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ABSTRACT. We investigate inverse scattering at a fixed energy for semiclassical Schrodinger
operators with smooth potentials. For compactly supported potentials satisfying a natural
virial condition, we prove that lim infj, o [|S1 (), h) — S2(A, h)|| < v/2 implies Vi = V&, provided
the fixed energy M\ lies above both potentials. We then consider radial short-range repulsive
potentials. Under a monotonicity assumption on the radial force, we show that the semiclassical
differential cross section at a single fixed energy, up to o(1) as h — 0, determines the potential
throughout the classically accessible region. Finally, we obtain an analogous rigidity result for
nontrapping compactly supported perturbations of the Euclidean metric under a strict convexity
assumption.

1. INTRODUCTION

The purpose of this paper is to study the inverse problem for semiclassical scattering at a fixed
energy. More precisely, we investigate to what extent the scattering data in the semiclassical
limit determine the underlying potential. Let

h2
(1.1) H(h) :—?A—i—V(x), 0<h<1,

be the semiclassical Schrodinger operator in L?(R™), n > 3. Throughout the paper, V is real-
valued and smooth. We shall work with short-range potentials satisfying, for some p > 1,
(1.2) 00V (2)] < Cola)y ™7, aeN", ()= (1+[z|)V%

For such potentials, trajectories escaping to infinity have free asymptotics, while trapped tra-
jectories may still occur at a given energy.

We denote by
h2
(1.3) Hy(h) = —?A
the free Hamiltonian associated with H(h), and by
(1.4) R(z;h) = (H(h) - 2)"',  ze€C\o(H(h)),
the resolvent of H(h). Let F}, denote the semiclassical Fourier transform, defined for f € S(R")
by

(Fnf)(€) = (2mh)™"/2 / e @ f(2) da.

n

For A > 0, the Fourier restriction operator at energy A is given by
Fo(\ ) f(w) = NN FNHWV2Aw), wesSh
The scattering matrix
S(\ h): L2(S"1) — LA(S™ 1)
is unitary and can be written as

(1.5) S(A\ k) =Id — 27 iT (A, h),
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where
(1.6) T (A h) = Fy(X, h)(V — VR(X+ i0; h)V)Fo()\, h)*.

Here

R\ 4+ i0;h) = s — liﬁ} (H(h) — X — ie) ™!

denotes the outgoing boundary value of the resolvent, where the strong limit is taken in

B(LZ(R™), L2 (R™)), s> %
with
(1.7) L}(R™) = {u € L}, .(R"); (z)*u € L*(R™)}, (x) = (1+ )"/

Away from the diagonal, T'(\, h) has a smooth kernel, denoted by
T(6,w; N\, h), 0,wesS !t 0#w.

The corresponding scattering amplitude is defined by Kuroda’s formula

(1.8) flw—=0;\h) =c(A\h)T(0,w;\,h),
where
(1.9) ¢\, h) = —(2m) D29 )) = (/AR (=172 oy <— 1(”_43)”> .

For the standard scattering theory recalled above, we refer to Isozaki-Kitada [9, 10], Reed—Simon
[21], and Yafaev [29].

Our main inverse problem is to determine to what extent the condition

(1.10) Hminf [|S1(A, k) = Sa (A, h) |l g2(sn-1y) < V2,
h—0

at a fixed energy A > 0, determines the potential.

There is a natural limitation to such a fixed-energy inverse problem. In [17], it was proved that,
for two short-range potentials V; and V3, at a fixed non-trapping energy A > 0 (defined below),

(1.11) A=N)y=A=Va)r = Si(A\h)—S2(\h) =0O(h>)

in the operator norm of B(L?(S"7!)) as h — 0, where (a); := max{a,0}. Thus, at a fixed
energy, one cannot in general expect the semiclassical scattering data to determine the potential
in the classically forbidden region {V' > A}. The natural inverse problem is therefore to recover
V in the classically allowed region {V < A}, or, equivalently, to recover the function (A — V).

The semiclassical direct problem has a precise classical interpretation. Semiclassical asymptotics
for scattering amplitudes were first obtained by Protas [19] and Vainberg [27] for compactly
supported potentials. Yajima [30] subsequently treated non-compactly supported short-range
potentials, obtaining an asymptotic expansion in an L? sense with respect to the energy and
angular variables. Robert and Tamura [24] then obtained, for short-range potentials, a precise
fixed-energy description at a non-trapping energy, expressing the scattering amplitude, for regu-
lar outgoing directions, as a finite sum of contributions associated with the underlying classical
scattering trajectories. Further microlocal descriptions of the semiclassical scattering matrix
were obtained by Alexandrova [1], as we shall discuss in more detail below.

We recall the classical objects entering the semiclassical scattering asymptotics, using a notation
adapted to the present paper. For the standard semiclassical framework and its relation with
the underlying classical Hamiltonian dynamics, we refer, for instance, to Robert [22]. The
Hamiltonian associated with (1.1) is

_IE¢
(112) p(fL’,ﬁ)— 9 +V($)>
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and the corresponding classical trajectories ¢ — (qa(t),pe(t)) are the integral curves of the
Hamiltonian vector field, that is,

(1.13) da(t) =pa(t),  palt) = =VV(qal(t)).

At the energy A > 0, the energy surface is
2
(1.14) Y= {(:L",{) ET*R";E‘%—V(@ :)\}.
We recall that A > 0 is a non-trapping energy if, for every R > 1 sufficiently large, there exists
T =T(R) > 0 such that

(115) |QC1(tv yﬂ?)’ > R) |t| > T7

whenever |y| < R and (y,n) € X\, where t — (qa(t;y,n),pa(t;y,n)) denotes the solution
of (1.13) with initial data (y,n) at t = 0.

Under the non-trapping assumption and (1.2), every classical trajectory (gq(t),pc(t)) on the
energy surface Xy is a scattering trajectory and admits asymptotic data (ry,vy) such that

(1.16) qei(t) = vat + 1y + o(1), pa(t) = ve +o(1), t — +oo.
Since the energy is conserved and V(g (t)) — 0 as t — +00, one has |v4| = v/2A. The map
(1.17) Ser: (r—,v_) — (r4,v4)

is the classical scattering transformation.

For later use, we describe the classical scattering transformation in the coordinates naturally
associated with the semiclassical scattering matrix. Fix an incoming direction w € S*~! and set

(1.18) Ay, ={2z€R" z-w=0}.
For z € Ay, let
(@oo(t; 2, A), Poo(t; 2, N))
be the scattering trajectory satisfying
(1.19) Goo(t; 2, \) = V2Awt + 2 + o(1), Poo(t; 2,A) = V2Xw + o(1), t— —o0.
As t — +00, there exist smooth functions &, (2;A) € S* ! and ro(2; A) € R such that

Goo(t52,N) = V2X Eao (25 M)t + Too (23 N) + 0(1),
(1.20) t — 4o00.
Poo(t; 2,A) = V2A & (25 A) 4 o(1).
For § € S* 1, let
yx =z — (x-6)0
denote the orthogonal projection onto #. The classical scattering map at energy \ is then given
by

(1.21) (W, 2) = (o2 M), Ig (2 To0 (23 A)) -
Figure 1 summarizes the geometry. For a genuinely short-range potential, the interaction is not

compactly supported; the circle only represents the region where it is significant. The parameter
z labels the incoming line, while £, (2; \) is the outgoing direction.

FIGURE 1. A classical scattering trajectory at the fixed energy A.
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We first consider compactly supported potentials. At a fixed non-trapping energy, the condition
lim infp, o [|S1(A, k) — Sa(A, h)||gr2sn-1y) < V2 already implies equality of the classical scatter-
ing maps. Combined with a classical rigidity result, this yields our first uniqueness theorem:.

Theorem 1.1. Let V1,V € C(R™), n > 3, and let A > 0 satisfy

(1.22) A >supVj, ji=12.
R’I’L

Assume moreover the virtal condition
(1.23) 2N =Vj(x)) —z - VVj(z) >0, r e R", j=1,2.
If
(1.24) lim inf ||Sl()\, h) - SQ()\, h)HB(LQ(Sn—l)) < \/5,

h—0
then
(1.25) Vi=VWs.

Let us briefly explain the main ingredients of the proof. A fundamental result of Alexandrova [1]
shows, for short-range potentials and microlocally away from the diagonal, that the semiclassical
scattering matrix is a semiclassical Fourier integral operator associated with the classical scat-
tering relation. In particular, her work provides a precise microlocal link between the quantum
scattering matrix and the underlying classical scattering dynamics.

Here we use instead a particularly convenient description due to Ingremeau [8]. For compactly
supported potentials at a non-trapping energy, his result describes explicitly the action of the
scattering matrix on Gaussian states localized at points of T*S"~!. The asymptotic orthogonality
of Gaussian states localized at distinct phase-space points then yields a quantitative threshold:
it is enough that

(1.26) lim inf || S1(A, h) — Sa(A, h)|| < V2
—

to recover the classical scattering map.

We now recall the precise form of Ingremeau’s result that we shall use. His result is stated at
the fixed energy 1/2. By a harmless rescaling, we may reduce our problem at energy A > 0 to
this setting. If ¢, is a Gaussian state localized near p € T*S"~ ! then, for every N € N,

(1.27) SO Sp =o)L+ 00N,

where § € R and qb,(fj()p) , 18 an outgoing Gaussian state, with an amplitude admitting a finite
semiclassical expansion, localized near the phase point xy(p).

The essential point for our purposes is the transport of the center of the Gaussian state from p
to kx(p). We show that this implies

(1.28) liminf [|Sy (A, k) — So (A B)||p(re@n-1y) < V2 = Kix = Ko
h—0

Indeed, Gaussian states localized at distinct phase-space points are asymptotically orthogonal.
Since the scattering matrices are unitary, their images of the same normalized incoming Gaussian
state would then have distance asymptotic to v/2, which yields (1.28).

It remains to pass from the classical scattering map to the potential. Following the approach
used by Alexandrova [1], we interpret the classical trajectories in terms of the associated Jacobi
metric. Under (1.22), trajectories at energy A, up to reparametrization, are geodesics of the
Jacobi metrics

(1.29) 9; =2A=Vj)go,  j=1,2.

The virial condition (1.23) implies that A is a non-trapping energy and that the Euclidean
spheres form a strictly convex foliation for the Jacobi metrics (1.29). The former property
allows us to apply Ingremeau’s result [8], while the latter allows us to use the rigidity theorem
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of Stefanov—Uhlmann—Vasy [25] and conclude that g; = g2, hence V; = V5. We also mention
that related fixed-energy scattering rigidity results for simple MP-systems were obtained by
Munoz-Thon [14]. In the purely potential case considered here, simplicity amounts to simplicity
of the associated Jacobi metric, and his result yields uniqueness of the potential when the
background metric is fixed. By contrast, our result does not require the Jacobi metric to be
simple; the simplicity assumption is replaced by the convex foliation condition provided by the
virial hypothesis.

We next turn to radial short-range potentials. Here the inverse problem has a different character.
In particular, the energy is allowed to lie below the maximum of the potential and, as explained
above, one can only expect to recover the potential in the classically accessible region.

Let

(1.30) Vi) = vylal), =12,

be smooth radial short-range potentials satisfying

(1.31) vi(r) <0, r >0, v;(0) > A.

The assumption v;(0) > A, together with the strict monotonicity of vj, ensures the existence of
a unique positive radial turning point r; y > 0 defined by

(132) ’Uj(’l“j7)\) =\

The regions r < rj  and r > r; \ are respectively classically forbidden and classically accessible

at the energy A\. We shall further assume the monotonicity condition

(1.33) (rof(r) >0,  r>rn, j=12

In terms of the radial force Fj(r) = —v’(r) > 0, this means that 7F}(r) is non-increasing in the
classically accessible region. Notice also that the virial condition is automatic in this region:

(1.34) 2(X —w;(r)) —rvj(r) >0, T > T\

Since the potentials are radial, the scattering amplitude is invariant under simultaneous rotations
of the incoming and outgoing directions. More precisely, for every R € SO(n), the scattering
amplitudes satisfy

(1.35) fi(Rw — RO; X\, h) = fj(w — 0; A\, h), ji=1,2.

The corresponding semiclassical differential cross section is defined by
dO’j’h
dQ2

By rotational invariance, both the scattering amplitude and the differential cross section depend
only on the scattering angle between w and 6. We may therefore fix an incoming direction
w € S"! without loss of information.

(1.36) (w,0;0) = | fj(w — 0; \, 1)

Our second result shows that, in the radial setting, the differential cross section alone is sufficient
to recover the potential in the classically accessible region.

Theorem 1.2. Let Vj(z) = v;(|z]), j = 1,2, satisfy the short-range condition (1.2) and as-
sumptions (1.31)~(1.33). Fiz an incoming direction w € S"~' and assume that

doyp
aQ
for every 0 € S* 1\ {w, —w}. Then

d0'27h
dQ2

(1.37) (w,0; ) — (w,8;\) — 0, h— 0,

(1.38) TIA =T2) = Tx,
and

(1.39) Vi(z) = Va(x), |z| > 7).
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Let us explain the main ingredients of the proof. The starting point is the fixed-energy semi-
classical asymptotic formula of Robert and Tamura [24]. For a regular pair of incoming and
outgoing directions, the scattering amplitude has the form

£(6,)) . .
(1.40) flw—=0;0n) = > o(w; \) " exp (;Aﬂw,m) - 1;%-) (1+0(n),
j=1

where the sum runs over the classical scattering trajectories connecting the incoming direction w
to the outgoing direction 6. Here o(wj; A) is the corresponding angular density, A; the classical
action, and p; the Maslov index. The notions of regular direction and classical branch, as well
as the precise definitions of the quantities entering (1.40), are recalled in Section 3.

For general potentials, several classical trajectories may connect the same incoming and outgoing
directions. The corresponding contributions in (1.40) may then interfere, so that the semiclas-
sical differential cross section does not directly reduce to the classical differential cross section
of a single trajectory. In the radial setting considered here, however, the classical dynamics can
be described in terms of the deflection function b — ©,(b), which associates with each impact
parameter b > 0 the corresponding scattering angle. Its precise definition is given in Section 3.
Under condition (1.33), we shall prove that ©) is strictly decreasing from 7 to 0.

For incoming and outgoing directions w,# € S*!, we denote their scattering angle by

(1.41) © = arccos(w - 0) € [0, 7].
Thus a trajectory with impact parameter b and outgoing direction 6 satisfies
O = 0,(b).

The strict monotonicity of O, therefore implies that, for every © € (0,7), there is a unique
impact parameter b. For fixed incoming and outgoing directions w and 6 with this scattering
angle, the direction of the impact vector is also uniquely determined, yielding a unique classical
trajectory. Moreover, as shown in Section 3, the corresponding outgoing directions are regular.
The Robert—Tamura formula thus applies with ¢(6, A\) = 1. In particular, there are no inter-
ference terms, and since o(w;\)~! is precisely the classical differential cross section associated
with the unique trajectory, we obtain

do
ds2

(1.42) 1f(w— ;M h)> — (©;)), 0<O<m7.

The classical differential cross section determines the inverse function b = b(0) of the deflection
function b — 0,(b), and hence determines the deflection function itself. A classical Firsov—Abel
inversion [4, 12] then recovers the radial potential throughout the classically accessible region.
This proves Theorem 1.2.

We also show that the same strategy extends to nontrapping compactly supported metric pertur-
bations of the Euclidean Laplacian. The same Gaussian-state argument shows that the classical
scattering relation is determined under the threshold condition introduced above. Since the
metrics are Euclidean near the boundary of a sufficiently large ball, a first variation argument
also gives the lengths of the corresponding geodesics. Combining these lens data with the rigid-
ity theorem of Stefanov—Uhlmann—Vasy [26, Theorem 8.1], we obtain uniqueness of the metric
up to a boundary-fixing isometry, assuming that one of the metrics admits a smooth strictly
convex function whose zero set is the boundary of the ball. No simplicity assumption is needed.
Related scattering rigidity results for simple Riemannian metrics, including metrics in a fixed
conformal class and real-analytic metrics, were obtained by Munoz-Thon in the more general
framework of magnetic-potential systems [14].

Let us conclude by mentioning a possible extension of the radial result to short-range potentials
which are radial only near infinity. At sufficiently large energy, classical inverse scattering
results of Jollivet [11] provide uniqueness from suitable classical scattering data. Extending the
semiclassical recovery of the classical scattering data to this setting would therefore lead to a
corresponding semiclassical inverse result. We do not pursue this question here.
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The paper is organized as follows. In Section 2, we recover the classical scattering map from the
semiclassical scattering matrix for compactly supported potentials, using Ingremeau’s propaga-
tion of Gaussian states, and then deduce uniqueness of the potential from the rigidity theorem of
Stefanov—Uhlmann—Vasy. Section 3 is devoted to radial short-range potentials. After studying
the classical radial dynamics, we use the Robert—Tamura asymptotics and the Firsov—Abel in-
version formula to recover the potential in the classically accessible region from the semiclassical
differential cross section. Finally, Section 4 extends the argument to nontrapping compactly
supported perturbations of the Euclidean metric under a strict convexity assumption, without
requiring simplicity.

2. COMPACTLY SUPPORTED POTENTIALS

2.1. Recovery of the scattering map. By a simple scaling argument, we may assume without
loss of generality that the fixed non-trapping energy is A = 1/2. We therefore recall Ingremeau’s
result [8] in this normalized setting, in the form needed below. For

(2.1) p=(w,z) eT*S" z € wh,

we denote by x = Ky /o the classical scattering map introduced in (1.21). Thus, if
(2.2) p1 = (w1, 21) = K(p),

then p; is the outgoing phase-space point associated with the incoming datum p.

Following Ingremeau [8], let I'y be a symmetric complex matrix with positive definite real part,
let Qo be a polynomial, and choose x € C*°(R; [0, 1]) such that

=~ w

1
x(r)=1 forrﬁi, x(r)=0 forr>

Associated with p = (w, 2) € T*S"!, we define the Gaussian state

. |7 — wl T—w\ i,z 1z TG
(23) (ppIon(x; h,) =X <hl/3 QO \/E e w¥Te 55 (T—w) To(T w)7
where € S"!. The Gaussian factor localizes the state at the scale v/h around w, while
the oscillatory factor localizes it microlocally at the cotangent variable z. Thus ¢,r, g, is
microlocally concentrated near the phase-space point p = (w, 2).

The Gaussian states used by Ingremeau may be viewed as the scattering counterpart of the
coherent states familiar from semiclassical propagation. In particular, their localization in phase
space and their propagation along the classical scattering map are analogous to the semiclassical
propagation of Gaussian coherent states; see, for instance, Combescure and Robert [23].

We now recall the main result of [8], which describes the action of the scattering matrix on these
Gaussian states at the non-trapping energy A = 1/2. With the conventions adopted in Section
1, Ingremeau’s scattering matrix coincides with S(\, h), A = % Let

(2.4) (w1, 21) = K(w, 2).

Then there exist a real number §;, a symmetric complex matrix I'y with positive definite real
part, and polynomials Q’f, k € N, such that the following holds. For every N € N, setting

N
(2.5) QY =Y n2qQr,
k=0
one has
(2-6) S()\, h)@w,z,l"o,@o = eiél/hSDWLZl,pl’@{V + Ry,
where

(2.7) |Rnlcoggn1) = O (h(NHW) .
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Thus, to arbitrary order in the semiclassical expansion, the scattering matrix maps a Gaussian
state localized near the incoming phase point (w,z) to a Gaussian state localized near the
outgoing phase point k(w,z). This direct transport of phase-space centers is the feature of
Ingremeau’s approach that will be used below to recover the classical scattering map from the
semiclassical scattering matrix.

For the inverse argument below, we shall only need the particular choice I'g = I and Qg = 1.
We therefore set

- I—w s lE—w?
(2.8) Gpn(T) = cn x (|h1/3|> e nFTeT Tan
where ¢j, > 0 is chosen so that
(2.9) [ép,nllL2@gn-1) = 1.

Alexandrova’s Fourier integral description shows that the semiclassical scattering matrix mi-
crolocally encodes the classical scattering relation. Here, using Ingremeau’s propagation result,
we show that the quantitative condition

(2.10) lim inf [|S1(A, h) — Sa(X, B)sz2(sn1y) < V2

is sufficient to ensure that the corresponding classical scattering maps coincide. We state the

result for an arbitrary fixed energy A > 0, since by a simple scaling one can reduce to the case
A=1/2.

Lemma 2.1. Let Vi,Vo € CP(R") and assume that A > 0 is a non-trapping energy for both
potentials. Let S;(\, h) and kj denote respectively the semiclassical scattering matriz and the
classical scattering map associated with Vi, j = 1,2. If

(2.11) lim inf [|51(A, ) = S2(A, h)l|sz2en-1) < V2,
then

(2.12) K1) = K2\

Proof. Fix p = (w,z) € T*S"~! and suppose, by contradiction, that
(2.13) K1,A(p) # K2 (p)-

Write

K‘j,/\(p) = ((Uj,Zj), J=12
By Ingremeau’s theorem, for every M > 0,
(2.14) Si(A h)ppn = €i/hd;, + OWM)  in LA(S™Y),

where @1, is a Gaussian state centered at (wj, z;). Since the expansion in (2.6) is available to
arbitrary order, M can be chosen arbitrarily large. We claim that (2.13) implies

(2.15) (SL(A, R, S2 (X, B)dpn) = O(R).

Indeed, if w1 # wa, the cutoffs in the two outgoing Gaussian states have disjoint supports for h
sufficiently small, since they are supported in balls of radius O(h!/?) around the distinct points
w1 and wsy. It remains to consider the case

(2.16) W] = Wwe = W4, 21 # 2o.

The two outgoing states are then localized near the same point w4, but the product entering
their scalar product contains the oscillatory factor

(2.17) exp <2(zl ) f) .

Since z1 — 29 € wﬂ; and z1 — z9 # 0, the phase in (2.17) has no critical point on the support of
the Gaussian states for h sufficiently small. Hence, by non-stationary phase,

(2.18) (®1,n, Pop) = O(R™),
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and (2.15) follows. Since the scattering matrices are unitary, by (2.9) we have
(2.19) 15;(A h)@pullrz =1, j=1,2.
Hence, using (2.15),
[(S100 1) = S2( ) dpnlla =2 = 2Re (S1 A W), S2 (A h) )
(2.20) =24 O(h™).
Since ||¢, 4]l r2 = 1, it follows that
1S1(A, h) — Sa (A, B)[g(rzn-1y)) = || (S1(A k) = Sa(A, b)) ol 2 = V2 + O(h™).
Consequently,
Hminf [|S1(A, k) = Sa (A, h) |2 (en-1y) > V2,
h—0
which contradicts (2.11). Therefore
(2.21) r1A(p) = Ko (p)-
Since p € T*S"! was arbitrary, (2.12) follows. O

Remark 2.2. The constant /2 in Lemma 2.1 has a simple interpretation in the radial case.
Indeed, let {Y7,,} be an orthonormal basis of spherical harmonics on S*~1. If §; (A, h) denotes
the phase shift corresponding to the angular momentum /¢, then

Si(A h) Yy = 20t hY,
and therefore
1S1(As h) — Sa (A, h) | peresn-1y) = 22;18 |sin(61,6(X, h) = 62.0(A, h))| .

Thus the assumption of Lemma 2.1 is equivalent to

lim inf sup dist (51 ¢(A, k) — 62,0\, h), 7Z) < —.
h—0  ¢>0 ’ ’ 4

The critical value v/2 corresponds to a phase-shift difference at distance 7/4 from 7Z, that is,
equal to +7/4 modulo 7.

2.2. From the scattering map to the potential. We now turn to the classical inverse

problem. We assume first that the energy lies above the potentials,

(2.22) A > sup Vj, ji=1,2,
Rn

and that the virial condition
(2.23) 2N =Vj(x)) —z-VVj(z) >0, x e R", j=12
holds. The condition (2.23) implies that the Hamiltonian flow at energy A is non-trapping.

By the Maupertuis principle, under (2.22), the trajectories at energy A, up to a reparametriza-
tion, are the geodesics of the Jacobi metrics

(2.24) g =20 V)go,  j=1,2,

where gg denotes the Euclidean metric on R”. Equivalently, we may write
_ —-1/2 .

(2:25) g=¢%0, ¢=02n-v)? =12

This reduction was already used by Alexandrova [1] under the assumption that the Jacobi metric
is simple. In that setting, she used an argument implicit in Michel [13] to recover the boundary
distance function from the scattering relation, and then applied the boundary rigidity results
of Mukhometov [16] and Mukhometov-Romanov [15] to determine the conformal factor. More
recently, in a purely classical setting, Munoz-Thon [14] obtained scattering rigidity results at
a single energy for simple magnetic-potential systems.In particular, in the non-magnetic case,
his result recovers the classical rigidity statement used by Alexandrova: the classical scattering
relation determines the potential when the associated Jacobi metric is simple.
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The geometric assumption used here is different. We do not require the Jacobi metrics to be
simple, but instead use the rigidity theorem of Stefanov—Uhlmann—Vasy [25], which applies when
the manifold admits a strictly convex foliation. Our virial condition provides precisely such a
foliation for the Jacobi metrics. Since this condition does not exclude conjugate points, it applies
to geometries which need not be simple. We note that Munoz-Thon [14] explicitly raised the
question of extending scattering rigidity for magnetic-potential systems from the simple setting
to the strictly convex foliation framework.

Definition 2.3. Let (M, g) be a compact Riemannian manifold with boundary. We say that M
admits a strictly convex foliation if there exist 7" > 0 and a smooth function

p: M —0,+00)
such that, for every t € [0,T), the level set
Et = p_l(t)
is a strictly convex hypersurface, dp # 0 on ¥4, 3o = 0M, and
M\ U =
0<t<T

has empty interior.

In our setting, the virial condition provides precisely such a foliation. Indeed, on M = B(0, R),
we take p(z) = R? — |z|2. Then, for 0 <t < R?,

(2.26) S = p (1) = {la| = VRZ — 1}.
Thus the leaves of the foliation are precisely the Euclidean spheres centered at the origin.

The following lemma shows that the virial condition indeed guarantees the strict convexity of
these leaves with respect to the Jacobi metrics. This observation is likely known, but we have
been unable to find an explicit statement of it in the literature.

Lemma 2.4. Under (2.22) and (2.23), the Euclidean spheres form a strictly convex foliation
for the Jacobi metrics (2.24).

Proof. 1t is enough to consider one potential V. Writing the Jacobi metric in the form

(2.27) g=cq, c=(20-V)"
we have

o (r 2N =V (x)) —x-VV(x)
(2.28) Z (f) - .

or 2(A = V(x))
Hence (2.23) implies the Herglotz—Wiechert—Zoeppritz condition

o (r

2.2 = (9 >0
(2.29) 5 (5) >0
By [25, Proposition 6.1], this is equivalent to the strict convexity of the Euclidean spheres for
the Jacobi metric. As the concentric spheres foliate R™ \ {0}, the conclusion follows. O

We briefly recall the notion of scattering relation used in Stefanov-Uhlmann-Vasy [25]. Let
(M, g) be a compact Riemannian manifold with boundary. In our application below, M will
simply be the closed Euclidean ball B(0, R) C R", equipped with one of the Jacobi metrics
(2.24). We denote by 0_SM and 01SM the sets of unit tangent vectors based at dM and
pointing respectively into and out of M. For (z_,v_) € 0_SM, let ,_,_ be the unique unit
speed geodesic issued from (z_,v_). In our setting, the non-trapping assumption ensures that
this geodesic has a finite exit time, defining an outgoing point and direction (z4,vy) € 04 SM.
The scattering relation is defined by

(2.30) L(z_,v_) = (x4,v4).
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oM

U+

L(va U*) = ($+a U+)

FIGURE 2. The scattering relation of a Riemannian metric: an incoming point
and direction (x_,v_) are mapped to the corresponding exit point and direction
(T4, v4).

By Lemma 2.1, the assumption

(2.31) li}}l_jglf 1S1(X, h) — Sa (A, B)[|g(r2n-1y) < V2,
implies

(2.32) K1) = K2\

Since V7 and V5 are compactly supported, we may choose R > 0 such that
(2.33) supp Vi Usupp V2 C B(0, R).

Outside B(0, R) the Hamiltonian trajectories are straight lines. Hence the incoming and outgoing
asymptotic data defining ;) determine uniquely the corresponding entry and exit points and
directions on 0B(0, R). It follows from (2.32) that the scattering relations L; of the Jacobi
metrics on B(0, R) satisfy

(2.34) Ly = Ly.

Notice that no travel-time information is needed here, since the rigidity result [25, Theorem 1.4]
only requires equality of the scattering relations. Finally, since V; = V4 = 0 near 0B(0, R), the
Jacobi metrics coincide there:

(2.35) g1 = g2 = 2\go near 0B(0, R).

0B(0, R)

(w-f-? Z-‘r)

rA(w, 2) = (W, 24)
L(z_,v-) = (v4,v4)

F1cure 3. Relation between the classical scattering map k) and the scattering
relation L on 9dB(0, R). Outside the support of V, the trajectories are straight
lines, so that the asymptotic data determine uniquely the corresponding entry
and exit data on the boundary.
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We may therefore apply the global rigidity theorem of Stefanov—Uhlmann—Vasy [25, Theo-
rem 1.4]. Indeed, Lemma 2.4 provides the required strictly convex foliation. It follows that
g1 = g2. In view of (2.24), we conclude that V; = V5.

3. RADIAL SHORT-RANGE POTENTIALS

We now consider smooth radial repulsive short-range potentials

(3.1) V(z) = v(|z]), v e C([0,4+00)), |Fv(r)| < Cp(r)=H 7k, w> 1.
Following the classical setting of Keller-Kay—Shmoys [12], we assume that

(3.2) v(r) >0, v'(r) <0, r >0,

and that

(3.3) v(0) > A\

Since v(r) — 0 as r — o0, assumptions (3.2)—(3.3) imply that there exists a unique ) > 0
such that

(3.4) v(ry) = A

The region 0 < r < r) is classically forbidden at energy A, whereas the classically accessible
region is r > ry. Thus, (3.3) ensures the presence of a nonempty classically forbidden core. This
assumption also plays an important role in the scattering geometry. Indeed, if v(0) < A, one can
find that the deflection angle ©,(b), defined below in (3.24), tends to zero both as the impact
parameter b tends to zero and as b tends to infinity. Hence O, (b) cannot be strictly monotone
in this case, and several impact parameters may correspond to the same scattering angle. The
presence of the forbidden core, together with the monotonicity assumption introduced below,
will instead imply that ©) is strictly monotone.

v(r)

)\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

claspically forbidden
o(r) >\
l r
T

FIGURE 4. A radial repulsive potential in the setting of Keller-Kay—Shmoys.
The unique radius ry is defined by v(ry) = A. At the fixed energy A, the region
0 < r < ry is classically forbidden, whereas r > r) is classically accessible.

In the radial setting, the virial condition (2.23) takes the form
(3.5) 2(A = v(r)) —rv'(r) > 0.
On the energy surface

SIEl + () = A,

one necessarily has v(r) < A, and hence r > ry. Since v/(r) < 0, (3.5) is therefore satisfied on
the whole energy surface, including at » = r). In particular, the classical dynamics at energy A
is non-trapping, so that the semiclassical scattering results of Robert—Tamura apply.
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We further assume that
(3.6) (rv’(r))/ >0, > T

This condition will be used below to prove the strict monotonicity of the deflection function
b — ©,(b), and hence the uniqueness of the impact parameter associated with a given scattering
angle. Related sufficient conditions for the monotonicity of the deflection function were obtained,
in the setting of compactly supported radial potentials, by Pulvirenti-Saffirio-Simonella [20,
Appendix A, condition (A.8)] and Gallagher—Saint-Raymond-Texier [5, Lemma 8.3.1]. Their
condition is

rv” (r) +20'(r) > 0,
whereas (3.6) reads

rv”(r) +v'(r) > 0.
Since v’ < 0, their condition is stronger than (3.6). Moreover, the potentials considered here
are short-range and need not be compactly supported. Although the argument below is similar

in spirit to these previous monotonicity arguments, their results do not apply directly in the
present setting. We therefore give the complete argument below.

Remark 3.1. Condition (3.6) has a natural interpretation in terms of the radial force
F(r):=—d'(r) > 0.

It is equivalent to requiring that the weighted radial force rF(r) = —rv/(r) be non-increasing
on the classically accessible region. For instance, for the inverse-power profile

(3.7) v(r)=Cr™?, r>R>0, C>0, p>0,
one has

(3.8) (ro/(r))" = p*Cr=r=t > 0.

3.1. Review of classical radial dynamics. We briefly recall some standard facts about the
classical dynamics of radial potentials; see, for instance, Goldstein [6], Keller-Kay—Shmoys [12],
Jollivet [11], Pulvirenti-Saffirio-Simonella [20], and Gallagher—Saint-Raymond-Texier [5]. These
facts are classical, and we recall them here only to fix the notation and sign conventions used
below.

Under the assumptions (3.2)—(3.3), the motion at the fixed energy A takes place in the classically
accessible region 7 > r). Together with the additional assumption (3.6), these hypotheses will
imply that each scattering angle in (0, 7) corresponds to a unique impact parameter b > 0.

Let b = |z| > 0 be the impact parameter. Since the force is central, the trajectory lies in the
scattering plane

(3.9) I1, . = span{w, 2},

and the angular momentum ¢ A poo is conserved; see, for instance, [6, Sections 3.2 and 3.10].
Its magnitude L is determined by the incoming asymptotics:

(3.10) L = |goo A Poo| = V2Xb.

Let (r(t),¢(t)) be polar coordinates in the scattering plane Il ., with 7(t) = |gso(t; 2, A)].
Conservation of angular momentum gives

(3.11) r(t)?|p(t)] = L = V2\b.

Using conservation of energy, we obtain the radial equation

2 2
(3.12) 1r'(t)2 + 27~L(t)2 +o(r(t)) = %f(t)Q + Ar(bt)2

It is useful to introduce the effective radial potential

+o(r(t)) = A

(3.13) Vet (73 0) = v(r) + )\iz.
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Under the assumption v'(r) < 0, one has

b2
(3.14) Orver (130) = /(1) — 2)\7“73 <0, r > 0.

Thus veg( - ;b) is strictly decreasing. Moreover, for b > 0,
(3.15) Vet (r;b) — 400 asr — 07, Vet (r;0) — 0 as r — +00.

Consequently, for every b > 0, there exists a unique turning point ro(b) characterized by

b2

3.16 b A—— = A\

( ) U(TO( )) + To(b)2

Since (3.16) yields v(ro(b)) < A = v(ry) and v is strictly decreasing, one necessarily has ro(b) >
rx. Geometrically, ro(b) is the distance of closest approach of the trajectory to the origin. More
precisely, if ¢y denotes the time at which the trajectory reaches the turning point, then 7(tp) = 0
and

3.17 b) = r(tg) = minr(t).

(317) ro(b) = r(to) = min (1)

By rotational invariance, the distance of closest approach depends on the impact vector z only
through b = |z|. Rewriting (3.16), we obtain

(3.18) b= pa(ro(d)), pa(r) =7y /1 — U(/\T), r >

Thus, the function py relates the radius r¢(b) of the turning point to the corresponding impact
parameter b. It will play a central role in the inversion argument below.

By (3.2), for r > ry,

v(r) rv’(r)
3.19 ) =4/1—-—— 11— 0
since A —v(r) > 0 and v'(r) < 0. Hence p), is strictly increasing from 0 to +00 on [ry, +00), and

(3.20) b= pa(ro(b))

provides a one-to-one parametrization of the radial turning points by the impact parameter
b > 0. On the outgoing part of the trajectory, r(t) increases from ry(b) to +o0co. From (3.12), we
have

(3.21) P(t) = \/ﬁ\/l _ur®) ¥

A r(t)?”

For r > ro(b), we may therefore use r as a parameter along the trajectory. Combining (3.21)
with (3.11) and using the chain rule, we obtain

d o(t b
(3_22) 790 — |90( )‘ — )
dr 7(t) 21 o(r) ﬁ
A r2
Then, the angular variation along the outgoing part of the trajectory is
+o00 d
(3.23) Dy\(b) = b/ !
ro(b) 21 o(r) g
A r2

By the symmetry of the central-force trajectory with respect to the line through the origin and
the point of closest approach, the angular variation from the incoming asymptote to the turning
point equals that from the turning point to the outgoing asymptote. Hence the total angular
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variation between the two asymptotes is 2®,(b). We therefore define the signed deflection
function by

oo dr
(3.24) ON(b) :=7 —2D)\(b) =7 — 26/ .
ro(b) 21 v(r) B g
A r2

This is the standard formula for the deflection angle in a central potential; see Goldstein [6,
p. 108, Eq. (3.96)], with the notation adapted to the present setting.

Remark 3.2. Let us check the above convention in the free case V = 0. Then v(r) = 0 and the
turning point equation gives r¢(b) = b. Consequently,

“+oo
By (b) = b _da&r T
b ) o2
T 1*7,‘72

Therefore, ©)(b) = m—2®,(b) = 0, as expected, since in the absence of a potential the incoming
and outgoing directions coincide.

(3.25)

The geometry of the resulting radial scattering trajectory is illustrated in Figure 5.

FicUre 5. Radial scattering at the fixed energy A\. The dashed circle r = 7},
defined by v(ry) = A, bounds the classically forbidden region. For b > 0, the
distance of closest approach satisfies ro(b) > 7. The trajectory is asymptotic to
the incoming and outgoing free lines as t = —oo and t — 400, respectively.

Since p) is strictly increasing on [ry, +00), it can be used as a new radial variable. We denote
its inverse by

(3.26) r=7r(p), p = pa(r),

and introduce

(3.27) (p) = L 10g 2O
dp p

The additional assumption (3.6), which is not needed for the Firsov—Abel inversion itself, pro-
vides a convenient sufficient condition ensuring that the radial scattering geometry has only one
classical branch. More precisely, we have the following result.

Lemma 3.3. Assume (3.1), (3.2), (3.3), and (3.6). Then the deflection function b — ©x(b) is
strictly decreasing:

(3.28) e\ (b) <0, b> 0.
Moreover,
(3.29) lim ©,(b) =, lim ©,(b) = 0.

b—0t b—+o0
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In particular, for every scattering angle © € (0,7), there exists a unique impact parameter b > 0
such that

(3.30) O,(b) = O.

Proof. Using the change of variables p = px(r) in (3.24), and recalling that py(ro(b)) = b, we
have

u(r) 0 pP b2
31 172 _ 2 _¥F 7
(3:31) \/ A r2 r ’
and
T 1 dry, dp
3.32 ®,(b :b/ —(p)—
( ) )\( ) A T/\(p) dp (,0) p2 — 2
By (3.27),
1 d?”)\ 1
3.33 ) ==+gq
(3.33) ra(p) dp (p) p A(p)
Since
—+00
(3.34) b / _d T
boopV/pE-b? 2

substitution into ©y(b) = m — 2P, (b) yields

o (p)

b /0% — 2
After the change of variables p = bt, we obtain

(3.36) O(b) = —2b /1+oo j;(b% dt.

Differentiating with respect to b gives

(3.35) Ox(b) = —2b dp.

d
+oo 5 (P03 (0)) iy

3.37 O4\(b) = — / dt.
(3.31) A =2 | —
To determine the sign of the integrand, set
rv'(r)
3.38 P _
( ) Q/\(r) A—U(T’)’ >

A direct computation gives

A = v()(r'(r)) +r(/(r)*

3.39 ) = —
( ) Q)\(T) ()\_U(T»Q
By (3.6), since A — v(r) > 0 and v/(r) < 0, the numerator in (3.39) is strictly positive. Hence
(3.40) Q\(r) <0, > Ty
On the other hand, from the definitions of py) and ¢y, one obtains
1
(3.41) Pax(p) -1

1+ 3Qa(rA(p))
Since 7 (p) > 0 and Q) < 0, we conclude that

d
3.42 — > 0.
(3.42) i (par(p))
Inserting (3.42) into (3.37) proves (3.28). Finally, when b — 07, the turning point ro(b) tends
to r) and the trajectory approaches the radial trajectory. Indeed, since L = v/2Ab, the limit
b — 07 corresponds to vanishing angular momentum, and hence to a radial trajectory which
reaches the turning radius r) and is backscattered along the same radial line; hence

(3.43) O\(b) — , b—0t.
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On the other hand, the short-range assumption implies that the scattering becomes asymptoti-
cally free as b — +o00, and thus

(3.44) O,(b) — 0, b — +o0.

This proves (3.29). Therefore b — 0, (b) is one-to-one from (0, +oc) onto (0, ). O
3.2. The Robert—Tamura asymptotics. We now recall the semiclassical asymptotics of the
scattering amplitude obtained by Robert and Tamura [24]. This provides the link between the

quantum differential cross section and the classical scattering data introduced in the previous
subsection.

Fix an incoming direction w € S*~! and choose oriented orthonormal coordinates (215 2n—-1)

on the impact plane

Ay, = wt.

For z € A, let
(oo (t5 2, ), Poo(t5 2, A))
be the scattering trajectory defined by the incoming asymptotics

Goo(t; 2, \) = V2Xwt + 2 + o(1), Poo(t; 2, 0) = V2w + 0(1), t — —o0.

Assume that A > 0 is a non-trapping energy. Then there exist £oo(2; A) € S*! and 750 (2; \) € R”
such that

(3.45) Qoo (52, 0) = V2N Eao (23 Mt + oo (23 ) + 0(1), s e
Poo(t; 2,A) = V2A o (23 A) + 0(1),
For fixed w € S*~!, consider the smooth map
(3.46) F,: A, — S Fu(2) = (23 N).
The angular density associated with the trajectory issued from z € A, is defined by
(3.47) o(z;\) = ‘det ({oo(z; A)y 02,80 (23 A)y ooy 0z 1 €0o(25 )\))‘ .
Thus o(z; \) is the absolute value of the Jacobian of F,, between A, and S"~1.
An outgoing direction § € S*™!, 0 # w, is said to be regular for the incoming direction w if

(3.48) o(z;A) #0 for all z € A, such that F,(z) = 0.

Assume that 6 is regular. Since 0 # w and £ (2;A) — w as |z| — 400, the set
F7H0) = {z € Au; &ao(z0) = 6}

is compact. By the inverse function theorem, its points are isolated, and hence this set is finite.
We denote its cardinality by £(6,\) and its elements by

(3.49) F7H0) = {wi(6; ), -, wygon (6; M)}

Each w;(6; \) determines a classical scattering trajectory with incoming direction w and outgoing
direction 6. For each such trajectory, Robert and Tamura associate the action

T poo (t; wj, A)[?
Aj(w,0;X) = —_—
(3.50) ( : /oo < 2

- <r00(w.77 )‘)7 \ 2)\9>7
where w; = w;(0; ). The integral in (3.50) represents the difference between the interacting

and free actions along trajectories which are asymptotic as t — —oo. Let p; € Z denote the
Keller-Maslov—Morse index of the corresponding trajectory.

— V(goo(t;wj, X)) — A) dt
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With the normalization of the scattering amplitude introduced above, the Robert—Tamura for-
mula [24] reads

00, .
(351)  flw =00 h) =Y o(w;; ) exp <1Aj(w,(9;)\)

i

2

. ,uj> +O(h), h — 0.

j=1
More precisely, under the same assumptions, the scattering amplitude admits a complete as-
ymptotic expansion in powers of h.

In the radial setting, the monotonicity of the deflection function also implies that all non-forward
and non-backward scattering directions are regular.

Lemma 3.4. Under the assumptions of Lemma 3.3, every outgoing direction
0 S\ {w, —w}

1s reqular for the incoming direction w. Moreover, there is exactly one classical trajectory con-
necting w to 0, that is,

00,0 = 1.
Proof. Fix
(3.52) 0 S\ {w, —w},
and set
(3.53) © = arccos(w - 0) € (0, ).
By Lemma 3.3, there exists a unique b > 0 such that
(3.54) O,(b) = O.
Define
(3.55) n= Q_S(i;’ég)“ es"? cwt,
and set
(3.56) z = bn.
By rotational invariance and the definition of the deflection function,
(3.57) F,(z) = cosOx(b) w+sin©y(b) n = 0.
Thus
(3.58) F;1(0) £ 2.

We now prove that @ is regular. Let z = by € F;'(#) be arbitrary, with b > 0 and n € S"~2 C w.
Let h € T,A, = w', and write
h=an+h,, hLeTnSn‘Q.

Since

o) =lal ) =

we have ,

Db(2)[h] = a, Dn(z)[h] = i hi.
Hence

: . sin O ()
(3.59) D.F,[h] = a®)\(b)(—sin ©x(b) w + cos O (b) n) + — hi.
By Lemma 3.3,
(3.60) 0<OL\b) <m,  ©4(b) <0.
In particular,
(361) oy 20, L,

b
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Moreover,

(3.62) —sin @y (b) w + cos O (b)n L T,S" 2.
It follows from (3.59) that

(3.63) D.F,hl]=0 = a=0, hy =0.

Hence D, F,, is injective. Since
dimT,A, = dimTpS" ' =n — 1,
it follows that D, F, is invertible and therefore
o(z;\) #0.
Since z € F;1(0) was arbitrary, 6 is regular.

It remains to prove that the preimage is unique. Let 2 = by € F;1(0). Taking the scalar product
of (3.57) with w, we obtain

(3.64) cos 0 (b) = cos O.
Since both angles belong to (0, ),
O.(b) = O.
By Lemma 3.3, the impact parameter b is uniquely determined. Moreover, from (3.57),
0— (w- 0w

~ sin®
so 7 is uniquely determined as well. Hence z = bn is the unique preimage of 6 under F,,.
Therefore £(6,\) = 1. O

For 6 € S" 1\ {w, —w}, let w(#; \) denote the unique element of F;!(#). By Lemma 3.4 and
the Robert—Tamura formula,

(3.65) If(w—= ;N 0> =0o(w(@;2); )"t +0((h), h—0.
Since, in the one-branch case, o(w(f; \); \)~! is precisely the classical differential cross section,

we obtain

do
ds2
This is the semiclassical information that will be used below to recover the radial potential.

(3.66) 1f(w— ;M h)|> —

6;)),  h—0.

3.3. Uniqueness from the differential cross section. Let V;(z) = v;(|z]), j = 1,2, be two
radial short-range potentials satisfying the assumptions above, and let r; 5 be the unique radius
defined by

(367) Uj(rj,)\) =\
We denote by fj(w,0;A) the corresponding semiclassical scattering amplitudes. Assume that
(3.68) |fin(w, 0 ) = | fon(w,0; )] — 0,  h—0,

for every regular scattering angle.

By the Robert—Tamura asymptotics and the one-trajectory property established above,

d cl,g .
(3.69) Fralw BN — ZELG:N), G =12
Consequently, (3.68) implies
dUcl,l . . dUcl,Q .

for every 0 € S"71\ {w, —w}.
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We first recover the deflection function from the classical differential cross section. By Lemma 3.3,
the deflection function b — ©,(b) is strictly decreasing from 7 to 0. Its inverse will be denoted
by

(3.71) b=0(0), 0<O <.

The classical differential cross section is given by (see, for instance, Keller-Kay—Shmoys [12] for
n=3),

doy b(©)™2 | db
72 ) = 2L 1D gy
(3:72) dQ (8;) sin" 2@ d@(g)
Since b(0) is strictly decreasing, (3.72) yields
d n—1\ __ . n—2 dO-CI .

(3.73) 76 (b(©)" ') =—(n—1)sin" O 0 (©;N).
Moreover, Lemma 3.3 gives
(3.74) b(®) — 0 as © —» 7.
Integrating (3.73) from © to 7, we obtain

T do.
(3.75) b(O)" = (n— 1)/ sin"2 @ o l(oz; A) da.

o dQ

Thus the classical differential cross section uniquely determines b(0), and hence its inverse © ().
It follows from (3.70) that

(3.76) O1A(b) = Oan(b),  b>0.

It remains to recover the potential from the deflection function. For this purpose, we use

the classical Firsov—Abel inversion procedure of Firsov [4] and Keller-Kay—-Shmoys [12]; see
also Jollivet [11] for a related treatment of short-range radial potentials. We briefly recall the
argument in our notation. By (3.35),

+oo
a(p)
3.77 O,(b) = -2b ————dp,
where
d rap)
3.78 a(p) = —log
(3.78) (0) = g1oe ™
Set
(3.79) F(p) = log “ﬁp )
Then ¢\ = F}, and (3.77) becomes
b —+o00 F/
(3.80) o) _ -2 _Bb) dp.
b b 02 — b2

After the quadratic change of variables x = b2, y = p?, this reduces to the standard Abel
transform. Applying the classical Abel inversion formula and using

(3.81) Fx(p)=0(p""),  p— oo,
we obtain
1 [t 0,0
3.82 Fr(p) = / AT g, > 0.

Recalling the definition of F), we obtain

1 [T 0,(b)
(3.83) ra(p) = pexp (W/p ﬁdb), p>0.
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Applying (3.83) to V7 and V5 and using (3.76), we obtain

(3.84) ria(p) = r2.x(p), p>0.
Since the functions 71\ and 73 ) coincide on (0, 400), their ranges coincide. Since
(3.85) ria((0,4+00)) = (7, +00),

their left endpoints coincide, and hence
(3.86) TIA = T2\ =T

Taking inverse functions in (3.84), we then obtain

(3.87) piA(r) = paa(r),  r>ra
By continuity, the equality also holds at » = r). Finally, from
} 2
(3.88) vi(r) =\ (1 _ pﬂ(p) .
T
we conclude that
(3.89) vi(r) =wva(r), =7y
Equivalently,
(3.90) Vi(z) = Va(z), |z| > 7).

Thus the semiclassical differential cross section at the fixed energy A determines the radial
potential throughout the classically accessible region.

4. AN EXTENSION TO METRIC PERTURBATIONS

We conclude with an extension of the preceding argument to compactly supported perturbations
of the Euclidean metric. The proof follows the same general strategy as in the potential case,
and we therefore only give its main steps.

Let g be a smooth Riemannian metric on R", n > 3, such that
(4.1) g9 = 9o outside a compact set,

where gg denotes the Euclidean metric. We consider the semiclassical Laplace-Beltrami operator

2
(4.2) Py = -,

and denote by S, () its scattering matrix at the fixed energy A > 0, with the Euclidean
Laplacian as the free reference operator.

Assume that the geodesic flow of g is non-trapping. Since g is Euclidean outside a compact set,
every geodesic has incoming and outgoing Euclidean asymptotic data. As in the potential case,
these data define the classical scattering map

(4.3) kg THS"1 — TS
Although Ingremeau formulates his Gaussian-state propagation result for potential scattering,

he points out that the same result holds for compactly supported metric perturbations of the
Laplacian, with a similar proof [8]. Consequently, the proof of Lemma 2.1 applies in the met-
ric setting as well. The relation between the semiclassical scattering matrix and the classical
scattering relation has also been studied by Hassell and Wunsch [7] for nontrapping scattering
metrics.
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Lemma 4.1. Let g1 and g2 be smooth Riemannian metrics on R™ which coincide with the
FEuclidean metric outside a compact set, and assume that their geodesic flows are non-trapping.

If

(4.4) lim inf [[Sg, 4 (A) = Sgo p(Mll(z2sn-1)) < V2,
then
(4.5) Kgi A = Kgo A

Choose R > 0 so that both metrics are Euclidean near and outside 0B(0, R). Since geodesics
are straight lines outside this ball, their asymptotic data determine their entry and exit points
and directions at the boundary. Thus, equality of the scattering maps in Lemma 4.1 implies
equality of the boundary scattering relations. To apply the lens rigidity theorem of Stefanov—
Uhlmann—Vasy, we also need equality of the lengths of the corresponding geodesics inside the
ball. This follows from the next lemma.

Lemma 4.2. Let n > 2, and let g1 and go be two smooth nontrapping Riemannian metrics on

M = B(0,R), equal to the Euclidean metric near OM. If their scattering relations coincide,
then their lens data coincide.

Proof. We use the first variation argument recalled in [28, Section 1.3]. Let 0_SM denote the
common set of strictly inward-pointing unit vectors at OM. For (z,v) € 0_SM, let £;(x,v) be
the length of the g;-geodesic starting from = with initial velocity v, up to its first exit from M.
The functions ¢; are smooth, since both metrics are nontrapping and the boundary is strictly
convex.

Let s — (x(s),v(s)) be any smooth curve in d_SM. Here s parametrizes a family of initial
data. Since the scattering relations are equal, the two geodesics corresponding to each s have
the same exit point y(s) and exit direction w(s). The first variation of length gives

(4.6) %Ej(fﬁ(S),v(S)) = (w(s),y'(s)) = (v(s),2'(s)),  j=12

Only the endpoints contribute to this formula, since the curves are geodesics. Both endpoints lie
on OM, where the two metrics are Euclidean. The right-hand side is the same for j = 1,2. Since
the curve of initial data is arbitrary, we obtain d(¢; — ¢2) = 0. Moreover, 0_SM is connected
for n > 2. Thus #; — {5 is constant.

To determine this constant, choose an inward direction sufficiently close to a tangent direction at
the boundary. The corresponding geodesics are then the same short Euclidean chord, contained
in the neighborhood of M where both metrics are Euclidean. Their lengths are equal, so the
constant is zero. Therefore ¢1 = ¢, which proves the lemma. O

We now apply the lens rigidity theorem of Stefanov—Uhlmann—Vasy [26, Theorem 8.1]. We
assume that one of the metrics admits a smooth strictly convex function. Here, strict convexity
means that the Riemannian Hessian of this function is positive definite. In the global Cartesian
coordinates on R™, this Hessian is given by

(4.7) (Hessy f)ij = 0:0;f = > _TH(9)okf,  1<i,j<n,
k=1
where
1 n
(4.8) I'(g9) = 3 Z 9" (91950 + 0910 — Ougij)

1

=
are the Christoffel symbols of g, and (g*) is the inverse matrix of (gr¢). For the Euclidean

metric, the Christoffel symbols vanish, and (4.7) reduces to the usual Hessian.
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Theorem 4.3. Let g1 and g2 be smooth Riemannian metrics on R™, n > 3, with nontrapping
geodesic flows. Assume that there exists R > 0 such that

(4.9) supp(g; — g90) € B(O,R),  j=1,2.

Set M = B(0, R). Assume also that there exists f € C*°(M) such that
(4.10) Hessg, f >0 on M, f~10) = oM.

If, for some fized A > 0,

(4.11) liminf [[Sg, n(A) = Sgan (M52 (sn-1)) < V2,
then there exists a smooth diffeomorphism

(4.12) i M — M, Y|on = 1d,

such that

(4.13) g1 =v"g2.

The condition on f is imposed only on g;. The function f has a unique critical point in
the interior of M, where it attains its minimum. This is allowed in [26, Theorem 8.1]. No
assumption on conjugate points is needed. The relation between strictly convex functions and
convex foliations is explained in [26, Section §|.

We give some examples before proving the theorem. The Hessian computations for Examples 2
and 3 are given in Appendix A.

Ezample 1 (Euclidean metric and small perturbations). For g; = go, take

f(x) = |=[* - R%.
Then
Hessgy, f =290 > 0, f~10) = oM.

The same function works for any metric g; sufficiently close to go in C*(M). Indeed, in Euclidean
coordinates,

(Hessg, f)ij = 26;5 — QZF 91) Tk,

which remains positive definite when ¢; is sufﬁc1ently close to go in C'(M). This example
includes perturbations which are not radial.

Ezample 2 (Radial conformal metrics). Let

g1=c(r) %90, =zl
where ¢ is smooth and positive, constant near r = 0, and equal to 1 near and outside r = R.
Assume the Herglotz condition

(4.14) dii (C(";)> >0, 0<r<R

This condition expresses strict convexity of the Euclidean spheres for the metric g1; see [25,
Proposition 6.1] and [26, Section 8]. In this radial case, we can give the function explicitly:

R
f(z) =— /|z BE ds.

It is smooth at the origin, since ¢ is constant there, and f~!(0) = M. A direct computation

gives
Hessy, f = <1 — rs(i;)) g1

Thus (4.14) implies (4.10). In particular, this example does not require the metric to be close
to the Euclidean one.
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Ezample 3 (Radial warped metrics). In polar coordinates, consider
g1 = dr® 4+ a(r)?ggn-1,

where gsn-1 is the standard sphere metric. Assume that a is smooth, that a(r) = r near r = 0
and near and outside r = R, and that

a(r) >0, a(r) >0, r > 0.
The metric is then smooth at the origin and Euclidean outside a compact subset of B(0, R). For
f(z) = |z|? — R?, direct computation gives, for r > 0,
Hess,, f = 2dr? + 2ra(r)d’(r)ggn—1 > 0.
Near the origin, this is simply 2¢gg. For instance, one may take
a(r) =r+ex(r),  x€CX((0,R)),

provided

el 11X oo < 1.

There are also geometric conditions which ensure the existence of a suitable function. By [26,
Corollary 1.1 and Section 8], this is the case for a compact manifold with strictly convex boundary
if it is simply connected and has non-positive sectional curvature, if it is simply connected and
has no focal points, or if it has non-negative sectional curvature. Thus the geometric conditions
used in the simple case are covered by the same lens rigidity result.

For completeness, the convexity assumption already implies that ¢; is nontrapping in M. Indeed,
compactness gives a constant cg > 0 such that, along any unit-speed g;-geodesic contained in
M

)

2
@1 (1(1)) = Hessy, 1(3(0),3(1)) > co.

Such a geodesic cannot stay in M for all positive time, since f is bounded on M. Outside the
ball, geodesics are straight lines. We have kept the nontrapping assumption for both metrics in
the statement to make the use of Lemma 4.1 explicit.

Proof of Theorem 4.3. By Lemma 4.1, (4.11) gives

Rgi,x = Kga A
Since both metrics are Fuclidean outside M, the asymptotic lines determine the entry and exit
points and directions at OM. After normalizing the velocities to unit speed, we obtain
(4.15) Ly =Ly, ond_SM.

Lemma 4.2 then gives
by, = Lg,.
Hence the two metrics have the same lens data.
The boundary of M is strictly convex for both metrics, since they are Euclidean near 0M.
Together with (4.10), these are the assumptions of [26, Theorem 8.1]. That theorem gives a
diffeomorphism ¢ : M — M, equal to the identity on M, such that g; = ¥*go. ]

Taking the Euclidean metric as the reference metric gives the following consequence.

Corollary 4.4. Let g be a smooth Riemannian metric on R™, n > 3, with nontrapping geodesic
flow. Assume that, for some R > 0,

(4.16) supp(g — go) € B(0, R).
If, for some fixed X > 0,
(4.17) lim inf [[Sg,n(A) = Sgo,n (M)l 5(r2(sn-1)) < V2,

then there exists a smooth diffeomorphism

(418) ¢ : B(07 R) — B(Oa R)7 ¢‘BB(0,R) = Id7




INVERSE SEMICLASSICAL SCATTERING AT FIXED ENERGY 25

such that
(4.19) g =1v"qgo.

Proof. Apply Theorem 4.3 with g1 = go, g2 = g, and f(z) = |z|> — R?. We obtain a dif-
feomorphism ¢ fixing the boundary such that gy = ¢*g. Taking ¢ = ¢! gives the stated
conclusion. |

Remark 4.5. The argument uses the full lens data, rather than the boundary distance function.
The common Euclidean neighborhood of the boundary allows us to recover the geodesic lengths
from the scattering relation by Lemma 4.2. Thus simplicity is not needed in the theorem or in
the Euclidean corollary.

Remark 4.6. Munoz-Thon [14] studies scattering rigidity in the more general setting of simple
magnetic-potential systems. In the purely Riemannian case, his results include metrics in a fixed
conformal class and real-analytic metrics. Here we consider only Riemannian metrics, but we do
not assume simplicity. We use instead a strictly convex function and the lens rigidity theorem
of Stefanov—Uhlmann—Vasy. Moreover, our assumption on the semiclassical scattering matrices
is quantitative: we only require liminfj,q [|Sg, 1 (A) = Sgon (Nl B(r2En-1)) < V2.

APPENDIX A. HESSIAN COMPUTATIONS FOR THE RADIAL EXAMPLES

We use the coordinate formula

(Hessg f)zj = 8,8]f - Z ankf
k

In Example 2, g = c(r)~2gp and f'(r) = r/c(r)?. For r > 0, the Christoffel symbols in Cartesian
coordinates are
c(r)

Since
o Yy 2¢/(r) o
Oif = ) 0;0; f = FESE — TC(T)SZ'M']’

substitution gives

Hessy, f = (1 — rséi?)’)) g1

The coefficient is positive by the Herglotz condition, since 1 — rc/c = ¢(r)(r/c(r))’.

In Example 3, write g1 = dr? + a(r)?y, where ¥ = ggn-1, and let f = r?> — R?. With angular
indices «, 3, the relevant Christoffel symbols are

I =T =0, ap = —a(r)a’'(r)yag.
Since 9, f = 2r and the angular derivatives of f vanish,
Hessy, f = 2dr? + 2ra(r)d'(r)y,
which is positive definite for r > 0, since a(r) > 0 and a/(r) > 0.

These computations extend smoothly to the origin: since c is constant there in Example 2 and
a(r) = r there in Example 3, the Hessians near the origin are respectively ¢g; and 2gp.
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