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Abstract

We present in this paper the Dirichlet to Neumann operator for the wave equation on a straight wedge in R2, using Fourier integral
operators. As a consequence, we recover the classical approximate boundary conditions of orders 1 and 2.
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1. Statement of the problem

We consider the wave equation in R?:
{GUU —~ AU =0 in(0,T) x R?,
ey
U(07 '):u()v a[U(Ov '):Ml,

with initial data uo and | compactly supported in a bounded domain B (we could as well consider a diffraction problem).
We want to compute the unique solution of (1) in some domain Q; D B. Therefore, we introduce a computational
domain 2 D 7, and search for absorbing boundary conditions on the boundary I" = 0€2, i.e., operators 4 such that a
function u satisfying

O u—Au=0 1in (0,7T) x Q,
M(Oa ) =uo, a[u(o’ ) =uj in Qa (2)
PBu=0 on(0,T) xT,

be as close as possible to U in ;. To this end, the theory of absorbing boundary conditions has been developed by
Engquist and Majda in [5], where the strategy, extended in [9] to parabolic problems, consists of writing the Dirichlet
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r.

Fig. 1. Geometric notations for the corner.

to Neumann map for Q= R>\Q, then expanding the symbol of this pseudo-differential operator, truncating the series,
and making approximations for incidence on the boundary close to normal. Other strategies have been developed for
constant coefficient problems, in order to compute U exactly in €2, such as PML [3] or fast solvers [1]. Higher order
absorbing boundary conditions can be obtained as well, and Kreiss theory [12] or energy estimates [8] show that the
boundary value problem in £ is well-posed. For example, the second order boundary condition for the half-space
{x <0} is

Oyt + 0, u — 30, u=0. (€)

An open and puzzling question remains the case of a corner. Obviously, the pseudo-differential approach cannot be
used, since it relies on smooth functions.

However, it is tempting to try and use the absorbing boundary conditions (3) on each side of the wedge. With the
notation in Fig. 1, this gives

0,,u — O,yu — %GXXM =0 on(0,T)x1I_,
“)
0, u + a,yu — %axxu =0 on(0,T) xI4.
In [5], it was pointed out that in a right wedge (i.e., with y=m/2), a “corner condition” was missing, in order to determine
the discrete solution. The authors of [5] suggested to use a discretization of the first order absorbing boundary condition,
transparent for the angle n/4. Later on, in [10], it was proved that the smoothest solution (i.e., in H 3200, T) x Q)
to the wave equation in the right wedge with boundary conditions (4) satisfies the following equation at the corner:

(3 0,u — d,u 4 8,u)(0,0,1) =0. )

The proof relies on the isotropy of the Laplace operator in the usual coordinates (the tangential derivative on one face
is the normal derivative on the other), supplemented with energy estimates and regularity considerations (see [2,4]).
Therefore, it does not extend to angles different from n/2. This corner condition coupled with (4) corresponds to
imposing u|r in H?(I'") where I’ is the full boundary.

This remark, together with results proved in [6], Sections 2 and 5, is the starting point of our strategy for the corner.
We use the Helmholtz equation, and construct the explicit form of the Dirichlet to Neumann map. It will be treated as an
operator on the Dirichlet datum, which is the trace of u on the whole boundary. We adopt the formalism introduced in
[6] for the diffraction problem with a vanishing Dirichlet boundary condition, and generalized in [11] for the diffraction
by an impedance boundary condition.

In Section 2, we first summarize some well-known results for the regular case. In Section 3, we compute analytically
the solution in the exterior wedge, from which we deduce the Dirichlet to Neumann operator in Section 4. The main
result is Theorem 6. Finally we establish in Section 5 a more tractable form for the Dirichlet to Neumann map (Theorem
9), from which we deduce the classical approximate boundary conditions of orders 1 and 2.
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2. The Dirichlet to Neumann map: The regular case

The Dirichlet to Neumann map is defined as follows. Let I'" be a regular closed curve in R? enclosing a domain Q.
We denote by Q the complement set of Q in R%. Let 4 in Z(R x I') be such that & = 0 for ¢ <0, and let w be the
solution of the problem

0,w—Aw=0 in(0,T) x Q,

w(0,)=0, d,w(0,)=0 inQ, (6)

w=h on(0,T)x1T.
We call the Dirichlet to Neumann map for Q the map

Ng:h— ﬁnﬁw, (7

and introduce the initial boundary value problem in €2:

O u—Au=0 in(0,T) x Q,

u(, ) =up, Ou(0,-)=u; inQ, (8)

6ngu+N§u=O on(0,7) x I.

Proposition 1. For any ug in HI(RZ) and uy in Lz([RRz), problem (8) has a unique solution u € HILC(R, X [RRZ) N
Hl%)c(Rf’ LZ(RZ)), equal to the solution U of (1).

Proof. For U aregular solution to (1), we have [U] = [ang U]l=0on I, and therefore a,m U= —6% U=—NgzU.Thus
U is a solution to problem (8), which therefore has at least one solution, namely U. For the uniqueness, suppose that
the initial values be zero. Defining &7 = u|r, and w the solution of (6), we construct energy estimates for u and w: first,
we multiply the first equation in (8) by O,u an integrate in Q. Second, we multiply the first equation in (6) by 0, w and
integrate in Q. By using Green’s formula, we get

1d ) )
EE[Hatullg—i-||Vu||Q]—/;6nQu@tuds=0,

1d 2 )
3 syl + 19wtz = [ 0, udwds—o ©

We add the two equations, taking into account that ¥ = w and 0, QU =—Ngu= —anﬁw, and get

d
3 L0l + IVulG + 19, wlE + I Vel =0.
Since the initial conditions vanish, # vanishes on (0, 7). [

In [5,9], the symbol of N is obtained by a high frequency expansion. Here, we use a Laplace transform to compute
the solution w of (6). We extend Eq. (6) for 7 € R. By the causality principle, Ngh is the restriction to (0, 7) of the
solution of (6) on R. After a Laplace transform in time, we obtain a Helmholtz equation

{AW+I<2W:O in Q,
W=H onl,

with W(x, k) = fR w(x, t)e*ik’ dr, H(x, k) = fR h(x, t)e*““ d¢, where k is a complex number, with Ze k # 0 and
Jmk <0, according to the Paley—Wiener—Schwartz theorem. Throughout this paper, we make this assumption on &.

Furthermore, we assume that W is a distribution with traces on I'.
Coupling the exterior problem to 0 in @, by the jump formula we can write for any ¢ in Z(R?)

(10)

(4 +EHW, w):/ Wanb(pdS—f 0,;Wods.
r r
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Defining the distributions 6 and - by their action on ¢ in Z( R?),

O ¢) = / 0ds,
I

(0r. @) = —(0r. Vo.ng) = —franﬁwd& (1D)
we obtain, for W|p € '(I') and %W e 9'(IN),

W=—+k)7"'@, W+ W . (12)

Taking the limit on I" in (12) whenever it is possible, gives the Neumann to Dirichlet map, while taking the normal
derivative yields the Dirichlet to Neumann map, as we describe now in the more difficult case of a wedge.

3. Computation of the solution of the Helmholtz equation in the exterior wedge

We are back to the situation depicted in Fig. 1. Let 7 be the linear operator from L*(I) to (L2(IR+))2 defined as
follows: for each ¢ in L2(I),

01 (s) =@(s,0), @_(s)=@p(scosy, —ssiny), T o= (¢, _). (13)

The Dirac distributions on the faces of the corner are defined for a ¢ € @(Rz) as

+00
<5+’ (P) = /0 (P(Ss 0) dS,
/ oo
(5+,<p>=—<5+,<p’>=/0 0,¢(s, 0)ds,

0 +00
d
<5,</>>=/ (p(——y ,y) =2 =/ @(scosy, —ssiny)ds,
o tan y sin y 0

0 d
<5/,¢)=—<5—,V¢>-n—>=—/ <,0<— > y)—y

oo tany’ "~ /) siny

+00
= — / V¢ -n_(scosy,=ssiny)ds. (14)
0

Lemma 2. Let W be the solution of problem (10). Then we have

W=—(d+k)" (fy®dr, +f ®r_+hi @, +h_®3}), (15)
with

hi(s) = W(s, 0),

h_(s) = W(scosy, —ssin?y),

f+(s) = (0, W) (s) = —0,u(s, 0),

f-(s)= (6”?2 W)_(s) = VW -nr_(scosy, —ssin?y). (16)

Proof. If W is the solution of problem (10), the distribution S = W + (4 + kz)_l(anﬁW ® or + W ® d}) which

exists, see [7] is a solution of the homogeneous Helmholtz equation in R?. Therefore, it is a sum of Hankel and Bessel
functions, and its singularity on the corner is at most given by the Hankel function, which is equivalent on the corner to
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(1/2m)In(1//x2 + y2), and VInr ¢ L? at the corner. By the jump formula, S is supported on the corner (0, 0), and
thus is a Dirac distribution. Assuming that W | isin H'(I') and 6,15 Wisin L2(I), (A+k%)~! (Gn!~2 Wor+we 5}) €

is in H/2~¢(R?), hence necessarily S =0. [

We start with a representation of W. The following calculation has been performed for a curved corner in [11]. Define
the function

g(& m) =Ccosy —nsiny. 7)

For ¢ € R, denote by &, the principal part of the square root of k2 — & such that #m &y > 0. For h in L2(R,.), we
define by extension the Fourier transform

+00
h(E) = / h(s)e € d¢. (18)
0

Theorem 3. We use the notation of Lemma 2. Let W be the solution of problem (10). Then, for |y| > 0 and |Y| > 0, the
equality W = W, + W_ holds, with

i 1 /4 s
Wilx,y)= ﬁ f — (f+(§) —i¢ > §+(§)> eir&tilyldo g

R <o [yl
Wo(x, y) = - / L (f—(é) +igy o g_@) elXeHilrISo g¢, (19)
4 Jr & Y|

where X = xcosy — ysiny, Y = xsiny 4+ ycos?.

Remark 4. The above integrals are defined as absolutely convergent integrals for Im k < 0 and non vanishing y and Y,
whereas for y = 0 or for Y = 0, they are defined only as oscillatory integrals.

Proof. Define the fundamental solution of the Helmholtz equation as E = (44 k2)~'6. Then we have W = W, + W_,
with Wy = —E % (f+ ®or, +h+ @ ) and W_ = ~E % (f- ®dr_+h_ ®Jf_). Denoting by E, y the associated
Green’s function, i.e., Ey y(s,u) = E(x — s,y — u), we have

+00

+00
Wetr == [ 0B 008 = [ R0, E0 5,00,

The Fourier transform of E being E & n = (k% — 52 — 112)*1, we obtain

el =&Y £ 4y ds.

+00 o
Wi (x,y) =— /0 } f1(s) — inhy(s)

(2m)? k2 — & — 2

As Jmk*> # 0, we may use the Cauchy formula for the integral in the # variable, using the pole 1, which verifies
Reingy <0,ie., ny= /Iy

i T ) =i O/IYDR () s ericylyl
W+(~x, )’) - (27[) /(; ~/|R —260 © 0 dé &

We finally use the Fourier transforms of f, and /. to obtain the formula for W, in Theorem 3. For the second formula,
we write in the same fashion

W—(-x’ )’) =

+ . .
[ ¥ [ L) FIESNY + 0O PR itemscompréinrtrsing g gy g
0 R?

()’ k2=
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In the double integral, we perform the change of variables
&= Ecosy—nsiny, 7 =~Esiny+ncosy.

With the notation in Theorem 3, we get

+
/ : 2 & (S)+“7h ©) X EiY d&dijds.
R

W_(x,y) = —?_p

@en?
Applying again the Cauchy formula, we have

i f=(s) +i&o(y/lyDh—(s) l(X—5)E+ig

- IYId ds,
2n) . —2¢, ¢ ds

W_(x,y) =~

where we replaced E by &, which leads to expression (19). [
4. Computation of the Dirichlet to Neumann map for the Helmholtz equation in a wedge

We define the operators S, Rg, R1, Ty, T1 for h € Lgomp([RJr) (compactly supported functions of L?(R,)) by
1 , L e g aa
$i(s) = - fezo [ LS e a

2
Roh(s) = i 150 / — e Ch(é) de,

Rih(s) = —— s>0/ 2 eBCh (&) de,
2
TOh(S) - ik o8y 1s>0/ ieisg(é’_é())il(f) dé,
R $o
Tih(s) = _i 1S>0/ M eisg(é,éo)/;(é) dé. (20)
2n R o

These operators map Lcomp(R+) into itself. This is a consequence of .fm g(&, —&y) > 0 and of the boundedness of
&/& and (&, =&y)/&o for Sm k> # 0.

Remark 5. The functions we consider have to be compactly supported because a L kernel (as it is the case of £/ &)
behaves properly when acting on a Fourier series. Whenever one chooses a time 7, the finite speed of propagation of
waves imposes that the solution of (21) is compactly supported, hence its traces are also compactly supported.

Theorem 6. The Dirichlet to Neumann operator Ng for the wedge in Fig. 1 is the operator from H (I to L*(I)
defined by

f I —s\"! h
(- ) G0 e
f- =5 I h_
with T h=(hy,h-),and 7 Noh=(f+, f-). The operators in (21) are given by M = <_RT _RT) and for h € LZ(R+),

Rh =Roh + Rk, Th=Tyh + T\h'.

Proof. We compute the normal derivatives of W1 on I'y, using Theorem 3. Note that in a neighborhood of I'y in
2, we have y >0 and Y >0, whereas in a neighborhood of I'_ in 2, we have y<0 and Y <0. We start with I,
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and differentiate W and W_ with respect to y.
iy . VWi(x, y) = —0,Wi(x,y)

1 £ n e
= 4— / (f+(&) — iéOh—&-(f))elng“)’éo dé,
T

i VW-(x,3) = 7 / g(éo’@(f (&) +icoh_(&))eXHT o ge, (22)
nJr &

Since the Fourier transform of an element 4 in H! (R4) is merely in L*(R) in general and in particular does not
verify (1 + Ay 2ﬁ+ € L?(R) (more regularity occurs in the case 4 (0) =0), the distribution éofur(é) isnotin L2(R),
which is the fundamental difference with the regular boundary case, and makes the problem significantly harder. We
introduce the operators

- 1 A el
Rh= lim / iEgh(&)eetiva g¢,
T

y—0+

Th= lim / —ig(&, Hh(EeXHT0qs O (23)

y—04 2

Lemma 7. Forhin ¥ (R),and hy =hl, >0, hﬁr =h'1y >0, the operators R and T introduced in (23) are well defined
and equal to

R 1 .
Rhy(x) = Rohy(x) + th/_l_(x) — h(())ﬂ /R é_éo elxé dé,

The(x) = Tohy (x) + Tih, (x) — h(O)% fR %;é(’) eB8(&=C0) g, (24)

Proof. For / in .(R), since the kernels of the integrals are in L2(R), we can take limits in (23) as y — 04, which
proves the existence of R and T as maps from % (R) into &’ (R). We now transform the right-hand side in the definition
of Rh+. We first use the relation iy = i(k?/&y) — (&/&y)ié to obtain

on k. & oa
ioh4 (&) =i = hy (&) — g—(hchr(é)),

and next we use the identity (in which h’ denotes the Fourier transform of the restriction to R of the derivative A/, )

ihy (&) = W (&) + he(0). (25)

We then split the integral

1 A Ny N 1
_/ iohy (e gz — L) [ 2 eneriaoge
2n Jr 4n

R o
. ( Cho- fz;@) eI g (26)
o o

By the Lebesgue’s dominated convergence Theorem in L!(R), we can take the limit of each term on the right-
hand side, with the particular case of the function f r(&/S0) elvétivo d¢&, whose limit is the derivative of the inverse
Fourier transform of 1/, which is a distribution in L?(R). With the operators defined in (20), we obtain the first
equation in (24).
We treat T the same way, using (25) and the identity
L (<))

8(&o, €) =cosygy —sinyl =cosy — — ¢
o o
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and we obtain

The(s) = Tohor () + Tihly(5) = h(O)5 - /%ﬁo) isg(&. ) g
R 0

Now for y # /2, we have by a contour transform
/ 8(& —&o) eise(¢.—&o) dé = é eisé dé,
R <o R <o

which proves the second equality in (24), and concludes the proof of the lemma. [J

Taking the limit in (22) as y tends to 0, we obtain

80,0 »
<)

fr(x) == f+( )+ — /R fo(&)elsle—eo g¢

1 ~ . 1 R .
~ i f ifohs (DetdE+ / ig (&0, Hh—(&e 80 dg,
TJR 4n Jr
which can be rewritten as
fr—Sf =—Rhy+Th_.

We can perform the same calculation on I'_, using the symmetry of the problem, and write

g(€0’ é)

f (©)e ixg(¢,—&o) dé
<o

f(x)-—f()+—fR

1 ~ .y 1 ~ .
i f iCoh— (e dd + — / ig(&p: Dh (O8G0 de,
41 IR 41 IR
and we obtain altogether
f+—Sf.=—Rhy+Th_, f-—Sf . =—Rh_+Thy.

We can now express the right-hand side in (29) in the form

¢

— Rhy +Th_ = —Rhy 4+ Th_ — (h(0) — h_(0)) = eede,
R ¢0

— Rh_ +Thy = —Rh_ + Thy + (h;(0) — h_(0)) geisf dé.
R <0

Since & is in H(I), it is continuous at the corner, and hy(0) — h_(0) =0. We finally have

fr—Sf.=—Rhy+Th_, f_—Sf.=—Rh_+Thy,

27)

(28)

(29)

(30)

which is formally (21). The last step of the proof is to use a Neumann expansion, using the following property of the
singular operator S: it maps a function whose Fourier transform is holomorphic in the half-plane .#m ¢ < 0 to a function
whose Fourier transform is holomorphic in the half-plane . m(&e~"%) < 0. The Neumann expansion is then computed

-1
until ny > 7 (see [6]). This gives a sense to the operator ( _I s _,S) from (Lz([RiJr))2 to (LZ(R+))2, hence the result

in the theorem.

Remark 8. In the particular case y = © we recover the usual Dirichlet to Neumann map for a straight boundary, using

the splitting of a function in H'(R) into its part on R, and its part on R_, with g(&, &) =

(taking into account the symmetry).

—¢ in the phase function
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5. Another formulation of the Dirichlet to Neumann map
In this section we use the following notation:

e The operator K is given by

_i f isé T _ f
Ko =5 [ Lpea (‘/(Kf)_éo—k)'

e The distributions Dg o, D1.0, Dr,1, Dr.1 are defined by

g(éo,f) isg(E,—&)
D = — — 012 27 e188(6.7%0) g ,
o= /50— Dr.1 /Rfo(fo—k)e -
k¢ siny k cos Y k¢ Co(E
D = Giséy Dro—= —" e deE + f isg(&,—Co0) 4¢.
*07 2n /R G -0 o P L e e -n -

We present now another formulation of the Dirichlet to Neumann operator, which is useful to make the link with the
case of the half space.

Theorem 9. The DtN operator given in Theorem 6 can be written in the form

I —=S\"'"" /h h K () h
s ) G =0 Gean)) 26O @
=S 1 h_ h_ K(h") h_
where
I =S hy Dro Drpo\ /1 Dr1 Dr1\ /N (0)
s )20 =0 Corr ) )4 G ) Gl )
-5 1 h_ Dro Dgro/ \1 Dt Dg1/ \h_(0)
Proof. This is a consequence of the identity
_52
Co—k

and of relation (25) applied to the functions 2. and their derivatives. We obtain

Go=Co+k—k= —k

(A + 1, (0) +ich1(0)),

A 1
Soh+ (&) = —kh+(f)-|-g .y

B+ 809 h”.(&) +h_(0) +i¢h_(0)

g0, 9) 8(50, &)~
h —
% (i&oh—_(&) = %, % Bk ,

which can be rewritten in the form
1, (0) +ih 1 (0)
So—k ’

Eoh (&) = F (—khy + KN)) +

() ich_(0)).
& Bo(G— o O FIh-O)

g(i?’ ) (ioh () =

Hence the result follows, using

o g(éO’ é)
2n <)

F(—kh_ + K(h"))e8E—C0) q¢ = S(—kh_ + K(h")). O

Remark 10. The usual first order absorbing boundary condition can be recovered from (31) by replacing K and D ; by
0for j =0, 1. Moreover, the second order absorbing boundary condition (4) can be derived by using the approximation
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&y =~ —k for £ ~ 0 in the symbol of K, leading to the approximation of K given by K f ~ —(1/2k) f. On the other
hand, numerical computations using the full operator K seem tractable.

For the first order approximation of the DtN in the wedge, we have a well-posedness result:

Proposition 11. Assume the operator 4 in (2) to be 0, + 0, on each face of the wedge. Then problem (2) has a unique
solution u in €([0, T1, H*(R*)) N H' (10, T[, H*~Y(R?)) with s > 3/2. This solution satisfies u|r € H'(I).

The proof of this proposition is given in [11] as a particular case of the impedance boundary condition with the
impedance coefficient equal to 1 on each face after Fourier transform in time.

6. Conclusion

We have given here an explicit form of the Dirichlet to Neumann map, regardless of the regularity of the solution
and the angle at the corner, except that the trace of u on the whole boundary I' be in H 1(I'). We derived, for u|r in
H?(I'), an approximate boundary condition

(where O, is the tangential derivative along the boundary defined in H 2(I')). For further use, we propose, for any
angle, to use either the exact Dirichlet to Neumann map in the form (31), or the boundary operator (32) with the
regularity condition u|f € H 2(IN) as “corner condition” (it is equivalent to the continuity of Vu|r at the corner). The
well-posedness for the problem with second order approximate boundary conditions is still work in progress.
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