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Abstract

We present a rigorous proof of polynomial eigenstress inducing polynomial strain of the same degree
in an ellipsoidal inclusion. The coefficients of the induced polynomial strain are explicitly given
in terms of elliptic integrals. The analogous Eshelby’s tensor for polynomial eigenstress is also
computed, and applied to solve the inhomogeneous problem as an example of applications.

1 Introduction

Since the seminal works of Eshelby (1957; 1961), the inclusion problem has played a critical role in
the development of predictive material models (Mura, 1987; Nemat-Nasser and Hori, 1999). In a
broader physical context, a number of problems of practical interest can be formulated in a similar
form as the Eshelby inclusion problem in linear elasticity, including models in electrostatics, magne-
tostatics, piezoelectrics among many others. The remarkable uniformity property of ellipsoids, i.e.,
uniform eigenstress inducing uniform strain inside the inclusion, allows for explicit and closed-form
predictions to important physical quantities such as stress concentration factor, force and torque on
the inclusion, and effective material properties in the dilute limit which may be extended to finite
volume fractions by the mean-field type theory of Mori-Tanaka (Mori and Tanaka 1973). Motivated
by the uniformity propoerty of ellipsoids, the author and coworkers have recently constructed new
shapes called F-inclusions with similar uniformity property but for different boundary conditions
(Liu et al., 2007; 2008). Much of the analysis based on the Eshelby’s solutions can be applied to
E-inclusions and account for interactions between inclusions (Liu 2009; 2010).

At the advent of modern nanotechnology, there is a renewed interest in the Eshelby inclusion
problems, especially for nonuniform eigenstress. A particular application motivating this work is
to find the force and torque on an ellipsoidal particle subjected to a nonuniform applied field in
electrostatics or magnetostatics or elasticity. This problem arises from a number applications. For
example, in the design of magnetic nanotweezers (Neuman and Nagy 2008; Gosse and Croquette
2002), it is critical to relate the force and torque on the particle with the applied nonuniform
field so as to achieve precise control and manipulation of nano-particles. Also, to understand the
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mechanism of clustering or segregation of particles in a solution, an accurate account of interaction
forces between neighboring particles requires replacing the assumption of uniform induced field by
a nonuniform one in the particle (Sun et al., 2000; Pankhurst et al., 2003). In fracture mechanics,
the micro-crack models in the process zone can no longer be analyzed by the Eshelby’s solutions
(Hori and Nemat-Nasser 1985; 1987).

Asaro and Barnett (1975) presented a generalization of the wuniformity property of ellipsoids.
They concluded that for general anisotropic solids a polynomial eigenstrain on an ellipsoidal in-
clusion induces a polynomial strain of the same degree inside the inclusion. Though widely used,
some steps in their argument, e.g., switching the order of integrations for integrands which are not
integrable, may require careful justification. Also, it is peculiar that the argument appears to work
only in three (or odd) dimensional space. For example, in two dimensions the argument requires
evaluating the critical integral f32 (x)0(k - (x' — x))dx’ for a circle By := {x € R? : |x| < 1} and
unit vector k = (ky, k). Yet, by analogous argument we obtain (k* = (kg, —k1))

) Vickx?
/ ()76 (k - (%' — x))dx’ = (k- )k + skb)*ds,
By —V/1—(k-x)2

which does not yield the desired results that the above integral is a polynomial of x. Similar issues
exist in Mura and Kinoshita (1978).

In this paper we present a rigorous proof of polynomial eigenstress (or eigenstrain) inducing
polynomial strain of the same degree for the homogeneous inclusion problem. Further, the coef-
ficients of the induced polynomial strain are explicitly and systematically calculated in terms of
elliptic integrals. In a similar manner as for uniform eigenstress, the equivalent inclusion method
can then be applied to solve the inhomogeneous inclusion problem subjected to a nonuniform
polynomial far field and to address the problem concerning the interaction between two spherical
inhomogeneities (Moschovidis and Mura, 1975; Rodin and Hwang, 1991). Solutions to the inhomo-
geneous inclusion problems are the foundations of many material models concerning, for example,
composite materials, solid-to-solid phase transformations, cracks and dislocations.

The paper is organized as follows. In § 2 we focus on simple p-harmonic problems. By u-
tilizing spherical symmetry we explicitly solve p-harmonic problems for uniform sources in § 2.1
and nonuniform polynomial sources on a unit ball in § 2.2. In § 2.3 the solutions are extended to
ellipsoids by observing that ellipsoids are linear transformations of the unit ball. In § 3 we solve
the homogeneous Eshelby inclusion problem for general nonuniform polynomial eigenstress, which
is then used to solve the inhomogeneous Eshelby inclusion problem by the analogous equivalent
inclusion mehtod in § 4.

Finally, we remark that although terminologies from linear elasticity are employed for con-
venience, the solution techniques and results apply to problems in electrostatics, magnetostatics
among many other settings where the corresponding fields are governed by second-order linear
elliptic partial differential equations.

Notation. For an n-tuple nonnegative integer index (aq,- -, ;) and a vector x = (1, -, Zp),
we denote by

olal
_ _ 01 Qn o
al=a1+- Fa x* =o' DY =—F%——5.
o] " ! ’ * Ozt Oxpn

The Greek letters «, 8,v will be reserved for such multi-index; v < « if and only if v; < a; for all

i =1,---,n. The number of different « for fixed |a| = p is given by % (Hazewinkel, 2001).



For any function f : R” — @ we denote by f its Fourier transformation:
fk) = | fx) exp(—ik - x)dx. (1)

For a nonzero vector k € R”, denote by k = k/|k| the associated unit vector with components

~

(12:1, -+, ky). Also, we recall the Leibniz formula (Rudin 1991, p. 159, 177)
D*(fg) =Y _ cayD* 7 fDg, (2)
y<a

O(i!

_ n
where coy = [ Al B

2 Solutions to the p-harmonic problems and their implications

2.1 Uniform sources on a ball

We first consider problems with uniform sources supported on a unit ball. Let B,, C R™ be the
unit ball centered at the origin and xp, (=1 on B,; = 0 otherwise) be the characteristic function
of B,. We shall modify the source such that all integrals arising from Fourier transformations can
be interpreted in the sense of Riemann or Lebesgue (Rudin, 1987). For any n > 0, let w,, : R® - R
be a smooth function with the following properties:

e Spherical symmetry: w, = wy(r), r = |x|,
o wy(r)=1ifr <1and wy(r)=0ifr > 1+,
o AST]_>O) fRn |w77_XBn|q_>Of0r anqu 1

Using integration by parts and change of variables, we can easily show that the Fourier transfor-
mation 0, is smooth, real-valued, spherically symmetric, and decays faster than any polynomial
(Rudin, 1991, p. 184). For an integer ¢ < n, define a function A7 : R — @ as

1

A(t) = @ /O " ot exp(ikt) iy (k)dk = AL, () + i\, (t), (3)

where subscript “.” (“,”) refers to “even” (“odd”),

(AT.(#), Aly(1)) = (2711)” /OOO k"0 cos(kt), sin(kt)]iy, (k)dk. (4)
It is clear that
Afe(t) = Afe(=t),  Af(t) = = Ao (). (5)
By differentiation,
d g1 ) d 1 d 1
SN =AU, e, TAR() = AL, SAL() = AL ). (6)

We remark that the functions defined in (3)-(4) are smooth on R and will play a pivotal role in our
subsequent analysis.



To explore the properties of A%, for any positive integer p we consider the p-harmonic problem
APy, = —w, on R™. (7)

It can be shown that solutions to the above equation exist in

B o= s [ 30 1D < ool (3)

|o|=2p

and that the solution is unique within a polynomial of degree 2p — 1, see Gilbarg and Trudinger
(1983).

By spherical symmetry we seek a special solution that can be written as ¢, = 1, (r) and rewrite
(7) as the following ordinary differential equation:

L d ad
rn—1 dr

[ 1 () = —wy(r) vr>0. 9)

If n > 2p, we can enforce the boundary condition
Pp(r) =0 as r — +00, (10)

which eliminates the arbitrary polynomial of degree 2p — 1. In other words, if n > 2p, equations
(9)-(10) admit a unique solution which belongs to H? and satisfies (7).
It will be useful to explicitly solve (9)-(10) for n > 2p. The results are as follows:

Lemma 1 If2p <n, as n — 0 the solution to (9)-(10) is given by

,S,.25 :
bolr) = { 0 AnT ifr<1 (1)

ZP 1BP75 2s+2—n if 7> 1’

where the coefficients AL® and BY® are determined recursively by

1 1 1
L 0_ _ - po_—_ -
" 2n’ " 2(n—2)" " n(n—2)’
AP = 2525 +n — 2)/1*7’*1’571 BP® = 25(25 + 2 — n)BP~ b1 (12)
p p—1 p—l
> A=) B Z%A’” =D _(2s+2-m)BL".
s=0 s=0 5=0

Proof: ~Asn — 0, w, — 1 on B, and vanishes otherwise. In this limit, by induction on p
we conclude that the solution to (9)-(10) is necessarily given by a finite series of form (11). To
determine the coefficients in (11), we first notice that if p = 1,

7" + (n o) if r <1,
L if r > 1,

n(n—2)rn—2

Yi(r) =

which confirms (12),. By (7) we have Ay, = 1,_1, and upon differentiating (11) we obtain (12),.
Finally, the continuities of v, and d%@[}p at =1 imply (12)s.
|



We remark that the above recursive formulae (12) are sufficient to determine all coefficients
D,s p,S 3
Ay” and Bp”. In particular, we have

APP — —1 7
" 2pl[[i1(25 — 24 n)

and hence
B -1
I, @s 24 )

Further, since the solution to (7) in H?P is unique within a polynomial of degree 2p — 1, it can be
shown that equation (13) applies to any p > 1 and n > 2.

On the other hand, by Fourier transformation we can formally represent the solution to (7) in
H?P as

D4y (r) Dr®  V¥r <1 if |a] = 2p. (13)

-1 1 o

609 = (o | s POk 0,090 1)
and hence for any multi-index a with |a| > 2p — n,

D2 ST [ g2 exp(ik - )i ()
e p(x) = (27r)"/n exp(ik - x)uy (k)
—glal=2p . 0 ) L . .
_ o / ke / KI=204n 1 e ik - x) iy () ddpa ()
@m)™ Jen-1 o Jo
:_ww%/ ke A2l (k- x)dp(k). (15)
Snfl

If |a| = 2p, by (13) we see that Dg1,(x) is uniform on B,,, and hence

_ kA9 (k - x k) = — k*A0 (k- x K) = —wy, kd (K X n
/Snl kA5 (k- x)dpu(k) /Snl KAy (k - x)du(k) /Snl k*dpu(k) € B,, (16)

where

1 >
_ A0 _ n—1 -
wn = Ay (0) = @) /0 k" by, (k)dk.

Upon evaluating (15) for AP at x = 0, we find that

1

:—wn/ duk) =  w,
x=0 Sn—1

Therefore, by (13) and (15) we have that if |a| = 2p,

R . 1
k%du(k) =
][Sn1 (ko) 2°p! [T2_,(2s — 2+ n)

where § denotes the average value of the integrand on the integration domain. In particular, for
a = (2p,0,---,0) we have

a, 2p
DyrP,

o0 2p)!
E2Pdp(k) = ( .
f oo R = o G

Since equation (16) holds for any a with |a| = 2p (p = 1,2,--+), one may see that A%e(t) is,
in fact, constant for ¢ € (—1,1). This can be used to show the remarkable uniformity properties
of ellipsoids in the context of second-order constant-coefficient partial differential equations. For
future convenience, we summarize below.

(18)




Lemma 2 Let A%, Ale, Alo : R — @ be defined as in (3) and (4). Then for any t € (—1,1),
(i) if ¢ =0, AD.(t) = wn;
(ii) if ¢ < 0 is even, Ade(t) = 0; if ¢ < 0 is odd, Ado(t) = 0;

(iii) if 0 < q=2p <n,

p—1

2:0 P7 2m 2p—1 _ DM Wn 2m+1
A? Z cr . AR =) on Bt (19)
m=0
where the coefficients Ch.™ and Chy" satisfy
Cgém — _Cﬁiym_l Cg])@ 1,m— 1 (20)

Proof: First, we notice that (ii) and (iii) follow from (i), (5) and (6). The requirement that ¢ < n
arises from the convergence of the integrals, i.e., (3) and (4). Property (iii) might prevail if the
definition of the function A? could be appropriately generalized for ¢ > n, which, however, will not
be pursued here.

To show (i), we simply notice that (16) holds for any o with |af = 2p (p = 1,2,---). For
any x € By, k — AO (k x) is even and smooth on S™~! while the vector space spanned by
{Ra la] = p, p = 1,27 -} is dense in C(S" D). Therefore, by the localization theorem we
conclude that AO .(k - x) is independent of k, and hence A .(t) is constant for ¢t € (—1,1).

|

It will be of interest to explicitly compute the coefficients Cﬁem and Ch" defined in (19). First,
by (20), it is sufficient to determine all C?™ and CEJ" if CBY are known for p > 0. By (i) of
Lemma 2, 07(7),60 = 1. Further, by (14) we find that if 2p < n,

—1 1 ; ; 1)P Pk - x L
50 = g [ i o0l 0 00k = (10 [ A2 x0du)

Therefore, by (12); we have that as n — 0,

1
p,0 _1\p+1 — (_1)\Ptl gp,0 : _ — ALO0 _
O = (~1 (0| = (-1pARS, (ifp=1) = A} S

2.2 Nonuniform polynomial sources on a ball

The problem defined by (7) essentially concerns a uniform source term supported on the unit ball
B,. We now consider a nonuniform polynomial source term. Since our interested problems are
linear, it is sufficient to consider monomial x sources on the unit ball. In parallel to (7) we consider
the p-harmonic problem

AP, = —x"wy, on R”". (22)

It can be shown that the above equation admits a solution in H??, and the solution is unique within
a polynomial of degree 2p — 1 (Gilbarg and Trudinger, 1983). In other words, all derivatives Dg ),
are uniquely defined if |a| > 2p.

By Fourier transformation we can formally represent the solution as

—1 1
000 = o [ g v DR 00

6



and hence any fS-derivative of ¢, with |3| > 2p + |a| — n can be represented as

8 (—1)lel+141B1=lol=2p kB . o
Dip(x) = @) /Rn K[ exp(ik - x) Dgwy, (k)dk

—qlBl=lal=2p KB X
= (27T)”/"D [|k\2p exp(ik - x)}wn(k)dk

_ZIﬁHI’YI lal—2p pe- 7
= Zcmx / |k|2p exp(ik - x)w,(k)dk

— _jIBlFII=lal=2p Z CMXW/S 1 ggﬂ(l;)/\%pﬂal—lvl—\ﬁl(l; - x)dp(k), (23)
y<a "

where the second equality is obtained by integrating by parts, the third follows from the Leibniz
formula (2), and

al—|y|— — kB B
gg,v(k) _ ‘k’2p+\ [—[l \BID;‘ ’y[’k|2p:| :ggi,y(k) (24)

If |8] = 2p + |af, gg_v(f() is even (odd) if |y| is even (odd), and hence by Lemma 2 and (23) we
have

kA N . kP .
B —_ 0 = —
DL = [ D [ A )k fo o e u®) VX EBa (29)

The above equation implies that 1,(x) is necessarily a polynomial of degree 2p + |a| in the unit
ball B,,.

2.3 Extensions to ellipsoidal sources

Let Q@ := {x: Y. 2?/a? < 1} with 0 < a; < az--- < a, be an ellipsoid. We introduce the
transformation:

wy(x) = wy(y), y=A"'x (26)
where A = diaglay, - ,ay]. It is clear that the source function w : R™ — R has the following
properties:

o wy(x) =1if x € Q and wy(x) = 0 if x ¢ Q and dist(x, Q) := minyecgn [x — y| > ann .

e The Fourier transformation of fw;] satisfies
y (k) = /n wy (x) exp(—ix - k)dx = det(A)w,(Ak) = det(A )i, (JAk]). (27)
In parallel to (22) we consider the p-harmonic problem

AP, = —xw)) on R”". (28)

The above equation similarly admits solutions in H?? which are unique within a polynomial of
degree 2p — 1 (Gilbarg and Trudinger, 1983). If |5| > 2p + |a| — n, in analogy with (23) we can



represent the solution as

D (—1)led+14181=lel=2p k3 0 D (1
i) = g [ esaliie ) Dy k)

1Bl ~lal-2p

:#chx / Do~ v ‘k’2p]exp(zk x)1i, (k) dk. (29)

Inserting (27) into the integral on the right-hand side of (29) and changing integration variables,
we obtain (cf., (24))

/Sn_l Gor—r () /0 g 12l t B exep (ikk - x)iby, (k| AK])dkdp(k)

det(A)g_ (k o0 k - A
- / 1ot(A)ga (k) =200l 18l e (k! S X Y () d()
S

n-1 | Ak[n=2p—lal+IyI+IB] Jq |AK]|
det(A)g?_ (k k .
:(27T)n/ - (_ )i]a 5 (k) A2p+\a| Ivl- \BI( )d#(k) (30)
gn—1 | Ak|n—2p=lal+hyI+I5] |AK|

If |8] = 2p + |af, gg_v(f{) is even (odd) if |y| is even (odd), and hence by Lemma 2 and (29) we
have

o det(A) .1 kP 7, -
DB, (x) ][SM AL Dg hkPP}du(k) Vx € Q. (31)

The above equation implies that 1),(x) is again necessarily a polynomial of degree 2p + |a] in the
ellipsoid §2.
Further, if |o| < n and |B] = 2p, by (30), equation (29) can be rewritten as

.
Aet(A) oy () oy KXy (32)

D)[z x) = _i|7‘7|a‘ Co X’Y/ ——— A
Yp(x) Z v gn—1 |Ak|r—lal+hl T |AK|

<o

More explicitly, if |«| = 1, |8| = 2p and n > 2, by Lemma 2 and (32) we have that for x € Q,

Buy (x) — — det(A) . Ol 1 LB A
DLy = —f e 00gk ek an (33)

If |a] =2, |B| = 2p and n > 3, by Lemma 2 and (32), similar calculations yield that for x € €,

DBp,(x) = —][ det(A) {[1(1; %)? - 2’Ak|2]|k\ Dk

sn-1 |AKk|" (n—2)
+ Y cayx'(k-x)Dy K’ +xaf<ﬁ]dﬂ(f<). (34)
v=17<a

We remark that all coefficients associated with polynomials in (33) and (34) are elliptic integrals
and can be conveniently evaluated (see Appendix). In addition, we can apply the above formulae
(32)-(33) to spaces of dimension d < |a| by considering the limit of ellipsoids in a higher-dimensional
space of dimension n = 1+ |a| with some of the semi-axes approaching infinity. Therefore, the
solutions (32)-(33) are actually not restricted to n > |a/.



3 Solutions to the homogeneous inclusion problem with nonuni-
form polynomial eigenstress

We now consider a second-order linear elliptic system which determines the relevant fields in a num-
ber of physical settings including elasticity, electrostatics and magnetostatics. Let Cg : R™*"™ —
R™*" be a positive semi-definite symmetric tensor satisfying that for some ¢ > 0,

(Co)pigi(a)i(a);(b)y(b)g > clal’[b[*  VaeR" beR™ (35)

The collection of such tensors is denoted by L. Consider the following problem for u : R® — R™,

(36)

div(CoVu + P*wy) =0 on R",
|[Vu| =0 as |x| — oo,

where

P* € P, ={P:R" — R™" : every component of P is a polynomial of degree < ¢}.
n+s 1)!
(n—1)ls! *

this problem may be recognized as the homogeneous ESHELBY s inclusion problem; Cy (P*) is the

elastic stiffness tensor (eigenstress).
The following theorem is presented in Asaro and Barnett (1975), Mura and Kinoshita (1978)
and Mura (1987, p. 158) in three dimensions.

We remark that P, is a linear space of dimension nm Y 7_ In the context of elasticity,

Theorem 3 The solution to (36) satisfies that

Vu o S (37)

Proof: Since (36) is linear, it is sufficient to show (37) for eigenstresses
P* =x"P’ =2 a0P?  VPY e R™ (38)
For the homogeneous problem (36), the method of Fourier analysis can be conveniently used. Let
[D)]pq = (Co)pigj (®)i(k);,  [D(K)] ™" = [cof D(k)]" / det(D(k)). (39)

By the first of (36) we find the Fourier transformation of u is given by

i|a|+1 [COfD(k)]TPOk

uk) =
o || det(D(k))

DRl (k) VkeR™ (40)

Let
(k)?[cofD (k)] TPk
det D(k)

b (k) = (41)

Note that hf(tk) = t¥I=Th# (k). If |a| < n+|8| —1, it is legitimate to integrate by parts and obtain

i1Bl+lal+1
DPu(x) = e / ) h? (k) exp(ik - x) D, (k)dk
j1Bl+lal+1 . , y
= | \W / nDk[hﬁ(k) exp(ik - x)]], (k)dk
= (1)l \ZW'HQHMH anﬁ,x / DY~ 'hP (k) exp(ik - x) n(K)dk, (42)

<«



where the last equality follows from the Leibniz formula (2). Inserting (27) into the above equation
we obtain

5 i1 B+l +yI+1 oy B . X .
Diu(x) = ()WZCQWXV/ D, "h” (k) exp(ik - x) det(A)w, (|Ak|k)dk
<o
181+l [y +1 det(A)E?__ (k) k-
! — ol +1-8]- |
_ . Al dp(k 43
(=Dl Z; 7 /n 1 |AK[P1- |a|+|w|+|/3\ (|Ak|) (k) (43)
where

fgfv(k) = |k||04|+1—\/3|—|7|D10{4—7h6(k) — fgfv(f{)'
If |8| = |a| + 1, by Lemma 2 we obtain

££ (k)
gn—1 |A1;|n

Diu(x) = — det(A)][ duk) VxeQ,

which completes the proof of (37).

By the above theorem we define a linear mapping T : P, — P, by

T(P*) = Vu| . (44)

As an example, below we explicitly calculate the linear mapping T defined by (44) for tensor Cy
of the form:

m=mn and (Co)pigj = H10ij0pg + H20pjdiq + Aipdjq, (45)

where d;; (i, =1,--- ,n) are the components of the identity matrix I. By (35), the constants 1,
12, A necessarily satisfy

M1+ 2
—

1 > po, 1+ p2 >0 and A > — (46)

The physical interpretations of the above tensor are versatile. For instance, (i) if g1 = p2 = p > 0,
Cy can be recognized as an isotropic elasticity tensor, and (ii) if uo = A = 0, Cp can be identified as
an isotropic permittivity /permeability tensor in electrostatics/magnetostatics. Direct calculations
show that D(k) defined by (39) is given by

D(k) = w1 [k’ T+ (2 + Mk @ k
and hence equation (40) can be rewritten as

Ha X k@ k(k-P°%k)| D) (k)  VkeR™ (47)

1 PO
a(k) ® (ik) = il**2| —P'%k 9 k —
(k) @ (ik) 1 pi (X + pa + p2)

Comparing the above equation with (34) for || = 2p, we conclude that

1 A
Vu= — POV — — 2T

VVV V)P Vx e R", 48
1 pi (X + pn + p2) ( v2) (48)

10



where 1, (p = 1,2) are the solutions to (22). Inserting (33) or (34) into the above equation, we
immediately obtain the strain field explicitly. Moreover, by (48) we can write the strain field inside

B,, in the usual form as
Vu(x) = -R*x)P’ VxeQ,

where

R (x) = (89 (x) - — 2+

— S¢ .
pr pr (A pr + p2) ()

If |a| = 0, the tensors SY and S are uniform on €2 and given by (S9)pigi = pe(Q)ij,

Z--:detA][ L du(k), Soi':detA][ PO q(k).
(Q)] ( ) sn71|Ak]" F‘( ) ( 2)p qJ ( ) o Ak|” N( )

If |a] =1 and n > 2, by (33) the tensors S§ and S§ are linear on 2 and given by

(x - k) D (kikj) + x“kik;
SY)ig; = det(A)S ][ " 5 du(k),
(ST)pigj pq J— AL (k)
K) DY (kpkgkik; o kokik: -
(Sg)piqj _ det(A)][ (X ) ( ) +x phvg J d,u(k)
Snfl ‘A_k|n

If |a] =2 and n > 3, by (34) the tensor S§ and S§ are quadratic on © and given by

det(A)[.1,~ . |Ak|2 PO
Wpigi = > —(k- — ———|k|* Dy (k;k;
(ST)pigj 5pq][5n_l Ak [[2( ) 2(n — 2)” ’ i (kik;)

FOY eI ) x| )
[vI=1,7<e

N det(A)[.1 o Ak[? PR
(83 = f WL 502 = AR e Do)
sn—1 |Ak|"?

4 Solutions to the inhomogeneous inclusion problem
We now consider an inhomogeneous problem for u : R” — R",

{div [C(x)[VquF(x)]} —0 on R”,

[Vu| — 0 as |x| — oo,
where
C if Q
c=¢0 xS
C, if x € R"\ Q,

and F € P, is referred to the far applied field and satisfies

div[CoF(x)] =0 in R".

11

(49)

(50)

(51)

(52)

(53)

(54)



Let AC = C; — Cy and assume AC is invertible. By (56), equation (54) can be rewritten as

{div [CO[Vu L F(x)] + AC[Vu + F(X)]XQ] —0 on R”, -

|Vu| — 0 as |x| = oo.
Assume that  is an ellipsoid. Comparing the above equation with (36) and by (44) we see that if
AC[T(P*) +F] =P*,  ie, T(P*)=AC '[P* - ACF], (58)

then the solution to (36) (in the limit n — 0) is also the solution to (57). If the linear mapping
T—aAC ! Py — Pq is invertible, we can formally write the equivalent eigenstress as

P*= —(T - AC ')~ 'ACF. (59)

Further, an important physical quantity, i.e., energy arising from the presence of the inhomogeneity,
is defined as

£(x0,0) — / {[Vu+ Fx] - C)[Va + F(x)] ~ [Vu + F(x)] - o[V + F(x0)]
_ /Q {[Vu+ F(x)]- 2C(0)[Vu + F(x0) b, (60)

where xg denotes the position of the center of the ellipsoid €2 and 8 describes the orientation of the
ellipsoid. Again we notice that the energy arising from the presence of the inhomogeneity can be
determined solely by the interior field inside the inclusion, and hence by the equivalent eigenstress
(59) for given applied nonuniform field F(x).

Explicitly finding the equivalent eigenstress for a given nonuniform applied field F is algebraical-
ly formidable if ¢ > 0 and will be postponed to a future report. To present an example of how
the inhomogeneous problem (54) can be solved by the equivalent inclusion method, we solve the
problem “backward” in the sense that we specify the eigenstress P*, and then by (58), find the
correct nonuniform applied field F(x).

For simplicity, assume that || = 1, n = 3 (three dimensions), and for some P? € R3*3,

P* =z, P
Then by (52) we have (a = (1,0,0)),
(ST)pigj = 1 MY + 2oMy3 + 23M3, S5 = x1N{ + 25N§ + 23Ng,
(M$)pigi = 6pgl(Q)ij — 2(SD)11ij + 2(Q)1161:61;],
(M) pigi = Opg[—2(S)12ij + (Q)22(01i02j + 62:615)],
(M) pigj = Opg[—2(S3)13ij + (Q)33(81i03; + F3i61;)], (61)
(ND)pigj = [(S9)pigj — 4(S9)11pigs + (SD)1igjd1p + (S2)1pij01g + (S3)1pgj61s + (S9)1pgidiyl,
(NS )pigj = [—4(S3)12pigj + (59)2iqj01p + (S9)2pijd1g + (S5)2pgj01i + (S9)2pgid1;],
(N§)pigj = [—4(S3)13piqj + (53)3igj01p + (S9)3pij01q + (59)3pgi01i + (59)3pgid15];

where (Q)ij, (S9)pig; are defined in (51), and

AAAAAA

Jephiqhike ke

) du(k).
o |ARP (k)

(g = det(4)
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Therefore, by (44) and (49) we obtain

| A
T(1P°) = [ (1M +22M3 + 25Mg) — — 12 +

21N 4+ 2oNG + 23N¢) | PO,
111 ul(A+u1+uz)( 1N+ 22NG A 2sNy)

Consequently, by (58) we have

(21N§ + 2oNG + 23N9)|PY.

1 p2 + A
F(x :{w ACT! — —(&1MY§ + oMY + 23MY$) +
) ! Ml( 1M 2 MG o+ 2aMS) pr(A + p1 + p2)

Inserting the above equation into (60), we can compute the energy &£, how it depends on xq, 6,
and the force and torque on the ellipsoid 2 upon differentiating £(x¢, #) against positions xo and
angles 6.

Appendix: Evaluation of elliptic integrals

In the explicit solutions, the coefficients are given in terms of elliptic integrals of the form:

det(A)k? -
I8 = —————du(k). 2
f o Sapn (62)

For |a| = 0 and 8 = 2p, equation (31) can be rewritten as

det(A)K? .
DEap,(x) = ][ Mdu(k) =1 vxeQ. (63)
sn-1  |Ak|"
Further, assume A = diag|a1, ag, - - - , ay] is diagonal, meaning that the principle axes of the ellipsoid

aligns with the coordinate frame. From the real space formulation, it is easy to check the following
properties of 1);,:

1/}10(_1'1; . ) = ¢p(x17 o ')7

where x; can be replaced by any other coordinates x; (i = 1,---,n). From (63) and the above
symmetry, we infer the following properties of the above elliptic integrals 1¢.

(i) If |a| = 0, I° = 1; if any entry in the multi-index « is odd, I* = 0, and in particular, if || is
odd, I* = 0.

(ii) If |af is even , 377, 19725 = J* where ; is the multi-index with |g;| = 1 and the only
nonzero occurs at the jth entry.

A simple MATLAB program for computing the integral (62) is available at the author’s homepage
http://math.rutgers.edu/"11502/EllipticIntegrals/.
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