU the map
Uy (a,€) =" @O (2,€), (2,€) € SU.

Note that w! = S~ o W. Therefore, w* = vo ® oS 1o W. It is easy to see that
PoS oW = Wys|gps. Since Uy is smooth on SM, we conclude that w! € C>(SM),
le,we CP(0LSM). O
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7.3. Hilbert transform. From now on, we let (M, g) be an oriented Riemannian
surface. Given v € T, M, we will denote by v, the vector obtained by rotating v
by 7/2 according to the orientation of M. In coordinates (v, ); = &;;07, where

€= detg(_o1 é)

Consider the fiberwise Hilbert transform [32, (1.4)]

_ 1 L (S B
&)= o [ TS e, ge s

If we fix x € M and a reference point a € S; M, any function on the fiber S, can
be treated as a function of an angular variable. Then

2m
Hu(x,0) = %/ cot (‘PT‘Q) u(z, ) de.
0

™

Define
(Gru)(w,8) = (€1, VIu) = —(£, V.1u),
where Vu = eVlu. The following commutation formula holds [32, Theorem 1.5]:

[H, G]u = GL(UJ()) =+ (GLUJ)Q, (78)

where

1

o 27T Se M

u(z,§) do(§)

uo(x)

is the average value on a fiber.

Let V be the infinitesimal generator of the action of S* on the fibers of the
canonical projection 7 : SM — M. Then the generator of the magnetic flow 9! is
given by

G, =G+ )V,
where X is a function on M such that Q = A\Q,, with Q, the area form of g.
Since H commutes with AV, we get from (7.8)

[H, G lu= G (u)+ (GLu)o. (7.9)
Substitute u = w¥, w € C(9; SM), into (7.9). This yields
G, Huw' = -G (w*)y — (G Lw). (7.10)

Define the operator
B:C(SM) — C(0+SM)

by
B’LL(.I,g):’LL(.I,g)—’LLOS(.I,g), ($a§)€8+SM
Clearly,
1G, u = —Bu. (7.11)
Using (7.11), we deduce from (7.10) the identity
BHAw = I(G 1 (w*)o) + I((G Lw)o), (7.12)

since wﬁ|3(5M) = Aw.
Note that

1
G (wh)o = 5 (€, V1 Igw)
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and

1

(leﬁ)o = ——5LIT’LU,

2w

where
5L'U = —5’Ul.
Hence, we can rewrite (7.12) as
1
BHAw = —%I[VLIS’LU, 01 Tiw]. (7.13)

7.4. Dirichlet-to-Neumann map. Given a compact Riemannian manifold (M, g)
with boundary, denote the Laplace-Beltrami operator associated with g by A,.
Consider the Dirichlet problem

Agu=0o0n M, ulom =f.
The DN map is defined by
Ay(f) = (v, Vulonr).-

In the two dimensional case, the DN map can also be described as follows. Let
(h, hy) be a pair of conjugate harmonic functions on M,

Vh=Vih., Vh.=-V,h
Let h° and h? denote their traces on M. Then
A(hY) = (v, VR |onr) = —(v, (V Lh)|aar) = (vi, (V) |oar) = (vi, Vouh®), (7.14)

where Vs is the gradient w.r.t. the induced metric on OM.

The following theorem is an analog of [32, Theorem 1.3] and states that the
scattering relation of a simple magnetic surface (M, g, ) completely determines
the DN map of the metric g.

Theorem 7.7. Let (g,a) and (¢', ') be simple magnetic systems on a compact
surface M with boundary such that glays = ¢'|lom. Assume that the scattering
relations S and S’ of these systems coincide. Then Ay = Ay

Proof. Assume that h, h, is a pair of smooth conjugate harmonic functions on M.
Then G h = Gh, = G, h.. By Theorem 7.3, there are w € C*(0;SM) and
f e C™(M) satistying Zjw = h, Z{w = V f. From (7.13) we then obtain

1
BHAw = —— BAR’ 1
w 5Bl (7.15)

since §, Vf = 0. Hence, the following holds:

Lemma 7.8 (cf. [32, Theorem 1.6]). If h,h. is a pair of smooth conjugate har-
monic functions on M, then there is w € CP(0:+SM) such that h = Ziw and
equation (7.15) holds with h? the trace of h. on OM.

In the opposite direction we have:

Lemma 7.9 (cf. [32, Theorem 1.6]). Suppose h? € C>°(OM) and w € C*(0,SM)
satisfy equation (7.15). Define h := Zfw and let h. be the harmonic continuation
of h? to M. Then h and h. are conjugate harmonic functions.



50 N.S. DAIRBEKOV, G.P. PATERNAIN, P. STEFANOV, AND G. UHLMANN

Proof. Let q be an arbitrary smooth extension of h? to M. Note that
Guq=Gq= (£ Vq).
Using (7.13), we can therefore rewrite (7.15) as
_I[Vlh’a <P] = I[an O]a

with ¢ = §, Z7w.

Thus,

I[Vih+ Vg, =0.

By (7.2) we then have ¢ = 0 and Vg+V | h = Vp for some smooth function p on
M with p|gar = 0. Therefore, h and ¢ — p are conjugate harmonic functions. Since
(g —p)lom = hY, we have ¢ — p = h,, which implies that h and h, are conjugate
harmonic functions. O

Continuing the proof of Theorem 7.7, we have the following procedure to obtain
the DN map from the scattering relation. For an arbitrary given smooth function
h? on OM we find a function w € C°(9;SM) that solves equation (7.15). Then
the functions h® = 27(Aw)o (notice that 2m(Aw)o = Ziw|onr) and h? are traces of
conjugate harmonic functions. This gives the DN map by means of (7.14). d

7.5. Proof of Theorem 7.1. We end up with the proof of this theorem in the
same way as in [32]. If two simple magnetic systems (g, &) and (¢’, &) on a compact
surface with boundary have the same boundary action functions, then by Theorem
2.2 we may assume that glans = ¢'|anm and, by Lemma 2.5, their scattering relations
coincide. Theorem 7.7 then tells us that the DN maps of the metrics g and ¢’
coincide. Now, the result of [21, 19] implies the existence of a diffeomorphism
f: M — M, which is the identity on M, and of a function w such that ¢’ = w?f*g.
Next, Theorem 6.1 yields w = 1 and o = f*«a 4 dp for a smooth ¢ vanishing on
OM . This concludes the proof of the theorem.

APPENDIX A. GEOMETRY OF MAGNETIC SYSTEMS

A.1. Mané’s critical value and simplicity. Here we adapt a certain part of the
theory of convex superlinear Lagrangians to the case of manifolds with boundary.
Let M be a compact Riemannian manifold with boundary and let L : TM — R
be a C'*° Lagrangian satisfying the following hypotheses:
e Convexity: For all x € M the restriction of L to T,M has everywhere
positive definite Hessian.
o Superlinear growth:

lim M = 400
lo|—co  |V]

uniformly on z € M.

The action of L on an absolutely continuous curve 7 : [a,b] — M is

b
AL(y) = / (), 4(1)) dt.

For each k € R, the Mané action potential Ay, : M x M — RU {—o0} is defined
by

Ap(z,y) = inf Api(y),
v€C(z,y)
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where C(z,y) = {7y :[0,7] = M : v(0) =z, v(T) =y, ~ is absolutely continuous}.
The critical level ¢ = ¢(L) is defined as

c(L) =sup{k € R: A k(v) < 0 for some closed curve ~}
=inf{k € R: Ap41 () > 0 for every closed curve 7}.

Proposition A.1. For k < ¢(L), Ap(x,y) = —oo for all z,y € M. For k > c¢(L),
Ag(z,y) €R for all z,y € M.

Proof. The same as in [6, Proposition 2-1.1]. O

One more characterization of ¢(L) is useful. Recall that the Hamiltonian H :
T*M — R associated with L is defined by the Fenchel transform

H(z,p) =sup{p(v) — L(z,v) : v € T, M},

and the supremum is achieved at v such that p = %(x, v).

Proposition A.2. If there exists a C* function f : M — R such that H(df) < k,
then k > ¢(L).

Proof. The same as in [7, Lemma 5]. O

Recall that the energy function E: TM — R for L is defined by
oL
E(.I, ’U) = %(xa ’U) U= L(Ia ’U),

and that the energy function is constant on every solution x(t) of the Euler—
Lagrange equation

d OL L

LI (wtt),a0)) = 2= (a(t), (1) (A1)

Let o' : TM — TM be the Euler-Lagrange flow, defined by ¢ (z, v) = (v(t),¥(t)),

where 7 is the solution of (A.1) with v(0) = z and #4(0) = v. For x € M and
k € R, the exponential map at x of energy k is defined to be the partial map
exp, : IxM — M given by

exph(tv) = mopt(v), t>0, veT,M, E(x,v)=k.

Then exp” is a Cl-smooth partial map on T, M which is C*°-smooth on T,.M \ {0}.
The next proposition is similar to [8, Theorem D] and has a similar proof.

Proposition A.3. If expt : (exp?)~Y(M) — M is a diffeomorphism for every
x € M, then k > ¢(L).

Proof. Fix ¢ € M. Given z € M, let 74, : [0,T,] — M be a solution of the
Euler-Lagrange equation with energy k, joining g to x. Consider the function
f(x) = Ak(vg,2). It is easy to see that the assumption of the lemma implies this
function is smooth in M \ {q}. It follows from the first variation formula of [8,
Lemma 4] that for z € M \ {q}
L

4. 7) = T2 A Ty)) -
which implies

H(ZE, dmf) = E(ZE, ;YZI@(TQ@)) =k.
This last equation also implies that |d, f| is uniformly bounded for all z € M \ {q}.
Thus f is Lipschitz in M and a smoothing argument as in [7, 14] shows that for
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any € > 0 there exists f € C°°(M) for which H(z,d.f) < k + ¢ for all z € M.
Thus by Proposition A.2, k > ¢(L). O

The next proposition is an analog of [6, Proposition 3-5.1] and has the same
proof.

Proposition A.4. If k> ¢(L) and z,y € M x # y, then there is v € C(z,y) such
that

Az, y) = Argr(7).
Moreover, the energy of v is E(v,%) = k.

Now, we apply the above to the case of magnetic systems. For a simple magnetic
system (M, g, a), the magnetic flow can also obtained as the Euler-Lagrange flow
with the corresponding Lagrangian defined by

1
L) = ghf} — 0 (v).
Lemma A.5. Let (g, ) be a simple magnetic system on M. Forx,y € M, x # y,

Aryp(z,y) = Argry2(Vay) = Toy — / @,

Y,y

where Yz 1 [0, Ty ] — M is the unit speed magnetic geodesic from x to y.

Proof. 1t is easy to see that the simplicity assumption implies that for this La-
grangian the assumptions of Proposition A.3 hold for all & sufficiently close to 1/2.
Therefore, the proposition gives 1/2 > ¢(L). Then Proposition A.4 shows that,
given x # y in M, there is v € C(z,y) with energy 1/2 (i.e., v is parametrized by
arc length) such that A(x,y) = A(v). Using simplicity, one can then prove that ~
is a unit speed magnetic geodesic, i.e., ¥ = vz,y- O

A.2. Magnetic convexity. Let M be a compact manifold with boundary, en-
dowed with a Riemannian metric g and a closed 2-form 2. Consider a manifold
M, such that Mi™ > M. Extend g and 2 to M; smoothly, preserving the former
notation for extensions. We say that M is magnetic convex at x € M if there
is a neighborhood U of x in M; such that all unit speed magnetic geodesics in U,
passing through z and tangent to M at z, lie in M; \ M™. If, in addition, these
geodesics do not intersect M except for x, we say that M is strictly magnetic convex
at z. It is not hard to show that these definitions depend neither on the choice of
M nor on the way we extend g and §2 to M;.

As before, we let A denote the second fundamental form of OM and v(z) the
inward unit normal to OM at z.

Lemma A.6. If M is magnetic convex at x € OM, then
Az, v) > (Yo (v),v(z)) for allv € S, (OM). (A.2)
If the inequality is strict, then M is strictly magnetic convez at x.

Proof. Suppose M is convex at . Choosing a smaller U if necessary, we may assume
that there is a smooth function p on U such that | grad p| = 1 and OM NU = p~1(0).
Further we may assume that all the above geodesics lie in U~ = {z : p(z) < 0}.
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Let v € S;(OM) and «(t) be the magnetic geodesic with v(0) = z, 4(0) = v. By
assumption, p o y(t) < 0 for all small ¢. Therefore,
d2

ﬁ[po"y(t)] <0.

t=0

Since
d? d }
5 lPoy()] = —(grad p(2(£)), 4(1))
= (Vs grad p(y(1)), (1)) + (grad p(+(£)), 5 (¢))
= Hessy 1) p(7(),7(t)) + (grad p(+(1)), Y (4(1)))
and since A(z, &) = — Hess, p(v,v) and grad p(z) = v(z) when (z,v) € 9(SM), we
arrive at (A.2).
Now, assume that (A.2) is strict. Then there is § > 0 such that for every
magnetic geodesic v in N with v(0) = z and ¥(0) = v € S, (OM),
d2
5 lpor(®)]

Thus, there is a small € > 0 such that

< 4.

t=0

1
por(t) < —Z5t2 for all t € (—¢,¢).
This implies the second statement. O

A.3. Exponential map.

Lemma A.7. The map expt : T,M — M is C* and C> on T, M\ {0}. This map
is C? if and only if Q = 0.

Proof. Recall that expt(tv) = 7o 9t (x,v) := ¥(t, x,v) where v has norm one and
t > 0. Clearly this implies that exp¥ is C* on T, M \ {0}. Since
a
dt

Tot(x,v) =v
=0

we see that the directional derivative of exp# at 0 in the direction of v exists and
equals v. In a coordinate system around x write

expl (tv) = 7' (t, 2, v) (A.3)

where 7¢ depends smoothly in (¢, z,v). Differentiating with respect to v we obtain

d explt o
507 (tv)t = @(t, z,0).
Since 7 (0, z,v) = a?, 5% Y0, 2, v) = 0. Therefore,
. Oexph? 1 0y
tlir(% W(tv) tlir(% t Qvd (t2,v)
82 i 82")/i .
= Btow 7 (0::0) = goigr V) =9

since 4%(0, z,v) = v'. Since S, M is compact, the above limit is uniform in v € S, M
and thus exp# has continuous partial derivatives at 0, i.e., exp” is C*.
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Suppose now that exp# is C2. Differentiate (A.3) twice with respect to t (v €
S,y M)

- 0% exptt ,

k T .

'U‘]'U W(tv) —”)/l(t,x,'(}).

Using the equations of a magnetic geodesic
¥ AT = Vit
we obtain ) _
o vka exph”

W(“’) = —4IAFTL, + VAP

Let t — 0. Then

Ovivk

Since this holds for all v € S; M we must have Y} (z) =0, i.e., Q@ = 0. O

) o2 Hyi . .
viok (ﬂ(()) + F;k(x)> = Yji(z)o".

A.4. Santalé’s formula. If (M, g) is a compact Riemannian manifold with bound-
ary, we endow its unit sphere bundle SM with its usual Liouville (local product)
measure d¥2" "1 and endow the bundle 9, SM with its standard measure d»?"2
(again a local product measure where the measure on the fiber is the measure of a
hemisphere). Denote by du the measure on 94 SM given by

dp(z,) = (& v(@)) d=*" (@, ),
where v(z) is the inward unit normal of OM at a point x.

The following version of Santald’s formula holds for magnetic flows.

Lemma A.8. Suppose that (M, g, «) is simple. Then for every continuous function
@ : SM — R we have

0(x,€)
/'wﬂ%*:/ W@@/' ome®) e dl. (AA)
SM 8, SM 0

Proof. The argument we use is the same as in [34]. We give it for the sake of
completeness.

First, we recall the well-known fact that the Liouville measure is invariant under
the magnetic flow (for example, because wo™ = (wo + 7*NQ)"* while wy + 7*Q is
flow invariant). Now, let D = {(z,&t) € 0:5M : 0 < t < {(z,€)}, and define
U:D— SM by ¥(z,&t) =t (x,€), where 1t is the magnetic flow. Then

/ <pd22"*1:/(<po\p) U*(dx?n—1). (A.5)
SM D

By construction, ¥ conjugates ¢! with the flow generated by 9/9t on D. Since
d¥:?"~1is invariant under ¢!, ¥*(dX?"~1) is invariant under the flow of 9/9¢. Then
TH(dE?" ) (2, &t) = a(z, £)dE*" 2 A dt

=a
for some function a on 9;.5M, so that (A.5) takes the form

£(,8)
/ <P d22n71 - / CL({E, g) d22n72(xa g) / <P(”Ym,§ (t)a F.mef (t)) dt
SM 8y SM 0

We are left with proving that a(z, &) = (£, v(z)). To this end, it suffices to show
that
U (A2 (2, 60) = (€, v(2)) dS2 2 A dt.
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Note that d¥?"~! = —d¥?"=2 A dr on O(SM), where r(x) = dist(z,0M) is
the distance function from x to M. Since the differential of ¥ is the identity on
T(w,e)(04SM) and takes 9/0t to the generator G, of the flow ¥, we have

T (dX? 1) (2,60) = (G 1) dX*2(2,€) A dL.
As soon as G,r = (£, Vr) = —(§,v(x)), we are done. O
A.5. Index form of a magnetic geodesic. Let (M, g, a) be a simple magnetic
system. For every © € M, exp? : T,M — M is a diffeomorphism restricted to a

suitable set in T, M which is diffeomorphic to a closed ball.
Let m: SM — M be the canonical projection and let for v € SM,

V(v) :=kerd,m,

which is an (n — 1)-dimensional subspace of T,,SM, and

E(v) ==V (v) 8 RG,(v). (A.6)
Lemma A.9. If~:[0,T] — M is a unit speed magnetic geodesic, then

ds0) ¢ (E) NV (5(t)) = {0}
for every t € (0,T].
Proof. Take v € SM and t € (0,7]. From the definition of exp# one sees right
away that
image(dtv expg) = d;y(t)ﬂ(d;y(o)wt (E))

Since d,, exp# is a linear isomorphism for every w € T, M at which exp# is defined,

the lemma follows. O

Given a unit speed magnetic geodesic v : [0,7] — M, let A and C be the
operators on smooth vector fields along v defined by
A(Z) = Z+ R(3,2)y =Y (2) = (V2Y)(%),
C(2) =R(%, 2)7 = Y(Z) = (V2Y)(3).
A vector field J along ~ is said to be a magnetic Jacobi field if it satisfies the
equation
A(J) =0. (A7)
Let A denote the R-vector space of smooth vector fields Z along « such that
Z(0) = Z(T) = 0. Define the quadratic form Ind : A — R by

T
Ind(Z,Z):/O {1217 = c(2).2) - (v (), 2} at.
Note that r
md(Z, Z) = — /O ((A(2), 2) + (Y(3), 2)?} dt.

Clearly, Ind(Z, Z) generalizes the index form of a geodesic in a Riemannian
manifold. The next lemma is an analog of a well-known assertion from Riemannian
geometry.

Lemma A.10 (Index Lemma). If Z € A is orthogonal to ¥, then
Ind(Z,Z) > 0,
with equality if and only if Z vanishes.



56 N.S. DAIRBEKOV, G.P. PATERNAIN, P. STEFANOV, AND G. UHLMANN

Proof. Note that the subbundle E defined by (A.6) is Lagrangian.
If £ € E(v), then Je(t) = dm o dip*(€) satisfies the Jacobi equation (A.7). Since

ds)7| sy P EO) = Ty M

is an isomorphism for all ¢ € (0,71, there exists a basis {1, ...,&,} for E(v) such
that {Je, (t),...,Je, (t)} is a basis of T,,)M for all t € (0,7]. Without loss of
generality we may assume that & = G, (v), Je, =% and J¢,(0) = 0 for ¢ > 2.

Let us set for brevity J; = Jg,. Then if Z is an element of A, we can write for

€ (0,T]
= Zﬁ(tw (t)

for some smooth functions fi,..., fn. The functions f; can in fact be smoothly
extended to ¢ = 0. Indeed, for i > 2, we can write J;(t) = t A;(t) where 4; is a
smooth vector field such that A4;(0) = J;(0). Since {%(t), Aa(t), ..., A, (t)} is now
a basis for all ¢ € [0, T, there exist smooth functions g; such that for all ¢ € [0, T]

n

Z(t) = u(&)3(t) + D git) Ai(t).

i=2
Therefore for ¢ € (0,7, g1(t) = f1(t) and for i > 2, ¢;(t) =t f;(¢t). Since Z(0) =0,
9i(0) = 0 for all ¢ and the f;’s smoothly extend to t = 0.
Now we can write

Ind(Z, Z) Z/ J;) dt—/OT<Y(~'y),Z>2dt. (A.8)

An easy computation shows that

A(fijl) fzJ + 2f1J fz ( )"’ fl ( 1)
Since J; satisfies equation (A.7), then A(J;) = 0 and hence,

CA(fidi) J3) = Fi (Jis J3) + 2fu( i, Tg) = il (), J;).
Observe that since E is a Lagrangian subspace,
<Jia JJ> - <Jla ']J> + <Y(Jl)a ']J> = Oa
and then p
(A(fidi), Jj) = E(ﬁ (Ji, J5))-
Now we can write

T T T, .
[ AU g3} e = Gt gy 1)) = [ i dy
0 0

Combining the last equality with (A.8) we obtain

md(Z, Z) / HZf s <§fiji,z>’j_/OT<y(~'y),Z>2dt.

But Z(0) = Z(T) = 0, therefore

V= [ I3l

T
/ (Y (%), Z2)? dt. (A.9)
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Now let

Since J1 = 4 we have:
<Zm,2ﬂ D) = A+ W+ W) = 2 420103, W) + (W, W),

Differentiating (Z, ) = 0 we get

(Z,%) +(Z,Y (%)) = 0.
But

2.4) = (3 filiA) = i+ (0,9)
i=1
since (J;,%) = 0 for all i. Therefore

(Y (%), 2)* = fI+2f1(W,4) + (W, 4)*.
Thus

(D2 dedin Y fuli) = (Y(3).2)° = (W, W) = (W.4)*.

If we let W+ be the orthogonal projection of W to 4+, the last equation and (A.9)
give:

T
Ind(Z,2) = / [W|2dt >0
0

with equality if and only if W+ vanishes identically. But if W+ vanishes, then

—WAy+ > fidi=0
which implies that the functions f; are constant for ¢ > 2. Thus Z is of the form
f1y + J where J is a magnetic Jacobi field. But Z(T') = 0 implies J(T') = 0. Since
the J/s are linearly independent at T, J must vanish identically and since Z is
orthogonal to %, Z must also vanish. ]

APPENDIX B. STUDY OF A CERTAIN CLASS OF INTEGRAL OPERATORS WITH
SINGULAR KERNELS

As we mentioned before, the fact that the magnetic exponential map is smooth
in polar coordinates only forces us to work in polar coordinates as well. In this
appendix we study a class of operators that naturally arise in our analysis.

Let U C R™ be open and g be a smooth Riemannian metric in a neighborhood
of U.

Lemma B.1. Let A: Co(U) — C(U) be the operator

/SU/Ax rw) (@ + rw) dr dog (w), (B.1)



58 N.S. DAIRBEKOV, G.P. PATERNAIN, P. STEFANOV, AND G. UHLMANN

with A € C®°(U x R x S, U). Then A is a classical ¥WDO of order —1 with full

symbol
g) ~ Z a’k(xa g)a
0

where
ik

ap(z, &) = 27— o 8fA(x, 0,w)0®) (w - €) do, (w).

Proof. Notice first that if A is an odd function of (r,w), then Af = 0. Therefore,
we can replace A above by Aeven(r,w) = (A(r,w) + A(—r, —w))/2. Next, it is easy
to check that we can integrate over » > 0 only and double the result. Therefore,

Af(x) = 2/5 M/OOO Acven(z, 7, w) f(z + rw) drdo,(w), (B.2)

Consider now 7, w as polar coordinates for z = rw, and make also the change of
variables y = = + z to get

Af(z) = 2(det g(x 1/2/Amn( ly -l ”) W, (3

ly — zlg ly — x|y

where the subscript g refers to g(z). Let
N-1
Acven(z, 1, w) = Z Aeven,k(2, w)rk + TNRN({E, r,w) (B.4)
k=0
be a finite Taylor expansion of Agyen in 7 near r = 0 with N > 0. It follows easily
that 2Acven .k (z,w) = Ag(z,w) + (=1)* Ag(z, —w), where k!Ay = 0F|,—gA, and in
particular, Aeyen k(z,w)r* is even w.r.t. (r,w). The remainder term contributes to
(B.3) an operator that maps L2, (U) into HN=No(U) with some fixed No. To
study the contribution of the other terms, write

Acvcn,kf(x) = Z(det 9(33))1/2 / Acvcn,k (:Ea |y {E| ) |y x|§7n+1f(y) dy (B5)
g9

The kernel of Aeyen i is therefore a function of z and z = y — z, with a polynomial
singularity at y — 2z = 0, and it is therefore a formal YDO with symbol that can be
obtained by taking Fourier transform in the z variable. Motivated by this, apply
the Plancherel theorem to the integral above to get

Acvcn,kf(x) - (27T)7n/6 CLk(.I §)f(§) d&a

where

ak(fE, g) =2 / e7iy.§146vcn,k (:Ea |; _ZE| > |y - x|k nJrl(det g(x))1/2 dy
g

= 2/ / eiim'fAcvcnyk(x,w)rk dr do,(w)
SzU JO

:/ / e~ S Ay (2, w)r dr dog (w)
S, U J —o0

= Ap(z, )6 (w - &) do(w). (B.6)
SzU
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In the third line, we used the fact that Aeyen k(7,w)r* is even. Note that ay(z, &) is
homogeneous in ¢ of order —k — 1 and smooth away from & = 0 but a distribution
(in 8’) near zero. To deal with this, choose x € C§° supported in || < 1 and equal
to 1 near £ = 0. Write a(z, &) = x(§)a(z,€) + (1 — x(§))a(x, ). The second term
is a classical amplitude, while the first one contributes the term

Acvcn,k(X * f) (B?)
to (B.5) that is smooth, as can be easily seen by making the change of variables
z=y—x in (B.5), see also (B.16). O

Remark B.2. If A(z,r,w) and g are smooth of class C*¥ only, then A is an ¥DO
with an amplitude of finite smoothness [(k), admitting a finite expansion. If k > 1,
then [ > 1, and one can still construct a finite order parametrix of an elliptic ¥DO
in this class and the usual H®' — H*? estimates still hold, if £ > 1, depending on
s1, S2. This has been used already in [37, 38].

We return to the analysis of the singular operator A introduced in Lemma B.1
under the assumption that A and g are analytic. Our reference for the calculus of
analytic ¥DOs is [40].

Lemma B.3. Let A: Co(U) — C(U) be the operator (B.1) with A(x,r,w) analytic
for (z,w) € U x S;U, and r € R such that  + rw € U. Then A is an analytic
U DO of order —1 with a symbol expansion as in Lemma B.1.

Proof. Notice first that A is analytic pseudolocal, see [40, Theorem V.2.1].

By performing the change of variables w’ = ¢'/?(z)w, we reduce the lemma to
the case where g is the Euclidean metric. Let U’ CcC U.

Let us estimate ag(x, &), see Lemma B.1. Since A(z,r,w) is analytic, and ay is
homogeneous of order —k — 1, we have

|ar(z, €)| < CHF 1kl F
with some C' > 0. Using the homogeneity, we get
02 an(w,€)] < CFHal+1a1kjg|~k-lol-1 (B.3)

for ¢ is in a complex neighborhood of R and z in a complex neighborhood of U’.
Therefore, there exists a pseudoanalytic symbol a ~ > ag, see [40]. This symbol is
defined by

Z(pk ag(z, ), (B.9)

where ¢, have the properties (see [40, V.2]): 0 < gr <1, pr(§) =0 for |¢] <
2Rmax(k, 1), px(€) = 1 for |¢| > 3Rmax(k, 1), |[D¥¢x| < (C/R)I®l for |a| < 2k,
where R > 1 is a large parameter. We will prove next that a(x, D) differs from A
by an analytic regularizing operator.

Let uw € &'(U’). Let s > 0 be such that u can be represented as a finite sum of
derivatives of continuous functions of order not exceeding s.

By (B.4), for any N > 1,

N—

,_.

ax(z, D)u+ Ryu, (B.10)
k=0
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where, despite the strong singularity of ay at £ = 0, ax(x, D) have regular (inte-
grable) Schwartz kernels, and

Ryu(x) = 2/§an /000 rNRy(x, r, w)u(z 4 rw) dr do(w)

-n r—y
:2/|33—y|N leRN(% |$—y|,m)u(y) dy. (B.11)

We express Ry in its Cauchy form as

1 ! N N—-1
By(z,r,w) = m/o 0, Aeven k(x, tryw)(1 —t) dt.
We have 3
|ID*Ryul < CVal inU’ for [a] < N —s. (B.12)
Splitting the sum (B.9) into two parts, we write
N—-1 00
a@, D) = 0p( Y ee(©an(@.)) +Op( 3 pr(@ar(@,6)).  (B.13)
k=0 k=N
For the second term we have (see (3.15) in chapter V in [40])
’DO‘Op( Z wk(f)ak(x,ﬁ))u’ <CVa! inU'for |a] < N —s. (B.14)
=N
We are left to compare the first sum in (B.13) with the sum in (B.10):
N—1
Buu:=0p( - (1= pr(©)ar(w,€) Ju = Byu + Biu,
k=0

where

2

Bivu=0p( Y (en(©) = wr(©)an(@,9) u.

>
Il
=)

2

Biu=0p( Y (1= pn(€)ar(@,9))u.

bl
(=)

On supp (N — ¢k ), we have 2Rk < || < 3RN provided that k < N and, as always,
we assume that R > 1. Using this and (B.8), we get

|DYByu| < C(CRN)!®I=1+5 in U for |o| < N —1, (B.15)

compare with (3.17) in chapter V in [40].
We write By in the form (see (B.7))

N-—1
Bue) =2 /Amn’k (33 |Z7|) 12| (1 — on) % f(z +2)dz. (B.16)
k=0

This implies
|DBu) < CN(CRN)®+s in U for |a| < N —1. (B.17)
Combining (B.12), (B.14), (B.15), and (B.17), we get
|D(A — a(x,D))u| < CNN! in U’ for |a| < N —s.
For N > s, choose |a| = N — s to conclude that (A—a(x, D))u is analyticin U’. O
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