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Abstract. The Foldy-Lax self-consistent system has been widely used as an efficient
numerical approximation of multiple scattering of time harmonic wave through a
medium with many scatterers when the relative radius of each scatterer is small and
the distribution of scatterers is sparse. In this paper, an “extended” Foldy—Lax self-
consistent system including both source and dipole effects as well as corrections due
to the self-interacting effects will be introduced, in which the scattering amplitudes
and the corrections are determined as powers of the small scaled radius. This new
approach substantially improves the accuracy of the approximation of the original
Foldy-Lax approach.
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1 Introduction

The multiple scattering by finite-size inhomogeneities has attracted interests of
many researchers and the finite-size effect has been treated in different aspects.
For instance, the multiple scattering has been used in time-reversal imaging [4]
on reflecting more signals towards the aperture thus virtually increasing the
aperture size, which is called super-resolution [2], and beyond. In the real
computation, since the number of scatterers is large, proper approximating
method is necessary for multiple scattering modelling.

In this paper, we consider the multiple scattering by many small scatterers
in the low frequency regime. Here low frequency means low relative frequency,
i.e., the situation when the wave length is large relatively to the radii of the
scatterers. Without lose of generality, we assume all the scatterers are identical
spheres for simplicity. This is reasonable when we concern small size point-like
scatterers, instead of extended scatterer or target, otherwise we may adapt the
generalized Foldy—Lax formulation devised in [9] via the coupling of a boundary
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integral equation and the Foldy—Lax system. Take k as the wave number of the
incident wave and R as the radius of each scatterer, then low relative frequency
means kR small.

We restrict our analysis on the time harmonic case. The multiple scattering
problem can be written by standard inhomogeneous Helmholtz equation and
the solution is represented by the well-known Lippmann—-Schwinger integral
equation [3], which can be solved exactly by separation of variables and using
spherical harmonics, or, high-accuracy numerical techniques have also been
developed to address this problem, for example [1]. All of these methods can be
theoretically used to solve the multiple scattering problem accurately. These
techniques have large computational time and memory overheads, and thus,
in practice, have been used to model only moderate sections of the complete
problem. In reality, it is necessary to model large-scale distributed scatterers
by appropriate semi-analytical approximations, such as the widely accepted
Foldy—Lax approximation [5,6,10,12,13,14,17]. In this approach, the free space
propagator, which is the Green’s function of Helmholtz equation, is inevitably
used to simulate the wave propagation. Specifically, write the total field as

where u® is the given incident field and u?, is the field scattered by the j-th
scatterer, M is the number of scatterers. Define the effective field

M
Up =u —uy, =u' + E ul.,
i=li#n

which is the ‘radiation incident on the n-th scatterer’ in the presence of all the
other scatterers. Now the problem is written as

J =T
usch]uw

where T is an operator relating the field incident on the j-th scatterer, u;, to
the field scattered by the j-th scatterer, u/ ., hence

U, = u' + Z Tju;. (1.1)

This is the so-called Foldy—Lax self-consistent system, or simply Foldy’s system.
If one could solve u,, the scattered field u, and the total field u would be easily
arrived.

The Foldy—Lax method considers only the first order approximation, in
which the dipole-effects and self-interaction effects are neglected. Actually, the
dipole-effects (without error estimates) has been considered by Lax [10] and
also the the book of Martin [12]. However, in this paper, we will show more
precisely the dipole-effect, and further, we will show how to include the self-
interaction effect in an extended Foldy—Lax approximation, thus substantially
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improve the approximation accuracy. In this approach, the total field in free
space will be written by

u(z) ~ut(z) + ) [aj Gl —&)u; + Bj g(x — &) - v))|,

j=1

here a; and B; are the scattering amplitudes of the j-th scatterer, G and vector
g are free space ‘propagator’ (which will be specified later), ‘effective’ wave u;
and vector v; will be solved by the extended Foldy-Lax system in the form

(1= m)u = uj + Y [a;G(Eu)u; + B5(9(Ex) - v)]
i1

1=0)o =vj+ > {Oéjg(ijl)“j + B; (;V>g(€jl) ”j] :

J#l

(1.2)

Here the first term in the summation is the source while the second term en-
close the dipole effect. Furthermore, 1; and 6; are correction terms due to the
self-interacting effect. The extended Foldy—Lax system (1.2) is an extension of
Foldy-Lax system (1.1), since (1.1) can be derived by taken n;’s and 3;’s be
zeros in the first equation of (1.2). With both the self-interaction effect and
dipole effect being included in this new approach, the accuracy of the approxi-
mation is substantially improved. We also note that, this new formulation can
be used to real application as mentioned in [7,8,9].

The paper is organized as following. In the next section, we will specify
the multiple scattering problem and write the exact solution. Then we will
consider the approximation of the exact solution in Section 3, and derive the
extended Foldy—Lax system in Section 4. Finally the accuracy of the extended
Foldy—Lax system will be given in Section 5.

2 Multiple Scattering Problem

The propagation of time harmonic waves in inhomogeneous medium is governed
by Helmholtz equation

Au+ k*n?*(x)u = 0, (2.1)

where k is the wave number, n(z) = ¢o/c(x) is the index of refraction, which
is the ratio of the wave speed in the homogeneous background to that in the
inhomogeneous medium with scatterers. It will be convenient to define the
scattering potential q(x) := n?(x) — 1, then the Helmholtz equation can be
rewritten as

Au+ k*u = —k%qu. (2.2)

Considering that the inhomogeneities consist of M disjoint identical spher-
ical scatterers located in a bounded domain 2 C R3, each scatterer centered
at ¢; with radius R, |§ —§;| > yRforany | # j,l,j =1,...,.M,y>2isa
constant due to the problem considered, which characterize the sparsity of the
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scatterers. Thus the scattering potential can be taken as piecewise constant
M
g(x) = mixrl - &), (2.3)
j=1

where 7; is a given constant for each j and xp is the characteristic function
with radius R.

It is well known that the outgoing Green’s function of Helmholtz equation
G(r) satisfying

—(A+E)G(r) = 8(r)

with Summerfeld radiation condition

lim (3?7" - ik)G(r) =o(|r|™)

|7|—o00

is given by .
e’L T

G(r) = —, 24

)= G (2.4)

and the solution can be written as [3,12]
u=u"+Gx (k*qu), (2.5)

where the incident wave u’ is an entire solution of the Helmholtz equation
(A + K2t = 0.

Using the scattering potential ¢ in the summation form (2.3), we can ac-
cordingly write the solution (2.5) as

4 M
ua) =)+ Y7 [ Gla-&-pulgrndy (26

where B = {y | |y| < R}. This equation is the well-known Lippmann—
Schwinger integral equation [3] and holds for all z € R3. One can firstly solve
the Fredholm type integral equation inside each B; := {y | |y — &| < R} and
then evaluate the field in the free space when the field inside each scatterer is
known. The equation (2.6) is defined in the whole space and the solution u is
analytic in each scatterer and the free space, continuous across the boundary
of each scatterer, see [15,16].

The accurate solution of this approach for large problem is formidable thus
we turn to an appropriate semi-analytical approximation called Foldy—Lax ap-
proximation. However, the Foldy—Lax method considered only the first order
approximation, in which the dipole-effects and self-interaction effects are ne-
glected. The newly introduced extended Foldy-Lax method will include both
the dipole-effects and self-interaction effects.

For further use, we take the gradient on both sides of (2.6) to get the
gradient of u away from the boundary of each scatterer as

qu(x) = 1Viﬁ(:c) + K2 iT/ lVG(;I: =& —yul& +y)dy
k k = J Bk J J
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for x€0B;, 1 < ¢ < M. Notice that the Green’s function has only weakly
singularity, it is easy to see that the integrations above are well-defined. Note
also that we always put a scaling factor % in front of the gradient operator here
and hereafter. Particularly, we evaluate u and %Vu at each & thus

, M
) = (&) + 1 Y7 [ Glen =l +u) do

1V = 1v : k> - 1VG d 2.7
% U(ﬁl)—E u' (&) + ;Tj/Bk (&1 — y)u(& +y) dy, (2.7)

where we have used the notation {;; = & — &;.

Starting from the above integral system, we will derive an extended Foldy—
Lax system when the scaled radius of each scatterer kR is small and determines
the scattering amplitudes in the extended Foldy—Lax self-consistent system.

3 Approximation of the Solution u(x) in Free Space

For the wave field outside scatterers, by the Lippmann-Schwinger equation
(2.6), we have

‘ M M
u(z) = u'(z) + k? Z’Tj /B Gz — & —y)u(& +y)dy, € R*\ U B(&, R).
j=1

Jj=1

Since u is regular in each scatterer, we will derive the asymptotic expansion
of each integral in terms of the power series of the scaled radius kR. For
r € R\ Ujvil B(&;, R) and |ky| < kR, by Taylor expansion,
1 1,1
Gl =& —y) =G —§) — L VG@ —§) ky+ Sky” 5
+O(|kyl?),

u(l + ) = ul&) + TVulE) by + ShyT V(&) by + O(kyP),

V2G(x —¢&) ky

thus
Gz =& —y)ul&; +v)
= o~ &)u(&) + Gle — &) Vu(§y) - ky — u(§) VG — &) - by
+ () kT V26 — &) by + 50l — &) by 15 Vu(E) by
- (;Vu@j) : ky) (;VG(:c —&) ky) +O(|ky[*).

For the spherical scatterers, due to the symmetrical property, it is easy to check
4
/ yidy =0, / yiy; dy = 7= R0,
B B
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where d;; is the Kronecker delta function, thus

dy= 377376l - @)u@j)(km?’

e [ Gl & - nuts +9) 3

+ TR 1 (56 - ) 8u(E) + 5u() 5 5GE - &)

- 1VG(e = &) 1VuE) ) + O((kR)) (31)
Note that
(A + k2)u(§]) = 7k2TjU(£j)7 (A —+ k2)G(£ZJ — SJ) = O fOI‘ X 7é fj,
which yields
Au(E) = (4 )u(Ey), DG - &) = ~Gle - &),

substitute the above into (3.1) then we get

#r; [ 6o =& = (& + 9y = o 16l — &u(s)

01 (3906 -6) pvue)) vo(umy),  (32)
where
ajzgwj(kR)S ‘fg <1+;TJ)(1€R)5, ,sz—%rj(m)i (3.3)

thus we have the formula for x € R3\ U]Nil B(¢&;, R) that

)+ Z[aj &u(E;)

+ 8- ;(;VG(fE = &) kVu(é})) +O((kR)7)} (3.4)

One can use this formula to evaluate the wave field in the free space when u(§;)
and +Vu(¢;) are known for each j, which will be given by solving extended
Foldy-Lax system derived in the next section.

4 Derivation of Extended Foldy—Lax System

4.1 Reformulation of u(&), l=1,..., M

Recall the solution formula at & in the first equation of (2.7), which can be
rewritten as

(@) = (&) + B 375 [ 66— (s +w)dy+ #m [ Go)ule + ) dy,
i#l B B
(4.1)
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in which the last term distinguishes the self-interacting term.

1. Evaluation of the integral term for each j #[.
By Taylor expansion, for |ky| < kR,

G(En — ) = Gléa) — VG -y + 5hy" 25V ClEx) by +O(kyP),
u(Es +y) = u() + TVu(E)  ky + ShyT V(&) ky + O(IkyP?),
thus
G(&1 - yules +y) = GEu(E) + Gl&n &) w(@)
. %u(@-) By 5 VPG(E) by + 5 Gl6, &) by 15 Vu(E) by
() £ VGEn) - by (,1%(@) : ky) (;VG@) ~ ky) +O(JkyP?).

Similar calculation as in last section yields
#ry [ Gl —ypute; + ) dy
B
1 1/1 1 .
= a2 G(Eul&) + 8- | L VG(E) - V(&) | + O((kR)"), (4.2)

where «;, (; are defined by (3.3).

2. Evaluation of the integral term with &;.
When |ky| < kR, we use

u(E ) = ul@) + 7 Vu(&) - ky + Sky" V() ky+ O(kyP)

to get

k2n/BG(y)U(£z+y) dy

etklyl 1 1 o1
= k3n/ m (u(«fl) + %Vu(fl) . ky+§kyTﬁV2u(§l) ky+0(ky|3)) dy

g / () E /eikly Ly Lv2u(@) ky dy+o((kR)°)
—Tl4k||yul Tl 47rk|y|2yk2 ul§r) Ry ay .

After direct calculation we find
K / G(y)ul&s +y) dy = - u(&) + O((kR)®), (4.3)
with
1 2 ’l 3 1 Tl 4 7/ Tl 5
— : (141 S . (44
w=n(GR2 + e - g (14 Jkrt - (14 5 )@ ). @
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Now, substitute (4.2) and (4.3) into (4.1) we have:

) =ui(@) + X o §O(Eu) + 5 (1766 17U |

J#l
+ - (&) + O((kR)®) + M - O((kR)"), (4.5)

where o, 5; and n; are defined by (3.3) and (4.4) respectively.
The value of u(&;) evolves 1 Vu(&;), we still need to evaluate the gradients
of the field at each scatterer.

4.2 Evaluation of the gradient of the solution

Rewrite the gradient of the solution at & in the second equation of (2.7) as

*Vu(fl) = fVu fl + k2 ZTJ/ VG fjl )U(fj + y) dy
J#l

Tz/ kVG uw(& +y)dy, (4.6)

we then derive the asymptotic expansion of each term above. For the integral
term of each j # [, similar calculation like the one in last subsection yields

k*7; /B %VG(@‘Z —yu(§ +y)dy =aj - ;(;V> G(&)ul&))

w5, H((29) atn - Evuey) + o) (1.7

where the coefficients «; and 3; are defined by (3.3).

The integral term with & in (4.6) is a little bit different from the corre-
sponding term in (4.1), since the integration here involves the gradient of the
Green’s function but the original integration deals only G. The gradient of

Green’s function is
1 ) 1 ky
-VGy)=|i— — |Gly)—,
£0) = (i g )y

thus

vn [ FVGulsi+ ) dy

—k37/(i—1> el ky(u(f)—FIVu(ﬁ)-k‘ +O(|k |2))d
"Js kly| ) 4rkly| kly| Yk v Y v

by direct calculation we find

Tl / VG fl + y) dy=20;- Vu(&) + O((kR)G) (4.8)

with

o = g(;(m)? + é(kR)“ - 11'5(/@3)5). (4.9)
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Next, substitute (4.7) and (4.8) into (4.6):
1 1, 1/1
7 Vul&) = L Vu'(&) + Z {Oéj i (kv> G(&u(&)) (4.10)

+ﬁj]1€<<11€> G(&j) - Vu(gj))}wl %Vu(&)JrO((kR)6)+MO((kR)7),

where «;, §; and §; are defined by (3.3) and (4.9) respectively.

4.3 The extended Foldy—Lax system
Combining (4.5) and (4.10) together we have

. 1
u(§) = u' (&) + aj - —G(E)u(&;) + B - VG (&) - Vu(éj)
) = ui(g ;[ e k( l )}
+m - u(&) + O((kR)®) + M - O((kR)7),

L ou(e) = Lvui(e) + > o1 (57) s

+lei(<li >2 G(&i) - Vu(§])>}+01 %Vu(&)JrO((kR)6)+MO((kR)7).

It is obvious that the number of scatterers M is no more than the order of
(7=)3, then the higher order term in above system is of O((kR)®). Omitting
the higher order term, we have

(1= myul) = (&) + 3 oy 1 G&u(E)
J#l

+ B; ((;V) %G(gjl) : ;Vu(fj))] :

(=00 (37 )uten - wi(aw;[aj (77) z6tenuts)

v5((5¥) ot tvue))|

denote
1 _ 1 1
=u(&), uj=u'(&), v *VU (&), 1= Vul&), G=1G, g=VG,

then we have

(1 —m)w = uj + Z a; G(&n)u; + B; ( (&) - ”j)]v
J#l

(L= 0o =vj + Y {Oéj 9(&1)u; + B; (;V>g(§jl) ”Uj],

J#l

(4.11)

Math. Model. Anal., 19(1):85-98, 2014.
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this is a self-consistent system, which is called extended Foldy—Lax system.
Here «o; and f;, defined in (3.3), are the scattering amplitudes of the j-th
scatterer, the first term in the summation is the source while the second term
enclose the dipole effect. Furthermore, 7; and 6;, defined in (4.4) and (4.9), are
correction terms due to the self-interacting effect. Recall the field outside the
scatterers is given by (3.4), which can be approximated as

+Z{O‘J G (@ = &)y + By gz — &) - v)) (4.12)

for # € R3\ Uj\il B(&;, R), one can evaluate u in the free space once the
extended Foldy—Lax system (4.11) has been solved. Note that the linear system
(4.11) can be rewritten in matrix form, with coefficient matrix being diagonal
dominant when kR is sufficiently small thus uniquely solvable.

Foldy [5] and Lax [10] assume that 8; = 0, 7 = 0 and 6; = 0 in (4.11)—(4.12).
The main feature of this approach is that the extended system includes the self-
interaction effect and dipole effect. We further note that, although the above
computation is derived for spherical scatterers, theoretically it can be directly
generalized to more general shape of scatterers, by adapting the computation in
Section 3 with B replaced accordingly. However the computation will depend
on the configuration of different shapes, and may only be very much practical
for simple geometry.

5 Accuracy Check

In this section, we will check the accuracy of the the approximation given by
extended Foldy—Lax self-consistent system. To achieve this purpose, we com-
pare the difference from exact wave field at each scatter given by Lippmann—
Schwinger integral equation to the approximate field derived from the extended
Foldy—Lax self-consistent system [11]. Our main result in this section is the
following theorem.

Theorem 1. Give a bounded domain 2 C R3 enclosing M disjoint identical
spherical scatterers, each one centered at §; with radius R, |&§ — &;| > R for
L#£4,L,ij=1,....M and v > 2. Assume kR be small and kR - M ~ 1. Let
u(§) and %Vu(fl) be the exact wave field and its gradient at & given by (2.7),
u; and vy be the approximate field defined recursively by (4.11). Then we have

2 2
> lul&) = |+
=1

2
< O(kR)'. (5.1)

uw(&) —u

Proof. The theorem can be proved by the method used in [11]. First, we
introduce the intermediate quantities

ul—ul+2[a3 (€)u(es) + B, g(6n) - Vu@j)]w'u(sl), (5.2)
J#l
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_ i 1 1 1
n=v 4y [aj 9(&n)u(&;) + B; (kV>9(§jz) kvu(é}‘)} + 0 - Vu(&),
J#l

then from (4.5) and (4.10) we readily know that

ule) -~ | ~ORY. | 1vu(e) ~u|=0WRr.  (53)

Next, we calculate that

Z[O‘j G (&) (u(&)) — ug) + B; (&) - (;VU(@) - ”a‘)}

J#l

|t — w| =

+ m(w(&) — w)

< Z[’O‘J (&) (w(&)) — u; ’_" Bi 9(&u) - (1vu(§j) _Uj) }
J#l

+ (&) — w)]

<O(KR)?* Y _|u(&;) —uj| + O(kR)* Y %Wéj) —
G#l J#l
+ O(kR)*|u(&) — w]
M M 1
<O(kR)* |u() — u;| + O(kR)* > kVu &) — v
j=1 Jj=1

We note that M ~ (kR)™!, which will be used repeatedly in the following
derivation, thus

2

1
—Vu(&;) —vj| -

k

M M
la —w]? < O(kR) Z () —ug|* + O(kR)® Y (5.4)
j=1 j=1

Similarly we have

3 [aj 9(&) (w(&;) — uy) + B; (;V>g(§jz) (;Vu(fj) - vj)}

U, — v =

j#l
1

+ 0 (kvu(fl) —Uz)
M M 1

O(kR) > |u(&;) — u;] + O(kR)* > = Vu(g)) = vj),
j=1 j=1

thus
M M 1 2
o, — u|* < O(kR) g (&) —u;|” +O( kR?’; FVu(&) =) . (5.5)

Math. Model. Anal., 19(1):85-98, 2014.
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With above inequalities, we have

lu(&) — Ul|2 < |u(&) - ﬂl’2 + |u — w|?

M M 2
< O(kR)'2 + O(kR)* Y _|u(¢;) — uj|”* + O(kR)® w ,
7j=1 j:1
2
‘ Vu(&) — v S’ u(&) — +\Ulfvl\
M My 2
12 3
< O(kR)" + O(kR) g —u;|* + O(kR) ; 7 Vu() :
take summation over [ of the above to get
M 2
> Ju(&) — wl
=1
M M 1 2
< O(kR)™ + O(kR)* Y _|u(&;) — u;|” + OkR)* Y 2 V(&) — v
j=1 Jj=1
M 1 2
2 _
; kVU &) —u
M M 2
< O(kR)" + O(kR)*)_|u(§)) :
j=1 =1
thus
M 2
Z‘ &) —uz} + (kR) Z VU& -
1=1 1=1
M M|y 2
< O(kR)"™ + O(kR) (Z:: —u)* + kR)Q; 7 Vul&) = vj )
and further
M ) M 1 2
> [u@) —w|"+ (kR Y| Vu(&) —u| < O(kR)"
=1 =1

which is the result of Theorem 1. O

6 Concluding Remarks

Comparing with the accuracy analysis of Foldy—Lax approximation derived
in [11], we see from the above analysis that the accuracy of extended Foldy—Lax
self-consistency system on approximating multiple scattering in low frequency
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regime is much better than the original Foldy—Lax approach. Recall that in
the same setting of Theorem 1, the result in [11] is

M
Z’u(fl) - ul]2 < O(kR)H%/y?

=1

for the original Foldy—Lax approach, where v > 2 characterize sparsity of
distribution of scatterers. In the present analysis, we don’t ask the sparsity
but included the dipole effects and the self-interaction corrections, which give
an upper bound of the error as order O(kR)!. This suggest that the dipole-
effects and self-interaction effects are essential on improving the accuracy of
multiple scattering approximation, despite they have been neglected in the
original Foldy—Lax approach which has been widely used. This new formulation
is expected to be used in [7,8,9] or other applications, to improve the numerical
accuracy of small scatterer multiple scattering in wave simulation.
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