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SUMMARY

In this paper, we deal with the acoustic inverse scattering problem for reconstructing cracks of possibly
different types from the far field map. The scattering problem models the diffraction of waves by thin two-
sided cylindrical screens. The cracks are characterized by their shapes, the type of boundary conditions and
the boundary coefficients (surface impedance). We give explicit formulas of the indicator function of the
probe method which can be used to reconstruct the shape of the cracks, distinguish their types of boundary
conditions, the two faces of each of them and reconstruct the possible material coefficients on them by using
the far-field map. To test the validity of these formulas, we present some numerical implementations for a
single crack, which show the efficiency of the proposed method for suitably distributed surface impedances.
The difficulties for numerically recovering the properties of the crack in the concave side as well as near the
tips are presented and some explanations are given. Copyright (©) 2009 John Wiley & Sons, Ltd.
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1. INTRODUCTION

To describe the diffraction of acoustic waves by thin two-side cylindrical screens, the scattering
problems are governed by the Helmholtz equation for a crack C in R2. Let C be a two dimensional
open curve of class C® with a parametrization representation C = {z := z(s),s € [a,b]}, where
x : [a,b] — R? is locally of class C3. We set P = z(a) and Q = z(b) to be the two tips of C, and
fix the orientation of C as follows. Traveling on C from P to (), we associate to the right-hand side
the sign +, i.e. CT, and to the left-hand side the sign —, i.e. C~ and we set v to be the unit normal
on C oriented towards C*. The different boundary conditions specified on C represent the acoustic
properties of the crack. For given incident plane waves u’(z) = €!*¢'*, we consider the following
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2 J.LIU. AND . M. SINI

scattering problems for total waves u(z) = u’(z) + u*(r):
(A+rHu=0 inR2\C
( Dirichlet ) { u =0 on C* ey
lim, oo v7(2L —iku®) =0,

(A+kHu=0 inR?\C
— +
(Mixed ) { o on ¢ )
Sy —iko_u =0 onC~

lim, 0 ﬁ(% —iku®) =0,

(A+rHu=0 inR?\ C
(Robin ) ¢ 2% + jkoyu =0 on C* 3)
lim, o0 \/F(%’f —iku®) =0,

where u® () is the scattered wave outside of C, x > 0 is the wave number and d is the direction of
incident plane wave u’(z). We assume that 0+ are the complex-valued Hélder continuous functions
of order 8 € (0,1], 01 = o', +ic’,, and o, have positive uniform lower bounds on C. These models
describe the scattering problems of the cracks with different acoustic properties.

The problems (1), (2) and (3) are well-posed in some appropriate spaces, see [2, 8, 9, 10, 13, 16]
for more details. More precisely, the well-posedness in Sobolev spaces can be found in [2], following
the variational approach as in [16], and the well-posedness in classical Holder spaces can be found
in [8, 9, 10] where integral representations via single and angular potentials are given. Regarding
the Robin problem (3) and if the surface impedances o are equal, then a representation via a
combination of single and double layer potentials is proposed in [13]. These integral representations
are useful for the actual computation of the scattered fields and their corresponding far fields.

Using the asymptotic of the fundamental solution, as in [3], the scattered wave has the asymptotic
behavior

IRT
e

\/77.

where the function u*° (-, d) defined on the unit circle S* is called the far-field of the scattered wave
i /4

u® corresponding to incident direction d. We introduce a constant v := 3% and the fundamental

u®(z,d) = u®(&,d) + O(r_3/2), ri=|z| — oo, 4)

solution to the Helmholtz equation in R?:
0 2
W(a,9) = SO (sle — ), @ Ay y R

where H, él) is the Hankel function of the first kind of order zero. In this paper, we will consider the
following

Crack reconstruction problem. Given u°(-,-) on S x S for the scattering problems (1) or (2)
or (3), reconstruct the shape of the crack C, distinguish the two faces of C and eventually reconstruct
the surface impedances o+ (x).

Copyright © 2009 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2009; 00:1-6
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RECONSTRUCTION OF CRACKS OF DIFFERENT TYPES. 3

REMARK 1.1
We do not know a-priori to which problem is associated the data u>°(#,d) on (2,d) € St x S1. O

The inverse problems for cracks detection have been studied by many authors. We refer to [1]
for some results concerning, in particular, detection of piecewise linear cracks from one or few
exterior measurements. We are interested in the detection of cracks of general shapes but using many
measurements. Precisely, we are using the far field data with the aim of reconstructing the whole
crack. There are several works devoted to the detection of cracks from many measurements. Among
others, we shall cite [2, 5, 6] and the references therein, where the authors gave reconstruction
methods to detect the shape of the cracks of Lipschitz regularity. In this paper, we shall be concerned
with reconstructing complex cracks, and not only their shapes, by giving the shapes, the type
of boundary conditions, distinguishing the two faces of the crack and computing the point-wise
values of the complex-valued surface impedances. The price to pay is to naturally assume that the
cracks have a C3-regularity (actually a C*“-regularity is enough, with any o € (0,1]) and o+
are Holder continuous. With such a regularity, we provide direct formulas which link the far field
data to the unknown ingredients of the cracks. These formulas reveal some geometrical information
about the cracks as well as the surface impedance through an asymptotic expansion with respect to
the point sources used. This asymptotic behavior shows how we should be careful to what extent
these indicators can approximate the crack properties such as its shape and the possible surface
impedance, from the numerical point of view. Our numerical realizations presented in the last
section show that the property of the crack in the convex side can be reconstructed well, but the
reconstruction in the concave side of the crack is quite limited. This phenomenon can be explained
physically by the multiple reflections of the waves within the cavity, which lead to a relatively less
information about the concave side in the far field pattern. In addition a suitable surface impedance
distribution can improve the reconstruction in the concave part but also can destroy the one near
the convex part. This fact shows how difficult it is to reconstruct numerically the shape of the crack
without knowing some a-priori information. We wish also to point out that our formulas are valid
on the points of the crack away from the tips. We believe that the indicator functions near the tips
should be more singular. But such an assertion needs to be justified.

This paper is organized as follows. In section 2, we present the theoretical results related to the
asymptotic formulas, with some comments on how one can use them in practical computations. In
section 3 and section 4, we give the proof of these results. Finally we show extensive numerical
results followed by some detailed explanations in section 5. Some preliminary results of this work
have been presented in [12].

2. Statement of the results

It is well known [3] that the scattered field associated with the Herglotz incident field vy(x) :=
Jo1 €57 0g(d) ds(d), € R? with g € L*(S) is given by

vi(z) == /S W (@, d)g(d) ds(d), =€ R>\C,

and its far field is v}° (&) := [, u™(Z,d)g(d) ds(d), &€ S*.

Copyright © 2009 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2009; 00:1-6
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4 J.LIU. AND . M. SINI

We will need the following identity ([3], [18])

P )

—— e Y= ————u’(y,d) ¢ ds(y), &)
&0 onty) WDy W
where 0D is a closed curve containing a part of C and avoiding the tips (P, Q), and n(y) is the
outward normal direction of 9D. In addition, we assume that the bounded domain surrounded by
0D, i.e D, is such that C C D. In particular D contains the tips (P, Q).

Before stating the main theoretical result, one remark is in order.

u>(&,d) = —’72/

0D

REMARK 2.1

Let ¢ € C. The notation a € C* means that the sequence {z,}, which is outside of D, tends to a
from the right (+) (or, the left (—)) side of C. If a € CT, then D is chosen, as we did it to derive (5),
so that the outward normal direction of 9D at the point a is v(a). If a € C—, then D is chosen so
that the outward normal direction of 9D at the point a is —v(a). O

Assume that C CC € for some known 2 with smooth boundary. For a € (2, denote by
{z,} € Q\ D a sequence tending to a. For any z,, set D? to be a C%— regular domain such
that C C DP with zq € Q\ DY for every ¢ = 1,2,--- ,p and that the Dirichlet interior problem
on D? for the Helmholtz equation is uniquely solvable. In this case, the Herglotz wave operator H
defined from L?(S') to L?(0DP) by

Hlg](z) := vg(x) = /S1 e dg(d) ds(d) 6)
is injective, compact with dense range, see [3]. Now we consider the sequence of point sources
®(-, 2p). For every p fixed, we construct two density sequences {¢g?} and {f7;P} in L?(S') by the
Tikhonov regularization such that

[lvge — @(-, 2p)[|L2(ap2) — 0, N — o0, @)

|vgse

0
F aiqu)("zp)HLz(aDZ) — 0, m — oo. (8)

We choose 9D, as we did it to derive (5), to containﬁ a part of C surrounding the fixed point a,
such that {z,} C Q\ D ( for p large enough ) and C C D C D?. Since both v » and (-, z,) satisty
the same Helmbholtz equation in D, (7) implies that

logz = @ 2p)l |53 o) = 0 71— 00 ©
0 0
5055, = 5029l 3 gy = O M= 0 (10)
Similarly, it follows from (8) that
0
vaj,f’ _ijq)("zp)HH%(aD) — 0, m— o0 (11)

0 o, 6 0
||%U gp %(aiqu’('azp))HHf%(aD) — 0, m— o0 (12)
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RECONSTRUCTION OF CRACKS OF DIFFERENT TYPES. 5

Multiplying (5) by f7:P(d)g2 (%) and integrating over S x S!, we have
/ / —&,d) [ (d)gh (&) ds(2)ds(d)
st /st
_ ou’® ( d) - ) )
) VQ/aD{/SI Sy @ @) [ @) ase) -

aeznz Y

o Dng) In(®) ds(@)- /S u*(y,d) f57(d) ds(d)} ds(y)

v’ j,p . av;?
— m ’Lp _ In Sj » X ]
72 /8 )90 (W)vge (v) W)visn(y) o ds(y) (13)
From (11), (12) and (13), we have from the Green formula that

lim /g 1 /S S (—dd) f57(d) gh(2) ds(@)ds(d)

0P (y zp) 61}
N 7 ’ P ds(y) = v, ”
72 /BD {’Ufyjyip an(y) 8”( ) (y7 Zp) S(y) ’)/Q’Ufgn,p (Zp)7 ( )
where v° T, »(+) is the scattered wave corresponding to incident wave v’ b (@) = H[f5:7](x).
Denote by E#(z,2,) the scattered wave corresponding to the incident wave % which is

well defined for every = € R? \ C. Then it follows from (10), (11), the well posedness of the direct
scattering problem and the interior estimate of boundary value problem that

Ej(x,zp)f lim vf,p( z), xcR*\D. (15)

Finally, it follows from (14) that

lim lim /Sl /S1 d) f2P(d) g?(z) ds(&)ds(d) = Yo (2p, 2p)- (16)

m—00 N—00
We set

[(z) = — lim lim / / —,d) £2(d) g7 (2) ds(#)ds(d). (17)
Yo m—oon—oo Ja1 Jg1

Let us mention that the construction of f7:? and g?, is independent of the unknown crack. Hence
I;(zp,) is computable from our data only.

The reconstruction of the crack C as well as its eventual surface impedance is established by
analyzing the behavior of (16) by taking z, — a for the test point a. For this process, we need
the C® smooth assumption on C. Precisely, for every point a € C \ {P,Q}, there exists a rigid
transformation of coordinates under which the image of @ is 0 and a function f, € C3(—r,r) such

that
fa(0) = %(0) =0, DNB(0,r)={(x1,22) € B(0,r);z5 < fo(z1)} (18)

in terms of the new coordinates where B(0, ) is the disc of center 0 with radius r. For the point
a € C, we choose the sequence {z,},cn included in C, g, where C, ¢ is a cone with center a, angle
6 € [0,%) and axis v(a). The answer to the inverse problem of crack detection is based on the
following theorem related to the asymptotic of the indicator functions I;(zp).

Copyright © 2009 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2009; 00:1-6
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6 J.LIU. AND . M. SINI

THEOREM 2.2
Assume that C is of class C® and o1 := o7, + o are Hélder continuous functions with positive
lower bounds for ¢, . Then we have the following asymptotic formulas:
L R(I;(2p)) =
Ty £ kot (a) In(|(z — @) - v(@)]) + O(1), a € CH\{P.Q}
( for the impedance boundary conditions),

v, (19)
ey or + O, a€CF\{P,Q}
( for the Dirichlet boundary conditions).
2.
4 ot In(| (2, — a) - (@) + O(1), @€ C\{P,Q}
for the impedance boundary conditions),
S () =4 ¢ P Y ) N (20)
o(1), a € C\{P,Q}
(for the Dirichlet boundary conditions).
O
REMARK 2.3
The needed regularity condition for C is actually C?®, with any « € (0, 1]. O

Next, let us give some comments explaining how to use the above asymptotic formulas to extract
the information about the crack. The formulas (19) and (20) can be used in the following ways.

e Determine a sample of points on the crack and find the normal direction on these points. The
points can be given by numerically solving | I;(z)| = C for constant C' large enough. The
normals are obtained as follows:

=t/ ——5.\/ — here ¢t := 1 P
v(a) ( 14627V 1+¢2 ), where zplr—>na RIz(zp)

e Distinguish the parts where we have Dirichlet or Impedance type of boundary conditions. This
is a consequence of the following identities for a € C* \ {P, Q} and any given s € (0,1):

S Imped bound
lim | L (2p)] - _ {oo, mpedance boundary, 21

zp—a |In(|(zp — a) - v(a)] 0,  Dirichlet boundary.

e In case of impedance type boundary conditions, we can reconstruct the real and the imaginary
parts surface impedance o using the following formulas:

m Y Fi(@)S L)

ol (a) = lim 22
O = (G, — @) (@) 22
and
2
ol (a) = li ™ 31 (@R L(%) — ey

Y (a) = lim (23)

ot A (25 — ) - v(a)])
Copyright © 2009 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2009; 00:1-6
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RECONSTRUCTION OF CRACKS OF DIFFERENT TYPES. 7

e The formula (22), rewritten as

7"2] 1vi(a)S L(2p)

zm—a kIn(|(z, — a) - v(a)])’

tol(a)=— (24)
enables us to know if a € C* ora € C, i.e to distinguish between the two faces of the crack.
Indeed, since o’; (a) > 0, then if the right-hand side of (24) is positive then a € C* and if it is
negative then ¢ € C~. We can also use the first equation of (19) as follows:

2 400, onC
lim > v (a)R Ij(z) = { ’ * (25)
P aj,

—o00, onC_

for the impedance boundary condition and

2
. Z —o0, onC
z}:g}a iz Vi (a)% IJ(ZP) - {+OO, on Ci_ (26)

for the Dirichlet boundary condition.

3. Proof of Theorem 2.2

In this section, we give the proof of Theorem 2.2 for the impedance case since for the Dirichlet case
the proof is similar. We consider only the case j = 2 of Theorem 2.2. The case j = 1 can be handled
in a similar way with some appropriate changes.

We recall that for any given point a € C, we distinguish two possibilities, a € C* ora € C~.
If @ € CT, then D is chosen, as we did it to derive (5), so that the outward normal direction of
dD at the point a is v(a). Hence recalling (18), we firstly take the rotation R, and the translation
M, such that R} (v(a)) = (0,1), R (a)+ M, = 0 in the new coordinate system Z. Under the
transformation Z := T (x) := RI(z) + M,(z), it follows that T+ (v(a)) = (0,1), T*(a) = 0.
If a € C—, then D is chosen so that the outward normal direction of 9D is —v(a). In this case, we
take the rotation R and the same translation M, such that R (—v(a)) = (0, 1). However, it is easy
to see that R, = —R;. We set T~ (z) = R (a) + M,(z). Hence in both cases, either a € C* or
a € C™, after the corresponding transform of coordinates, a is mapped to the origin and the normal
is mapped to the vector (0, 1) which is oriented towards the exterior of D, (D D C).

Introduce the following two problems under the transformed coordinate & = (%1, Z2) for any
given Z = (21, %) € R%:

AwE =0, zeR?
! Ao 2 . 27)
(8% Wty + 180 ()T 1)) (, 2) 220 = — (52 (@) VI(Z,2) - 7% 7,0,
Awp, =0, 7eR?
Y= TERy (28)
wp(x Z)|582:0 = —VI(Z, 2) - 75 |z,0,
respectively, where I'(Z,2) = 5= In \5: =7 and the subscnpt D in @ (&, 2) refers to the Dirichlet
boundary condition in (28). The vector 7% is given by 7 = RF(0,1) = +(-vy(a),a(a)).
Moreover, define four functions wf(a)(am z) and w(z, 2) by
wf(a)(x,z) = zbai(a) (,2), wh(z,2) =05, 2).
Copyright © 2009 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2009; 00:1-6
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8 J.LIU. AND . M. SINI

Now, we state two propositions which will be used in the proof of Theorem 2.1, while their proofs
will be given in section 4.

PROPOSITION 3.1
The asymptotic behavior of F5(z, z) can be stated in the two cases as follows.
Case 1. Impedance boundary condition. Let a € C* \ {P,Q} , then there exist §(a) > 0 and
C > 0 such that
E3(z,z) — wgi(a)(z,z) <C 29)

for z € By (a,d6(a)) N Cy, where By (a,d(a)) := B(a,d(a)) N (R?\ D) and B(a,d(a)) is the ball
of center a and radius d(a).

Case 2. Dirichlet boundary condition. If a € C*\{ P, Q}, then the asymptotic behavior is obtained
by replacing wf(a) in (29) by w%. O

PROPOSITION 3.2
The functions wf(a) (Z, 2) have the following explicit forms

- o +uo(a) S s |&1] + iko(a)
+ _ 2 i((Z1—21)€1 ,—(T2+22)]61] )
Bo(ay (%5 2) Ar /Re ¢ 61| — iko(a) a
.l/l(a)/ i(#1—21)-€1 ,—(Fa+22)|€1] & |§1‘ +’L'l-10'(a)
i—— [ e e e —d&y, 30
i e Glle —iol ™ 0

while the functions @3 (&, 2) have the forms

7E (5. 5) = L(a)/ i(#1-21)€1 ,—(F2422) €1l g ‘L(a)/ i(#1-51)61 ,— (@2 +52)l€1] S1
—_ :l: 1 1 1 2 2 1 d .
w5 (%,2) =F - Re e IS ym Re e Gl &
In addition, taking z; = 21, we have for z5 and Z, near 0 that

(7.5) = + va(a) ikva(a)o(a)

T ) In(Z2 + %) + O(1), (32)

05 (7,2) = F—tes + O(1). (33)

Coming back to the original coordinates (x, z), we have from (32) and (33) that

_ va(a) iko(a)va(a)
Y2 = e ) o) (- ) v@)+ o)
and
+ va(a)

wh(z,2) =F + 0(1)

4dr(z — a) - v(a)

for z near a. Finally, the proof of Theorem 2.2 is done by directly combining Proposition 3.1 and

the above two asymptotic expansions. O
4. Proof of the two propositions.

This section is dedicated to the proofs of Proposition 3.1 and Proposition 3.2 used in section 3.

Copyright © 2009 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2009; 00:1-6
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RECONSTRUCTION OF CRACKS OF DIFFERENT TYPES. 9

4.1. Proof of Proposition 3.1.

We consider the case where a € C* \ {P,Q}, i.e., 2, tends to a from the positive side of C.
The case a € C~ can be done by replacing v(a) by —v(a). Indeed, if « € C~ then due to

the choice of D we have n = —v near a. However, on C~ we have the boundary condition
(Z —ik)(B3(x, 2p) + %x’;f’)) = 0 for the total fields E5(z, z,) + %ﬂg’;”). Hence we can write

(a% +ik)(E5(x, zp) + %’;P)) = 0 near a. This means that for both a € C* and a € C~, we have
the same (sign for the) boundary condition near a. The difference in the sign, in Proposition 3.1,
comes from the different rotations, R} fora € C* and R for a € C~, we need to use to obtain the
asymptotic and the fact that R} = — R, . The precise point of the proof where we need to make the
change is indicated in Remark 4.5, see Section 4.3.

In the sequel, we use the notation v for the normal of 0D (instead of n) since n = v near the point
a,a c€Ct.

Let E*(z, z,) be the solution of

(A + K2 E®(2,2,) =0 inR2\ D
(ﬁ% +iko(x))E*(x, 2,) = —(9,, + ma(x))a%sz(m, zp) ondD (34)
E* (-, z) satisfies the Sommerfeld radiation condition.

Note that o has been defined just on C. We extend it to 0D as a Hélder continuous function and
denote it again by o.
Part one. £*(z, z) is the dominant part of E°(z, z) for z, z near a.

Define H,(z,z) := E*(x,2) + %(I)(x, z). Then it satisfies

(A + k) Hy(z,2) = —Vé(z, 2) - (0,1), inR?\ D
(% +iko)Hy(x, 2) = 0, ondD (35)

H, (-, z) satisfies the Sommerfeld radiation condition.

Similarly, we set H,(z, z) := E*(x, z) + ai (x,z). Hence W := H, — H, satisfies

X2

{(A—FKQ)W(x,z):O inR2\ D 6)

(Z +iko)W(z,2) =0, onCnNaD.

Let B be a disc with center a and radius r > 0. The arguments in [4] show that H, ) and fIa(a)
satisfy for z, z € B\ D the estimates

c

|H0(a) (93, Z)|a |ﬁ0(a) (:23’, Z)| < |.’L‘ — Z|

and |V, Hy () (2, 2)], Vo Hy o) (2, 2)| < (37)

|z — 22
where C' is a positive constant. With these properties and (36), we see that W (-, z) satisfies the
Helmholtz equation in B \ D, the impedance boundary condition (% +iko)W(-,z) =0onCNID
and (2 +iko)W (-, z) has a bounded H=/2(9(B\ D)\ (C N dD))-norm on (B \ D)\ (C N D)
for z near a. We choose B small enough so that 2 is not an eigenvalue for the impedance problem
satisfied by W (-,z) on B \ D. Note that if the surface impedance is not real then there is no
eigenvalue associated to the impedance boundary value problem. From the well posed-ness of this

Copyright © 2009 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2009; 00:1-6
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10 J.LIU. AND . M. SINI

problem in Sobolev spaces, see [16], we deduce in particular that [|W (-, 2)|| 1 p\ ) is bounded
with respect to z near a.

We set G to be the Green’s function for A+ 2 in B\ D with a homogeneous Neumann condition
on J(B \ D). An integration by parts shows that

W(x,z,) = — /Q(B\D) G(y,nc)%W(y,Zp)ds(y)7 forz,z, € B\ D. (38)

Using the boundary condition in (36), we obtain

W(x,zp,) = —/ - G(y,x)?W(y, zp)ds(y) + m/ o(y)Gy, 2)W (y, zp)ds(y),
8(B\D)\(C\d&D) v c\éD
(39)
forz € 9(B\ D),z, € B\ D.
From the point-wise estimate in (37) and the corresponding ones of GG, we deduce that

Gy, 2) LWy, 2)ds(y)

/a<B\D>\<C\6D> v

is bounded for z, 2, near a, since a is away from 9(B \ D) \ (C \ dD). The Cauchy-Schwartz
inequality and the boundedness of o give

< max loWIIG(,2)l 2oy W (-, 2p) | L2 (c\oD)-

/ o (1)G(y, )W (3, 2)ds(y)
c\oD

As we have shown above, [|[W(-,z)| ;15 p) and hence [W(-,z)r2(c\op) is bounded with
respect to z near a. In addition, ||G(-,7)|/z2(c\op) is bounded with respect to x € B\ D since
G(z,z) = O(In(|z — z|)). Hence fC\aD o(y)G(y, z)W (y, zp)ds(y) is bounded for € B\ D and
zp near a. From (39), we conclude that W (z, z,) = O(1) for z, 2z, € B\ D near a. Rewriting this
estimate in the form 3 .

(Ho — Hy)(x,2p) = (E° = E®) (2, 2p) = O(1)

for x,z, € B\ D near a, we deduce that £°(z, z,) is the dominant part of E*(z, z,) for x, z, in
B\ D near a.

Part two. Analysis of F*(x, z) near a.

In the next steps, we will analyze E*(z, z) near the point a. To this end, we introduce E~§(a) (-, 2p)

and E‘; (@), o (> 2) as the solutions to the following two problems

(A + K2)E§(a) (,2,) =0 inR2\ D
(% +iko(a) B3,y = —(0s +i0(a) 52 (-, 2) on D (40)
E7 (-, 2) satisfies the Sommerfeld radiation condition,
(A+r)ES ) (7,2) =0 inQ\D
(ﬁ% +iko(a)) By, (2, 2) = —(% —|—i/<:a(a))8%2<1>(x,zp) on 8D 41
B y,0(52) = —50;0(x,2) on 89,
Copyright © 2009 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2009; 00:1-6
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RECONSTRUCTION OF CRACKS OF DIFFERENT TYPES. 11

respectively, and E;(a),F(.’ z) is the solution of (41) replacing ® by I' (I'(z, 2) = % In ﬁ).
Moreover, we define Ej’&) 1 to be the solution of (41) replacing ® by I' and the Helmholtz equation
by the Laplace equation simultaneously.

Then we have the following lemmas.

LEMMA 4.1 R R

There exist 6(a) > 0 and C(R) > 0 such that [(E* — EJ))(z,2,)] < C(R) for z, €
B(a,d(a)) N Cypand z € (R?\ D) N B(0, R), for any R > 0 fixed. O
LEMMA 4.2

There exists C' > 0 such that

|(Ef;(a) - E;(a),q))(x7 z)| < C, |(E;(a),<1> - Ei(a),r)(% z)| <C

forz € Q\ Dnear Dand x € Q\ D. o
LEMMA 4.3 . ~

There exists C' > 0 such that [(E7 ) 1 — Ej’(?l) )z, 2)] < CforzeQ\ Dnear Dand xz € Q\ D.
O

LEMMA 4.4

There exist C' > 0 and §(a) > 0 such that

|(E§’(;)r - w;‘(a))(z,z) <C

for z € B(a,d(a)) N Cqp. O

We postpone the proof of these four lemmas to section 4.3.
Part three. End of the proof of Proposition 3.1.

By combining Part one and all the four lemmas of Part two together, we finish the proof of
Proposition 3.1. o

4.2. Proof of Proposition 3.2.

The equalities (30) and (31) of this proposition can be proven by expressing
k) (8,2) = (Usl@alén) (@), @p(E,2) = (Usl@alioe) (1)

in R2 with (U4 [Z2]¢)(31) 1= o= [, e+ 220416(¢,, 2)d¢; and computing the density functions
¢+ and ¥y from the boundary value problems (27), (28), where ¢ is the 1-dimensional Fourier
transform of ¢, see [17] for explicit computations.

Let us now justify the expansions (32) and (33). Firstly, let us compute the expression of w:(a) by

integrating by parts. The formula for W) is obtained immediately by replacing v(a) by —v(a) in
the expression of w;’(a). We recall the notation & = (&1, Z2), Z = (21, Z2) and assume that Z5, 25 > 0

Copyright © 2009 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2009; 00:1-6
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12 J.LIU. AND . M. SINI

and Z; = Z;. From (30) in Proposition 3.2, we obtain

0l (3,2) = Lm)/ (a2l | 81| T iR0(a) |
U}o’(a)(xaz) An Re |€1|_i’€0’(a) 51

_ V2(a)/e—(j2+22)|51|d€1+V2(a>/e—(;zg+52)|gl| 2’“"_(@) &,
R dr Jr

47 |€&1| — iko(a)
va(a) va(a) . e~ (@2t+22)l6]
= —— 3 42
270 (Zo + Z2) + 27 (iro(a)) r [&1] — iko(a) = (42)
However the last integral is
e—(F2+22)[61| J e~ (Za+22)[&1] J
@™ = | e =@
_ /e—(a*c2+22)|51| [€1] + ko' (a) + iro” (a) g6,
R (I&1] + Ko (a))? + (ko™ (a))?
_ —(Z2+22)]€1] |61 + o' (a) d
= e . +0(1
/ (6T + rot(@))? + (o (@2 1 O
oo + Kko'(a)
= 2 (F2+22)6 &1 dé; +0(1
/e (& ro(@)? + (o (@2 FOU
= 2 T et et @) T 1 4
Lo’ ¥ ror@p o O @
for z5 and Z5 near 0. On the other hand, direct computations give
- @tz " e n(s 5\~ (F2+52)K0" (a) 1 44
Jo ™ Gt = e 2 rom @

for Z5 and Z5 near 0. Now, combining (42), (43) and (44) together, we are led to

va(a)  iko(a)ra(a)

271'(!1}2 + 22) s

Wl (@ 2) = In(Z2 + Z2) + O(1) (45)

for Z5 and Z5 near 0. In a similar way, using (31) in Proposition 3.2, we obtain for z; = 2; that

W}(3, %) = 27%;1;2@22) +0(1) (46)

for £o and Z3 near 0. The proof is complete. O

4.3. Proof of the auxiliary lemmas

This subsection is devoted to the proof of the four lemmas stated and used in section 4.1.
Proof of Lemma 4.1.
We set R(x, z) := Eg(x, 2) — w; (@, 2). Then it satisfies

(A +r*)R(w,2) =0 inR2\ D
Of2) 4 iko(a)R(x, 2) = —ik(o(x) — o(a))(B5(x, 2) + 32 ®(x,2)) ondD (47)
R( , z) satisfies the Sommerfeld radiation condition.

Copyright © 2009 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2009; 00:1-6
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RECONSTRUCTION OF CRACKS OF DIFFERENT TYPES. 13

From (47), we have the representation

R(x,z) = — /BD ir(o(y) — () Goa)(y, ) (E* + 3%2‘1’)(:1/,2)658(@), for (z,2) eR*\ D (48)

where G (,) is the Green’s function associated to the scattering problem (47).

We know that (E* + az ®)(y, z) = H, has the estimate |H,(y, z)| < <
the Holder regularity of o(z), we deduce that

[R(z, )| < C/a ly — al’ n(ly — 2]}z -yl ds(y).
D

then from (48) and

Ty—=[?

From the inequality |y — a| < ¢(0)]y — z| fory € 0D and z € C, ¢ N B(a, é(a)), we have
Rw,2)| < c(O)e [y nly — ldy
oD
and therefore |R(z, 2)| = O(1) forx € R*\ D and z € C, o N B(0, R). m]

Proof of Lemma 4.2 and Lemma 4.3.
They can be proven by similar arguments as those in the proof of Lemma 4.1, so we omit the
details.

Proof of Lemma 4.4.

The proof of this lemma is qulte long. We divide it into several steps. In the first step, we provide
an integral representation of E (@),T in the local coordinates after flattening 0D near the point a. In
the second step, we use the Taylor expansion of the local metric, induced from the change of variable
F related to local parametrization of 9D, near the point F(a) and the already obtained integral
representation to derive the asymptotic expansion of the image of E ( )T (under the mentioned
change of variable F). In the last step, we come back to the original coordinates and state the
asymptotic expansion of ES’ (a),r NI a.

Step one. An 1ntegral representation near the flattened surface.
Let us recall that E* ( )T satisfies

AEj%)F( 2)=0 inQ\ D
(2 + ma(a))(E;’(?l)I(-, 2)) =—(Z + imo(a))a%zF on 0D (49)
E;(Oa) (,2) = —%I’ on 90.

We can assume that ¢ = (0,0) and v(a) = (0, 1) by using the rigid transformation of coordinates
T := Ry(v(a)) + M, with which (49) needs to be replaced by

A(Ea(a) 1ﬂoTT)( 2)=0 inQ\ D
( +iko(a))(E ’(a) poI ) (-, 2) = —(8% +iko(a))(VD - 712) ondD (50)
(E;O roTT)(-,2) = =VT 7 on 99,

where 75 := 75 1= R} [ 1 ] = (—11(a), v2(a)).

Copyright © 2009 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2009; 00:1-6
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14 J.LIU. AND . M. SINI

REMARK 4.5 0 0
For a € C~, we need to replace, in (50), 7o = 757 by 75 := R [ 1 } = -R} [ 1 ] = -7 =
—T2.

Let £ = F(x) be the local change of variables

& = a1, fzzivz—fa(xl)a (51)

where f, is defined in (18).
Let x, z be points near a. From (50), we deduce that w(&,n) = E®0 FoTT(ac, z) satisfies

o(a),
Ve B(E)Vew(&,n) =0,
BVew - v +iko(a)|JTojw = =V (VI - 1) (F~1(€), F~1(n)) - JT5() (52)
—iro(a)lJTHEO|(VT - m2) (FH(€), F~1 (),
where € := F(z),n := F(z), B := JJT, J := 95(F~'(€)) and & := (0,1) is the unit normal to
OR3Z.. We set R(&,n) == w(&,n) — w:(a) (¢,7m). Then the function R(-,n) satisfies

Ve B(E)VeR = Ve (I - B)VewS,,
B(&)VeR- 7 +iro(a)|JTH(€)|R = (I — B)Vew], - (€)+
iko(a)[(1 = [JTD(E)w] ) + (VI - 72) (&, n) = [T HEVT - 12) 0 F~H(E,m))
+Va(V - m2)(&m) - 9(8§) = Va(V - 72) 0 F7HE ) T (8],
where the first relation holds in R% near F'(a), while the second one is satisfied on IR? near F(a).
Since we assumed a = (0, 0), then we have also F'(a) = (0,0). In (53), we abused a little bit the
notation by setting F~1(¢,7) := (F~1(€), F~1(n)).
We take B(0,7) to be the circle of center 0 and radius r and set B;f := B(0,7) N R2.. Let us also
divide the boundary OB, of B;' as follows dB," = S, U S¢ with S, := 0B, N OF (D).
We denote by G the Green’s function satisfying:

(53)

Ve BOVEG(En) = ~0(E,n), in BE(0,7), .
B(§)VG(&,n) - v(§) +io(a)|JTD(€)|G(E,n) = 0 on OB (0,7),
where v is the outward unit normal on B, and |JT5(¢)| = /1 + (f,(£&))? on S, and extended

smoothly to S¢. This Green’s function G is to be distinguished from the one used in Part One of
section 4.1. ~
Integrating by parts in (53), using G, generates the following integral representation of R(&,7):

iro( {/ [1—[JT0(2)Jwt (2,0)G(z,€)]ds(2) +
/S (VI - 7o(z,n) — |JT0(2)|VT - 7o (F~Y(2), F~1 ()]G (2, €)ds(z) —

/S [Vo(VT - 72)(2,n) - 9(2) = Vo(VT - ) (F~'(2), F1(n) - JT0(2)|G(z, £)ds(2)}
+O(1). (55)
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RECONSTRUCTION OF CRACKS OF DIFFERENT TYPES. 15

for &,n near F(a). Notice that  is oriented towards the interior of B;F, since it is defined to be
oriented into the exterior of D. In addition, 7 = (0,1) on S, i.e. S, is flat. The term O(1) represents
the total of the surface integrals over S¢ since £ and 1 are away from S¢.

Step two. The estimate of R(¢,7) near F(a). We need the following lemma on some precise
estimates of the Green’s function G.
LEMMA 4.6
Letz € B} and z € Cp(y), ¢ small enough, then

G(z,2) =I(z,2) + I'(z,2") + O(1) (56)
and 9 0 9 O(21)
_ Y * 21 o
a—ij(x,z) = oz, I'(x,z) + 8xjf(x,z )+ o= 2] + O(In(z2)), j = 1,2 57
for |x — z| — 0, where 2* = (21, —22). O

REMARK 4.7
It is well known that we have the following rough estimates of G, see for instance [19, 20]:

|G(x, 2)| < c|In(|z — 2])| and |[VG(z, 2)| < c|z — 2|7 .

The goal of this lemma is to give a more precise and explicit behavior of G and its derivatives.
Remark that the term ‘(i(fi)‘ is related to the matrix B. This term vanishes if B = I. The term
O(In(z2)) is related to the existence of the surface impedance. It also vanishes if & = 0. The
logarithm appears also for the flattened surfaces, see Proposition 3.2. O

Proof of Lemma 4.6.

WesetTp(z,2) :=T(F~Y(z), F71(2))+T(F~1(z), F~(2*)). Itis clear that V. - BV, T'p(x, 2) =
—§(x,2) — 6(z, 2*) in R2. Hence G — I'f satisfies

V. B(@)V,(G—TFg)(z,z) =0, in B}
B(z)V.(G —Tp)(x,2) - v+iko(a)|JTD|(G —Tp) = (58)
—B(z)V,I'p v +iko(a)|JTD|Tr on OB,

An integration by parts gives:

(GTe)wz) =~ [

N Bt)VL'r(t,2)v(t)G(t,x)ds(t)—iko(a) / |JT DD p(t, 2)G(t, 2)ds(t)
OB,

oB;+

which we write as

(G-Te)wz) = - [

| U=B)Tr(t 2) v )G, 2)ds(0)- / (I-B)VTp(t, 2) v()G(t, x)ds(t)+

57

/sr aitzfp(t, 2)G(t,x)dts + /37e VT E(t, 2) - v(t)G(t, z)ds(t)—

ino(a) /S JTH|D k(b 2)G(t, 2)dt — iko(a) /S AT ()G ). (59)
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16 J.LIU. AND . M. SINI

Since we are interested by z in C, ¢ near the point a, then the integrals over S¢ and their derivatives
are bounded with respect to = and z. Hence, we will consider only the integrals over S,.

Recall that T'(z, z) := 5= In(-1), then

2 |z—z]
(%F)(F‘l(m),F_l(Z)) = _% ‘F—1(§)1__Fz~1_1(z)|2
and 9 . . 1 2o — 29 — fa(x1) — fa(21)
(g DVE @) F7 () = — oy — i)

Let us estimate the term |F~!(z) — F~1(2)|~2. From (51), we obtain
[F7 ) = FH ()P = (01— 21)° + [e2 = 22+ fa(z1) = fa(z0)]?
= |z — 2|® + 2(22 — 22)[fa(@1) — fa(21)] + [fa(21) — falz1)]?
Expanding f,(z1) to the order two near the point z1, recalling that f, € C3(—r,r), we obtain:
faler) = falm) = fule) 1 = 20) + 3 (1)1 = 1) + O(ar = 2)%).
Hence, we can write:

(x1 — 21)?
|z — z|?

(x1 — z1)(z2 — 22)
|z — 2[2

[P~ @)= FH(2)]* = |z =2 {142/, (21)

+(fa(21)?) +O(lz—2)}.

Taking z small enough and using the property f.(z1) = O(z1), we can write

(x1 — 21)(22 — 22)
|z — 22

) B2 o),

|z — 2|2

142f(21)

Taking, in addition, |z — z| small enough, we obtain:

_140(z2) + Offa — 2

-1 -1 -2
[P (@) = P (2) PEsa (60)
This estimate implies that:
i 1 1 - 7i r1 — 21 O(Zl)
and
i -1 -1 _ _i T2 — 22 0(2’1)

From the chain rule VI'p(z,2) = (JT(2)VID)(F~1(x), F~1(2)) and the properties of .J, we
obtain:

0 _ _ 1 xy—2z1  O(z)
—((F(2), F" =—— o(1 63
5oy (T (@), P (2)) = 5 o 25 4 0(1) (63)
and
Copyright © 2009 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2009; 00:1-6
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RECONSTRUCTION OF CRACKS OF DIFFERENT TYPES. 17

a 1 1 o 7i To — Z2 O(Zl)
a—m(F(F (), F7(2))) = Pr AP p—— + O(1). (64)
In addition, it is easy to see from (60) that:
I‘(F_l(m),F_l(z))):—2—ln|m—z|+0( ) =T(x,2) 4+ O(1). (65)

The identity (64) implies that I‘ r(t,2) = ‘ t zl + O(1) on S,.. Hence, we obtain from (59):

(G =Tp)(z,2)] <
In(|t — In(|t —x
cl/ e = 1) ' dt1+02\z1|/ Hdt1+c3/ ([t — #|)] (]t — 2)]dts
Sr - Sr

with positive constants ¢y, co and c3. Then

(G = T) () = o( 2y Z 0(1), for = Co. (66)

| 22|

In addition, differentiating in (59), for j = 1, 2, we have the estimate:

1
|7(G FF)(.T z | < Cl/ |t1 dt1+62|22|/ dt1+63/ 7dt1
H xl\t s, [t =zl
which implies that
a%(G I'r)(z,2)] = O(In(xq)), for z € Cy . (67)
J
Finally from (65)-(66) and (63)-(64)-(67), we obtain the estimates of Lemma 4.6. O

Step two continued.

Due to the form of w ), see Proposition 3.2, we have w ) (2,1) = VI'(2,7*) - 72 + O(In(|22 +
n2])). Since JT(z) = (—fl(21),1) then |1 — [JTD(2)|| < 4(f.(21))?. With this inequality, we
deduce that the second term of (55) is bounded for § =7, n € Cp(q),¢-

The next step is to prove that

[ 1= BVG(.6) - Yl (zn)dz = O(0) (69)
B

[5 (VT ()~ 1 HE)IVE m(F7 ), F )G ds(:) = 0(1) (69
and
/S [V(VT 7)) 2(2) = V(VE ) (4 (2), B ) ST (2)] Gz )ds(2) = O(1) (70)
for & = 1 with € Cp(a) -

As we will do it next, using Lemma 4.6, it is enough to prove (68), (69) and (70) replacing G(z, z)
by I(z,2) + T'(x, 2%) and w , (x, 2) by Iz, 2*).
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18 J.LIU. AND . M. SINI

Proof of (68).

To this end, we use the explicit form of B, i.e.

.f 1 —fé(zl)
B(z) = [ i) 1+ ()2 () }

to write the Taylor expansion

_ _ 0 —fa (m)(z1 —m) o B
BO)=B0)= | _prues—m) 200ty | + O ) o2

and then we obtain the expansion

B(z) — B(n) = [ _01 _01 } F2(m)(z1 —m) + O(m)O(z1 — m1) + O(|z1 — m1|?) for z near 7.

Using the notation dz; := %, we write
|| (B = BE)TVEE) - Voo (s =

fL/z/(Th) / N (Zl - nl)[azz G(Z7 5)821 (822F0(a))(zv 77) + 821 G(Z’ 5)822 (822F0(a))(z’ U)]dz +

B7
o). (71)

Again from the property
W) oy (2:m) = VI(2,7") - 2 + O(In[s]) for z near n

and (56)-(57), it is enough to compute the integrals of (71) for I'(z,¢) and 0.,I'(z,7*). Hence we

have

| (B = BE)VG(.) -V )iz

ar 0 or 0
= 2f;/(771)/3j(21 —m) [%(zvg)%(vr)(zvn*) Ty + 2., (Z’€)622 (VF)(ZaU*)'Tz} dz+0(1)
or o ,0 or 0 ,or
= 2@ [ ) | SO DG + 5 05 (G )| b+
0 0,0 0 g ,0
2f2mn(e) [ (= m) | S50 D) + 5 05 (GE e | d2+ O)
(72)
We start by the first integral in (72). We have:
0 0 ,0 0 0,0
(205 (e + 5o (505 (5 ) e)
- L [Efilen 1l Gory
| R-eF R-rE 0 ool
-0 WO =) O
2w[(z -n°)- (130)‘z_—77*|4} : (73)
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RECONSTRUCTION OF CRACKS OF DIFFERENT TYPES. 19

Hence
or 0 or or 0 or
(o= m) [ S 5 () + G (595 (S0 )
_ 1 [(zl —m)(z2 — &) _ (21 = m)*(z2 — &) B 2(2’1 —m)?*(z1 — €1) (22 + 1)
Am? | |z = EPlz =t |2 = &2z = |* |2 = &Pz = |*

Since in the limit case, i.e. £ = n = 0, this function is anti-symmetric in any rectangle of B;", then
we show that the first integral in (72) is bounded for £ = 7, £ € Cp(q),¢, near F'(a).
Let us compute the second integral of (72). We have:

§i<z,s>£<§i><z,n*>+§:<z,s>£<§i><z,n*>
L [LEm00, e (L)
— | e 0 B
-6 (L0 [ 1 [-n) 01
PEE <Z—?7*|2 S PR ﬂ 7

In contrast to the integrand of the first integral in (72), related to (73), the integrand of the second
integral, related to (74), is not anti-symmetric (but actually symmetric) in the limit case, i.e. £ = 7,
in B;f. Hence we need to compute explicitly this integral. We write (74) as

or 0 or N or o or o 1
822(236)6721(822)(2?17 )+az1 (Z7£)az2(8z2)(zﬂn )7 47_[_2[ I+II III]?
where we set
(22 — &) (22 + m2) (21 — M) 21— &1 (22 +m2)%(21 — &)
I:=2 , 1= ——"r > JI]:=2 .
|z — &2z — n*[* |z — &|2|z — n*[? |z — &2z — n*[*

In the following, we estimate the integrals related to I, II and III.
Let us estimate the integral related to I:

(22 = &2) (22 +m2) (21 — M)
o 2 B

Let r; > 0 and 7o > 0 be such that (—ry,71) x (0,72) C B;F. Since we are interested in £ € S,
and 7 € Cp(y),9, then

(22 — &2)(22 +m2) (21 — M)
2= B

— /T2 /T1 2(z1 —m) (22 — &2) (22 +112) (21 — m)d21d22 +0(1).
0 J-r

|z = &2z — |

Hence we can write

o (2 — &) (22 +m2) (21 —m)
R e

T2 T1 _ 2
= /O (22 — &) (22 + m2) [/ (Z1—m)4d21 dz 4+ O(1) (75)

—r 12 = &Pz =7

r
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20 J.LIU. AND . M. SINI

for &, near F'(a). However

1 _ 2 1 _ 2, _ %2
/ (21 —m) dzlz/ (21 —m)°|2 7l|dz1

ey 12— €2z — |4 Ly =Pl =6
" (21— )Pz — €2 (2 —m)?[IE =P+ 2(6 = %) - (2 — ©)]
d dzq.
/n = — &Pz — 7o Z“ﬁ/ﬁ = — EP[z — 75 “
Remark that
/”/”(@—&X@+ﬂﬂ@rﬂMﬂ€—WP+2@—nﬂ%Z—OQAMQ
o Jom 2 — €2]z —n*[©

2o & —n*]? & —n*] } & —n*]? 1€ —n*|
< 42 dzydze — (S 0y L o211y
A Kﬂ[z—av—mﬁ 2 = | P18 = O =) + 027

which is bounded for £ = 7. Now we have

" (21 —m)? /T1 1 o [T 1
=y = —————dz; — (22 + 12) ——dz;.
/n |z —n*|6 m 12—t n |z =16

We obtain after a change of variables

T1—m1
1 1 1 arctan TeaFmol )
7 cos? 66,
—7r1 |Z -n | |Z2 + 772| arctan — L1

[z2+n2]

r1—n1
1 1 1 arctan o Tnal 4
T gdan = T———= cos” 0d0.
-7 |Z -1 | |22 =+ 7I2| arctan —L— 11

[za+mn2]

and similarly

We use the formula cos* 6 = cos? 0 — & + & cos(46) to obtain

8
T1 _ 2 1 _ _ _
[ - [[man L | W ek LS
|2 =17 8|z + 12| |22 + 12 |22 + 72
1 — =
—[sin4(arctan M) — sin4(arctan /A
4 |22 + 12| |22 + 12|
Inserting this last equality in (75) for £ = 7, we have
B |2 = &1z —n¥|
72 _ — —
= / _ [arctan n-mo_ arctan W} dzg —
o 8lza+ e |22 + 2| |22 + 2]
T2 1 _ — —
/ —_ {sin 4(arctan ﬁ) — sin4(arctan 7"1771)] dzs + O(1).
0 32|22 + g |22 + 2| |22 + 12|
Hence, we get the estimate
(22 — &2) (22 +12) (21 — M) @
(z1 —m) dz=——1nn 4+ O(1)
/Bi |z — &2 |z —n|* 8
Copyright © 2009 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2009; 00:1-6

Prepared using mmaauth.cls DOI: 10.1002/mma



RECONSTRUCTION OF CRACKS OF DIFFERENT TYPES. 21

for { = nand n € Cp(q),¢ near F(a). Similar computations give the following estimates of the
integrals of II and III:

/ (22 — &) (22 +m2) (21 —m) (=1 51)
B |z —€|2 |Z—77|4

= —g Inns + O(1)

and

/ (21 — &) (21 — Ul)dz S Inne + O(1)
: 2

£l =Pl P

for { = n with € Cp(q),0 near F'(a). Then replacing these values in (72) by using (73) yields
| (B = Ba)¥G(.0) - Vuy (ndz = 01
for § = n with ) € Cp(q),¢ near F'(a).

Now, using the estimate

1
/BJI B)VG(z,8) - Vur, (z.n")dz <C‘”'/ sl EE

(I — B(2))VG(z,€) ~Vw:(a)(z,77*)dz =0(1)

we conclude that

Bt

for&,n € Cp(q),0 and § = 1 near F(a).
Proof of (69).
Let us now consider the surface integral
/S (VT -72)(z,m) — |JED|(VT - ) (F~(2), F~1(0))]G(2,n)dz1.
We separate it into two parts as follows:

/S (VD - m2)(2,m) = (VI - ) (F 7 (2), F = (0)) G (2, m)dz1+

/ [ = [T (VT - ) (F ! (2), F ()]G (2, m)dz1.

r

We start by estimating the first term: [ [(VT - 72)(2,1) — (VT - 72) (F ' (2), F~1(n))G (2, m)dz1.
Using (61) and (62), we obtain

O(m)

(VF : 7—2)(2777) - (VF ’ TQ)(F71(2)7F71(77)) = ‘Z — 77| + O(l),
hence:
-1 -1 _ In(|z —nl)
g (VI - 72)(z,m) = (VI - 72)(F~(2), F (1)) G(z,m)dz1 = O(m) S P dz 4+ O(1),
Copyright © 2009 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2009; 00:1-6
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which means that
/ (VT - 72)(z,m) = (VT - 12)(F~1(2), F~' ()G (2, m)dz1 = O(1), forn € Cpay0
S,

since O(11) [y =M dz = O(2) = O(1), for n € Crayp

[z—n] 2

We consider now the second term: [ [1 — [JTD||(VT - 72)(F~!(2), F~1(n))]G(z,m)dz. Using
the estimate 1 — |J77(z)| = O(27) and the expansions (61)-(62), its boundedness, for ) € Cr(q),0
small enough, is not difficult to see.

Proof of (70).
As for (69), we divide (70) as follows:

/S [Va(VT - 1) (2,) - D(2) = Vo (VD - 1) (F~ 1 (2), F~' () - 9(2)]G (2, §)ds(2) +

| VAT ) (@) ) - (0(2) — TGz ().
Arguing as in the estimates used for proving (70), we obtain:

Vo(VE - m)(2,1) - 9(2) = Vo (VD - ) (F~H(2), F~ (n)) - 0(2)

7T|Z E )|4 {(| 4:]72|2 1)(231 - 771)2f¢;(771) + (|Z_—27Z72‘2 + %)(2’1 - 771)3f<;l(771)}+
2;|ZVQ( 73|4 (e B TB’P_ g e £ o (14 2L B T;T; ] o e 27 ).

(76)
Estimating term by term, we obtain the boundedness of fsr [V.(VT - 1) (z,n) - v(2) = V(VI -
) (F~1(2), F~*(n)) - #(2)]G(z, £)ds(z) for € Cp(a) ¢ small enough.

To estimate the integral [¢ V. (VI - 72)(F~'(2), F~*(n)) - (9(2) — J"0(2))G(2,€)ds(z), we

write:

Vo (VD 1) (F7(2), F(n)) - 9(2) = Vo (VD - 72)(2,m) - 9(2) + L(2, 1)
where L(z,n) is no thing but the expression (76) multiplied by -1. Since we already showed
how the term [q L(z,7)G(z,m)ds(z) is bounded for n € Cpra)e, then also [ [#(2) —
JT5(2)|L(2,1m)G(z,n)ds(z) is bounded for n € OF smce 7(z) — JT(z) is bounded. Hence we
need just to estimate fs,.v (VI -12)(2,m) (#(2) = JT0(2))G (2, &)ds(z). We have #(2) — JT5(z) =
(fa(21),0), then

. . 0 or or
V(VE 7)) (7() = TT7(2)) = fola) gl (@) 5o+ vala) 5

and hence

VTE ) e (0(2) - 5(2) = fo (o) 2Nz =) n(ellln 2] — e —

Knowing that zo = 0 on S, and integrating term by term using the explicit forms of the integrands,
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we prove that fSr V.(VI-73)(z,m) - (0(2) — JT0(2))G(z, £)ds(z) is bounded for n € Cp(q),¢ small
enough.

Step three. The estimate of R(z, z) near the point a.

We go back to R(z, z) := EN’j’([;) rlz,2) — w:(a)(x, z) and we write it as

R(x,2) = R(F(2), F(2)) + w} ) (F(2), F(2)) — w}, (2, 2).
From the previous computations, we have
R(F(z),F(z)) = O(1), for z € C, ¢ near a.

Due to the form of w; ), see Proposition 3.2, we prove that w, (F(2), F(2)) — w},)(z,2) =

O(1), for z € Cy ¢ near a. Finally, we have
EZ’(?I) r(z,2) — w:(a)(z, z) = O(1), for z € Cy ¢ near a.

The proof is complete. O

5. Numerical tests

In our model problem we take the crack as a half semi-circle with the representation

C={z:z=(x1(s),22(s)) = 1.2 X (cos s,sins),s € [0,7]}. a7

Figure 1. Construction of two D5’s. 2, can approach C from its convex side using D in the left-hand side,

while DY in the right-hand side is used for z;, approaching C from its concave side. When §1 + 1 x 9 — 0

with [ the approaching step at each direction, zp — a € C* from both sides of C along radius direction,
respectively.

We check the reconstruction formula for the scattering problem (3) which is the most difficult.
The other two problems (1) and (2) can be checked in a similar way. In order to detect the crack C
as well as its surface impedance o, we need to construct some domain D? such that C € D? and z,
outside of D? can approach C from its two sides. Notice, the choice of D? depends on the a-priori
information about the location and size of the unknown crack. For C given by (77), we construct
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two kinds of D? shown in Figure 1. Notice that the parameter §; > 0 represents the singularities of
D(z, 2p), O, ®(x, 2p) for x € ODP near z, and [ x dy > 0 is the distance between C and 0DF. The
sum &1 + [ x dg determines the approximation accuracy |z, — a| for @ € C. On the other hand, it
is easy to see that the domain D? in the right-hand side can also be used for z, — a € C from the
convex part by translating D? along zo direction.

We test our inversion method by showing the reconstructions for all the unknown ingredients in
the model: the crack shape, crack type and surface impedance o in two sides of the crack. We
will consider different configurations to show the validity of the method and reveal the physical
properties behind the numerical behavior. In fact, we will see that the crack property in the convex
side can be distinguished efficiently, while the crack property in the concave side is relatively
difficult to be reconstructed numerically. This phenomena comes from the multiple reflections for
scattered waves in the concave parts of the crack and therefore more energy is absorbed.

Firstly, we use the blowing-up property of the indicator

Loc(zy) = [R(L1(2p))| + [R(I2(2p))]| = +00as z, = C (78)

to detect the location of crack due to (19). That is, when Loc(z,) is large enough, we consider z, to
be almost on C.
Secondly, we use the following equivalent form of the reconstruction formulas (22) and (23)

™ Z?:l vi(a)S(L;(2p)) _J—=ot, ifz, - afromC* (79)
s—e kln(|(zp —a)-v(a)]) — |o",  ifz, —afromCT,
™ 351 %5 (@RI (2p)) — s —eyorant ; .
lin,, .y “2 13(|EZP(—a;L<3‘)(\)p =0k, ifz - afromC? 80
. T, v (@)R(L; (2p))+ 110, =aywta)] i . _ (80)
lim,, .4 KT —a) v (@) =—0', ifz, —afromC

for the surface impedance reconstruction as well as for distinguishing C* from C~. This last property
follows from (79) since ¢” is assumed to be positive. Hence if the left-hand side of (79) is positive
then we are on the side C~ and if not we are on the side C*.

Finally, the crack type is shown by considering the blowing-up property of the function

IS ()] + IS (2(2p))]
Type(zp) = I |(z — a) - y(a§|\1/2

using the formula (21). That is, T'ype(z,) should increase up to some value (theoretically co) for the
impedance crack.

In all the formulas (78)-(81), z, are taken along the direction ¢; to approach the point a =
Ry(cost;,sint;) € C for all ¢;’s. In this way, the property of the crack is detected.

In our model problems we take the wave number x = 1.2. The far-field pattern data for our
inversion are synthesized by solving the direct problem using the combined angular potential and
single-layer potential developed in [11].

Example 1 We take the surface impedance as the complex functions of the forms

ko_(x) =1+ 150, koy(z)=2+1.2¢ (82)

as z, — C (81)

and use incident plan waves along 64 directions distributed uniformly in [0, 27].
Let z, = z(j,1) approach to C from its convex side. By convex and concave side of crake,
we mean the upper side and lower side of C given by (77), respectively. The crack C is detected
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from 33 directions t; = 7/32 x j with j = 0,1,---,32. The radius for reconstruction at
each direction t; is determined by the following way. For given blowing-up criterion C'B, let
2(j,1) = (61 +1 x d¢)(costj,sint;) for I = 16,15, --- , 1. Here we take 6; = 0.01,Jp = 0.02. For
any fixed j = 0,1,-- -, 32, compute the indicator value Loc(z(j,1)) defined by (78). If this value is
larger than C'B the first time, we record this step () and the value C; := Loc(2(j,1(j))). Then we
go to the next direction. Using this way, we get the data {I(j), C; };’?2:0. Compute the average value

C = Z?io C;/33. Finally, we compare the value C; and C and use this perturbation to correct the
radius Ry + I(j) x do by linear interpolation as Ry + I(j) x 9 — (C; — C)/C x &y. This is the final
radius at direction ¢;.

E) 15 -1 05 o 05 1 15 2 o 0,05 01 015 02 025 03 035

Figure 2. Construction of C from the convex side of C (left). It can be seen that the tips are not easy to
identify with satisfactory accuracy. The crack type detection is shown in the right-hand side. The blowing-
up property are shown obviously, except at the tips of the crack. It can be shown that the increasing property
is quite weak when z;, — C along direction 6 ~ 1.57 ~ 7/2. This is reasonable, since |31 (zp)| in (81) is
almost a constant as z, — a along the direction ¢ = 7/2 and then the numerator in (81) is relatively small.

Take the blow-up parameter C'B = 0.8, 1.0, 1.2, 1.3. The reconstruction results for crack location
are given in the left-hand side of Figure 2 using the above procedure. Using the technique in [15],
we can improve the reconstruction results by combining the reconstructions for different blowing-up
criteria together. That is, when the concave closure for the reconstructions with different blowing-
up values are taken, the crack will be detected from the convex side with a high accuracy. The only
a-priori information about the crack is that we know that z, is in the upper-side of the crack. Notice,
in our setting here ai > (. To use our reconstruction formula (21) more efficiently, we expect that
the reconstruction will be much improved for the case ¢!, < 0. However, we need to clarify the
physical meaning of this condition. To our knowledge, all the reconstruction problems for surface
impedance up to now always consider the case 0%, = 0.

The crack type detection is checked using (81) with the numerical performance given in the right-
hand side of Figure 2. The blowing-up property are shown obviously, except at the tips of the crack.
Notice, here we use the same singularity to identify the arc shape and the boundary type. It can be
shown that the increasing property is quite weak when z, — C along direction 6 ~ 1.57 ~ 7/2.
This is reasonable since v;(a) = 0 for a = 1.2(cos 7, sin 7). Therefore |311(2,)| in (81) is almost
a constant as z, — a along the direction ¢ = 7/2 and then the numerator in (81) is relatively small,
compared with those along other directions.

Now let us recover the boundary impedances 1. We need to apply different singularity to detect
its real part and imaginary part, respectively.
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o

Figure 3. Construction of o4 from the convex side of C: imaginary part nai (left) and real part —xo’,
(right). The reconstructions are satisfactory except at the tips of the crack, the approximation effect is nice
for small I which means the detecting point approaches to the crack.

We take 6o = 0.1,6; = 0.025 for recovering the imaginary part of . The reconstruction results
for | = 7,5,4,1 are shown in the left-hand side of Figure 3 noticing Jo = 0.1 and the radius
of crack is 1.2. For recovering the real part of o, we need a strong singularity. Here we take
do = 0.01,6; = 0.003. The reconstruction for [ = 20,10,5,1 are given in the right-hand side of
Figure 3. Notice that the numerical performance is not monotone with respect to [ for both real part
and imaginary part. Although there are some oscillations for real part of o, the reconstruction is
satisfactory.

Next we will check the reconstruction of o_. Since o_ is defined in the concave part of C,
we use DP shown in the right-hand side of Figure 1. For recovering its imaginary part, we take
do = 0.03,6; = 0.01. The results for [ = &8, 4, 2,1 are shown in the left-hand side of Figure 4.

. e00?”

R
~-9

@i o e o e |
L

.ot
©00000000000000000000 y

ok

Figure 4. Construction of o_ from the concave side of C: imaginary part ko’ (left) and real part —ko”

(right). The imaginary part is reconstructed well. For real part, we can only get the distribution behavior,
rather than the exact value.

Huge jumps appear at the tips. To show these huge jumps, we list the values near the two tips as
follows.

Tab.4.1 Numerical behavior of reconstructing o_ near the tips.
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j=1 j=2 i=3 j =30 j =3l
[ =8 | 8.769352 | 35.33823 | 0.7525697 | -3.0021202E-02 | 1.719347
=4 | 5.030425 | 1936075 | 0.5959290 | 0.1632772 1.036119
[=2 | 4122960 | 14.12117 | 0.9113938 |  0.6005412 1.183656
[=1 | 4087763 | 12.01402 | 1.487852 1.236337 1.686392

For recovering the real part of o_, we take 69 = 0.002, §; = 0.001, a stronger singularity. The results
for I = 20,6, 3,1 are shown in Figure 4 (right). It can be seen that distribution behavior of ¢ is
well detected, but the exact value can not be reconstructed well. This phenomena for recovering o”
can also be shown from the other sets of (dy, d1) with

So=06,=10"% i=1,2,34

for [ = 1, that is, the approximate point is of the distance dy + J; from the boundary. The results as
well as its refinement are given in Figure 5.

O g mim=gr o= 06
A

'

'

° o]

15f e ° :"-'—o-noooo.onmnﬂnn?.?_"l’n-o H
‘e

Figure 5. Reconstruction for ¢ for different sets of (dp, 1) (left), the right-hand side is its refinement. It can
be seen that o” can not be recovered numerically. However, the distribution behavior of ¢’ in the interior
part of crack is well detected.

The physical background behind this numerical uncertainty for recovering ¢” is the multiple
reflections of scattered wave in the cavity of the crack C in its concave side. Near these concave
points, the incident wave will be multi-reflected. For our impedance crack with the energy absorbing
coefficient ¢” in the concave side, the energy of scattered wave is decreased by each reflection.
Therefore the information about the concave side of the crack contained in the far-field pattern is
also relatively decreased. We observe also that the multiple reflection of the concave side of the
whole crack for a given ¢” has the same effects as the other non-concave part of the crack with a
higher ¢” distribution. Such an energy absorbing phenomena is also studied by engineering, see [7]
and the references therein.

Due to these reasons, it is understandable that we can not expect too much about the shape
reconstruction from the concave side of the crack. Two reconstruction results using formula (78)
using z, — a € C from the concave side with 6y = 0.02,6; = 0.001 and 6y = 0.02,4; = 0.01 are
shown in Figure 6 and Figure 7, respectively. In these two figures, we also take [ = 16,--- , 1.

It can be seen that the parts near the two tips can not be identified in the same way as the interior
points of the crack. Actually, there is more scattering on these tips than on the interior points on the
crack. Notice that the formulas given in section 2 are valid just on the points away from the tips.
Also the best approximation accuracy can not be improved. What we can expect is that more part
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Figure 6. Reconstruction of the crack from the concave side using the singularity o = 0.02,6; = 0.001,
where the blowing-up criteria are taken as CB = 0.2,0.4, 0.9, 1.0, from left to right in the first row and then
in the second row.
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=z -1 o 1 2 =

=2 —1 ) 1 E

Figure 7. Reconstruction of the crack from the concave side using o = 0.02, §; = 0.01, where the blowing-
up criteria are taken as CB = 0.2,0.4,0.6,0.8, from left to right in the first row and then in the second
row.

of the crack will be visible using a larger C'B but with a finite accuracy. In this configuration, we
can not get the blowing-up property of the indicator value numerically since for §; = 0.02 and large
[, the distance between z, and the crack is still large, while the blowing-up property is established
theoretically for [ x §p + d; — 0.

Our next example is to consider the reconstruction problem where the surface impedance
distribution is not constant in the surface, which shows the practical applicability of our
reconstruction method.

Example 2. The configuration is taken as follows:

1+ 2o
10

for x = (21, 22) € C. The real parts of o are positive. The distribution of ko are shown in Figure
8. Since we can not expect satisfactory results for the information about C_ as explained in Example
1, here we focus on the reconstruction of o as well as the shape detection from the convex side of
crack. We will reveal the effect of the variable surface impedance on the crack shape detection.

We use singularities o = 0.02,0.01 to detect the crack shape. The reconstruction result is shown
in Figure 9 (left). It can be seen that the reconstruction in domain A is relatively poor. This domain

Koy (x) = (cos? (21 + x9) + 1.2) + i(sin +1.5), ko_(x)=(z1+2)+iza (83)
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Real part of Ko, Imaginary part of Ko,
2 2
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-1 -0.5 0 0.5 1 -1 -0.5 o 0.5 1

Figure 8. The non-constant distribution of ko with respect to variable z1: real part(left) and imaginary part
(right). The half circle represents the crack.

03

Figure 9. Reconstruction of C using (dp,d1) = (0.02,0.01) with CB = 0.6,0.8,1.0, 1.2 (left). The crack

shape in domain A is not easy to detect due to the large ¢’ in this part, see the recovery for CB = 1.0,1.2.

It can be seen that absorbing property of ¢’ helps us to detect the boundary type obviously. That is, in

domain A with large value of ¢’ , the blowing-up property is obvious. This phenomena is consistent with
the detecting formula (20).

is the part where we have a large value of i o, compare with Figure 8. The large value of ¢} in
this domain means a large energy absorbing of the scattered wave. So we can not detect this part
using the same singularity as that for the other part. Since o7, is relatively small in the domain B,
the shape detection is well in this part.

Asitis done in Example 1, we use the same singularity to detect the boundary type. The numerical
behavior of (81) in this case is shown in the right-hand side of Figure 9. The vertical variable is the
detection direction t; = /32 x jfor j =0,1,---,32.

Finally, we reconstruct 0. To recover the imaginary part of o, we use the singularity 6y =
0.02,; = 0.03. The results for [ = 20,4, 2, 1 are given in the left-hand side of Figure 10. Also we
use the singularity o = 0.003, 6; = 0.002 to detect the real part of o.. The results for [ = 20, 10, 5, 1
are given in the right-hand side of Figure 10.

Example 3: This example is for showing the importance of introducing the artificial coefficient
So+ # 0 in the surface impedance. We keep the other parameters in Example 1 unchanged and we
replace the impedance by

o_(x) =14 2i,04(x) =2+ 5i.
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o

Figure 10. Construction of o4 from the convex side of C: Imaginary part naﬁr (left) and real part —ro’,
(right). The numerical oscillation in reconstructing the real part of o is obvious.

2 15 -1 05 o 05 1 15 2 o o1 02 03 04 05 06 07

Figure 11. Boundary shape reconstruction and boundary type using the same singularity. The boundary shape
is reconstructed well (left). Since o+ are large, the crack behaves like a Dirichlet crack., i.e. T'ype(zp) ~ 0.
This phenomena is shown in the right-hand side of Figure 11.

The arc C is reconstructed in Figure 11 (left). The blow-up values are CB = 1.0,1.2,1.5,1.7, where
we take z(I) =1 x 0.05 for [ = 16,15, --- ,1 to approach a € C with 6; = 0.1. The reconstruction
for crack shape is much better than Example 1 due to the large imaginary part of 0. Notice that
this picture shows that the points near (0, 1.2) can not be reconstructed well. The reason is that the
normal direction is v = (0, 1), which means v; = 0. The figure in the right-hand side of Figure 11
shows the boundary detection.

Conclusions. In this paper, we consider an inverse scattering problem by an open crack C.
Compared with the inverse scattering problem by an impenetrable obstacle with smooth closed
boundary, the crack detection problems are much more complicated, due to the joint effects of the
tips of crack, the concave side of crack and the inhomogeneous surface impedance distributions. We
propose theoretical formulas to detect the properties of the crack such as its shape, the boundary
type and the surface impedance. The numerical realizations are presented, which show the validity
of this method and also some difficulties arising in the detection of concave side of crack. Such
difficulties can be explained physically from the multiple reflection of waves in the cavity.

Copyright © 2009 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2009; 00:1-6
Prepared using mmaauth.cls DOI: 10.1002/mma



RECONSTRUCTION OF CRACKS OF DIFFERENT TYPES. 31

ACKNOWLEDGEMENTS

The first author is supported by NSFC (No.10771033) and also thanks RICAM (of the Austrian academy
of sciences) for the hospitality during his visit in 2007. The second author is supported by the Austrian
academy of sciences and the FWF through the SFB project F1308.

REFERENCES

. K. BRYAN, M. S. VOGELIUS, A review of selected works on crack identification, Geometric methods in inverse
problems and PDE control, IMA Math. Appl., Vol.137, 25-46, 2004.

. F. CAKONI, D. COLTON, Qualitative Methods in Inverse Scattering Theory, Interaction of Mechanics and
Mathematics, Springer, 2006.

. D. COLTON, R. KRESS, Inverse Acoustic and Electromagnetic Scattering Theory, 2nd edition, Berlin-Springer,
1998.

. M. GRUTER, K. O. WIDMAN, The Green function for uniformly elliptic equations, Manuscripta Math, Vol.37,
303-342, 1982.

. M. IKEHATA, Inverse crack problem and probe method, Cubo 8, No.1, 29-40, 2006.

. M. IKEHATA, G. NAKAMURA, Reconstruction formula for identifying cracks, Essays and papers dedicated to the
memory of Clifford Ambrose Truesdell III, Vol.IL. J. Elasticity, Vol.71, No. 1-3, 59-72. 2003,

. K. Goto, T. ISHIHARA, High-frequency (Whispering-Gallery Mode)-to-beam conversion on a perfectly
conducting concave-convex boundary, IEEE Transcations on Antennas and Propagation, Vol.50, No.8, 1109-1119,
2002.

. P.A. KRUTITSKII, Dirichlet’s problem for the Helmholtz equation outside cuts in a plane, Computational Math and
Mathematical Physics, Vol.34, No.8/9, 1073-1090, 1994.

. P.A. KRUTITSKII, V.V KOLYBASOVA, The Helmholtz equation outside cuts on the plane with the Dirichlet
condition and a third kind boundary condition on opposite sides of the cuts, Differential Equations, Vol.42, No.9,
1247-1261, 2006.

10. P.A. KRUTITSKIL, The Helmholtz equation in the exterior of slits in a plane with different impedance boundary
conditions on opposite sides of the slits, Quart. Appl. Maths, Vol.66, No.4, 2008.

11. P.A. KRUTITSKII, J.J. LU AND M. SINI, Numerical solution of the scattering problem for acoustic waves by a
two-sided crack in 2-dimensional space. Preprint.

12. P.A. KRUTITSKII, J.J. LIU AND M. SINI, Reconstruction of complex cracks by exterior measurements, 6th
International Conference on Inverse Problems in Engineering: Theory and Practice, Paris, J. Physics: Conference
Series, Vol.135, doi:10.1088/1742-6596/135/1/012056, 2008.

13. R. KRESS, K.M. LEE, Integral equation methods for scattering from an impedance crack, J. Comput. Appl. Math.
Vol.161, No.1, 161-177, 2003.

14. W. LITTMAN, G. STANPACCHIA AND H. F. WEINBERGER, Regular points for elliptic equations with
discontinuous coefficients, Ann. Scuola Norm. Sup. Pisa (III), Vol.17, 43-77, 1963.

15. J.J. Liu, G. NAKAMURA AND M. SINI, Reconstruction of the shape and surface impedance from acoustic
scattering data for an arbitrary cylinder, SIAM J. Appl. Math. Vol.67, No.4, 1124-1146, 2007.

16. W. MCLEAN, Strongly Elliptic Systems and Boundary Integral Equations, Cambridge University Press, 2000.

17. G. NAKAMURA, M. SINI, Obstacle and boundary determination from scattering data, SIAM J. Math. Anal, Vol.39,
No.3, 819-837, 2007.

18. R. POTTHAST, Point Sources and Multipoles in Inverse Scattering Theory, Research Notes in Mathematics,
Vol.427, Chapman-Hall/CRC, Boca Raton, F1, 2001.

19. V. A. SOLONNIKOV, On Green’s matrices for elliptic boundary value problems(I), Proc. Steklov. Inst. Math,,
Vol.110, 1970.

20. V. A. SOLONNIKOV, The Green’s matrices for elliptic boundary value problems(1l), Boundary Value Problems of
Mathematical Physics, 7, Trudy. Math. Inst. Steklov., Vol.116, 181-216, 1971.

Copyright © 2009 John Wiley & Sons, Ltd. Math. Meth. Appl. Sci. 2009; 00:1-6

Prepared using mmaauth.cls DOI: 10.1002/mma



