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Abstract

We consider the inverse problem for time-dependent semilinear transport equa-
tions. We show that time-independent coefficients of both the linear (absorption
or scattering coefficients) and nonlinear terms can be uniquely determined, in a
stable way, from the boundary measurements, by applying a linearization scheme
and Carleman estimates for the linear transport equations. We establish results in
both Euclidean and general geometry settings.

1. Introduction

We investigate the time-dependent transport equation with nonlinear term in
this article. Let Q@ ¢ RY, d > 2, be an open bounded and convex domain with
smooth boundary 9€2. We denote

SQ:=0 xS, sQ? = xS x s SQri=(0,T) x SQ

for T > 0. We also denote the outgoing and incoming boundaries of S2 by 9452
and 0_ S respectively which are defined as follows:

9LSQ 1= {(x,v) € SQ: x € 2, £(n(x),v) > 0},

where n(x) is the unit outer normal vector at x € 92 and (v, w) is the dot product
in RY. Moreover, 9+ SQ7 = (0, T) x 9+5K. Let the function f = f(z, x, v)
be the solution to the following initial boundary value problem for the nonlinear
transport equation:

of4+v-Vif+of+Nx,v, f) =K(f)in SQr,
f=fo on {0} x S, (1.1)
f=f onod_SQr,
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where T is sufficiently large, 0 = o (x, v) is the absorption coefficient and the
scattering operator K takes the form

K(f)(t, x,v):= /d 1 wl, v, 0) Ft, x,v)do), (1.2)
-

with the scattering coefficient u = u(x, v/, v) and the normalized measure, that is,
de—l dw(V') = 1, where dw(v') is the measure on S?~!.

In this paper, we are interested in the inverse problem for the nonlinear trans-
port equation in (1.1). The main objectives are to determine the nonlinearity N,
absorption o and the scattering coefficient i by the boundary data. The problem
is motivated by applications in the photoacoustic tomography, in which the non-
linear excitation is observed due to two-photon absorption effect of the underlying
medium, see [29,43,44,47] and the references therein.

There has been extensive study in the inverse coefficient problem for the trans-
port equation. The associated inverse problem is concerned with determining un-
known properties (such as absorption and scattering coefficients, o and @) from
the albedo operator which maps from incoming to outgoing boundary. The unique-
ness result was studied in [10,12-15,46] and stability estimates were derived in
[3-6,38,48,49]. See also recent references [2,45]. Moreover, related studies in the
Riemannian setting can be found in [1,39—42]. As for the nonlinear transport equa-
tion, the unique determination for the kinetic collision kernel was derived in [30] for
the stationary Boltzmann equation and in [36] for the time-dependent Boltzmann
equation. In addition to the recovery of the collision kernel, the determination of the
Lorentzian spacetime, i.e. the first order information, from the source-to-solution
map for the Boltzmann equation was considered in [7].

The main strategy we applied here is using the Carleman estimate for the linear
transport equation and the linearization technique. A Carleman estimate, established
by Carleman [9], is an L? weighted estimate for a solution to a partial differential
equation with large parameters. Roughly speaking, a special weight function in
the Carleman estimate is chosen to control irrelevant information and then extract
the desired properties. The Carleman estimates have been successfully applied in
solving inverse problems for various equations. We refer readers to the related
references [8,18,19,21,22,26,38] for applications the inverse transport problem.
As for the linearization technique, it deals with nonlinear equations in inverse
problems to reduce the nonlinear equation to the linear one. In this paper, we apply
the higher order linearization whose feature is that it introduces small parameters
into the problem for the nonlinear equation. Then differentiating it multiple times
with respect to these parameters to earn simpler and new linearized equations.
For more detailed discussions and related studies, see for instance [11,25,35] for
hyperbolic equations, [17,20,23,24,27,28,31-34,37] for elliptic equations, and
[29,30,36] for kinetic equations.

1.1. Main Results

Throughout this paper, we suppose that T is sufficiently large which depends
on the domain. Suppose that o € L®(SQ) and u € L>®(SQ?) and there exist
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positive constants o® and 1° such that
0So =0’ 0= v, v u’. (1.3)

Moreover, suppose that p satisfies

/ wix,v,v)do®) £o(x,v), and / wix, v, v)do@) L o(x,v)
Se-1 sd-1
(1.4)

for almost every (x,v) € SQ. The assumption (1.4) means that the absorption
effect is stronger than the scattering effect in the medium.
Now we denote the measurement operator Ay, y by

Ao uv : (fo, f2) € L7(8Q) x L™ (-8SQr) = fla, s, € LT (045Q7).
(1.5)

It follows from Theorem 2.6 in Section 2 that the initial boundary value problem
(1.1) is well-posed for small initial and boundary data ( fo, f—). Specifically, there
exists a small parameter § > 0 such that when

(fo, f-) € X5 = {(fo, f-) € LO(SQ) x LX(3-5Qr) :

(1.6)
I follLoecsay =8, I f=llL=@ s = 8,

the initial boundary value problem (1.1) has a unique solution. Hence, the map
Ag, ;v is well-defined within the class of small given data.

The paper is devoted to investigating the inverse coefficient problem for the
transport equation with nonlinearity. We study the reconstruction of the absorption
coefficient (or scattering coefficient) as well as the nonlinear term from the mea-
surement operator. In that follows, we illustrate the main results on R4 (discussed
in Section 3) and also results on Riemannian manifolds (discussed in Section 4)
separately.

1.1.1. Inverse Problems in Euclidean Space In the first theme of the paper, we

consider the problem (1.1) with the nonlinear term N(x, v, f) : S xR — R
satisfying the following conditions:

the map z +— N (-, -, ) is analytic on R such that N(-, -, f) € L®(SQ);
N(x,v,0) =9;N(x,v,0) =0in SQ.

(1.7)
This implies that N can be expanded into a power series

N(x,v,2) = Zq(k)(x v)— (1.8)

which converges in the L*°(S2) topology with q(k) (x,v) = afN(x, v,0) €
L>®(SQ).
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For a fixed vector y € S?~!, we say a function p is in the set A if p satisfies

px,v) =px,—v) inSQ and pkx,v)=0 InQx{ve se-1. ly - vl £ ol
(1.9)

for some fixed constant yy > 0. We state the first main result. The inverse problem
here is to recover o and N provided that u is given.

Theorem 1.1. Let Q2 be an open bounded and convex domain with smooth bound-
ary. Suppose that o; € L>®(SQ) and jn € L®(S9?) satisfy (1.3) and (1.4) for
J=1 2. Let Nj : SQ x R — R satisfy the assumption (1.7) with q® replaced
by qgk) for j =1,2, respectively. Let o, ju(-, -, v), q;k) forallk 2 2 bein A. If

AU],M,N| (hv 0) = AUz,/L,Nz (hv O)
forany h € L®(SQ) with ||h| L= sq) < 8 for sufficiently small §, then
o1(x,v) = oo(x,v) inSQ and Ni(x,v,z) = Na(x,v,z) in SQ x R.

Remark 1.1. We would like to point out that the constant y indeed can be chosen
to be arbitrarily small as long as yp > 0. In this case, the condition (1.9) becomes
less restrictive in the sense that the coefficients only need to vanish in a small subset
of SY~! in order to make the above uniqueness results hold. We refer to Section 3

for detailed discussions and for more relaxed conditions, instead of (1.9),on 0}, u
(k)

andqj .

Remark 1.2. On the other hand, suppose that o is given and p is unknown and
is of the form p := fi(x, v) p(x, V', v). In this case, we can also recover i, see
Proposition 3.5 for details. Combining with the reconstruction of N (x, v, z), we
obtain the determination of both the scattering coefficient and the nonlinear term
provided that o is known.

Moreover, we also consider the problem when the nonlinear term has the form

N(x, v, f) =q(x, v)No(f),

where N satisfies

INo(P)lzx(sar) < Crll fllze(sar): (1.10)

and
19:No(F)lILser) S Call 1l 7= 5@, (1.11)

for a positive integer ¢ = 2 and constants Cj, C; > 0, independent of f. For
instance, when ¢ = 2, No(f) can represent the quadratic nonlinearity such as
No(f) = f2or f de’l fdw (V). The latter example finds applications in photoa-
coustic tomography with nonlinear absorption effect and we refer the interested
readers to the references [29,43].
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Theorem 1.2. Let Q2 be an open bounded and convex domain with smooth bound-
ary. Suppose that o; € L>®(SQ) and |1 € L®(SQ?) satisfy (1.3) and (1.4) for
Jj =12 Let Ni(x,v, f) = qj(x,v)No(f), where qj € L°°(SQ) for j = 1,2
and Ny satisfies (1.10)-(1.11) with 83N0(0) > 0. Letoj, (-, -, v), gj bein A. If

AH],[J.,N] (hr O) = AUz,u,Nz(hv O)
forany h € L*°(SQ) with ||h]l L sq) < 8 for sufficiently small 8, then
o1(x,v) =02(x,v) inSQ and Ni(x,v,z) = Nao(x,v,z2) in SQL xR.

Remark 1.3. Similarly, as discussed in Remark 1.2, if ¢ is now given, then we can
recover & and N from the boundary data as well.

1.1.2. Inverse Problems on Manifolds The second theme of the paper is the
inverse problems for the transport equation on manifolds.

We denote M the interior of a compact non-trapping Riemannian manifold
(M, g) with smooth strictly convex (with respect to the metric g) boundary 9 M.
Since M is non-trapping, any maximal geodesic will exit M in finite time, i.e. have
finite length. M plays the role of €2 in the manifold case, and thus we naturally gen-
eralize the notations for Q2 (e.g. 2, SQ7, 0+ SQ7, etc.) to corresponding notations
for M (Seee.g. SM, SMr, 0+ SMr, etc.). See Section 2 for more details.

We consider the following initial boundary value problem:

of+Xf+of+Nkx,v, f) =0 inSMr,
f = fo on{0} x SM, (1.12)
f=f-ond_SMr.

Here X is the geodesic vector field which generates the geodesic flow on SM,
see Section 2 for more details. In particular, X = v - V, in the Euclidean case.
The equation (1.12) is in the absence of the scattering effect, due to our Carleman
estimates on Riemannian manifolds in Section 4. The Carleman weight function
chosen in this paper is naturally associated with the geodesic flow of the Riemannian
manifold, which depends on both the position x and the direction v, and therefore
makes it hard to control the scattering term by other terms in the estimate, see also
Remark 4.1. Since the main scope of the paper is recovering the nonlinearity of the
transport equation, we do not pursue further the inverse problem with the scattering
term in the Riemannian case.

Let Ay, v := Ag.0,n be the measurement operator associated with the problem
(1.12). Analogous to the results in the Euclidean case, we have the following two
main results on Riemannian manifolds:

Theorem 1.3. Let M be the interior of a compact non-trapping Riemannian man-
ifold M with smooth strictly convex boundary dM. Suppose that o; € L*°(SM)
satisfy (1.3) for j =1, 2. Let Nj : SM x R — R satisfy the assumption (1.7) in

the manifold with ¢ replaced by qj(.k) for j = 1,2, respectively. If
Aoy Ny (h, 0) = Ag,y N, (R, 0)
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forany h € L®(SM) with ||h| o smy < 8 for sufficiently small 8, then
o1(x,v) =0op(x,v) inSM and Ni(x,v,z) = Na(x,v,z) inSM x R.

Moreover, when the nonlinear term takes the form N (x, v, f) = g(x, v)No(f),
we have the following result:

Theorem 1.4. Suppose that o; € L (SM) satisfies (1.3) for j = 1, 2. Let
Nj(x,v, f) = qj(x,v)No(f), where q; € L*(SM) for j = 1,2 and Ny sat-
isfies (1.10)-(1.11) in the manifold with E)ZzNo(O) > 0. If

Asi Ny (1, 0) = Ag,y N, (R, 0)
forany h € L®(SM) with ||h| o smy < 8 for sufficiently small 8, then
o1(x,v) =op(x,v) inSM and Ni(x,v,z) = Na(x,v,z) inSM x R.

Remark 1.4. We actually only need much less data to stably determine both o and
N. To be more specific, fix positive & € L®(SM) with XPh e L®(SM) for
B = 1,2, consider the initial boundary value condition (¢h, 0) for || sufficiently
small, we establish the following stability result:

lloy — U2||L2(SM) = C|10, 0, (Aal,Nl (¢h,0) — As, N, (eh, 0))'6:0||L2(a+5MT)-
If in addition 0 = o = 07, then

g1 — q2||L2(SM) = C”atagz(AG,N| (eh,0) — Ay N, (eh, 0))|e=0||L2(a+SMT)-

The constants C in both estimates are independent of o; and g, j = 1,2. See
Proposition 4.4 and Proposition 4.5 for more details. Similar results hold when the
nonlinear term N;, j = 1, 2 satisfy the assumption (1.7), see e.g. Lemma 3.6 and
the proof of Lemma 3.8.

The rest of this part of the paper is organized as follows: in Section 2, we in-
troduce the notations and function spaces, and also establish several preliminary
results, including boundedness of solutions to the linear equation, Maximum prin-
ciple, and the well-posedness problem for the nonlinear transport equation. We
investigate the reconstruction of the unknown coefficients in the Euclidean setting
and prove Theorem 1.1 in Section 3. In particular, we establish an improved ver-
sion of the Carleman estimate of [38]. In Section 4, we first deduce the Carleman
estimate and the energy estimate in a Riemannian manifold. With these estimates,
Theorem 1.3 follows directly by applying similar arguments as in the proof of
Theorem 1.1. Furthermore, in the case of N = gNo(f), we show the unique de-
termination of g, which immediately implies the uniqueness of N in Theorem 1.4.
Finally, we note that the techniques for showing Theorem 1.4 can also be applied
to prove Theorem 1.2.
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2. Preliminaries

In this section, we will discuss the forward problem for the initial boundary
value problem for the nonlinear transport equation. In particular, we will prove the
well-posedness result on a more general setting, namely, the Riemannian manifold.
All the results discussed in this section are also valid in the Euclidean space and
will be utilized in Section 3.

2.1. Notations and Spaces

In order to investigate the transport equation on a Riemannian manifold, we
need to introduce the related notations first. Most of the notations below are similar
to the ones we saw earlier in Section 1, but with €2 replaced by the manifold M.

Let M be the interior of a compact Riemannian manifold (M, g), of dimension
d = 2, with a Riemannian metric g and strictly convex boundary d M. Suppose that
M is non-trapping. Let T M be the tangent bundle of M. We denote the unit sphere
bundle of the manifold (M, g) by

SM = {(x,v) € TM : [vl3,) == (v, V) gy = 1},

where (-, -)¢(x) is the inner product on the tangent space T, M. Let d+SM and
0_SM be the outgoing and incoming boundaries of SM respectively and they are
defined by

0:SM = {(x,v) € SM : x € IM, £(n(x), v)g() > O},

where n(x) is the unit outer normal vector at x € dM. For any point x € M, let
SyM = {v: (x,v) € SM}. Moreover, we also denote

SM?:={(x,v,v):x € M, v, vV € ScM}.

Let T > 0, we denote SMy := (0, T) x SM and 0+SM7 := (0, T) x 0L-SM.
For every point x € M and every vector v € S, M, let y, ,(s) be the maximal
geodesic satisfying the initial conditions

Ye(0) = x, )}x,U(O) =.

Since M is non-trapping, yy,, is defined on the finite interval [—7_ (x, v), T4 (x, v)].
Here the two travel time functions

7L : SM — [0, 00) 2.1

are determined by y (74 (x,v)) € dM. In particular, they satisfy 7, (x,v) =
7_(x, —v) forall (x,v) € SM and 7_(x, v)|s_sm = T4 (x, V)]s, s = 0. Denote
the geodesic flow by

ér(x,v) = (Yx v (), Yxv(0)).
Let X be the generating vector field of the geodesic flow ¢, (x, v), that is, for a given
function f on SM, Xf(x,v) = % f(¢:(x, v))|;=0. Notice that in the Euclidean
space R4, ¢:(x,v) = (x +tv, v) and X = v - V, where v is independent of x.
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We define the spaces L?(SM) and L?(SM7), 1 < p < 0o, with the norm

1/p T 1/p
Il fllzrsmy = (/ Lf1P dE) and || fllLr(smr) = </ / |f|”d2dz> ,
sM 0o Jsm

withd X = d X (x, v) the volume form of S M. Moreover, for the spaces L? (d+ SMr),
we define its norm to be

T 1/p
N fllLe@oesmyy = I FIlLp oy SMy:+de) = (/ / |17 (idé)dl) ,
0 Jaism

where d&é(x,v) = (n(x), v)g(x)dé(x, v) with d& the standard volume form of
dSM. Note that in the Euclidean setting since v is independent of x, we denote
d& = d)(x)dw(v), where d) is the measure on 92 and dw(v) is the measure on
S9-1. We also define the spaces H ko, T; L2(SM)) for positive integer k with the
norm

k 1/2
2
LF k0.7 L2¢50)) = (Z ||a,“f||Lz<SMT)) :

a=0

When p = oo, L®(SM), L*®°(SM7) and L*°(0.LSM7) are the standard vector
spaces consisting of all functions that are essentially bounded.

We first study the forward problem for the linear transport equation in Sec-
tion 2.2. Equipped with this, we apply the contraction mapping principle to deduce
the unique existence of solution to the nonlinear transport equation in Section 2.3.

2.2. Forward Problem for the Linear Transport Equation

We consider the initial boundary value problem for the linear transport equation
with the source S = S(¢, x, v):

% f+Xf+of =K(f)+Sin SMr,

f=fo on {0} x SM, . 2.2)
f=r on d_SMr,
there the scattering operator K on the manifold takes the form
K(f)(, x,v) :=/ wix, v, ) f@t, x,v)dv. (2.3)
SeM

We will demonstrate the existence of a solution to (2.2) by proving that the cor-
responding integral equation has a solution. To achieve this, we study the following
simpler case first.

Proposition 2.1. Suppose that 6 € L*°(SM) and f— € L*°(0_SMry). The solu-
tion f of the problem

of+Xf+of=0 inSMr,
f=0 on{0} xSM, 24)
f=f-ondo_SMr
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is

Fxv) = H(t = 1) f(t = T yea(—T). Pxn(—1_ e~ Jo o) Fan(=))ds,
(2.5)

where H is the Heaviside function, that is, H satisfies H(s) = 0 if s < 0 and
H(s)=1ifs > 0.

To simplify the notation, in the formulation above we denote 7_ := 7_(x, v)
for a fixed (x,v) € SM.

Proof. For afixed (x,v) e SMand0 <t < T, let
F(s):= f(s+1t—1-(x,v), ¢S*‘E7(X,U)(-x’ V), X(s) = U((psfr,(x,v)(xa v)).

The equation (2.4) can be written as

dF
— () + Z(s)F(s) =0,
ds
whose solution is
F(s) = F(0)e~Jo Emdn,

Choosing s = t_(x, v), we have
F(r_(x,v)) = F(O)e~Jo " Zman
which leads to
£t x,v) = FO)e o " o@irundi

by applying the change of variable 7 = —n 4 7_(x, v). By taking F(0) = f(r —
7_(x, V), d—1_(x.v)(x, v)) which vanishes if + < t_(x, v), we obtain the desired
result. O

Let’s study the integral formulation of the linear transport equation (2.2).

Proposition 2.2. Suppose that ¢ € L®(SM) and n € L>®(SM?) satisfy (1.3)
and (1.4). Let S € L*®(SM7), fo € L®°(SM), and f_ € L*®(0_SMry). Then the
solution f to (2.2) satisfies the integral formulation of the transport equation:

FE%,0) = folven (=0, ap(—t)e™ o0 Pea TN g gy
FH =) [ = T, Ve (— o), P (—ro e o O R (s
+ fo e I s (K () 4 ) (1 = 5, 0=,
Vew(—)H (1— —s) ds. (2.6)

In the Euclidean case, this result can be found in Proposition 4 (page 233), combin-
ing with Remark 12, in [16]. To make the paper self contained, we provide below
the proof for the Riemannian case.
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Proof. We first consider the homogeneous boundary condition, that is, f— = 0.
Multiplying

ef(; 0 (Py+k (x,v))dn

on both sides of the transport equation in (2.2), we get
d i
a (ef(;a(¢n+k(x’v))dﬂf([’ Bk (x, v))) — gfo 0(¢n+kx,v))dng(t’ Grar(x,v)), (2.7)

where we denote g := K (f) + S. By solving the differential equation (2.7) and
then multiplying e~ Jo o @rcx0)dN o both sides of the solution, we have

t
Ft G, v) = e Jo T @resCedn (g (1 v))
1 4 S
+e—,f00(¢n+k()f,v))dﬂ/(; B T @G (o b ds,
2.8)
Replacing ¢4« (x, v) by ¢po(x, v) = (x, v) (that is, taking k = —¢) in (2.8) gives
£t x,v) =e Jo o @i g (1 vy

! s
4 o J3 @i xonan / el o@D g b )ds. (2.9)
0

Moreover, we apply the change of variables 7 = —n + ¢ so that (2.9) becomes
Fltox,v) =e~ o o@TEId £y (x,v))

~ ¢ rt ~
+ e oo G-xvdi / elims @ @il (o ¢ (x, v))ds. (2.10)
0

We then apply another change of variables § = —s + ¢ so that

t - t 5 -
/ i OGN g g (x, v))ds = / e ST @ R CNig 5 ¢ <(x, v))d5.
0 0
2.11)

From (2.10) and (2.11), taking fo(¢—;(x, v)) = 0 if ¢p_,(x, v) ¢ Q (namely, ¢t =
7_(x, v)), we derive that the solution satisfies the integral equation with f_ = 0.

Next, in the case of a nonhomogeneous boundary condition f_ # 0, we let f;
be the solution of (2.4) and look for the solution f of the problem (2.2) in the form
f = f1 + w, where w is the solution of

ohw+ Xw+ow = K(f +w)+ Sin SMr,
w = fo on {0} x SM, (2.12)
w=0 on d_SMr.

Since w has the homogeneous boundary condition, w satisfies the integral equation
with f_ = 0. Therefore, combining this with (2.5), we finally deduce that f =
f1 + w satisfies (2.6). O
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In the following we will see that solving the integral equation (2.6) is equivalent
to solving (2.2). Hence once we show that the integral equation (2.6) has a unique
solution, this is sufficient to say that the well-posedness of (2.2) holds.

Proposition 2.3. Under the hypothesis of Proposition 2.2, if f satisfies the integral
equation (2.6), then f is the solution to (2.2). Moreover, there exists a unique
solution to the integral equation (2.6).

Proof. Step 1: Equivalence. Below we will show that if there exists a function f
satisfying (2.6), then such f is a solution to (2.2). Notice that

d
@+ X) ft,x,v) = AR k, di(x, v) k=0

We apply the operator d; + X to the right-hand side of the integral formula (2.6) to
get

@ + X)f(t,x,v)
d s
= ﬁ{fb(wwk)(d)k(x, v))e~ o TG @S B (2 (g (x, v)) — 1 — k)

+H(E 4k — 1 (fr(x, ) f- (1 + k = T (@r(x, V), d—r_ (g (x.v)

@G, v e Gtsds

t+k "
+ fo e‘lo"<¢7'<"’k<“*”””’<1<<f>+S><t+k—s,qb_s(qbk(x,v)))H(r_<¢k(x,u>)—s>ds}

k=0

N % {fow-f (e, v 0 oGS () — 1)

T (x,0)+k

FHE — (8, V) o = T (3, V), fr_ 0y (8, V)V o o @i (rv))ds

t+k s
+ / e Jo O @rik GO (K () 4 S) (1 4k — 5, pog i (¥, V)V H (T—(x, ) + k — ) ds}
0

k=0
=1L+ 5L+

Here we used the fact that 7_ (¢ (x, v)) = t—(x, v) + k.
Now we consider /1 - I3 separately. For 11, we have

I = 57 <fo(¢7t(x, e Jo T TGtk NS (o ) ‘)) 'k 0

t t
= folp—r(x, v))e™ Jo 7 @=s(x.0ds (—awf,(x, V) — / Xo (§—s(x, v))ds) H(t—(x,v) — 1)
0
= — fo@i (e, v)e™ f0 T @=s N () H (z(x, v) — ).
For I,

~ dk
=H({t—1-(x,0) f-(t —1-(x, V), d—1_(x,0)(x, V)

d T (n,0)+k
b *(”(r—r_<x,v))f_(z—r_<x,v),mf,(x,v)(x,v))e*f“ "@”W’u))ds)

k=0

T (x,v 7—(x,v)
e ’”<¢-X“’”)"‘f(—a(¢ff_<x,v)(x,v>)— /O Xo (s (x, v))ds)

= H( = 1 (0 ) ot — T- (5, V). r_ ey ) o TN
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We denote m = s — k, then

d

=2
3T Uk

t+k N
(/ e Jo o @rk N (g () 4 V(1 — s, pgin (X, V)V H (T—(x, V) + k — 5) ds)
0

k=0

t m
= % (/ . e Fro @@y (g £ 1 §) (1 —m, ¢ (x, v))H (T (x, v) — m) dm)

=(Kf+ 5, x,v)

k=0

+ /t e I TG @G ) (K A+ S) (= m, b (x, V) H (T (x, v) — m)dm.
0
Combining the above 3 terms together, we have
@+X)f,x,v)=h+b+B=—0cv)f+(Kf+S5(x,v).
Finally, it’s easy to check that f (0, x, v) = fo(x, v)if (x,v) € SM,and f(t, x,v) =
f-(t,x,v) if (x,v) € 0_SM and ¢t > 0. We thus conclude that f is a solution to
(2.2). Combining with Proposition 2.2, we see that to show the forward problem of
(2.2), it is sufficient to find a solution to the integral equation.

Step 2: Existence of solutions to the integral equation. We define a sequence of
functions £ in the following ways:

SO x ) = fol@oy (e b o@D E H @ (xrv) 1)
ot = (V) fer (0o TOS N ()
! S
+/ e oo @—roNdrg o g (x v)H (T (x, v) — ) ds (2.13)
0
and forn = 0,
U@ x v = O, x,v)

t S
+ f e o e @—redr g (Y 5 b (x, V) H(T_(x,v) — s)ds. (2.14)
0

Let w®tD := f0+D _ £0) for n > 0 and then be represented as

t S
w2, x,v) = / e~ Jo o @=rCr g (M) (1 — 5§y (x, v)) H (- (x, v) — 5) ds.
0
Recall that in (1.4) for almost every (x, v) € SM, u satisfies
/ wx, v, v)ydv L ox,v).
S M

From this, we can derive that
’w(”H)(t, X, v)’
t "S
< ( / e o o@D G (g (x ) H (T-(x, ) — 5) ds) lw ™ || oo satp)
0

1ol oG @O g (¢ (x, v))ds ) [|w™ || L s if 1 <7 (x,v);
fO (SMr)
- (foh("’”) e~ f(iv“(‘b*r(*"))d’a(zp,s (x,v)) ds) ||w(”)||L:>o(5MT) ift > 1_(x,v);
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(1= el r@mreadr) oy gy i E < T 0
= - ) (2.15)

(1 —e b U(¢*V(*~”))d’> ||w(")|\Loo(SMT) ift > t_(x,v);

for (¢, x, v) € SMr. We then denote the scalar value x by

7fr,(x,v)
K= sup (1 —e o(p_,(x, v))dr) .

(x,v)eSM
It is clear that 0 < xk < 1 since 0 £ o < ¢ Due to the monotonicity of
e~ Jo o @—rx)dr wigh respect to s, we obtain
K}’H—l ||

FOU oo (say)-
(2.16)

| |
lw ™D Loosarpy < wllw™ [l oosaryy S k™ 1w | zoo(sargy <

Next, we estimate the third term on the right-hand side of (2.13). From (1.3),
we derive that

t S
/ e oG g o g (v v)H(T_(x, v) — 5) ds
0

A

T s
ISl (s ( / el oG (7 (x v) — 5) ds)
0

< TSIz (smy)-

Thus (2.13) and o = 0 lead to

LF P llzsmry < N folleesamn + 1F-lze@_smr) + TISlosmn.  (2.17)
Combining these estimates (2.16)-(2.17) together, we can derive that

lw ™D oo smpy < k" foll Loesmny + 1L f= Lo sary + TSI zoo(sarr))

(2.18)

with 0 < k& < 1. This implies that the series Y oo ; w1 is convergent and thus
the partial sum

n
£ +Zw(k+1) — o+

k=0

converges to a limit f in L°°(SM7). In particular, f satisfies the integral equation:
! s
Fltxw = FOtx v+ [ B0 DR ()0 s o)
0

H(t_(x,v) —s)ds

and, furthermore, f is also a solution of (2.2) due to Step 1.

Step 3: Unique solution for the integral equation. Finally we show the uniqueness
of the solution. Let f; and f> in L°°(SM7) be the solutions to (2.6). Let w :=
f1 — f2 € L®(SMr). Then w satisfies the integral equation:

t .
w(t, x,v) = / e~ Jo o @—rGDdr gyt — 5, (x, V) H(T_(x, v) — 5) ds.
0
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Following the argument as in (2.15), we obtain
lwllLeosmry = cllwllresmyy, 0=k < 1.
This implies that w = 0. O

From the above discussion, we have shown that there exists a unique solution f
to the integral equation. Due to the equivalence, such f is also a solution to (2.2).
Hence we can now conclude the following well-posedness result for the problem
(2.2).
Proposition 2.4. (Well-posedness for linear transport equation) Suppose that o €
L®(SM) and i € L®(SM?) satisfy (1.3) and (1.4). Let S € L®(SMy), fo €
L®°(SM) and f_ € L®(0_SMr). We consider the following problem:
of+Xf+of =K(f)+SinSMr,
f=r on {0} x SM, (2.19)
f=r on d_SMr.

Then (2.19) has a unique solution f in L°°(SMr) satisfying
I flleesmry < C (I follzeocsmy + I f=lize@_smry + I1SILosmun) . (2.20)

where the constant C depends on o, T.

Proof. From Proposition 2.2 and Proposition 2.3, it is clear that the solution f to
(2.19) uniquely exists. Moreover, using a similar argument as in (2.15), we can
derive the stability estimate (2.20) from (2.6). a

It has been proved in [[16], Theorem 3, p229] that when f_ = 0, § = 0 and
fo = 0, the solution is nonnegative. In the next proposition, we show the maximum
principle for the transport equation, namely, the solution to (2.19) is strictly positive
if S = 0, the initial and boundary data are strictly positive.

Proposition 2.5. (Maximum principle) Suppose the hypotheses in Proposition 2.4
hold and suppose that S 2 0. If fo = ¢ > 0 and f_ = ¢ > 0 for some positive
constant c, then there exists a positive constant ¢ such that f 2 ¢ > 0in SMr.

Proof. From (2.13), 0 < ¢ in (1.3), and the hypothesis fy, f- = ¢ > 0, we
obtain

O x,v) = e T > 0 almost everywhere (a.e.).

This implies K (f ©y) >0 due to & = 0. Hence, by induction, we can derive from
(2.14) that forn = 0,

D Gox v) = FD% x,0) = FOw, x,v) = e T >0 ae..
f

We therefore have an increasing sequence converging to a function f(, x, v),

which satisfies f(z, x, v) = e~ T > 0. Alternatively, we can apply the proof in
Proposition 2.3, which gives that f® — f in L>(SM7) as n — oo. Hence this
also leads to the same result, that is,

0
ft,x,0)=2e1%¢c>0 ae..

This completes the proof. O
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2.3. Forward Problem for the Nonlinear Transport Equation

Equipped with the well-posedness result for the linear equation, we will prove
the unique existence of solution for the following problem:

of+Xf+of+N(x,v, f)=K(f)inSMr,
f=rf on {0} x SM, 2.21)
f=f- ond_SMr.

Theorem 2.6. (Well-posedness for nonlinear transport equation) Let M be the in-
terior of a compact non-trapping Riemannian manifold M with strictly convex
boundary dM. Suppose that o and k satisfy (1.3) and (1.4). Then there exists a
small parameter 0 < § < 1 such that for any

(fo. £=) € XM = {(fo, f-) € L°(SM) x L™ (0_SM7) : .
I folloecsmy = 8, 1 f=llzoeo_smyr) = 8}, '

the problem (2.21) has a unique small solution f € L°°(SMry) satisfying
I fllzoocsmry < C (Il follossmy + Il f= L o_smp) »
where the positive constant C is independent of f, fo and f_.

Proof. To show the existence, let (fo, f—-) € X M we first consider the following
problem for the linear equation:

Wf+Xf+of=K()inSMr,
f=f on{0}xSM, (2.23)
f=/f ond_SMr.

By Proposition 2.4, there exists a unique solution f of (2.23) that satisfies
1A zoeesmry < € (1f=Neoosmry + I follesan) < 28, (2.24)

where the constant C > 0 is independent of f , f— and fy.
Now we let w := f — f. We observe that if such function w exists, then w
must satisfies the following problem:

oyw+ Xw +ow = K(w) —N(x,v,w+f) in SMr,
w=0 on {0} x SM, (2.25)
w=20 ond_SMr .

To prove (2.25) has a solution, we apply the contraction mapping principle. We
denote the set

G:={p e L¥(SM7) : ¢li=0=0, ¢lo_sm, =0, and |l@llrecsmy) < 1l

where the parameter n > 0 will be determined later. For ¢ € G, we define the
function F by

F(p):=Nx,v,¢+ f).
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Then F(¢) € L°°(SM7t) due to (2.24) and the hypothesis of N(f). In particular,
Proposition 2.4 yields that the problem

ohw+ Xw+o K(w) — F(p) in SMr,
0 on {0} x SM, (2.26)
0

ond_SMr,

S &1 &
I

is uniquely solvable for any ¢ € G. We now denote £L~! : F(¢) € L®(SM7)
w € L°°(SMry) the solution operator for the problem (2.26) and also define the
map W on the set G by

W(p) := (L™ o F)(g).

In the following, we will show that W is a contraction map on G. To this end, we
first show that W(G) C G. Taking ¢ € G, from (1.7), the Taylor’s Theorem, and
Proposition 2.4, we derive that

IV (@)l oo smyy = ILTHE @) Isesmyy S CIF (@)l smy
= CING, v, 9 + PllLcsmr)
S CIZN(x, v, 0)(@ + ) + Ne(x. v, 0+ )@+ ) losmp
<c(e+n?+6+n?).

where constant C > 0 is independent of § and . Note that both E)ZZN (x, v, 0) and

1
Nr(x,v,go—i-f) ::/ (1 —s)2823N(x, v,s(<p+f))ds
0

are bounded in SM7. We then take §, n sufficiently small with0 < § < n < 1
such that

c(@+m?+6+n?) <n

which implies ¥ maps G into itself.
Moreover, for any ¢1, ¢, € G, from Proposition 2.4, we can also derive that

W (@1) — W (@)l oo smp) = 1L (F (1) — L7HEF (@) o smy)
< ClIF(p1) — F(@) Lo (smy)-

We estimate
INGe v+ f) = NGev, a4+ Ol
< Clla2N(x, v, 0)((p1 + )* = (@2 + PPl Looisur)
+ CIIN(x v 01+ P)o1 + )P = @2+ DD llsur)
+ ClI Ny (x, v, 01+ f) = Ne(x, v, 00 4 )02+ ) Ml csar
<C(G+m+6+n +6+0) lor = e2llLsmp.
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Here we used the fact that N, is Lipschitz in z with the Lipschitz constant indepen-
dent of x, v due to the boundedness of BQ‘N . In addition, we choose small §, 1 so
that

c((5+n)+(a+n)2+(5+n)3)<1.

This yields that W is a contraction map. By the contraction mapping principle, there
exists a unique w € G so that ¥ (w) = w, which then satisfies the problem (2.25).
Also w satisfies the estimate

lwllzoesmpy = W (W)l Loosmy) = C ((3 +n)+ 6+ 71)2)
(hwllzoecsmtpy + 1 lcsn) )

We further take §, n small enough so that C ((8 +n)+ 6+ 17)2) < 1/2 and,
therefore, the term containing ||w||zosp,) on the right-hand side can then be
absorbed by the left-hand side, it follows that

lwllzoesmry = I fllLoe(smy)-

Finally we conclude that f = w + f is the solution to the problem (2.21) and it
satisfies

| flleoesmry S Nlwlizossmyy + I f e sy

< 20| flloo(smy)
< C (I follLoocsmy + I f=llLo_smy))

due to (2.24). This completes the proof. O

3. Inverse Problems in the Euclidean Space

In this section, we will discuss the inverse problem for the nonlinear transport
equation in the Euclidean space. The main objective is to show that the nonlinear
term as well as the absorption coefficient (or scattering coefficient) can be recovered
from the boundary measurements. Notice that as mentioned previously, the well-
posedness result in Section 2 also holds in the domain € in R¢.

Recall the following notations in Section 1:

SQ:=Q xS 52 =@ xS x s and
SQr:=(0,T) x QxS forT > 0.

Suppose that the absorption coefficient o € L°(S2) and scattering coefficient
w € L>®(SQ?) are known and satisfy (1.3) and (1.4). We consider the nonlinear
term N that satisfies (1.7) and takes the form

o k

_ ) <

N(x,v,z2) —kE q (x,v)k!,
=2
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where q(k)(x, V) = afN(x, v, 0) € L°°(SQ) and the series converges in L*°(SQ).
Let f be the solution to the initial boundary value problem:

Wf+v-Vif+of+Nkx,v f)=K(f)inSQr,
f=/fo on{0}xSQ, (3.1)
f=f- ond_SQr.

The unique existence of small solution f follows by applying Theorem 2.6, which
is also valid in the Euclidean space. Recall that we denote the measurement operator
by

As vt (fo, f-) € L¥(SQ) x L¥(0-SQ7) > fla,sr € L™(345Qr).
(3.2)

In Section 2, we have defined backward/forward exit time in the Riemannian
manifold. We will adapt these definitions in the Euclidean setting here. For (x, v) €
S, the backward exit time t_(x, v) is defined by

T_(x,v):=sup{s >0: x —npv e Qforal 0 <n < s}.

This is the time at which a particle x € © with velocity —v leaves the domain 2.
Similarly, we define the forward exit time 7 (x, v) for every (x, v) € SQ by

Ty (x,v):=sup{s >0: x+nveQforal 0 <n < s}

In particular, when (x,v) € 9+SQ2, we have t4(x,v) = 0. Suppose that T is
sufficiently large so that 7 > diam €2, where the notation diam 2 denotes the
diameter of 2.

This section is structured as follows. We first study the reconstruction of the
linear coefficients in Section 3.1 under suitable assumptions. Standing on this re-
sult, we will show that the nonlinear term can be uniquely determined from the
measurement in Section 3.2.

3.1. Recover o or i

To recover the unknown o and 1, we apply the first order linearization to reduce
the nonlinear equation to a linear equation without the unknown N (x, v, f). From
this, the Carleman estimate for the transport equation is applied to achieve the goal.

For small parameter ¢, the well-posedness result in Theorem 2.6 yields that
there is a unique small solution f (¢, x, v) = f(¢, x, v; ¢) to (3.1) with initial data
fli=0 = eh and boundary data f|;_sq, = €g. We can obtain the differentiability
of the solution f = f(z, x, v; €) with respect to € by adapting the proof of [[29],
Proposition A.4], where the differentiability is discussed for a nonlinear transport
equation, to our setting. Hence, we have the k-th derivative of f with respect to ¢
at ¢ = 0, which is defined by

FO@, x,v) = 88 o f (1, x, v 8)

for any integer k = 1.
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Now we perform the first linearization of the problem (3.1) with respect to ¢ at
& = 0. Due to the well-posedness result, the nonlinear term is eliminated and only
the linear terms are preserved. Then (3.1) becomes

W FD +v. Vi FD 4 o FD = K(FD) in SQ7,
F =p on {0} x S, (3.3)
FO =g on d_SQr.

Hence the problem is reduced to studying the inverse coefficient problem for the
above linear transport equation. Note that the unique determination of (o, ) from
the albedo operator was shown in [13—15] by applying the singular decomposition
of the operator under suitable assumptions. One might recover both ¢ and u by
directly applying these existing results for the linear equation. However, additional
assumptions might be needed to deduce the uniqueness and stability results in our
setting. Therefore, to be consistent with the assumptions we have made in this
paper, we will only focus on applying the Carleman estimate to recover either o or
w1 by assuming that the other one is given.

Let us briefly discuss how to build the Carleman estimate for the transport
equation with linear Carleman weight function ¢, see also [38]. First we note that
the Carleman estimate is valid under the geometric assumption on the velocity. For
a fixed vector y € S?~!, we denote the subset V of the unit sphere by

Vi=fveS 'y v=2p>0

for some positive constant . For a fixed 0 < 8 < yp, there exists a constanta > 0
sothaty - v — 8 =2 a > 0in V. Then we define the function

Bw) =y -v—8.
Next we define the weight function ¢ € C 2([0, T] x Q) by
e, x) =1y -x — pt. 3.4

It follows that (3; + v - Vi) = B(v) > 0, which is essential in the derivation of
the Carleman estimate later.
Moreover, we define the transport operator

Pf:=0f+v-Vyf+of
Let w(t, x,v) = e*? f(z, x, v) for s > 0. We define the linear operator L by
Lw:=¢€%@0, +v -V, +0)e*?w) = Pw—sB)w.

We denote Q := (0, T') x Q2. From the identity

/ |Pf|262sgo(t,x) dxdtr = / |Lw|2dxdl‘,
0 0

applying the integration by parts, one can derive the Carleman estimate in the
following proposition.
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Proposition 3.1. For a fixed y| > 0, suppose that (o, ) satisfy

sup B~ ()lo (e, )| SCo in Vi={v: |y -v—Bl<pl (3.5)
xXeQ
and
sup / |BW)| 72| (x, v, v) Pdo () £ Cy, (3.6)
xeQ, veSd-1 Jsd-1

for some constants C5, C,, > 0. Let f € HY(0,T; L>(SQ)) satisfy v- Vi f €
L*(SQr) and f(T, x, v) = 0. Suppose the initial data f(0, x, -) is supported in V.
Then there exist positive constants C = C(a, yp) andso = so(d, y1, Co, Cy, llo || L)
so that for all s 2 sog > 0, we have

s//|f(0,x,v)|2ezw(0’x)dxdv+s2/f B?| f|?€**¢ dxdvdt
VJQ 0 sd—1

< c/ 10, f +v-Vif +0f — K(f)[>*¢ dxdvds
SQr

T
+Cs / / / |f12e®% (n(x) - v) d& (x, v)dr. (3.7)
0 Jsi-1JyQ

Proof. Since f(T, x, v) = 0, for any vector v € SY~!, applying the integration by
parts leads to the following estimate:

[ |Lw|? dxds
0

= / |Pw|2dxdt+s2/ B2|w|2dxdt—2s/ BwPw dxdt
0 0 0

v

s2/ Bzwzdxdt—Zs/ BwO,w +v-V,w + ow) dxdr
0 o)

v

T
s/ B|w(x,v,0)|2dx—s/ f Blw|*(n(x) - v)dr(x) dt
Q 0 Q2

+ 52 / B?|w|*dxdr — 2s / o B|lw|? dxdr.
0 o
Using (3.5), we can bound the last term by the third term on the right, that is,

1
2sf o Blw|?dxdt < —52/ B2 |w|?* dxdt
0 2 Jo

if 5 is large enough. Since w = €% f(z, x, v), integrating over S~ yields the
Carleman estimate without the scattering:

s//|f(0,x,v)|2e2s‘p(x’o)dxdv+s2// B?| f|>¢*% dvdxdt
vV JQ 0 sd-1
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A

T
c/ |Pf|2e2“"dxdvdt+Cs// f|f|2e2W(n(x).u)dé(x,u)dz.
SQr 0 Sd-1 J3Q
(3.8)

by noting that B = a > 0in V and f(0, x, -) is supported in V.
To derive (3.7), we observe that

/ |Pf|?e*? dxdvdr < 2/ |Pf — K(f)?¢*? dxdvdt
SQr SQr

+2 / IK (f)|?e**¢ dxduvdr.
SQr

Due to B~ € L*(S?~1), applying Holder’s inequality, we get
2

‘/ w(, v, ) foe, v, ) dy
Sd—l

g([ |B<v/)|—2m(x,v’,v>|2dv’> (f IB(v/)IZIf(t,x,v/)lzdv/>-
Sd—l Sd—l

It leads to

// |K(f)|2e2“"dvdxdt://
Q Sd—l Q gd—l

e fQ ( /S L IBOOPIfx, v’)\zdv’) ¥ dxd,

2
€% dvdxdr

/ px, v, v) f, x, v)dy'
Sd—l

(3.9
which can then be absorbed by the second term on the left-hand side of (3.8)
provided that s is large enough. This ends the proof. O

We still need the following energy estimate (it can be showed by adapting the
argument in [Lemma 2.1, [38]] for our case V = S9! and, therefore, we omit the
proof here):

Lemma 3.2. Let Q2 be an open bounded and convex domain with smooth boundary.
Suppose that o € L®(SQ) and i € L*®(SQ?) satisfy (1.3) and (1.4). Let fy €
L®°(SQ) satisfy (v- V)P fo € L®(SQ), B = 1, 2. Let f be the solution to the
problem

Wf+v-Vef+of =K(f)+SinSQr,
f=r on {0} x SR, (3.10)
f=0 on d_SQr,

and satisfy f € H?(0,T; L>(SQ)) and also (v - Vy)f € H'(0,T; L>(SQ)).
Suppose that the source term has the form

S(t,x,v) = S(x, v)So (1, x, v)
with S € L°(S) and

1SollL<(sep)s 19:SollL=(s@r) = €3
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for some constant c3 > 0. Then there exists a constant C > 0, which depends on
c3, lollLe(s), and ||l oo (sq2), so that

10: fll2se) = € (”§”L2(SQ) + 1 follzase) + lv- Vifollasey) - (B.11)

The next theorem states the main estimate which will be used to prove the inverse
coefficient/source problems. It indicates that partial information of the source term
can be revealed by applying the Carleman estimate on the cut-off function of 9,u
on the time variable see [38] for a similar argument.

Theorem 3.3. Under the same conditions and hypotheses of Lemma 3.2, let Sy (0, x, v),
Sfo(x,v) and u(x, V', -) be supported in V. Suppose that o and w satisfy (3.5) and
(3.6). Suppose that

0<c1 £850,x,v) ScrinQxV
for some fixed constants c1, co > 0, and

Se,v) =8k, —v) inSQ, Sx,)=0 in{fveS: |y v <.
(3.12)

Then there exists a positive constant C, depending oncj (j = 1,2,3), o] (sQ),
and ||I,L||LOQ(SQZ), so that

||§||L2(SQ) =C (||3tf||L2(a+SQT) + ||f0||L2(SQ) + v - foO”U(ssz)) . (3.13)

Remark 3.1. From the proof below, one can see that the condition (3.12) can be
replaced by a slightly relaxed assumption:

/ 1S(x, v)dv < co/ IS, v)|*dv  forall x € Q (3.14)
Se-1 4

for some fixed constant ¢y > 0. Moreover, the conditions (3.5) (with small y;) and
(3.6) are satisfied if o and (-, -, v) satisfy (3.12).

Proof. Let T be large enough so that

maxg(y - x) — ming(y - x)
>

5 )

that is,
max(y - x) < BT + min(y - x).
Q Q
This implies
p(T,x) =y -x =BT = mﬁﬂX(V x) =BT < Hgn(y -x) = 90, x).
Due to the continuity of ¢, there exist constants { > 0, ro and r; so that

max(y -x) — BT <rp <rp <min(y - x)
Q Q
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and

@(t,x) = r for (t,x) €[0,¢] x
o(t,x) <rg for (t,x) € [T —2¢,T] x Q.

‘We consider the function
z(t, x,v) = x (@) f(t, x,v),

where f is the solution to (3.10) and x € C°(R) is a smooth cut-off function
satisfying 0 < x < 1 and

_ |1 fort [0, T —2¢1;
x(t) = {o fort e [T —¢,T).

Hence z satisfies z(T', x, v) = 0, z|5_sqo, = 0, and the nonhomogeneous transport
equation

Pz—K(z) = xS8(3:S0) + (3 x)d; f in SQr.

Note that since Sy (0, x, v), fo(x, v) and u(x, v', -) are supported in V, from (3.10),
it follows that the initial data

z(0,x,v) = g(x, v)S0(0, x,v) —v- Vi fo—ofo+ K(fo) (3.15)

is also supported in V, which satisfies the hypothesis of Proposition 3.1. Now,
applying Proposition 3.1 yields that

s/ / 12(0, x, v)|?>?OY) dxdv
vV JQ
<c f 1 S(3;S0) + (3 x)0; f>e*¢"%) dvdxdt + CsD. (3.16)
SQr
with
P= s/ 222400 (n(x) - v) d& (x, v)dr < N9 1725, 50,
04 SQr

for some constant C; > 0. Next we analyze the first term on the RHS of (3.16). To
this end, since 9, Sy is bounded and ¢(z, x) < ¢(0, x), we obtain

/ Ix S(8;So)[2eX*"") dudxdt < C / 15126259 qydxdt
SQr SQr

<cC / 15122509 qydxds
SQr

<cC / / 1512200 qudxdr  (3.17)
oJv
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by applying the assumption (3.12), where C > 0 depends on c3. In addition, the
second term on the RHS of (3.16) is controlled by applying (3.11) and thus we
obtain

T—¢
/ 13 %) f 1225202 dudxds gc&”t)/ f 13; £12 dvdxdt
SQr T-2¢ JsQ

< €70 (1512 5 50 + 101225 + 10 Vi fol225))
(3.18)

by noting that 9 f|s_sq, = 0,9 x =0in [0, T —2¢]U[T — ¢, Tland ¢ < rg in
[T — 2¢, T]. Furthermore, (3.15) yields
/Q fv 1200.x. ) P00 dxdv + € (o123 5 + 10 - Vefoll2z s )

> c/ / IS(x, 1)So(0, x, v)[2eX*OY dydx. (3.19)
QJV

Combining (3.16)-(3.19) together, it follows that
s / / 1S(x, v)S0(0, x, v)|2e*?OY dydx
QJv

<c f / |SPe>¢00) dvdxdr + Ce™™ S35 gq
oJv

+Ce (Il foll 7asq + 1V - Vi foll 2 (sqy + D)

Finally, using the facts that (3.12), So(0, x, v) = ¢ in V and ¢(0, x) = ri > ro,
the first two terms on the RHS will be absorbed by the LHS once s is sufficiently
large. This results in

s /Q /V ISCx, )P dvdx < eVl follasq) + 10+ Ve foll2sq) + D)

which ends the proof. O

Remark 3.2. In the case that fy = 0, the term K (fp) in z(0, x, v) vanishes au-
tomatically. Hence the assumption on the support of p in Theorem 3.3 can be
removed.

With Theorem 3.3, we state and prove the uniqueness and stability estimate for the
linear coefficients.

Proposition 3.4. Let 2 be an open bounded and convex domain with smooth bound-
ary. Suppose that o; € L*(SQ) and |1 € L®°(S92) satisfy (1.3) and (1.4) for
J=1 2. Let Nj : SQ x R — R satisfy the assumption (1.7) with q® replaced
by q](.k) for j = 1,2, respectively. For ¢ > 0, let f; be the unique small solution to

W fj+v-Vifj+ojfj+Njx, v, fj)=K(f)) in SQr,

fi=¢eh on{0}xSQ,  (3.20)
fj =0 on 3755-27“,
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and F\" = d;|e=0 f}, j = 1.2. If o1, 03 and (-, -, v) satisfy (3.12), then

1 1
lor — 020l 1250y < CIFL — 3 EV Nl 200, 5600

for h € L*°(SQ) with support in'V satisfying 0 < c; < h < ¢ in Q2 x V for some
positive constants c1, ¢ and (v - Vo)Ph e L¥(SQ), B=1,2
In particular, if As, 1N, (fo. 0) = Aoy N (fo, 0) for any (fp, 0) € X8, then

o1 =0y inSQ.

Proof. Let w® = Fl(l) — Fz(l), where F;l) is the solution to (3.3) with o replaced
by o;. Then w is the solution to

hw® +v- VoD +ow® = KwD) — (o) —op) F” in S,
w® =0 on {0} x S,
w® =0 on 9_SQ7.

From the hypothesis, we have that F2(1)(O, X, v) = h is strictly positive in Q x V

and also bounded from above in S€2. Moreover, Fz(l) and 0y Fz(l) are in L (SQ7).
Indeed, one can see this by taking derivative with respect to ¢ on (3.3):

P2V + - Vou F +ord By = K@ FiV) in Q7.
W FD = —v-Vih —o2h + Kah = h € L®(SQ7) on {0} x S,
aFN =0 on d_SQ.
(3.21)

By the well-posedness result in Proposition 2.4, the solution 9; Fz(l) for (3.21) exists
in L*°(SQ7) if (ﬁ, 0) e X BQ. Hence, combining these together, there exist positive
constants c1, ¢z, c3 surely that

1 . 1 1
0<ci S FPOx, 0 Scain@xV, and [F I rooisapys 19:Fs e sar < c3.

Then Fz(l), acting as the source Sy, satisfies all the conditions in Theorem 3.3.

In addition, since 9, Fz(l) € L°°(SQ7) and thus is in L%(SQ27), from the equa-
tion (3.3), we can derive that v - Vy Fz(l) e L2(SQ7). Similarly, we can differentiate
(3.21) again with respect to ¢ to derive that 312 Fz(l) € L2(SQT) which leads to
(v-Vy)o; F2(1) € L?(SQr). Applying the same argument, one can also deduce that
3’ FV e L2(SQr) with B = 1, 2, then it implies (v - V) F", (v- V)3, FV €
L%(SQ7). Hence we obtain that w!) = Fl(l) - Fz(l) satisfies the hypothesis

w e H>0, T; L>(SQ)), (v VywD e HY (0, T; L>(5Q))

in Theorem 3.3. We finally get o1 — 02l ;2¢sq) < CI8FL" — 0 Fy" |l 12, 507+

due to Theorem 3.3. Since Ag, .8y = Agy, N, implies 81F1(1) = ath(l) on
04+ SQ7, the uniqueness o1 = o7 then holds. m]
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Remark 3.3. In the proposition, we impose the assumption that (v - V,)?h €
L®(SQ) for B = 1,2, so that the term w' = Fl(l) - Fz(l) has enough regu-
larity for applying Theorem 3.3.

On the other hand, when o is given, we study below the reconstruction of 1.

Proposition 3.5. Under the same assumptions as in Proposition 3.4, suppose that
o€ L®(SQ) and u; € L®(SQ?) satisfy (1.3) and (1.4) for j = 1, 2. Assume
that puj == fLj(x,v)p(x, v, v) with ft; € L*(SQ) and p(x,v',v) € L®(5Q2%)
and p(x,v',v) 2 ¢ > 0 for some positive constant c. Let f; be the unique small
solution to

atfj +v- Vij +Ufj + Nj(x, v, fj) = Kj(fj) inSQr,
fi=c¢h on {0} x SQ, (3.22)
fj =0 on B_SQT,

and F\" = d,|e=0 f}, j = 1.2. If o, fis, jip and p(-, -, v) satisfy (3.12), then

~ ~ 1 1
e — M2||L2(SQ) § C||3tF1( ) - 3tF2( )||L2(3+SQT)

for h € L*®(SQ) with support in'V satisfying 0 < c; < h < ¢ inQ x V for some
positive constants ¢y, ¢ and (v - V)Ph e L>®(SQ), =1, 2.
In particular, if As ;. N, (fo, 0) = Ao, un, N2 (S0, 0) for any (fp, 0) € X8 then

1 = [y in SQ.

Proof. Let w) := Fl(]) - Fz(l), where F;]) is the solution to (3.3) with (o, 1)
replaced by (o, ;). Then w is the solution to

dw® +v- VoD +ow® = K (wD) + (K| — K2)FS" in $Qr,
w® =0 on {0} x S,
w® =0 on 9_SQ7.

The source termis (K —KQ)Fz(l) = (L1 —fp2)(x,v) [ px, v, v)Fz(l)(t, x,v)dv'.
Following a similar argument as of that of the proof of Proposition 3.4, we can
deduce that i1 = fi» by applying Theorem 3.3. O

3.2. Recover the Nonlinear term

From Section 3.1, we have discussed how to reconstruct one unknown linear
coefficient from the measurement A, , n provided that the other one is given.
Therefore, in this section, we suppose that (o, ) are recovered and only focus on
the reconstruction of the nonlinear term.

The setting is as follows: suppose that f;, j = 1, 2 are the solutions to

3;fj “+v- foj +O'fj + Nj(x, v, fj) = K(f,) in SQ7,
fi=¢h on {0} x S, (3.23)
fi=0 on d_SQ7,
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where the nonlinear term N; satisfy N;j(x, v, f) =Y ro, q;k) (x, v)%.
Torecover N, itis sufficient to recover every qﬁk) ,k = 2.To this end, we apply
the induction argument and also rely on the higher order linearization technique to
extract out the information of q(.k) from the measurement.
To simplify the notation, we denote the operator 7 by

T7T:=9+v-Vy+0—K.

Recall that F;k) = 8f|5:0fj. When k = 2, the function F](.Z), Jj = 1,2, satisfies
the problem

TF? = —¢'? (e, v)(FO) in $Q7.
FO =0 on {0} x S, (3.24)
FJ(Z) -0 on d_SQr

due to the well-posed result f; (¢, x, v; 0) = 0. Notice that since both F;l),j =1,2

satisfy (3.3) with the same data, the well-posedness for the initial boundary value
problem for the transport equation yields that F(1) := F 1(1) = Fz(l).
2

We are ready to recover the coefficient ¢ i

Lemma 3.6. Suppose thato € L®(SQ) and pu € L™ (SQ?) satisfy (1.3) and (1.4).
Let o, u(-, -, v), ql(z) and qéz) satisfy (3.12). If h € L®°(S2) with support in V
satisfying 0 < ¢; < h < ¢y in Q x V for some positive constants ¢y, ¢ and
(v-V)Ph e LX(SQ), B =1, 2, then

2 2 2 2
lay” = a5 li2sey < CHOFD = 9 F3 2o, sy (3.25)
for some constant C > 0.
Proof. Let w® := Fl(z) — F2(2) and then w® e L>®(SQ7) satisfies

Tw® = —(g — ¢i)(x, v)(FV)? in 57,
w® =0 on {0} x S,
w® =0 on 0_SQ7.

Following a similiar argument as in Proposition 3.4, Proposition 2.4 yields that
FM and 8, F(V are in L>°(SQ7). Therefore, we can derive that there exist positive
constants ¢y, ¢2, c¢3 so that

0<er FPOxv) Serin@x V. and [(FO)llzxsap. 18 (FD) llrxsar < es.
Then Theorem 3.3 leads to the estimate (3.25) immediately. O

Since Ao, 1, N, = Ao, N, implies 9, F1(2) = 0 F2(2) on 84 SQ7, from Lemma 3.6,
it suggests that

2 2
¢® = ¢ = 4@
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when the boundary measurements are the same.

To recover the higher order terms q( ™)

J =1, 2 satisfy the problem

, m > 2, notice that the function F;m),

TF]('") = —q](.m)(x, V) (FDOY" + Ry, in SQr,
F"™ =0 on {0} x S, (3.26)
F"™ =0 on 9_SQ7,

where

(3.27)

R (1, %, v) = 3" (anc)f )

Notice that the remainder term R, ; only contains the derivatives of f j].‘ up to order
m — 1, that is, F;l), e F;m_l) and also q( ) ...,qﬁm D,

=0

Lemma 3.7. Let m 2 3. Suppose that Ag ;i N, (f0,0) = As i n,(fo,0) for all
(fo.0) € A cmdalso q(k) = qék)fork =2,...,m—1.Then forany 1 < k <
m—1, we have

FO = F®  insQr.

Proof. We proceed by applying the induction argument. First we consider the case
m = 3. Since Ay N, = Ao, Ny, We have ¢@ = q(z) qéz) due to Lemma 3.6.
Based on this, F’ 1(2) and F2(2) satisfy the same initial boundary value problem with
the same source q(z) (x, v)(F)2 The well-posedness theorem yields that

F® .= F? = F? insQr.
Hence the case m = 3 holds.

Next by the induction, suppose that if q *) (k) for k = ,m— 2,
then F| () = F, ® in s Qr,1 <k < m— 2, holds. It is sufﬁ01ent to show that
F(m 1) F(m 1) when q(k) qék) fork =2, ..., m— 1. To this end, we observe
that F ](m b satisfy

TF;'”_” = _qj’”‘”(x, V(FDY"=1 4 R, | in SQr,
F](m—U =0 on {0} x SQ, (3.28)
F}m_l) =0 on 9_SQ7.

It is clear that ¢\" ™" (x, v)(FDy=1 = i~ ”(x V(FDy"=1 and R,_1, =
R,,—1,2 by applying ql(k) = qék) fork =2,. — 1 and the definition of R, 1, ;,
which only contains F ;1), o F ;m_z) and q(z) q}m_z). Therefore, F" "
satisfies the same initial boundary value problem Wlth the same source, which then

leads to F| (m=1 =F, =1 due to the well-posedness theorem again. This completes
the proof. O
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With Lemma 3.6 and Lemma 3.7, we can now stably and uniquely recover all
the terms q](.k) for all k = 2.

Lemma 3 8. Suppose all conditions in Lemma 3.6 and Lemma 3.7 hold. Let q(m)

and q2 sansfy (3.12) for m 2 2. If As 1N, (f0,0) = Ao N, (fo,0) for all
(fo,0) € X8, then

ql(m) = qém) Sforallm = 2.

Proof. For any fixed positive integer m > 2, we will show that ¢\ = ¢ by

applying the induction argument. Recall that we have shown the case m = 2, that

is, q% ) = qé ) By the induction argument, we suppose that q(k)

(m)

= qék) for all
2 < k £ m — 1. The objective is to prove ¢, = = qzm). From Lemma 3.7, we
can derive that Fl(k) = Fz(k) in SQr for k = 1,...,m — 1. This implies that

Ry,1 = Ry, 2 by the definition of R, ;. Hence, we derive that
THE" = F"™) = = (9" = ") (e, ) (FOy" in Q7.
Fl(m) — Fz(m) =0 on {0} x S, (329
F™ —FE™ =0 on 9_SQr.

Note that as discussed above, for sufficiently small and well-chosen data & > 0,
there exist positive constants ¢y, ¢2, ¢3 so that

0<c £ FPOx ) Sein@xV, and [(FO)Y|Loosap. 19:(FD)" 1050, < 3

for any integer m = 2. With these estimates, we can apply the Carleman estimate
again in Theorem 3.3 to the problem (3.29) to recover the m-th order term, namely,

lai"™ = a3 lzsey < CIOE™ = 0B g se  (330)

for some constant C > 0. Thus ¢\ = ¢\" follows by the fact that 8, F" =

3 F\™ on 8, SQr. O
Finally, we prove Theorem 1.1

Proof of Theorem 1.1. Since Ag, ;i Ny = Aoy .y, implies 8, F"™ = 8, F{"™ on
9+ SQr for m = 2, with (1.8), Proposition 3.4 and Lemma 3.8 immediately yield
the result. O

4. Inverse Problems on Riemannian Manifolds

Let M be the interior of a compact Riemannian manifold M with strictly convex
boundary d M, of dimension = 2. Let f be the solution to the problem

of+Xf+of+Nkx,v, f) =0 inSMr,
f = fo on{0} x SM, 4.1
f=f-ond_SMr.
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The objective of the section is to recover o and N (x, v, f). For this purpose,
we will deduce the Carleman estimate and energy estimate on the Riemannian
manifolds. Since we could not find the relative results for the transport equation on
manifolds in the literature, we prove them in the upcoming subsection. Once these
are established, we will then turn to the determination of o and N.

4.1. Carleman Estimate on Riemannian Manifolds

Leto € L°°(SM), we denote the operators
Pu = ou+ Xu—+ou, Py:=09 + X,

where X is the geodesic vector field on SM. Recall that 7 (x, v) is the forward exit
time of the geodesic starting at (x, v) € SM. Since the manifold is non-trapping,
there exists D > 0, such that 0 < 74 (x, v) < D for all (x, v) € SM. In particular,
we let D be the least upper bound for 74 on SM.

Since

d
XT+(X’ U) = ﬂt+(¢k(~x’ U))Ik:(),

and 74 (¢¢(x, v)) = 74 (x, v) — ¢, we have

T4 (P (x, ) — T4 (x,v) i
t T 50t

Xty(x,v) = lim
t—0

In particular, 7 is a smooth function on SM.
We define the phase function ¢ by

(p(tvxv U) = _ﬂt - T+(x1 v)s
for some positive constant 3, so that
Pyp=—-p+1=B>0 ifg <1.

We first deduce the Carleman estimate for the transport equation on a Rieman-
nian manifold.

Theorem 4.1. (Carleman estimate) Let o € L°°(SM). There exists so and C > 0,
such that for all s 2 so > 0

T
C/ / ¥\ Pul> dxdr
0 SM
T
> Cs2/ / > y? dZdt—}—s/ 290X 20 x 1)dE
0 Jsm SM
—s/ 29T X0 Y 2(T % p)dE
SM

T
— / / > u? dg (x, v)dt,
o Josm

foru € H'(0, T; L*(SM)) and Xu € L*(SMr). Here d% = d%(x, v) the volume
form of SM, d&(x,v) = (v, n(x))g(x) d&(x, v) with n(x) the unit outer normal
vector at x € M and dE the volume form of dSM.
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Proof. Now let w(t, x, v) = SV (1) x, v), we define
Lw := e’ Py(e*w) = Pyw — sBw.

We integrate Lw over [0, T] x SM to get

T T
/ / \Lwlszdt:/ / |Pow — s Bw|? dXdt
0 SM 0 SM
T T T
/ / \Powlszdt+5232/ / |w|2d2dt—253/ / w(Pyw) dXdr
0 SM 0 SM 0 SM
T T
s232/ / lw|? dEdthSB/ / w(Pyw) d=dt
0 SM 0 SM
T T T
s232f / lw|? dEdt—sB/ / 8t(w2)d2dt—st f X(w?)dzdr
0 SM 0 SM 0 SM

T
szBZ/ / |w\2d2dt+sB/ w2(0, x,v)dZ —SB/ w(T, x, v)dE
0 SM SM SM

T
—sB/ / wzdS(x,v)dt.
0 aSM

Notice that Lw = ¢*¢ Pou and w = 5¢7-*-")y, the above calculation gives

T
/ f e>?| Pou|* dxdt
0 SM

T
> §%B? / / e»u*dxdr + sB / 29020, x, v)dE
0 Jsm sM

v

—SB/ BT XV 2(T 1) dYD
M

T
—sB / / €29 u? dg (x, v)dr.
o Josm

To incorporate the absorbing coefficient o, observe that
|Poul? = |Pu — oul* < 2|Pul?® + 2|oul?,

which yields that

T T
2/ f eZW|Pu|2d2dt+2/ / e>?|oul> d=dr
0 SM 0 SM

T
s2B? / / X042 A5 dt + 5B / 2¢O Vy2(0, x, v) A
0 Jsm SM

1\

—st 29T X0 Y2 (T x p)dE
SM

T
—SB/ / e>%u? A& (x, v)dr.
0 Joasm

Since o € L*°(SM), by choosing sufficiently large s, the second term on the left-
hand side of the above inequality can be absorbed by the first term on the right-hand
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side, it follows that there exist so and C > 0 (independent of s), for all s = so,
surely that

T
c/“t/ e>?| Pul? d=dr
0 SM

T
> Cs2/ / ezs‘puszdt—i—s/ 290XV 200 x v)dE
0 SM SM

— s/ 29TV Y 2(T x v)dE
SM

T
—s/ / e>Yu” d&(x, v)dr.
0 ISM

O

Remark 4.1. Tt is worth mentioning that different from Proposition 3.1 for the
Euclidean case, the Carleman estimate on Riemannian manifolds does not con-
tain the scattering term. This is due to the fact that our weight function ¢ =
— Bt — 74 depends on the direction v. In the proof of Proposition 3.1, see also [38],
it is essential that the weight function ¢ is independent of v, so that the integral
I Jop €2¢1K (w)[? dSdr can be absorbed by the term s [ [, ¢2¢u® d£dr for
s > 0 sufficiently large.

On the other hand, if we replace —74 by some globally defined function v (x)
independent of v, then X (x, v) = (v, VI/I(X))g(X) can not always be positive. In
this case, (3; + X)¢ = —B + X could be negative on SMr, consequently the
Carleman estimate can not hold for such weight function. Therefore, one can not
expect to find a globally defined Carleman weight independent of v to prove similar
Carleman estimates.

Next, we derive an energy estimate, which will be used to establish uniqueness
and stability results for an inverse source problem of linear transport equations on
manifolds later.

Lemma 4.2. Suppose o € L (SM) satisfies (1.3). Let fy € L*(SM) satisfy
Xfo € L¥(SM), and f_ € L*°(0_SMry) satisfy o; f— € L°°(0_SMr). Suppose
that the source term has the form

S(t, x,v) = S(x, v)So(t, x, v)
with S € L®°(SM),
1500, -, Izoo(smy,  10:Soll oo (smp) = c,
for some fixed constant ¢ > 0. Let f be the solution to the problem

%f+Xf4+of =S inSMr,
f = fo on{0} x SM, (4.2)
f=/f_ ond_SMr.
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Then there exists a positive constant C, depending onc, T, and ||o || > (sm), so that

||3tf||L2(5M) § C (”SHLZ(SM) + ||f0”L2(SM) + ||Xf0||L2(5M) + ||3tf— ”LZ(ELSMT))
4.3)

forany0 <t < T and

||3If||L2(3+SMT) § c <||§”L2(SM) + ||f0||L2(SM) + HXfOHLZ(SM) + ||8;f, ||L2(375MT)>
4.4)

for f € H*(0, T; L>(SM)) and Xf € H' (0, T; L>(SM)).

Proof. Taking derivative of the transport equation with respect to the time ¢ gives
30 f)+ X0 f)+ 0@ f) = S(x,v)8,S0(t, x, v). (4.5)

Then we multiply 20, f to (4.5) and integrate over SM to get

a,/ 19, f12dS = —/ X(|a,f|2)d2—2/ old; fI?dx +2/ S(0:S0)0; f A%
SM SM SM SM

N

—/ |a,f|2ds(x,u)+c/ |8tf|2d2+Cf 152 dx
ISM SM SM

IIN

—f |azf|2ds<x,v>+Cf |3tf|2dZ+C/ 1512 dx,
_SM SM SM

) (4.6)
where the constant C > 0 depends on o and c. Here we are using the fact that
fMM |9, f1? d&(x,v) = 0. We denote E(t) = [5,, 19, f|*(t, x, v) d%, integrate
(4.6) over the time interval (0, ), then

t

Et)—EO0) =C /O E)ds + 10 f-172¢_spp) + CTISI 2500,

for 0 £ ¢+ £ T. In the meantime, let # = 0 in the transport equation, we obtain
9 £ (0, x,v) + Xfo+ ofo= S, x, v), which gives

EO) = [ 1= Xfo-afy+S0.x. 0P d
SM

< C (1Xfoll22gpp + 1foll22 gpp + IS

= 0llz2(sMm) Ollz2(sM) L2(SM) )
Therefore

t
2 2 k. 2 <2
E@) < C/o E)ds +C (1XF012 253, + 10132530y + 101325530y +18122531))

where C depends on o, ¢ and T. We apply the Gronwall’s inequality to get
E@) £ Ce” (IXfolaspry + 103 20san) + 10 S22 a1y + 15251

which proves the estimate (4.3).
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To prove (4.4), we return to (4.6) and integrate it over (0, T'), by (4.3), we obtain

T
// 19, £17 d& (x, v)dr
0 Jo,sMm

T
< EO) = B0 +C [ E©ds + CTIS s gy + 100 oy

T
SEO)+C fo Es)ds + CTISI 22500 + 100 F- 12205 saam)

2 2 312 2
é C (||Xf0||L2(SM) + ”fO”LZ(SM) + ||S||L2(SM) + ”atfi”Lz(a,SMT)) )
where C depends on o, cand T. O

Finally, we will apply the Carleman estimate in Theorem 4.1 and Lemma 4.2
to control the source term in the transport equation.

Theorem 4.3. Suppose o € L°°(SM) satisfies (1.3). Let fo € L°°(SM) satisfy
XP fo € L®(SM) with B = 1, 2, and f_ satisfy 3, f— € L>®(d_SMy). Suppose
that the source term has the form of

S(t,x,v) = S(x, v)So(t, x, v)
with S € L®°(SM),
0<c1 =800,x,v) =c2 inSM and |SollLo(smy), 10:SollLoo(smy) = c3,
for some fixed constants c1, c2, c3 > 0. Let [ be the solution to the problem

%f+Xf4+of =S inSMyr,
f = fo on{0} x SM, 4.7)
f=/f_ ond_SMr.

Then there exists a positive constant C, depending on c1, 2, c3 and ||o || L (sm),
so that

”§“L2(SM) § c (”aff||L2(8+SMT) + ||f0||L2(SM) + ||Xf0||L2(5M) + ||atf— ”Lz(fLSMT))
4.8)

for f € H*(0, T; L>(SM)) and Xf € H' (0, T; L*>(SM)).

Proof. We choose T > D/f, where D is the least upper bounded for 7, then for
any (x,v) € SM

go(Tsxv U) g _IBT <-D g go(o» X, U).
Since ¢ is continuous, there exist § > 0 and —87T < a1 < ap < —D such that

o, x,v) >ay, for0<t <38, (x,v) € SM,
o, x,v) <ay, forT —28<t<T, (x,v)€SM.
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Let x € C§°(R) be a cut-off function, such that 0 < x < I and

) = 1,05t < T -26,
X =0, T—s<t<T.

Letu(t, x,v) = x(¢)o, f (¢, x, v), then
Pu = xS8,So + 8 x0 f.
Moreover, u(T, x, v) = 0 and, from the transport equation,
u0,x,v) =0 f(0,x,v) =—-Xfo—0ofo+ §(x, v)S0(0, x, v).
We apply Theorem 4.1 to u and use ¢(z, x, v) < ¢(0, x, v) fort = 0in SM,

s / ¢OXV| _ X fy — o fo + SS0(0, x, v)[>dT
SM

T
gc/ f > |x S8, S|> dxdr
0 SM

T T
+C/ / eZW|a,Xa,f|2dzdr+s// > x 9, f1> d&dr
0 Jsm 0 Joasm
T
< cf f 290X 1§12 g5 dy
o 0 Jsm

T-6 T
+c/ / ezS‘p|8txa,f|2dEdt+CeC"/ f 0, f|* dedt
T-28 JSM 0 0+ SM

g CT/ 62s<p(0,x,v)|§|2 dE
SM

T-6 T
+Ce2””/ / |3,f|2d2dt+CeCS/ f 0, £ > dgds.
T-28 JSM 0 0+ SM

By Lemma 4.2 and 0 < ¢; < Sp(0, x, v), it follows that

(s — CT)/ 290X 512 g5
SM

T-6
< CS/ 200XV x i 4 o fol>dE +Ce2m1/ / 10, 1> dxdr
SM T-28 JSM

T
+CeCS// 0, f|* d&dt
0 Jo,sm

< CeC X follFaisary + 1follZ2csry + 190 F- 1720501,
+CeP ST 501y + Ce N9 F 17200, 501
Since ¢(0, x, v) > a3, for s large enough so that % > CT, we can derive that

I sewr =2 250(0,x,v) T2
3578 2 spr) = (6 = CT) /SMe WOE|512 ds

< CeC X follaisary + 1ol T2 csary + 190 F- 1720501,

+CPNSN T 5pry + Ce N0 f 17205, 5017
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2s5an

Since @y > aj, we choose s large enough such that 5se=*2 — Ce** > 0 we have

s 250 2sa T2
(52 = ce™ ) 15122 g,

< CeC X foll 3o sary + 1ol 2 csary + 100 =125 saryy + 18 F U7 2o, 501y

This completes the proof. O

4.2. Reconstruction of the Nonlinear Term on a Riemannian Manifold

Let f = f(t, x, v; &) be the solution to the problem

of+Xf+of+Nx,v, f)=0 inSMr,
f=¢echon{0} x SM, 4.9)
f=0 ono_SMr.

With the help of the Carleman estimate and linearization techinique, we are
ready to show the following two cases of N:

k
4.2.1. The Case N = ) ¢® i—, We show the first main result in the Riemannian
case.

Proof of Theorem 1.3. Consider N (x, v, f) = Z,fiz q(k) (x, v)i—l,{, we can follow
similar arguments as in Section 3.1 and Section 3.2 in the absence of the scattering
term for the problem (4.9) to recover the unknown terms. In particular, we can
deduce that o1 = 0» and also ql(k) = qék) in SM so that N1 (x, v, f) = Na(x, v, f)

by utilizing Theorem 4.3. O

4.2.2. The Case N = gNo(f) Suppose that the nonlinear term has the form
N(x,v, f) =q(x,v)No(f),

where Ny satisfies

N0z satry < Cull F e sy (4.10)

and

19: No () Lo (smry < Call FIITsaty (4.11)

for a positive integer £ = 2 and constants C1, C» > 0, independent of f. We can
show as in the proof of Theorem 2.6 that the well-posedness of (4.9) holds under
the assumptions (4.10)-(4.11).

We will apply Theorem 4.3 to recover o and g. The strategy is to recover o
by applying the first linearization and Theorem 4.3. After that, we will employ the
second linearization to recover q.

The first linearization of the problem (4.9) with respect to ¢ at ¢ = 0 is

atF(l) + XF(I) + O'F(l) =01in SMT,
FD = phon {0} x SM, , (4.12)
FY =0o0nd_SMy.
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where recall that FV (7, x, v) := 0¢le=0 f (¢, x, v; €). The problem now is reduced
to studying the inverse coefficient problem for linear transport equations.

Proposition 4.4. Suppose that o; € L°°(SM) satisfies (1.3) and q; € L™ (SM)
for j = 1,2. Let h € L®(SM) satisfy 0 < ¢ £ h < ¢y for some positive
constants ¢y, ¢ and XPh € L>®(8Q), B =1, 2. Let f; be the solution to the

problem (4.9) with o replaced by o and q replaced by q;, and F;l) = O¢le=0fj>
j=1, 2 Then

1 1
llor — o2l 2sary < ClIB " — 8 F3 Nl 20, 00 (4.13)
for some constant C > 0.

Proof. To obtain (4.13), let w» := Fl(l) - Fz(l) and then w is the solution to

dw® + Xuw® + oyw® = —(oy — op) F\V in My,

w® =0 on {0} x SM,
w® =0 on d_SMr.
Note that F2(1)|t:0 = h is strictly positive in SM and also satisfies

||F2(l) | Loo(smr)- 1|0 Fz(l)lle(SMT) < C for some constant C > 0. By Theorem 4.3,
it immediately implies (4.13). The proof is complete. O

With the establishment of Proposition 4.4, if Ay, n, = As,.N,, then o1 = 0.
Hence we let o := 01 = 02. Now we will recover ¢ in the nonlinear term. To do
so, we apply the linearization again at ¢ = 0 to obtain

0 F7 + XF + 0 F” = —q;(x, v)8e=oNo(f;) in SMr,
F? =0 on {0} x SM, (4.14)
Fj@ =0 on d_SMr.
Since fjle=0 = 0, by assumption (4.11), we get 9, No(0) = 0 and
021:=0No(f}) = 82 No(0) (F{")?.

Notice that since F ;1), Jj =1, 2 satisfy the same transport equation with the same
initial data and boundary data on 3_ S M7 . The well-posedness theorem yields that

O
Therefore we denote Mo(FV) := 82|,=0No(fj) = 32No(0) (F1)? for j = 1, 2.
The function w® := Fl(z) — F2(2) satisfies
dw?® + Xw?® + ow® = —(g1 — g2)(x, v)Mo(F) in SM7,
w® =0 on {0} x SM,

w® =0 ond_SMry.
(4.15)

According to Theorem 4.3, we then have the second main result in the Riemannian
case.
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Proposition 4.5. Suppose that o € L™ (SM) satisfies (1.3) and q; € L°°(SM) for
j=1,2 Let h € L®°(SM) satisfy 0 < c; £ h < ¢ for some positive constants
c1, ¢a and XPh € L®(SM), B = 1, 2. Suppose that the nonlinear term satisfies
E)Z?NO(O) > 0. Let f; be the solution to the problem (4.9) with q replaced by q;,

and F\* = 02|c—ofj, j = 1. 2. Then

2 2
g1 — @21l z2¢sp) < CUBFL — 3 Fs2 M 120, 50t (4.16)

for some constant C > 0 depending on o, h and Ny.
Moreover, if Ax, n, (fo,0) = Ag,. N, (fo, 0) for any (fo,0) € XM then

g1 =q» inSM.

Proof. Since 0 < ¢; £ F1(0,x,v) = h < ¢, and 3>Np(0) > 0, we have that
0 < & £ My(FD) < & for some positive constants &1, &. One the other hand, by
applying Proposition 2.4 to the problem (4.12), we obtain that || F( || Loo(SMy) S
Cllhl| Lo (sary» and |0, F V|| Loo(spyy £ CIXh+0hllpoosmy < CI XAl Locsan) +
1721l o< (sm)). Now we can directly apply Theorem 4.3 to finish the proof. ]

Proof of Theorem 1.4. Combining Proposition 4.4 and Proposition 4.5, we have
the unique determination of o and N from the boundary data. O

Finally we end this section by proving Theorem 1.2, where the transport equa-
tiond; f4+v-Vy f+of+N(x,v, f) = K(f)in Qwith N definedas N (x, v, f) =
q(x, v)No(f), which is different from the setting in Section 3.

Proof of Theorem 1.2. By utilizing the techniques here and also in Section 3 (in
particular, Theorem 3.3), we can conclude the following two results: (1) If w is
given, then o and N are uniquely determined by the boundary data A, ;, .

(2) On the other hand, if o is given, then u and N are uniquely determined by
the boundary data A, ,, . o
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