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ABSTRACT

In this paper we consider the inverse problem of recovering the total extinction
coefficient and the collision kernel for the time-dependent Boltzmann equation
via boundary measurements. We obtain stability estimates for the extinction
coefficient in terms of the albedo operator and also an identification result for
the collision kernel.
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1. Introduction

In this paper we consider an inverse problem for the linear Boltzmann equation

Ou+w - Vyu+ qu = Kylu] in (0,7) x S x€Q, (1)
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where T > 0, 2 is a bounded and convex domain of RV, N > 2, .S = SV~! denotes the
unit sphere of RV, ¢ € L>(Q) and K is the integral operator with kernel f(z,w’,w)
defined by

Kf[u](t,w,m):/Sf(:r,w’,w)u(t,w’,z) dw'.

In applications (N = 2 or 3), (1) describes the dynamics of a monokinetic flow
of particles in a body € under the assumption that the interaction between them is
negligible (which leads us to discard nonlinear terms). For instance, in the case of a
low-density flux of neutrons (see [7,13]), ¢ > 0 is the total extinction coefficient and
the collision kernel f is given by

[z, o', w) = q(z)e(x)h(z, o - w),

where the coefficient ¢ corresponds to the within-group scattering probability and the
kernel h describes the anisotropy of the scattering process. In this case, g(z)u(t, w, x)
describes the loss of particles at x in the direction w at time ¢ due to absorption or
scattering, while the integral on the right hand side of (1) represents the production
of particles at z in the direction w from those coming from directions w’.

The inverse problem associated with (1) that we are interested here is recovering g
and f by boundary measurements. That will lead us to consider the albedo operator A,
that maps the incoming flux on the boundary 9f2 into the outgoing one.

There is a lot of papers devoted to this problem and we specially mention the
general results for the identification one, obtained by Choulli and Stefanov [5] (see
also [11]), that state that ¢ and f are uniquely determined by A. There is also a
wide bibliography concerning the stationary case (See for instance those by V. G. Ro-
manov [14,15], P. Stefanov and G. Uhlmann [16], Tamasan [17], J. N. Wang [18], and
also the references therein.)

In this paper, we are mainly concerned with stability estimates for the time-
dependent equation (1). We consider ¢;, f;, 7 = 1,2, and

A; L0, T; LY (S75d€)) — LY0,T; LY (SF;d€))

the corresponding albedo operator (that will be precisely described in section 2 below,
as well as the spaces concerned). Since A; is linear and bounded, we consider the
usual norm ||.A;]|1.

Our main result is the following:

Theorem 1.1. We assume that ||g;|lcc < M for some M > 0 and f; € L>®(;
L3S x 9)), j=1,2. If T > diam(Q), there exists C = C(M) > 0 such that

lar = gell ;-3 () < CllAL = A2l1- (2)

Moreover, if q1,q2 € H%+S(Q) for some s >0 and ||g;||
for each 0 < r < s, there exists Cy. > 0 such that

o(r
g S Crlldn = A1,

H%JrS(Q) < M; Jj=12, then}

||Q1 - Q2H
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where 8(r) = 2(s — ) /(N 4 2s +1). In particular, for each 0 < r < s there exists C,
such that ) ,
lar = @lleo < CrllAr = A1,

Using the same ideas considered in the proof of Theorem 1.1, we obtain the fol-
lowing partial result on the identification of both ¢ and f in (1):

Theorem 1.2. Let q1,q2 € L>®(2) and f1, fo € L™ (Q L?(S x S ) IfT > diam(Q)
and Ay = Az, then ¢ = q2. Moreover, if fij(z,w',w) = g;j(z)h(w',w), with h €
L (S x S) such that h(w,w) # 0, a.e. on S, then g1 = go.

We organize the paper as follows: in section 2 we introduce the functional frame-
work in which the initial-boundary value problem for (1) is well posed in the sense
of the semigroup theory and where the albedo operator is defined over suitable LP
spaces; in section 3, following an argument used in [18] and an analogous strategy
used for identifying coefficients in the wave equation (see [6,12]), we construct special
oscillatory solutions of (1) that allow us to prove Theorem 1.1. Although the result
established in the Theorem 1.2 is not new, we also present here its proof to highlight
the method.

2. Functional framework and well-posedness results

For the reader’s convenience we gather below a few more or less well known results
concerning the functional framework for the operator w - V, and the semigroup it
generates.

Let Q C RY (N > 2) be a convex and bounded domain of class C! and S = SV~1
the unit sphere of R™Y. We denote by Q = S x Q and ¥ its boundary, i.e., ¥ = S x 9.
For p € [1,400) we consider the space LP(Q) with the usual norm

1/p
llullr (@) = (/Q|u(w,:c)|p dmdw) ,

where dw denotes the surface measure on S associated to the Lebesgue measure
in RV-1,
For each u € LP(Q) we define Agu by

N
ou
(AOU)(w7x) =w:- vru(wa‘r) = ;LUICTM(WVT)? W= (wh' o awN)

where the derivatives are taken in the sense of distributions in €.

One checks easily that setting W, = {u € LP(Q); Aou € LP(Q) }, the operator
(Ap,W,) is a closed densely defined operator and W, with the graph norm is a Banach
space.
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For every o € 0f), we denote v(o) the unit outward normal at o € 99 and we
consider the sets

¥ = {(w,0) €8 %x00; +w-v(o) >0}
We also denote X% = {0 € 99Q; (w,0) € ¥} (respectively, the incoming and
outcoming boundaries in the direction w).

Remark. It is well known that functions u € ¥V, may present singularities on ¥ at
points (w, o) such that w - v(o) = 0, in such a way that u|, ¢ LP(¥). For instance,
consider a > 0, Q = { (z1,22) € R?; 22 + 23 <1} and u: S x Q — R defined by

1

(Q)QZL’l — W1T2 + l)oz '

u(w,z) =

It is easy to check that if o < 3/4 one has u € Wy but u|_, ¢ L3(21). Yet worse, if
a € [1/2,3/4) one has

/ (w - v(o)|u(w,0)|? dwdo = +oo.
>+

In order to well define the albedo operator as a trace operator on the outcoming
boundary, we consider LP(X%; d€), where d¢ = |w - v(0)|dodw, and we introduce the
spaces

W;ﬁ ={ueW,; u_, € Lp(Ei;dg)},

which are Banach spaces if equipped with the norms

1/p
lullss = (Wb, + [ o violutwnop dods)

The next two lemmas concern the continuity and surjectivity of the trace operators
(see [3,4]):
vi: Wy = LP(SF1dE),  ye(u) =),

Lemma 2.1. Let 1 < p < +oo. Then there exists C > 0 (depending only on p) such
that

/H\w o), )P dodo < Ol V€ W 3)

Moreover, if p>1 and 1/p+ 1/p’ =1, we have the Gauss identity

/Qdivm(uvw) dxdw = /Ew ~v(o)u(w,o)v(w, o) dodw, (4)

”"¥ ot
for allu e W;E andv €W,,.
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Proof. Let ¢ € C1(R) and u € C(S;C(Q)). Then, for each w € S, we have from
Gauss Theorem,

/ o el do = [ Vet +ug o+ [ o vuptu)do. 6)

w

If p > 2, we consider ¢(s) = s|s|P~2. Then ¢ € C1(R) and (5) takes the form

w

/ (w-v)ulP do = p/ (w - Vu)ulu[P~? da + / lw - v||ul? do. (6)
=d Q -

From the Young inequality, we get

1 1
w-VulluPlde < = w-VulPde + — ul?. 7
/
Q P Ja P Ja

By substituting (7) in (6) and integrating over S, we obtain (3). The general case
follows by density.
For 1 < p < 2, we consider ¢, (s) = s(c + s2)®~2/2, Then ¢ € C'(R) and since

pe(s) =2 slsl”™ l(s) — (p— DI/,
()l < IsPP~ Jet()l < (p = Dls|P~2 + /2

we obtain (6) from (5) by application of Lebesgue Theorem. The conclusion follows,
as before, by density. O

As an immediate consequence of Lemma 2.1, we can introduce the space

W, - {f Wi [ o o)l dudo < +oo}

and we have that

Corollary 2.2. ng = lf/\V/; = Wp with equivalent norms.

Lemma 2.3. The trace operators v+ : )7\//;E — LP(XF:d€) are surjective. More
precisely, for each [ € LP(XF;dE), there exists h € W;)t such that v+ (h) = f and

||h||17\;pi < Ol fllze(==,de)s
where C' > 0 is independent of f.
Proof. See [3,4]. O

We consider the operator A : D(A) — LP(Q), defined by (Au)(w,z) = w-Vu(w, x),
with D(A) = {u e W,; v4(u) =0}.
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Theorem 2.4. The operator A is m-accretive in LP(Q), for p € [1,400).
Proof. 1t follows from the following two lemmas. O
Lemma 2.5. The operator A is accretive in LP(Q), i.e.,
u+ Aullre @) = lullze), Yu € D(A), YA > 0.
Proof. Tt is sufficient to prove that
lu+ AullLr@) > 1, Vu € D(A), such that [ul|zrq) = 1.

We prove first the case 1 < p < co. Let u € C(S;CH(Q)) with u =0 on ¥~ and such
that |luzr(g) = 1. Then

|u+ Aullzr(q) = Sup{ /Q(u +w- Vuvdedw ;v e LP (Q), [0l o (@) =1 },
where 1/p' +1/p = 1. If v = |ul[P~2u, then v € L¥'(Q) and [v[[ s gy = 1. Hence
llu+ Aul|Lr(q) > /Q(|u(w,x)|p + u(w, ) [P ?u(w, 2)w - Vu(w, z)) dedw.
Since
lu(w, 2)|P~2u(w, z)w - Vu(w, ) = %divgj(wm(u), x)|P),

we have, from Gauss Theorem,

/ [u(w, ) [P 2u(w, z)w - Vu(w, ) dr = ! / w-v(o)|u(w,o)P do > 0.
Q pJst

Therefore,

|u+ AullLr(q) > / lu(w, z) P dedw = 1.
Q

The conclusion follows by density.

The case p = 1 follows easily by a density argument and the fact that ||ul|, — |lul1
as p — 1, for all u € L*(Q) N LY(Q). (See also the Corollary 2.7 below.) O

In order to prove the maximality of A, we consider, for u € LP(Q), the extension
of u, that is the function % : S x RY — R,

u(w,x

- {u(wgr) if (w,z) € S xQ,

0 otherwise.

It defines the extension operator u — @ which is a continuous operator from LP(Q)
into LP(S x RY).
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Let Ly : LP(Q) — LP(Q) be the operator defined by
oo
(Lyu)(w,z) = / e u(w,r — Asw)ds, (w,z) €S x Q.
0

Lemma 2.6. L, satisfies the following properties, for each p € [1 + o0):

(i) Lx € L(LP(Q), LP(Q)), [ Lxllc(zr(@).Lr@) < 15
(ii) Yu € LP(Q), Lyu o in LP(Q);
(i) (I +MA)(Lyu) =u, Yu € LP(Q);
(iv) L € LILP(Q), Wh), ILxllc(Lr(@)wy) < 2/A;
(v) La(u) € D(A), Vu € LP(Q).

Proof. Let u € LP(Q). Then,

[(Lau)(w,x)| < /000 e *|a(w,x — Asw)| ds

00 1/p' 00 1/p
< </ e’ d5> (/ e *|u(w,x — )\sw)pds)

0 0

00 1/p
= (/ e *lu(w,x — )\sw)|pds)

0

/QI(Lw)(w,@Ip d < /OOo e * (/th(w,:c - )\sw)pdx> ds
< /OOO e’ </RN|ft(w,y)|p dy> ds

= Ju(@, )2, 0.

which yields

By integrating the expression above over S we obtain ||Lxullzr(@) < ||ullzr(q) and
the item (i) is proved. In order to prove (ii), we first note that

Lyu(w,z) — u(w,z) = / e [u(w, x — Asw) — u(w, x)] ds.
0
So, thanks to Holder inequality, we have
|Lyu(w, z) — u(w, z)|P < / e *lu(w, x — Asw) — a(w, x)|P ds.
0
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By integrating this last inequality over €2 and applying Fubini’s theorem, we obtain

/Q\L,\u(w,x) —u(w, )P dr < /000 e ® (/RN|11(w,x — Asw) — a(w, z)[P dm) ds

and the conclusion follows from the Lebesgue Theorem, since the translation operator
(1ag)(x) = g(x — Asw) defines a continuous group of isometries in LP(RY), that is,
for 1 < p < oo,

li — =0.

tim 72 — gl

By a direct application of Fubini’s Theorem, one checks easily that the adjoint of
L, is given by

(Lyu)(w,z) = / e t(w, z + Asw) ds,
0

since

/(L)\u)(w,a?)v(w,x)dxdw:/(Lﬁ\v)(w,x)u(w,x)d:cdw,
Q Q

for each u € L?(Q) and v € L (Q). Moreover, for u € LP(Q),

(Lau(w, ), p) = / u(w, 2) L3 (9)(x) dz, Vi € CF().

On the other hand,

LY(MNAp)(z) = )\/ e w-Vo(r + Asw) ds
0

= /0 efsdisga(m + Asw) ds
= —p(z) + (Lyp)(x), Ve € Cg°(Q)
and we have

(Laus o) = / wlip = / aLfp = / ilp + Li(Ow - V)]
Q RN RN

= (wg)+ [ AI50w V)

= (u; ) = (Lau; Aw - Vo)
= (u—Aw-V(Lyu); ¢)
which means that (I + AA)(Lyu) = u in the sense of distributions in €.
Since MA(Lyu) = u — Lyu € L?(Q), we obtain Lyu € W,. Moreover,

1 2
[Aul|Lr(q) < X(HUHLP(Q) + [ LaullLe(q)) < XHUHLP(Q)~

In order to prove that Lyu € D(A), we note that if u € C(SxQ), then it is obvious
that v € LP(Q) and Lyu = 0 on X7. Again, the general case follows by density. O
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Corollary 2.7. Let f € LP(Q), p € [1,+00) and assume that u € D(A) is a solution
ofu+Au=f. If f >0 a.e. in @, then u >0 a.e. in Q. In particular, it follows that

lullLr @) < I fllr@)-

Proof. Since (Ly f)(w, ) fo e 5 f(w,x —sw)ds > 0if f >0, we obtain u > 0 from
items (iii) and (v) in Lemma 2.6.

Now assume that f € L(Q) and let v € D(A) the solution of v + Av = |f|. Then
v >0 and —|f] < f < |f| implies that |u| < v. Therefore, by integrating over @, we
obtain

HUHLl(Q) < /Qv(w,x) drdw < /Q[v(w, x) + Av(w, 2)] dedw = ||fHL1(Q)- O

It follows from Theorem 2.4 and Corollary 2.7 that the operator A generates a
positive semigroup {Uy(t)}¢>0 of contractions acting on LP(Q).
Let g € L*°(Q) and f: Q x S x S — R be a real measurable function satisfying

{fs|f(x,w’,w) do' < M; ae. Qx5S, ®

Jslf(z, 0 w)|dw < My ae QxS
Associated to these functions, we define the following continuous operators:
(a) B e E(L”(Q), 17(Q)) defined by Blu](w,z) = q(z)u(w, z),
(b) Ky¢lul = [ flz, 0, w)u(w, ) dw'.
It follows from (8) that Ky € L(LP(Q), L?(Q)) Vp € [1,4+00) and (see [7])
15 sellln@) < M7 My "l
The operator A+ B — Ky : D(A) — LP(Q) generates a co-semigroup {U(t)}1>0
on LP(Q) satisfying
IU@)e < C =g lloo + Mo

3. Stability and identification of parameters

We consider the initial-boundary value problem for the linear Boltzmann equation

Ou(t,w,z) +w - Vu(t,w,z) + q(z)u(t,w, ) = Kru)(t,w, x)
u(0,w,z) =0, (w,x)€ S xXQ (9)
u(t,w,0) = p(t,w,0), (w,0)eX™, te(0,T),

where ¢ € L*°(Q2) and

Kf[u](t,w,z)z/sf(:z:,w’,w)u(t,w’,z) dw’
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with f satisfying (8).
By the results stated in section 2, it follows that, for any p € [1,4o00), if

¢ € LP(0,T;LP(X7,df)), there exists a unique solution u € C([0,77; Wp) N
CL([0,T]; LP(Q)) of (9). This solution u allows us to define the albedo operator
Agy: LP(0,T; LP(S7,d€)) — LP(0,T; LP (S, d€))
Agslel(t,w,0) =ult,w,0), (w,0)€ X
As a consequence of Lemmas 2.1 and 2.3, A, ¢ is a linear and bounded operator.
So, we denote by [|.Aq rl|, its norm. In order to simplify our notation, we will consider
from now on ||'HL11; = ”'HLP(O,T;LI’(Zi,dE))-
We also consider the following backward-boundary value problem, called the ad-
joint problem of (9):
ov(t,w, o) +w - Vo(t,w,x) — g@)v(t,w,z) = —K7[v](t,w, x)
v(T,w,x) =0, (w,z)€SxN (10)
v(t,w,0) =Y(tw,0), (w,0)€XT te(0,T),

where 1 € L¥ (0, T; LY (37, d€)), p' € [1,+00),

Kjlul(t',2) = [ fla,sw)olto,a) do
with the corresponding albedo operator A; ¥

As ¢ LP(0,T5 L7 (5F, d€)) — LV (0, T5 L' (57, d€))
Z,f[w](t7w70-) :U(tvwaa), (w70') e .

The operators A, ¢ and A; f satisfy the following property:

Lemma 3.1. Let ¢ € LP(0,T; LP(X7;d€)) and o € LP' (0,T; L' (S+;d€)), where
p,p" € (1,400) are such that 1/p+ 1/p’ = 1. Then, we have

T
/0 /7(w v(0)p(t,w, o)A f[V](t,w, o) dodwdt =

T
=—// (w - v(o))(t,w,0) Ay tlP)(t, w, o) dodwdt.
0Jx+t

Proof. 1t is a direct consequence of Lemma 2.1. Let u(t,w, z) the solution of (9) with
boundary condition ¢ and v(t,w,x) the solution of (10) with boundary condition .
We obtain the result by using (4), once the equation in (9) is multiplied by v and
integrated over Q. O
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Lemma 3.2. Let T > 0, q1,q2 € L>®(Q) and f1, fo salisfying (8). Assume that
uy is the solution of (9) with (q, f) = (q1, f1) and boundary condition ¢ € LP(0,T};
LP(X7,d€)), p € (1,400) and that ve is the solution of (10), with (¢, f) = (g2, f2)
and boundary condition ¢ € L¥’ (O,T; L”/(Z+,d§)), 1/p+1/p’ =1. Then we have

//(Ch(x) — q1(z))ur (t,w, 2)va(t, w, x) dedwdt
0JQ
// Ky g, [u](t, w, x)va(t,w, x) dedwdt

//z:+ w-v(0))[Ailp] — As¢]] (t,w, 0)¥(t, w, o) dodwdt,

where Aj = Ay 5,5 7= 1,2.
Proof. 1t is a direct consequence of Lemma 3.1. |

Lemma 3.3. Let T > 0, q1,q2 € L>®(Q), and f1, fo salisfying (8). We consider
Y1, € C(S,C5°(RY)) such that

supp 1 (w, ) NQ = (supp Po(w,-) + Tw) NQ =0, VweS. (11)

Then, there exists Cy > 0 such that, for each A > 0, there exist Ry x € C(|0,T); Wp)
and R; , € C([0,T]; Wy ) satisfying

IRiAllcqorr@) < Co, 1R \loqoror @)y < Co, Vpp' € (1,+00),  (12)

with 1/p+ 1/p" =1, for which the functions uy,ve defined by

w(t,w,8) = t1(w,s tw)exp(/ot Gz — sw) ds + it —w- x))
FRuA(bw, )

va(tw,z) = (w0, 2 — tw) exp(/ot Gl — sw) ds — Nt — w - x))
LR (hw, )

(13)

are solutions of (9) with (q, f) = (q1, f1) and (10) with (q, f) = (q2, f2) respectively.
Moreover, if f1, fo € L>(Q; L?(S x S)), then we have
)\EIEOOHRLA”L?([O,T]XQ) = )\EIEOO||R§,AHL2([0,T}><Q) =0. (14)

Proof. Let u be the function

u(t,w, z) = 1 (w,x — tw) exp (—/0 G1(z — sw)ds + i\t —w - x)) + R(t,w,x). (15)
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By direct calculations, we easily verify that
Ou+w -Vu+qu— Ky [u] =0, R+w-VR+ ¢ R — Ky, [R] — exp(iXt) 2y,

where
ZLA(t, w, l‘) _ / fi (I, w/7 W)d’l (w/, T tw/)eifot G (w—sw’) ds—idw' -z dw'.
S

By choosing Ry, € C*([0,T]; LP(Q)) N C([0,T]; D(A)) the solution of

OR+w-VR+q@R = K [R]+ exp(irt)z .,
R(0,w,x) =0, (w,z)eSxQ, (16)
R(t,w,0) =0, (w,0)€X™,

we see that (11) implies that the function u defined by (15) satisfies (9) with boundary
condition

(p(tv W, U) = ¢1 (w7 0 — tw)e_fot o) ds+i)\(t_w.”)7 (Wa 0) ex”.

Multiplying both sides of the equation in (16) by the complex conjugate of | R|P~2R,
integrating it over @ and taking its real part, we get, from Lemma 2.1,

/ \R()Pdwdz + - / w - V() [R(t)|Pdwdo + / o |R(®)[Pdwda
p dt S+ Q

—%/ Ky [RWOJR®)|P2R(t )dwdx:%[ei“/QzLA(t)|R(t)|P—2R(t) dwdz|.
It follows from the Hélder inequality and (8) that

/ K [RORE)P - dado < Cy| RO, o),

where C), = Mll/p le/p < max{Mi, Ms5}. Therefore, considering the decomposition
q = qfr — g7 , wWe obtain,

d
%HR(t)”}["p(Q) § pClHR(t)H'Zp(Q) + Hzl,A(t)”ip(Q)a
where C1 = ||¢] |loo + max{M7, M2} 4+ 1 and the Gronwall inequality implies that
IRO)IE, ) < 5B e ¥t € [0,7)
The first inequality in (12) follows easily because

21t w, )] < [l |oce!® 1T My
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Since the same arguments hold for vy and Rj , with p’ in place of p, we obtain
the second inequality in (12).
We assume now f € L®(Q; L%(S x S)). Following the same steps as before, we
obtain
IR0 < 217 (0)[22gye* T, ¥t € 0,7, (17)

where C1 = g |loo + || fllz=(0:r2(sx5)) + 1. Since for each z € RY, the map
w — exp(ilw - z) converges weakly to zero in L?*(S) when A — +oo and the inte-
gral operator with kernel f;(z,,-) is compact in L?(S), we obtain

)\lirf lzia(t, - 2) |25y =0 ae in  [0,7T] x Q.

Moreover, [|z1A(t,-,7)|[z2(s) < C, where C' > 0 is a constant that does not depend
on . The Lebesgue’s Dominated Convergence Theorem (Lebesgue Theorem in short)
implies that

Wz llzzomxe) = 0. (18)
From (18) and (17) we obtain (14), and our proof is complete. O

We are now in position to prove our main result.
Proof of Theorem 1.1. Let e = (T — diam(2))/2 and consider
Q. ={z e R\ Q; dist(2,Q) < e }.
Let x € C(S) and ®, ¥ € C5°(£2.). We define ¢ (w,z) = x(w)P(x) and ¢(w,z) =
U(z). Since T' > diam(Q)) implies that 1,19 satisfy (11), we may consider the

solutions u; and vy defined by (13). Denoting by f = fi — fo and p = ¢1 — ¢2 (g;
being the zero extension of ¢; in the exterior of Q), we have by Lemma 3.2,

T
‘ / / p(ac)e_fot pla=sw)dsy (L)) B(z — tw)¥(z — tw) dedwdt
0JQ

T
+ / / 2a(t,w, 2) U (2 — tw)elo BE—sw)dstide e qoq,qp 4 T,
0JQ
< My = Aallplell; 1.+ -
where

N / J (.0, w) X (W) — tayem N # I s gy,
S

o(t,w, o) = x(w)P(o — tw)ei/\(t_w'g)—fot G1(o—sw) d57
w(hw, 0) = \IJ(J — tw)efof’ G2 (0—sw) ds—iA(t—w-0)

and I represents the sum of the integrals that contain terms with Ry ) and Rj ,.
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Because Ry x, I3, and z) converge to zero in L2([0,T] x Q), we get, after taking
the limit as A\ — +oo,

T
‘ / / p(x)e Jo PE=s)ds\ ()D (2 — tw) W (z — tw) dedwdt
0 JSxRN
< 1A = Aallplell g 11l -,

Since

T .
/ / p(z)e™ Jo PE=s)dsy ())D(z — tw) U (z — tw) dedwdt
0 JSxXRN
T .
- / / ply + tw)e™ Jo PUT) o3 (0)D(y) U (y) dyduwdi
0 JSXRN

= [ e () () g
SxRN
it follows that
— [T Sw S
[ e B ) )y | < s = Al 19
X P

Note that

||wHL+, SOlH\IIHLOO(]RN)v Ch :C(T7M7|S|’|agl)’
P
tim ol = el
limsilpHAl — Aol < |l A1L— Az
p—)

which yields

’ /3 [ e T ) )0y W) dyder | < Crll s = Aalh el o e
X

Note also that HcpHL; < Col| @[ @y lxl 1 (s), for some Cy that depends as Cy
on T, M, |S|, and |09]. Hence,

[ e ) u ) v
xRN

< Csl|Ar — Aol |®]] L1 vy [P ] poo vy X 21 (5)-

Let O C Q. be an open set such that supp @, supp ¥ C O. Assume that ¥ < 1.
Taking a sequence { ¥} } such that ¥, converges a.e. in RY to 1¢, the characteristic
function of O, we obtain from Lebesgue Theorem

T SW S
‘/S 0[1 — e~ Jo Plurs)ds]y () (y) dydw‘ < C3|l AL = Aol 1]l £ ey XN 21 sy -
X
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Now, taking the supremum of the above inequality among all ® with [|®| 1 ryy = 1,
we get

< C3l| Ay = AsllilIxll 21 (sy-
L=(0)

H /5[1 _e T Pltsw) d5] 3 () du

In particular,

[ e ) | < Callds - Aelilds.(9)
S

for a.e. y € O. Since O can be chosen arbitrarily in €., we obtain (19) for a.e. y € Q..
Again, taking the supremum among all x € C(S), with ||x|[z1(s) = 1, we get

‘e—ffﬂ(yﬂw)ds _ 1‘ < O3]l Ar — A

for a.e. (w,y) € § x Q..
Since [|gjlloo < M, j = 1,2, the Mean Value Theorem gives

T
‘e_fOTp(y-‘rsw)ds _ 1‘ Z e—QTM’/ P(y+8w> dS
0

and consequently

T
‘/ ply + sw)ds | < *TMCs)| AL — As||1
0

for a.e. (w,y) € S x Q.. Since T > diam(Q2) and supp p C 2, we obtain

‘ / p(y + sw) ds < eQTM03HA1 — .A2H1 (20)

for a.e. (w,y) € S x RV,
Since 2 is bounded, there exists a R > 0 such that 2 C Bpg, so that we can
rewrite (20) as
[Plpl(w, y)| < Cull Ar = Azlly (21)

for a.e. w € S and a.e. y € w® N By, where P[p| denotes the X-ray transform of p.
Taking the square on both sides of (21), we obtain

PP ery = [ [ Pl dydo < Collds =l (2)

where T = { (w,y); w € S, y € wt } denotes the tangent bundle.
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For the X-ray transform, we have the following well known estimate (see [10])

1ol =172 < ClIP[p]l L2 (7)) (23)

where C' > 0 depends only on N. Combining (22) and (23) we obtain (2). The
conclusion follows from interpolation formulae and classical Sobolev imbedding theo-
rems. O

Proof of Theorem 1.2. Since we are assuming that Ag, 5, = Ag,,r.. @1 = g2 follows
trivially from (2). As a consequence, the identity in Lemma 3.2 is reduced to

T
// Ky g, [u](t,w, x)va(t,w, ) dedwdt = 0. (24)
0JQ

Assuming that f;(z,w’,w) = g;j(z)h(w’,w), where h € L>(S x §) and h(w,w) # 0
a.e. on S, we have that f; satisfies (8) with My = My = an||gjllecl|P]|oc, Where
an = 27N/2 /T(N/2) is the measure of the unit sphere of RV,

For 0 < r < 1 we define x, : S x § — R as x,(w,w') = P(rw,w’), where P is the
Poisson kernel for By(0), i.e.,

1— |z

o) = = o

From the well known properties of P (see Theorem 2.46 of [8]), we have

2

0< r\W, /<—7
=X <ww)_OéN(177")N71

Yw,w' €8,
/XT(w,w’)dw':L Yo<r<l1, VYwes
s

lim [ (W () do’ = (w),

r—1 S

where the limit is taken in the topology of LP(S), p € [1,4+0c) and uniformly on S if
P e C(9).

As before, we take . = {x € RNV\Q; dist(z,Q) < €}, where e = (T'—diam())/2.
For © € S, 0 < r,7’ < 1, we define the functions ¢ (w,z) = x, (@, w)®(z) and
Pa(w, x) = xp (0, w) ¥ (x), where &, ¥ € C§°(Qe),

It follows from Lemma 3.3 that there exist functions u;, and vy,  in such way
that (24) takes the form

T
J N A ™
0Jg s

X Xor (@, w) U (@ — tw)elo (@A g dydt = Iy 0 (@), (25)
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where § = ¢1 = G2, n = g1 — g2 and I, , denotes the sum of the integrals that
contain the terms with %y ), and R} A
First of all, we write the left hand side of (25) as

I / / nKh Xr (@, )ug /\}Xr( o, » dzdwdt,
0

where .
up(t,w,z) = O(z — tw) exp {/ G(x — sw)ds — idw - x],
0

i
voa(t,w, z) = U(x — tw) exp [/ G(z — sw)ds +idw - x} .
0
Taking into account the properties of x,., we have, as r — 1,
Kh[XT'(a)7 ')uo,)\](tv W, x) - h’(wv L‘D)UO,)\(tv ‘:}a 33)

a.e. in [0,T] x S x Q. Moreover, since [¢x,(0,w’)dw’ =1 for 0 < 7 < 1, it follows
that

KR [ (@, Juo X (@, Jvoa] < On(1 =),
a.e. in [0,7] x @, where C > 0 is independent of r. Therefore, as an application of
Lebesgue Theorem, we have

J)\,r/,r(‘:)) — J)\,T/ ((:)), a.e. w e S,

where

In ( / / M@, w)ug A (t, @, )X (@, w)vp A (t, w, z) dedwdt

/ / Kh X ( )v07,\](t,dj,x)u0,,\(t,@,a:) dxdt.

We repeat the same procedure with 7/ — 1 to obtain Jy . (©) — Jy(@) a.e. © € S,
where

/ / @)oo (t, 0, x)ug A (t, @, x) dedt o)

— h@,0) /0 /Q n(2)®(z — )0 (z — t2) dadt.

Now we rewrite the right hand side of (25) as

Iy (@) / / (Kn[Rixr)xr (@, -)vo,x

+ Kh [XT( y ')UO,)\]R;k,T/ + Kh[R17)\,7—]R;7)\7T/) dl’det,
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where R; ), is the solution of the initial-boundary value problem

R+w-VR+q@R = g1 Kp[R] + exp(iXt)g121 .1,
R(0,w, ) =0, (w,z)eSxQ, (27)
R(t,w,0) =0, (w,0)€X,
with
2100 (8O, w, ) = / h(w, " )xr (@, w")ug A (t, ', z) do’
s

and Rj , . is the solution of the corresponding adjoint problem with 23 x ..
Again, the properties of y, and Lebesgue Theorem give, as r — 1,

zZingy — z1n in L2([0,T] x S x Q),

where 21 1 (¢, ®0,w, ) = h(w, ®)up A (t, @, ). From the continuity of the operators U (t)
and K} we obtain, as r — 1,

Kn[Rix (@) — Kn[R1n](@) in C([0,T]; L*(Q))
for almost every @ € S, where Ry ) is the solution of (27) with z; ) taking the place of

z1,,r- Therefore, taking the limit as r — 1, we have I,/ (@) — I (@) a.e. @ € S,
where

I (@ // (Kn[Ri )X (@, -)vox + h(-, @)ug AR5 5

/ / (K Do (@, )00 s} R + K7 [R5 o] Rax)daoddi-+

+ / WK R 0 o)t @, 2)uto A (1 @, 2) ddt
0 Q

We repeat the same procedure with 7/ — 1 to obtain I (@) — I} (@) a.e. w,
where

T
I (@) = /0 /977 (Kn[Rix]vox + Kji [R5 5 ]uo,x) dadt

T
+ / / nEKp [Rix]| R ydxdwdt.  (28)
0J@Q

In order to take the limit as A — -+oco in (28), we point out that z +— *%2
converges weakly to zero in L?(Q) for all @ € S. Therefore, using the Lebesgue
Theorem and the continuity of the operators U(t) and K}, we may conclude that

glzl )\(t w, a') -0 = Rl,)\(tya)a'a') -0 = Kh[Rl,)\}(tﬂD)'f) _\07 (29)
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weakly in L?(Q), Vt € [0,T], a.e. @ € S.

On another hand, it follows from (12) that w — Ry \(¢,&,w,z) is bounded in
L?(S) a.e. in [0,7] x Q. Since Kj, is compact, we have (by taking a sequence A,
if necessary) that Kp[Ry ,\](t,®,,x) converges strongly in L?(S) as A — +00. As a
consequence of the Lebesgue Theorem, K [Ry ](t, @, -, ) converges strongly in L?(Q),
vVt € [0,T], a.e. @ € S. In particular, we have from (29) that

Kn[R1,](t,@,-,-) — 0 strongly in L?(Q), Vt € [0,T], a.e. @ € S. (30)
With the same arguments, we also obtain
Kn[R5,](t,@,,-) — 0 strongly in L*(Q), Yt €[0,T], a.e. @ € S. (31)
Since ug, ) and vg » are bounded functions, we see from (30), (31), and (28) that

lim I = L. @ . 2
o (@) =0, ae wes (32)

Since we have by (25), Jx (@) = Iy, (@) a.e. © € S, we take the limit in ', r
and A and we get, from (26), (32), and the assumption that h(w, ) # 0, that

//RN (z 4 t0)®(2) ¥ () dedt = // ®(z — @)V (2 — t@) dadt = 0.

Since ® and ¥ are arbitrary and T' > diam(£2), we obtain

+oo
/ n(x+to)dt =0, ae xRN, @b,

— 00

which means, by standard arguments for the X-ray transform, that n(z) = 0 a.e. in RY.
Hence the result. O
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