THE BERNSTEIN-VON MISES THEOREM FOR THE INVERSE
SCATTERING PROBLEM
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ABSTRACT. In this work, we study the inverse scattering problem of determining an un-
known refractive index from the far-field measurements using the Bayesian approach. Our
aim is to prove the Bernstein-von Mises theorem for this inverse scattering problem when
the unknown coefficient is in a class of piecewise constant functions. We also provide numer-
ical simulations based on the MCMC algorithm combining with a Gibbs-type sampling and
MALA to verify the Bernstein-von Mises theorem.

1. INTRODUCTION

In this paper, we apply the Bayes method to the inverse scattering problem having a piece-
wise constant coefficient as the unknown refractive index. Our aim is to prove a Bernstein-von
Mises theorem and uncertainty quantification of the estimation by the posterior mean. To
describe the inverse problem, let ¢ € L>°(R") be a complex-valued function satisfying ¢ = 0
in R™\ B, where B is some open ball in R" (n = 2 or 3). We consider the propagation of an
acoustic wave in R" scattered by the inhomogeneous medium ¢q. Let u, = u™ + ug®™ satisfy

Au, + K1+ qu,=0 in R (1.1)
and the Sommerfeld radiation condition
w1 [ OUS®
li 2 T _ jkus® ) = 0. 1.2

C

Assume that u™ is the plane incident field, i.e. u™ = e**? with d € S*"'. Then the

scattered field uf;’a satisfies
ezk\x| i

u?(Z,d) +O(lz| 2 ) as [z[ = oo, (1.3)

uy®(w,d) =

o7
where & = z/|x|, see for example, [Serl7, Page 232]. The inverse scattering problem is to
determine the perturbation of the refractive index ¢ from the knowledge of the far-field pattern
or scattering amplitude ugo(i, d) for all #,d € S™! at one fixed energy k%. The investigation
of the inverse scattering problem of identifying the inhomogeneity or the obstacle has been
well documented. We refer the reader to [CK19, CC14, CCH22, KG07, NP15] and references
therein for the thorough development of the problem. On the other hand, the book [Chel§]
describes related results from the engineer’s viewpoint.

It was known that the far-field pattern ug°(Z, d) uniquely determines the near-field data of
(1.1) on 9B, which in turn, determines the Dirichlet-to-Neumann map of (1.1) provided k?
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is not an Dirichlet eigenvalue of A + k*(1 + ¢) on B, for example, see [Nac88]. Combining
this fact and the uniqueness results proved in [SU87, Buk08], one can show that the far-field
pattern ux°(#,d) for all Z,d € S"~! uniquely determines ¢, at least when ¢ is essentially
bounded. For the stability, a log-type estimate was derived in [HHO1] reflecting the severe
ill-posedness of the inverse problem. However, a Lipschitz stability estimate for the inverse
scattering problem with a piecewise constant refractive index was proved in [Boul3] or in
[AS22] by uy*(,d), V &,d € S~ or by u®(z,d) for finite number of Z, d, respectively.

A nonparametric Bayesian approach for estimation of the unknown inhomogeneity of the
refractive index ¢ from mnoisy discrete measurements of the far-field pattern {ug®(Z;,d;)}
for a suitable set of #;,d; € S" ! was recently studied in [FKW23|, where the consis-
tency of the posterior distribution with a contraction rate of (In N)=° for some § > 0
was established, where N is the number of statistical experiments. We remark that the
logarithmic-type contraction rate is due to the severe ill-posedness of the inverse scattering
problem. There is a vast of literature investigating the consistency of the nonparamet-
ric Bayes method for both linear and nonlinear inverse problems. We refer the reader to
[ALS13, ASZ14, GGVDV00, KVDVvZ11, Ray13, Vol13, AN20, GN20, Kek22, MNP21a] and
references therein. Furthermore, two nice monographs [GVdV17, Nic23] contain more ex-
haustive references.

Inspired by the result in [Boh22], where the EIT problem was studied in the case of
piecewise constant conductivities, we will study the statistical guarantees for the inverse
scattering problem when the inhomogeneity ¢ lies in a fized finite dimensional space. The
goal is to prove the Bernstein-von Mises (BvM) theorem and to establish the estimation of
q by posterior means with optimal convergence guarantees. The optimality is understood in
the sense of the asymptotic minimax optimal variance for estimators of ¢ with square loss.
The BvM theorem implies that credible sets have valid frequentist coverage of true parameter
asymptotically. Under the condition that the unknown parameter ¢ is piecewise constant, the
main theorem can be regarded as a parametric BvM theorem. For more general description
of the parametric BvM theorem, we refer to [VAV00] for further details.

In addition to the theoretical study of the BvM theorem, we also provide a numerical veri-
fication of the theorem in this paper. The key is to sample the posterior distribution obtained
from the Bayes formula and to compute the posterior mean. Our numerical method is based
on the MCMC algorithm combining with a Gibbs-type sampling and MALA (Metropolis-
adjusted Langevin algorithm). The simulations in Section 6 clearly demonstrate that the
posterior mean is an efficient estimator of the unknown piecewise constant inhomogeneity gq.

This paper is organized as follows. In Section 2, we formulate the inverse scattering problem
in the statistical setting and state the main results. We then describe the consequences of the
BvM theorem, Theorem 2.4, in Section 3. In Section 4, we prove some analytic aspects of the
inverse scattering problem in the case of piecewise constant inhomogeneity ¢. In Section 5,
we present the proofs of theorems stated in Section 2. Finally, some numerical simulations
are given in Section 6.

2. GENERAL FRAMEWORK AND MAIN RESULTS

In this section, we will follow the framework introduced in [MNP21b], [NP21], or [Boh22]
to setup the statistical model. Let (X, .A,\) be a probability space and V' be a finite-

dimensional vector space of fixed dimension D with inner product (-, -)y and norm || ||y,. We
denote L>®(X) := L>(X, A, \) the bounded measurable functions and L?(X) := L*(X, A, \)
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the space of A\-square integrable functions with corresponding inner product (-,-)2(x). On
the other hand, let P be a probability measure on the product space V x X and L*(P) =
L*(V x X, P) the square integrable functions on V' x X with respect to P.

Let © be the set of parameters which is a bounded subset of K-dimensional space. The
inverse problem is encoded in a forward map

G:0 = L*X), 030G,
We consider the measurement model with Gaussian noise

K:GQ(X1)+€1, ’l:1, ,N, (21)

where X; %\ and € w Np(0, 1), a D-variant normal distribution with mean 0 and covariance
I. Here N denotes the number of experiments. We also assume that {X;}Y, and {g;}}V, are
drawn independently. Let Py be the probability distribution of (Y, X;) and P}’ = Py®---®P,
the law of the random vector Zy = {(V;,X;), i = 1,--- ,N}. We use E}’ to represent
the corresponding expectation operator. Finally, we denote the sequence of experiments
Py ={P) :0€O}. For N =1, we write P = P, = {P : § € O}, which is sometimes called
model or experiment.

Next we put the inverse scattering problem with a piecewise constant medium into the
framework described above. Assume that {Z; : j € N} € S" ' and {d, : | € N} ¢ S"!
are two dense subsets of S (possibly identical). Let S € N be chosen (will be specified
later) and set (S,U) = {(1,---,5), Uniform}. We consider two kinds of observation data
corresponding to (2.1). Let ¢ = gy be determined by § € © and define Gy through the
far-field pattern ug°(z, d).

(I) Consider the iid random samples X; € (X, \) = (S,U),i=1,2,--- | N. Let us denote
Go(X;)
= (Re(ugo(iXm dl))a Im(ugo(iXm dl))v B Re(ugo(j;Xw ds)), Im(“?(jxi> dS)))

Note that Gg(X;) € R? and thus V = R?% ie., D = 285.
(IT) Next, we consider X; = (XZ-(l),Xi(Q)) e(X,N)=(S®S5,UxU),i=1,---,N, and set

T
Go(X;) = <Re(u2°(5in(1), dy)), Im(u (@ o, dXZ@))) .

In this case, Gy(X;) € R* and V = R? i.e., D = 2.
Now we describe the parameter space ©. Let {B;}{_, be non-empty open subsets of B
satisfying B; N B; = ) for i # j and B = U;_, B;. Let I, L, m, M be real numbers with m > 0
and {¢;}7_, be complex numbers satisfying

¢ <Re(q;) <L, m<Im(g;) <M, for i=1,---,J. (2.2)

T

We then assume the refractive index ¢ = Z;le ¢: Xi, where y; is the characteristic function of
B, and ¢; satisfies (2.2). In other words, the parameter space is

6 = ([¢, L] x [m, M])’ c R¥, (2.3)

namely, K = 2J, and 6 = ®/_;(Re(q:),Im(g;)) € ©.
Let us consider a prior IT on © with a continuous and positive Lebesgue density () €
C(0,(0,00)), i.e.,
dT1(0) = 7(6)dF. (2.4)
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By Bayes’ formula, the posterior distribution II(-|Zy) given the observation data Zy €

(V x xX)N
[, e~ OdI1(o)
Jo €8 OdIL(0)

(A Zy) =

for any Borel set A C O, where

In(0) = 6|ZN=——ZHY Go(X)|1%,

is the joint log-likelihood function.
To state main theorems, we would like to describe ”information theoretic” features of the
model P.

Definition 2.1. The model P = {F, : § € ©} is said to be differentiable in quadratic mean
(DQM) if there exists a linear map (score operator of P at 0)

Ag :RE = LV x X, By),
such that

1 2
/ [dP;ii—dP;/2—§Ae[h]dP;/2 = o[[AIP) as [IAl o, (2.5)
VxX

where ||| is any equivalent norm of RX. The information matriz/operator of P at 6 is
defined by
Ny = EP[ATAg] : RE = RE | ie., Ny € REXE, (2.6)

Remark 2.2. As explained in [Boh22, Remark 4.3], Af(Y,X) = ég'(Y,X) and Ny =
ETo[ly(Y, X)(F (Y, X)]. We refer to [VAV00, (5.38)] for the definition of ly(Y, X).

The first theorem is to prove the invertibility of the information matrix Ny in our inverse
scattering problem.

Theorem 2.3. Let the model P arise from the statistical scattering experiment (2.1) with
finite dimensional parameters (piecewise constant coefficient described in (2.2)). Then the
information matrix Ny is invertible.

Next theorem is the main result of the paper, a Bernstein-von Mises theorem for the inverse
scattering problem with the piecewise constant coefficient. Denote £(-) the law of a random
variable in RX and || - ||y the total variation of probability measures on R¥. Furthermore,
| - | denotes any Euclidean norm in RX.

Theorem 2.4. Let the experiments Py, N € N, arise from the statistical scattering experi-
ment (2.1) with the inhomogeneity q defined by (2.3). Assume that the prior Il on © is given
by (2.4) and 0y € © \ 9O. Let the observation data Zy = {(Y;, Xi)}X., be described in either
(I) or (I1) above with a sufficiently large S given in Lemma 4.1. Then, if 0 ~ I1(-|Zy), then

HE (\/N(Q - \Ifgo,N)|ZN) — Nk (0, N;(})HTV D0, as N = oo, (2.7)

where N (0, Ng_ol) is a K-variate normal distribution with mean 0 and variance Ngol, and the
re-centering

N
1 _
g v = O + ¥ § Np. A, (Y;, X).



BAYES METHOD 5

3. CONSEQUENCES OF THEOREM 2.4

We will postpone the proofs of Theorem 2.3 and 2.4 to Section 5. Here we would like to
discuss some interesting consequences of Theorem 2.4. In order to apply Theorem 2.4 to
obtain an uncertainty quantification for estimation of €, we need to choose a more tractable
centering instead of Wy, x. A natural choice is the posterior mean 0y = EM[f|Zy], which is
computable, for example, via MCMC. In other words, the following holds true:

H.c (mw - @N)\ZN> —/\/'K(O,Ngol)HTv 0, as N = oo, (3.1)

where, as above, 8 ~ II(-|Zy). To prove (3.1), it suffices to show that
PN
VN(E"0|Zx] — Vg, n) —> 0, as N — oo, (3.2)
which can be achieved by following the argument in the proof of [MNP21b, Lemma 4.6]
or in Step VII of the proof of [Nic20, Theorem 8]. In carrying out the proof, we need a
consistency theorem with explicit contraction rate for the posterior distribution II(:|Zy).
This consistency result can be established by using the method in [FKW23]. On the other

hand, since VN Wy, v —Ly W, where W := Nk (0,Ny"), it follows from (3.2) that

VN (Oy — 6,) % W. (3.3)
On the other hand, from (2.7), we can also derive a consistency theorem for the posterior

distribution II(-|Zy) with the optimal contraction rate 1/+/NN. Precisely, for every sequence
{My} with My — oo such that

N
[0 — 6| > My /VN|Zy) — 0. (3.4)

Indeed, (3.4) can be proved by using (2.7), Prohorov’s theorem, and the CLT applied to
\/Lﬁ sz\il NH_OIA% (Y;7 XZ)

Another useful application of Theorem 2.4 is the Bayesian uncertainty quantification for
0 and its implication to the frequentist probability coverage of the true parameter. Let
0 < a < 1 be a given confidence level. Define Bayesian credible sets C'y and the quantiles
RN by

Cy={0€©:10—0x] <Ry/VN}, T(Cy|Zy)=1-a.
Observe that the determination of credible sets C'y requires only the computation of the
posterior mean Ay and the quantiles Ry, which can be calculated numerically by an MCMC
method. Following the argument in [Nic23, Sec 4.1.3], let us compute the frequentist coverage
of Cy as N — oo. Denote ®(t) = Pr(|W]| < t). Consequently, ® is continuous and strictly
increasing. In view of (3.1), we have
N

B(Ry) = D(Ry) — T1(Cy|Zy) + (1 — ) =% (1 - a).

The continuity of the inverse ®! yields

Pio, -1
RN—>(I) (1—&).

By Slutsky’s lemma and (3.3), we obtain

w\/ﬁ(@v —0) L W (3.5)

N
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Consequently, from (3.5) and the continuity of | - |, it yields
Pl (0 € Cx) =PY (VN|0y — Ox| < Ry)
=Py, (%N_Q)WWO —On <@ (1 - a))

—®(p(1-a)=1-a.

In other words, the posterior credible sets C'y are efficient frequentist confidence sets for the
parameter 6.

4. SOME ANALYTIC ASPECTS OF THE INVERSE SCATTERING PROBLEM

In this section, we will review some theoretical aspects of the inverse scattering problem
before proving the theorems stated in Section 3. One of the main goal is to very the DQM
property for the statistical experiment arising from the inverse scattering problem. Let
uq(x, d) be the total field satisfying (1.1) and (1.2). Equivalently, u, can be expressed by the
Lippmann-Schwinger integral equation

ug(z,d) = u™(z,d) + k‘2/ q(y)uy(y, )V (x — y)dy, (4.1)
B

where u!"(z,d) = ¢**? and ¥(z) is the fundamental solution of the Helmholtz operator in

R"”, i.e.,

e

JH (Rlal) (n=2)
U(z)=1q giklal ; ,

] =3
where H, él) (z) is the Hankel function of order 0. The far-field pattern can be explicitly written
as

u?(2,d) = Cn/Be"ki'yq(y)uq(y,d)dy, (4.2)
where u,(x,d) is the solution to (4.1), and the constant C,, depending on only n is given by
k26T
n=2
C, = \k/287rl{: ( )
1 (=3
It is not hard to show that for any 2,d € S"*
lug” (2, d)| < CllgllLee(m) (1 + llql L= (5)), (4.3)

where C' > 0 is an absolute constant. Define the forward map
T:L™(B)— L*(S" ' x§* 1),
by Tq := u;°(#,d). As mentioned in the Introduction, from [Nac88] and [SU87], we see that
T is injective, (4.4)
ie., if ¢1,q0 € L>®(B) and T'q1 = T'q2, then ¢ = ¢o.
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Define LE(B) = {g € L*>(B) : Im(q) = m >0 ae.}and By = {qg € L¥(B) : q=q =
22]:1(91 +10)x1, (01,01, ,05,0;) € R*}, where y; is the characteristic function of B; and
{B}{_, are domains defined in Section 2. From (4.4), it follows that

T‘EJﬂLf(B) is injective. (4.5)

Recall from [Boul3, Lemma 3.3, Lemma 3.4] that the mapping 7" : L°(B) — L*(S"" ' xS"™1)
is differentiable and its Fréchet derivative at ¢ € L(B), T'(q) : L*(B) — L*(S* ! x S"1),
is bounded and injective. In fact, from [CK19, Theorem 11.6], the Fréchet derivative 7"(q)
can be expressed explicitly by
T'(q)h = vg5,(2,d) forall he L™(B),
where v9, is the far field pattern of the radiating solution v = v, to
Av + k* (14 q)v = —k*huy(-,d) in R™
From [BLO05, Lemmas 2.2, 2.3, 2.4, 2.6 (or some related results in [FP21]) , we can see that
for all ,d € S™!
lugin (@, d) — u(2,d) — (T'(@)h) (&, d)] < Co(L+ [l r@m)lIPlL(s): (4.6)
and
[ugi (&, d) — ug(2,d)] < Co(L + llgllzo=(m))* |2l (), (4.7)

for some general constants Cy, Cj) > 0.
We also prove a (Lipschitz) stability of determining a piecewise constant coefficient ¢ by
some finite measurements of the far-field pattern.

Lemma 4.1. Assume that {#;,i € N} and {d; : | € N} are two dense subsets of S"!
(possibly identical). Let W be a finite-dimensional subspace of L>(B) and K C W N LY (B)
a convexr and compact set. Then, there exists a large enough So € N such that if S > Sy

a1 — @oll ooy < Cull (ugs (24, dy) — (ﬂfz,dz))” 2 @2 €K, (4.8)

for some constant Cy > 0. Moreover, for any ¢ € KK C E; N L (B), then for all S > Sy,
there exists a constant Cy = Cy(S) > 0 such that

1l ey < Call (035 e d)5,_, e for all b€ L(B). (4.9)

Proof. Estimate (4.8) is proved in [AS22, Theorem 5]. We will prove (4.9) using the idea
n [AS22]. Recall that the far-field pattern is analytic on S"~! x S*~!. Since dim(S"! x
S*1) = 2(n —1), and 3 > 2(” U (if n = 2,3), H3(S"! x S"!) is continuously embedded
into C'(S"! x S*71), and so 1t is a reproducing kernel Hilbert space (RKHS) consisting of
continuous functions. Let Qg : H*(S"™! x S"™1) — H3*(S"! x S"7!) be the projection onto
Zg defined by
Zg = span{k, q) i1 =1,..., S},

where k4 € H*(S*™! xS*™!) is a reproducing kernel for RKHS H?(S"~! x S"~!) satisfying

f(:fz,dl) <f, k'(:rl 4) >H3(Sn Lygn—1) , f€ HS(Sn 1 Sn_l).
By the argument in [AS22, Example 2 and Theorem 7], we have

Qs — Iysgn-1xsn-1y (in norm topology), as S — oo, (4.10)
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and
||QSf||H3(Sn—1XSn—1) S CS H(f(xu dl))flzl‘

for some constant C's > 0. In view of (4.10), we can choose a large enough Sy € N such that
for all S > Sp, (I — ||[I — Qsl|) > 0. By the injectivity of T"(q) : L>(B) — L*(S"! x S 1)
([Boul3, Lemma 3.4]), there is a constant C' > 0 such that

HT,(C])hHLQ(S“—len—l) > C||h| gy, he L*(B),

, fe H3 (S xsmh), (4.11)
2

which combining with (4.11) implies

Cs |l (v35, i, )}y 12 > QT (@)l sz
= ||T/(Q)h||H3(Snfle"*1) — (7 - QS)T/(Q)hHHL%(S"*le”*l)
> (I =1 = QsIDIT (@)l s (gn-1xsn-1)
> C( = |II = QslD|nl Lo,
and thus (4.9) with Cy = Cs[C(I — ||I — Qs|)] ™" O

Remark 4.2. In the case of piecewise constant refractive index described above, we simply
take W = E; in Lemma 4.1.

5. PROOFS OF THEOREMS

Let the parameter space © be defined as in (2.3) and consider ¢ = gy € E; with § € ©. The
statistical forward map Gy(X) with X € (X, ) is defined in either (I) or (II) in Section 2.
It follows directly from (4.3) that G = supycg ||Gollcc < 00. For 6 in the interior of ©, the
Fréchet derivative T"(q) is written by

T'(q) =Ty,

where Iy : RX — L2(X) is defined in Proposition A.1. In view of (4.6), we see that (A.1)
holds true, i.e., for any x € X and h € R,

1Gon(z) = Go(x) = To[hl(x)[lv = o([[n]]) as [[A]l = 0.

Moreover, it can be deduce from (4.7) that (A.2) is satisfied as well. Combining all discussions
above, we can conclude that the statistical model P = {Fy : § € O} satisfies DQM with the
help of Proposition A.1.

Proof of Theorem 2.3. Tt is readily seen from (4.9) that Iy is injective. Therefore, in view of
(A.4), the information matrix Ny is invertible. O

Proof of Theorem 2.4. Theorem 2.4 can be seen as a parametric Bernstein-von Mises theo-
rem. In view of Remark 2.2, Theorem 2.4 is equal to [VAV00, Theorem 10.1]. The invertibility
of the information matrix Ny is already proved in Theorem 2.3. As explained above, the sta-
tistical experiment P has the DQM property. The prior given in (2.4) is clearly absolutely
continuous at any interior point of ©. To verify the separation condition [VdV00, (10.2)],
by noting the paragraph before [VdV00, Theorem 10.1], it suffices to use the fact that ©
is compact, 8 — P, is continuous, and check the identifiability P, which is satisfied due to
(4.8).

OJ
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6. NUMERICAL SIMULATIONS

In this section, we provide numerical simulations to demonstrate the reconstruction of the
piecewise constant inhomogeneous medium ¢ by the Bayes method and to justify the BvM
theorem.

6.1. Set up. We simply consider the case when n = 2. The data in the inverse scattering

problem is the far-field pattern ug® which can be explicitly written as

k2eT
vV 8&mk

We approximately compute the above integral by the Monte Carlo method, where the total
field u, in the integral is the solution to the Lippmann-Schwinger integral equation (4.1). This
integral equation is numerically calculated based on Vainikko’s method [SVO01, Vai00, Krel3].
Let S € N and set

e M Vq(y)uy(y, d)dy, (,d) € S' x S".

u?(2,d) =

Zj = (cos(2mj/S),sin(27j/S)), j=1,..,5,
and

d; := (cos(2ml/S),sin(2xl/S)), 1=1,..,5.
Then, our statistical experiments is given by

Y = Gourue) (Xi) + €,
and
X, = (XY, X E (Sses,UaU),

where (S,U) = {(1,---,5), Uniform}, and

and A1) ¢ R? is the true parameter. Here, Gy : S x S — R? is given by

G@(XZ) = (Re(ugo(ixm, dX.(Q))’ Im(ugo(ixg), ngz))> .

In other words, in this simulation, we only consider the collection of observation data de-
scribed in (II) in Section 2. We believe that the results for this case is enough to justify
our method. Let the prior II be the uniform distribution on © and the observation data
Zn = (Xi,Yi)iz1,. n, then the posterior distribution II(6|Zy) is given by

11(0| Zy) ox e, (6.1)

where (x(0) is the log-likelihood function given by

In(0) = ZIIY Go(Xi)l3.

We want to point out that the posterior (6.1) should be multiplied by the characteristic
function of ©. Fortunately, in the numerical computation, ignoring this term is harmless.
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Algorithm 1 Metropolis—Hastings

Require: Initial guess 6(°), Proposal (2J-dimensional) distribution P, Log-likelihood func-
tion €N.

1: for t=0,...,T" do
2:  Sample *) from P(-|0®).

3:  Compute A = A(6™|9®).

4:  Generate a uniform random number u € [0, 1].
5. if u < A then

6 9+ = ) (Accept 6™))

7

8

else
: o+ = 0@ (Reject H™))
9: end if
10: end for

11: Correct accepted states, re-named as {6®)},<7.
12: return A sequence {#®},7.

6.2. Sampling algorithm. Here, we adopt the Metropolis—Hastings algorithm [MRR"53,
Has70, Tie98|, which is a popular MCMC method to obtain samples of the posterior dis-
tribution TI1(#|Zy). For completeness, we give the details of this scheme in Algorithm 1.

When parameter space is high-dimensional, it is known that finding a suitable proposal
distribution is difficult as the individual dimension may behave differently. As an alternative
approach, we also use the Gibbs sampling, in which one chooses the candidate for each
dimension iteratively, rather than the one for all dimensions at once [GG84, GS90]. Denoting
0 € R* by

0= (015"'792J)7 6] ER,
we write the details of this scheme in Algorithm 2. The proposal distribution P(-|6") and the
acceptance probability A in Algorithm 1 and 2 will be specified below.

Here, we consider two cases of P and A:

e Normal distribution, that is,
P(-|0) = N (6, hI).
In this case, we employ the acceptance probability A as
A(-|0) = min{1, eVO v O,
e MALA [Bes94, RT96, RR98], that is,

P(-10) = N (0 + ng(e), hI).

In this case, we employ the acceptance probability A as
A(-]0) = min{1, 6£N(’)_£N(9)+$||'—9+%VGZN(9)HS_ﬁHQ_"“%V[N(')“%}'

As above, NV (6,X) denotes the multivariate normal distribution with mean 6 and covariance
matrix .
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Algorithm 2 Gibbs sampling

Require: Initial guess 6(°), Proposal (one-dimensional) distribution P, Log-likelihood func-
tion €N.

1. 0.0 — go
2: for t=0,..., T do
3:  for j=1,....2] do
Sample 6§*) from P(-|§®7=Y),
Denote by 8¢ = (Q(t’jfl), .
Compute A = A(§™)]9tI=1),
Generate a uniform random number u € [0, 1].
if u < A then
67 = ) (Accept 0*))
10: else
11: 9®3) = 9t~ (Reject ™)
12: end if
13:  end for
14: 9(t+170) — 6(t72J)
15: end for

16: Correct accepted states, re-named as {6®)},<7.
17: return A sequence {1 },7.

t,j—1 * t,j—1 t,j—1
(93( jl )79](')79]('+]1 )7"'79;]] ))

6.3. Visualization. In what follows, we always employ the following parameters:

e Wave number £ = 2.5.
e Noise level o = 0.1.
e Initial guess /) = 0 (both real and imaginary parts are 0).

By using sampling methods described in the previous subsection, we collect a sequence of
samplings form the posterior distribution I1(#| Zy ), denoting its sequence by {0® }o<;<7 where
T is the number of acceptances.

Figure 1 shows two inhomogeneous refractive indices with four and eight pieces, which
are our ground truths. The dimensions of their parameter space are 2J = 2 x 4 = 8 and
2J =2 x 8 = 16, respectively.

Figures 2, 3, 4, and 5 are the visualizations of sample means given by

T+129

In our simulations, we use following four combinations of sampling algorithms and proposal
distributions:

(Metropolis—Hastings, Normal distribution)
(Metropolis—Hastings, MALA)

(Gibbs sampling, Normal distribution)

(Gibbs sampling, MALA)

(Algorithm, Proposal) =

For Metropolis—Hastings sampling and Gibbs sampling, we choose h = 0.05 and h = 0.1,
respectively. In the case of four pieces, we take S = 10 and N = 10, while in the case of eight
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FIGURE 1. Two ground truth ¢’s. The first and second columns correspond
to the real and imaginary parts, respectively.

pieces, we take S = 30 and N = 30. The first and second columns in Figures 2, 3, 4, and 5
correspond to the real and imaginary parts of sample means, respectively. The third column
in Figures 2, 3, 4, and 5 represent the mean square error (MSE) between the true parameter
6(true) and the sample mean up to the current state #®) defined by

i.e., MSE ¢, is given by
rue 7l
e = (60 — 53,

fort = 0,...,T. From these figures, we can see that the combination of (Algorithm, Proposal)
= (Gibbs sampling, MALA) provides the best reconstruction among other pairs.
The verification of the BvM theorem is shown in Figure 6. Precisely, Figure 6 shows the

histogram of the samples obtained from the law £ (\/N(G —Oy) |ZN> , where 6 ~ I1(:|Zy), in

the increasing order of N = 5,15, 25, 35 and fixed S = 100. From the numerical results above,
we demonstrate the BvM theorem using the combination of Gibbs sampling and MALA and
the case of four pieces (J = 4) for the true parameter ¢q. Each histogram is a one-dimensional
plot showing the projection of the samples onto a certain eigenvector of Ng_ém@ c R¥*8,
which can be computed by (A.4). Here, we only plot three histograms corresponding to
three largest eigenvalues. The blue curve in each figure is the one-dimensional normal with

zero mean whose variance is the eigenvalue of the associated eigenvector for Na_ém).
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FIGURE 6. Demonstration of BvM theorem. Samples are obtained by using
Gibbs sampling and MALA.

Figure 6 indicates that as N increases, the shape of the histogram is getting closer to
the blue curve, which clearly justifies the BvM theorem for the inverse scattering problem
considered in this paper.
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APPENDIX A. DQM AND INFORMATION OPERATOR

As described above, let P = {Py : 0 € O} be a statistical experiment polluted by Gaussian
noise, arising from the forward map

G:0CcRF = L2X), 06— Gy

The purpose of the section is to show that the differentiability of G implies the DQM property
of P.

Proposition A.1. Let G := supyeg ||Gol|lx < 00 and 6 be in the interior of ©. Assume that
there exists a bounded linear operator Iy : RX — L2(X) such that for all x € X

|Gon(x) — Go(x) — Lg[h](z)|lv = o([[Ll]) as ||A]| — O (A1)
Furthermore, suppose that there exist €, B > 0 such that
|Gon — Gollo < B[R] for ||A]| < e (A.2)

Then P satisfies the DQM property at 6 defined in Definition 2.1 with the score operator Ay
given by
Ag :RE = LAV x X, P), Aglhl(y,z) = (y — Go(),Tg[R](x))y. (A.3)

The information operator Ny defined by (2.6) can be described explicitly as
Ny = E[A} (Y, X)Ag(Y, X)] where (Y, X) ~ P.

On the other hand, according to [NP21, Proposition 1], we can see that the information
operator can be expressed by
Ny = Ip1,. (A.4)

Proof of Proposition A.1. Denote

Ty, @) = log(dFy 5 /dPy " (y, )
= 210, Goan(a) — Gola))y — 1 (ICorn@I — I1Co@)I})

This proposition is an immediate consequence of the following limit
efn — 1 — LAg[n]71?
/ { 240l ]1 dPy — 0 as ||h| — 0. (A.5)
Vi 17l

For any (y,z) € V x X, by (A.1) and the chain rule, the integrand in the above integral
vanishes as ||h|| — 0. Note that

[0 =1 g [y, )]
. 7]

It is readily seen that

1 2
[fu(y, 2)| = SllyllvIGornlz) = Golz) v + %I|G9+h(ﬂf) = Go(2)]lv,

and thus

[fuly: )| _ 1||y||V||Ge+h(x) — Go(@)llv , G |Gorn() — Go(@)llv:
ol — 2 17l 2 il
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By (A.1), (A.2), (A.3), and Fernique’s theorem, for any ||h| small,

€fh —1-— %Ag[h]
i

€ L*(P),

which implies (A.5) by the dominated convergence theorem. O
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