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Abstract—In this paper we use the “n-method” to obtain a basis-free formula for the time rate E
of Hill's strain tensor E(U) = Z,f(4)N; ® N;; here U is the right stretch tensor, 4, are its eigenvalues
and {N;} is a Lagrangian triad of orthonormal cigenvectors subordinate to {1,}; f(*} is a smooth
strictly-increasing scalar function that satisfies: (1) = 0, /(1) = 1. Our formula is generally valid,
provided that U(*) is a C' function of time and f(*) is of class C*. Until now all other basis-free
formulae for E in the literature have been burdened by one or other of the following deficiencies :
(i) valid only under various special circumstances; (i} a complete proof is wanting. The formula
derived herein is free of these difficulties.

1. INTRODUCTION

Hill (1968, 1981) proposed a class of strain tensors in solid mechanics of finite deformations:

EQU) =X, fLON;®N,, 4y
where

U= Ei 'L'Ni ®N; (2)

is the right stretch tensor, A, are its eigenvalues (the principal stretches), and {N;} is a
Lagrangian triad of orthonormal eigenvectors subordinate to {4;} ; /() is a smooth strictly-
increasing scalar function that satisfies: f(1) = 0, f'(1) = 1. Hill’s class (1) is broad enough
to include almost all the commonly used Lagrangian strain tensors. From eqn (1) it is clear
that E(+) is a well-defined isotropic function of U.

Once E is proposed, there arises naturally the problem of finding an expression for its
time rate E. Indeed Hill himself derived the principal component formula for E [¢f. Guo
and Dubey (1984) for a more compact form of this formula; see also Scheidler (1991a)].
Evidently Hill’s formula, as given in the principal frame {N,} of U, is valid only in that
frame. There remains the problem to find a basis-free formula for E. As we shall explain
in detail below, while this problem has been tackled by other researchers, until now all the
basis-free formulae for E in the literature have suffered from either of the following two
difficulties: (i) valid only under various special circumstances; (ii) a complete proof is
wanting. Our objective in this paper is to find a basis-free formula for E, which is free of
the aforementioned deficiencies. In order that E be well defined, we shall henceforth assume
that U(-) is a C' function of time 7 in an interval 4, and that the function fin eqn (1) is
at least of class C' (¢f. Section 2 below).

Carlson and Hoger (1986a) became the first to obtain a basis-free expression for the
derivative DE of E, from which a basis-free formula for E of course follows immediately.
In their derivation Carlson and Hoger assume that the function f'is of class C” (¢f. Remark
7.2 below). Asserting that the nonuniqueness of the orthonormal basis {N,} when U has
repeated eigenvalues “has been a major source of difficulty” in obtaining the derivative of E,
they abandon eqn (1) and use a representation of E in terms of the eigenprojections of U.
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In another paper Hoger (1986), by using the expressions from Carlson and Hoger (1986a),
derived explicit formulae for the time rates of change of the logarithmic strain tensors.

In the present paper, we shall derive another basis-free formula for E under the
assumption that the function f in eqn (1) is of class C*. In our derivation we do not use
eigenprojections but follow another approach called the “n-method”.

The n-method has been used successfully in the derivation of basis-free formulae for
other tensor-valued functions of tensors [¢f. Guo ef al. (1991a), Guo et al. (1992), Guo
and Man (1992) and Guo (1993)]. It may be outlined as follows: find the tensor equation
or equations the sought tensor should fulfil; confirm the isotropy of the sought tensor
function ; use the representation theorems for isotropic tensor functions ; under the principal
frame reduce the problem to solving algebraic equations and use an algorithm based on
the fundamental theorem of symmetric polynomials to obtain the final basis-free result by
replacing eigenvalues of symmetric tensors, as far as possible, with the corresponding
principal invariants. Unlike Carlson and Hoger’s method of eigenprojections, the z-method
in an intermediary step does follow the work of Hill and take full advantage of the principal
frame ; the final result, however, will be basis-free. For this reason it is called the * Principal
Axis Intrinsic method” (Guo et al., 1991b) or, for brevity, the n-method (Guo, 1992), where
the symbol “n” stands for its phonetic equivalent “PAI”.

After some mathematical preliminaries, we use the z-method to obtain in Sections 3—
5 three different basis-free expressions for K, which are valid over the interior 7 ° of the
subsets of time 7; (i = 1, 2, 3) where the principal stretches are distinct, doubly coalescent,
and triply coalescent, respectively. In deriving these three expressions, we make no further
assumption of smoothness than f to be of class C'. We derive in Section 6 further basis-
free expressions that cover the remaining instants in 7\(Z v .7 3w 79). There we shall
require f to be of class C°. The expressions derived in Sections 3-6 together give a basis-
free formula for E. This formula is generally valid, provided that U(+) is a C' function of
time and f(-) is of class C*. We call ours a complete formula to distinguish it from those
in the literature which hold only under various special circumstances (¢f. Remark 2.1).
Carlson and Hoger’s (1986a) formula is also complete ; there is, however, a gap in their
proof of the formula (¢f. Remark 7.2), and they impose the smoothness assumption that f
is of class C”. We believe that the gap in their proof can be closed and that Carlson and
Hoger’s assumption of smoothness on f can be weakened. Both beliefs, however, remain
to be substantiated by further work.

Our formula for the case of distinct stretches has five scalar coefficients a,. In Section
7 we show that the domains of the functions a, (p = 1,. .., 5) may be extended by continuity
to allow for coalescence of eigenvalues of U. With the functions «, thus extended, the
formula for the case of distinct eigenvalues in fact encompasses all the expressions that
pertain to the other possibilities. Thus we have our formula written in a compact form in
eqn (134).

After completing in spring 1990 a draft that contained Sections 3-5 of the present
paper, several papers (Scheidler, 1991a,b, 1992 ; Wang and Duan, 1991) treating different
aspects of the same topic have come to our attention. The formula given by Wang and
Duan is what we regard as incomplete ; further comments in this regard will be given in
Remark 2.1. Two of Scheidler’s papers study component formulae and approximate basis-
free formulae, respectively. In the third paper (Scheidler, 1992), he gave in one section a
preview of a paper in preparation, where he would treat exact basis-free formulae. It is
clear from the preview that Scheidler will use eigenprojections in his forthcoming paper.
We expect his paper will hardly overlap ours either in method or in results.

Our present approach without major change can be used for strain tensors of Eulerian
type obtained by replacing U in eqn (1) with the left stretch tensor V.

2. MATHEMATICAL PRELIMINARIES

Let R* be the positive reals, 4 be an interval of time, P, be the set of symmetric
positive-definite tensors, and U:J — P, be of class C'. By a theorem due to Rellich
(1969) [cf. also Kato (1982)], we know that there are three C' functions 4,;: 7 — R*
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(i = 1,2, 3) which represent the repeated eigenvalues of U(r) for each te 7. On the other
hand, even if U is of the class C*, there need not exist such 4,(+) that are of class C LA
counter-example to that effect can be easily obtained by modifying the one due to Wasow
[¢f. Kato (1982)]. Henceforth we assume a specific triad of C' functions 4;(*) has been
chosen.

As far as properties of continuity and differentiability are concerned, the eigenvectors
of U can behave even more erratically than the repeated eigenvalues 4,(+). Even if U is of
class C%, it need not possess a Lagrangian triad of orthonormal eigenvectors {N,} that are
continuous on . A counter-example can easily be constructed by slightly modifying the
one due to Rellich [¢f. Kato (1982)], as Scheidler (1991a) did. Both the eigenvalues and
eigenvectors of U(*), however, will be analytic if U(*) is analytic [¢f. Rellich (1969)].

Remark 2.1. Since U(-) generally does not have a continuous Lagrangian triad of
orthonormal eigenvectors {N;(*)}, to avoid pitfalls one must be careful in working with
them. Wang and Duan (1991) recently derived the following “absolute representation” of
E:

E = j[g(U)U+Ug(1)] - }[g(U)(QU-UQ) + (QU-UQ)g(V)] + RE-EQ,  (3)

where g(U) = Z, 1" (A4)N; ® N, and Q is the twirl tensor of U formally defined by
N, =ON, (i=1,2,3). )]

Since E and g(U) can be expressed in terms of the eigenprojections of U and there are well-
defined basis-free expressions for £ over the subsets 77 [cf. Guo et al. (1992)], Wang and
Duan’s formula may indeed be taken as basis-free on those subsets of . However, unless
U(*) is analytic, eqn (4) and hence €2 need not make sense outside the open subsets 7 ? of
7. Indeed, examples [cf. Scheidler (1991a), Guo et al. (1992)] can be constructed in which
some entries of Q tend to infinity as ¢ approaches a boundary point of 7 or 9. Hence,
unless U(*) is analytic, Wang and Duan’s formula ia generally valid only on the open
subsets 7 ¢, not for the entire interval of time .7 . That U be analytic in ¢ is far too restrictive
to be acceptable as a general assumption in solid mechanics. Hence Wang and Duan’s
formula must be regarded as an incomplete one. O

Let R denote the reals. Let 7, 9, and .7, be the subsets of 7 on which the eigenvalues
of U are distinct, doubly coalescent, and triply coalescent, respectively. We use the subspace
topology of 7 in R. The interior 7 of , (i = 1,2,3) is open in J and, if nonempty, is a
disjoint union of (relatively) open intervals. If U is of class C" (1 < n < o0) on 7, then over
each such open interval, the eigenvalues A,(*) are of class C” and there exists a subordinate
Lagrangian triad of orthonormal eigenvectors {N;(*)} that are also of class C". See Guo
et al. (1992) for a simple proof of the preceding assertion, which is also subsumed under a
more general theorem due to Nomizu [¢f. Kato (1982)].

Let f:R* — R be a strictly-increasing function that satisfies (1) = 0 and /(1) = 1.
By appealing to a theorem due to Ball (1984), Scheidler (1991a) has shown that the strain
tensor E(*), as defined by eqn (1), is of class C' if the function fis of class C'. We shall
henceforth assume that f is at least of class C'. Hence the composite function
t— U(t) — E(U(?)) is of class C', and E is well defined on the interval of time .

3. CASE OF DISTINCT STRETCHES

In this section we use the n-method to derive a basis-free expression of E for the
instants r€ 7 ). By definition, 7 { is the interior of the subset 7, of instants ¢ at which the
eigenvalues of U are distinct. Since | is open in I~ and all our considerations are local in
time, we shall simply treat 7 ¢, with no loss in generality, as if it is an interval.

Henceforth we assume that a specific triad of eigenvalues {4,(*)} and a subordinate
Lagrangian triad {N;(*)} have been chosen ; for each i, 4;(*) and N;(*) are C' functions
of time 7 on 7 }. To describe the rotation of N;, we may now legitimately write
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N; = ON,, (5)
where the skew-symmetric
Q=2 o,N®N, (6)

is the twirl tensor [cf. Guo et al. (1992)] for the properties of Q. Differentiating eqn (2)
with respect to ¢, we find that €, as a function of U and U, satisfies the tensor equation

UQ-QU =3, iN,® N,— U. )

If we decompose U in {N;} and denote its components by U,-, (here for U,-j and later
on for Ej;, the dot should not be understood as d/ds):

U= Zi.f U,-_,-N,. ®N,, ®
then from eqn (7) we have
Ui' = ;{i, (l= 17273) (9)
and
wij(ii_)'j) = _Uij’ i+ ). (10)
Since
A #E Ay # Ay #£ 4y (an

for the case at hand, we deduce from eqn (10) the components of € in principal
representation :

_Uij . .
wif_li—i,’ (i # J). (12)

Now, we differentiate eqn (1) with respect to ¢:

E(U; U) = DE(U)[()]
= Zi [f,i):iNi ® Ni +fx(Nx ®Ni+Ni ® Nz)]
=X, fiAiN,®N,+QE—-EQ, (13)

where f; = f(4,),f; = f'(4). Under the principal frame {N/},

Making use of eqns (9), (12) and (14), we can write eqn (13) in its principal componential
form:

Eix‘:f:iUii’ (i= 1,2,3), (15)
Ey = —oy(fi=f) = {:f Uy (G #))- (16)

The strain tensor E, as defined in eqn (1), is an isotropic functiop of U. Henge, its time
derivative E(U; U) = DE(U)[U] is an isotropic function of U and U, linear in U [¢f. Guo
(1988)]. Rivlin and Ericksen’s representation theorem for symmetric-tensor-valued isotropic
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function of two symmetric tensors [¢f. Rivlin and Ericksen (1955), Rivlin (1955) and
Wang (1970)] suggests that an isotropic function such as E(U; U) has the following
representation :

E(U; U) = a1+ a,U+a,U? +0,U+as(UU+UU) + 04U U+ UU?), a7

where a,, a5, o, are functions of the principal invariants of U:

I= j.|+/12+l3
II=].2A.3+/13}»1+A.|112 ’ (18)
III = /{llzllg,

and a,, a,, o5 are functions of I, II, III and three common invariants of U and U:

Jo = tI‘U = j:] +}:2+13
Jl = tr(UU) = Alil‘l‘lziz"')qi:; . (19)
JZ =tr (UZU) = l%i[ +A§iz+i§i3

Noll (1955), who referred to Rivlin and Ericksen’s representation theorem mentioned
above, first wrote down representation formula (17) for symmetric-tensor-valued isotropic
functions such as E(U; U); he expressed the coefficients «,, &, and a; of this formula in
the form given in eqn (40) below. Here we need not bother about proving the general
validity of representation formula (17), because we shall show constructively that E has
indeed such a representation for the case at hand. We rewrite eqn (19) as

Jo A
Ji =M1, (20)
J, 15

where M is the van der Monde matrix

1 A, 22
M:=(1 1, A} Q1)
1 A A2

Because K is linear in U, «|, «, and «; are linear in J,, J, and J,, and can be presented as

oy il
a, | =AMT 1], 22)
X3 j.:;
where the matrix 4 is
A= (o). (23)

Anticipating that E could be represented as shown in eqn (17), we compare the componential
form of eqn (17) with eqns (15) and (16), and obtain
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oy +a21i+a3)‘iz+a4ii+2asliii+2a6}'izii = f:i’{i (i=1,23), (24)

ayUj+as(+A)Uy+as(A2+AD U, = )f:f U;, (i#j), (25)
L, — 1,

where we have appealed to eqn (9) and put /; for U;. This anticipation will be realized if
we can show that eqns (24) and (25) indeed have a solution in a; (i = 1,..., 6) which are
functions of the appropriate variables given after eqn (17).

Since U can be arbitrary, the linear system (25) is equivalent to

(fa=f3)

Ay—2A

1 I{z+ﬂ.3 Il%'*‘ig oy fz —f3
1 A+4, A2+ as]= ILTI . (26)

3T A

1 A.[“I"lz A%"‘A% Ag f f

17J2

LA —4, )

By virtue of the inequalities (11), the determinant of the coefficient matrix
A= (A —4)(Ls— 44 —4) #0, @7

so the system (26) has a unique solution :

w0 = B 4)

-1
A5 = —E‘Eifi('{j — &) (28)

a6 = 0
Here and henceforth, the summation X; is to be carried out for all even permutations (i, j, k)

of (1,2,3).
Substituting eqn (28) back into eqn (24), we have

1A AN [ Ky
1 Ay ABlay]={u}s (29)
1Ay A3/ \ay H3

where

u = f:i):i—a4}:,»—2a5lii,-. (30)

Solution of eqn (29) reduces to finding the matrix 4 in eqn (23). In fact, denoting the
matrices

F=diag.(f,, f2, f1), E=diag.(1,1,1), 31
U = dlag (j'ls /12, }.3), (32)

we can write eqn (29) in the matrix form:
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o I3 }:l
Mya,|=|p, | = F—o,E-2a5U) Il (33)
&3 H3 13

Substituting eqn (22) into the left-hand side of eqn (33), by virtue of the arbitrariness of
{4}, we have

MAM™ = F—o,E—205U,
or

A=M""(F—a,E-2a;UM™T. 39
It is readily seen that A is symmetric and can be expressed as
A=AV —a, 40 ~ 20,40, (35)

where the matrices

AV = M 'FMT
A =M-'MT (36)
AV =M 'UM™T

are symmetric. Having

Ardy(A3—2y) Asdi(Ai—43) Aidx(d2—4y)
A3—43 -4 At—43 (37
/13—).2 11—113 '{2_}"1

M=

and using eqn (36) and an algorithm based on the fundamental theorem of symmetric
polynomials [c¢f. Guo et al. (1991a)], we can easily calculate A, 4? and 4V, and get
A = (a;;). The results are as follows:

1 1
an = 57 Zi (=S ARG =4+ 1 fG)RIIG T+ - 411)
—(I0TIT I+ 12 112 = 2 I* ML — 4 T1° =9 TII?) (4, + )]},
1 1
212 = 53 i (= A (AR ~ D)+ 5 £ ()R I TTT~21 ~9 TI)
— @I =21 -1 T— 6 ILIIT) (A, + A,)]},
1 1
a3 = Pzi (A=A S (A) A4 (A — A) + Kf(ii)[4111(12—311)
— GBI+ 2 —4112)(A,+ 4)]},

1
a2 = 3720 (=IO )0y + A3 = 2)

1
+ Zf(/l,»)[Z(—3IIIZ—I2 II+1° 11+ 311 1ID)

—2(6 1T —4TI* M+ I*+11%)(4;+ A1},
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1 1
0y3 = Kizf (lj-lk){f'(i;)(i,f—lf)+ Kf(i,)[2(3 IMI—-I211+2 IIz)
—(71I1-21°—-9 III)(}t_,-—f—Ak)]},

sy = 3 Z (=AU A0y — )+ 5 SR -9TID 203G, 441}, (8)

where
AP = 18THII+1PII2 -4 PP I —411° = 271112, (39)

Expressing the coefficients a,, a,, a3 in eqn (17) in terms of J,, J,, J, and (2;;) and taking
eqn (28), into account, we get a more specific representation of E as follows :
EU; U) = [0, tr U4a;; tr (UU) 4oty 5 tr (UAO) T+ [a1, tr U ay, tr (UU)
+0tg; tr (UO)JU + a5 tr U+ atg; tr (UU) +ay, tr (U20)JU?
+a, U+as(UU+UU).  (40)
The final explicit expression for K is obtained by substituting eqns (28) and (38) into eqn
(40). Since the distinct eigenvalues 4,, 4, and 4; may be expressed explicitly through eqn
(18) as functions of the principal invariants I, II and III, the coefficients a;; (i < j), a4 and
s in eqn (40) are functions of the principal invariants of U.
Let us calculate some examples for illustration. Since the requirements (1) = 0 and

J'(1) = 1 have no bearing on the validity of our formula, we forgo those requirements in
our examples below.

(HE=U:fD)=4,

0, =1, ;=0 F=E A=0,

E=U.

Q) E=U"f() =2,

wg=0, as=1, F=2U, A4=0,

E=UU+UU.
These two examples are trivial. The results agree with those obtained from the direct
differentiation of E = U and E = UL, respectively.

3) E=U f(H) =A%,

Im -1 1
Hg = "‘II, Us ——-'I, F= 3U2, A= -1 1 0 ]
1 0 0

E = [II tr U=1tr (UU) +tr (U )N+ [T tr U+tr (UU)JU
+(r QU —ITU+IUU+UU). (41)

This formula differs in form from the expression
E = UU?4-UUU+UU 42)

obtained by the direct differentiation of E = UUU, but it agrees with the result obtained
by differentiation of the Cayley-Hamilton equation
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U =102 -1TU+111,

if we additionally use the following formulae on derivatives of principal invariants [cf.
Carlson and Hoger (1986b) and Guo (1989)] :

I=trU, M=TtrU—tr(UU),
HI = IT tr U—1 tr (UU) +tr (U?0).

Equation (41) also follows immediately from eqn (42) and Rivlin’s identity for the tensor
polynomial A’B+ ABA +AB? [¢f. Rivlin (1955)).

@ E=nhU:f()=Ini
1 s 12 _IZ
Ay = Zzi In li(lj —Ak), as= T iIn 1:('11‘_'1*),

1
oy = % |:H—I(14IIIZIII+I2 I 12012 —31P I - 15T 111 —411%)

—oa(IOTITIIT + 12112 =2 PP I —4 11° — 9 TI1?) — 20 I3 T IIT 4+ I? II—4IIz)],

1
oy = %[—Iﬁ(4lll3+ 121112 =92 I I -1 112+ 2 1* 11T — 4 11 I1T)

—a, (4TI =TI -1 [T —6 IT III) — 25 III(7III—2I3—9III)],

11
3= 43 [iﬁ(IOIII MI+12 112213 I —4 113 —9111%)

—oc4(3IIII+IzII—4112)—4a5III(IZ——3II)],
1{1
0yy = —A~2[iﬁ(l3HIIII—4I2 2 - HI+1°11-9111%)
—2a4(6IIII—412II+I4+IIZ)—2a5(—3IIIZ—IZIII+I3II+3IIIII)],
111 1_12 3
%23 =733 m(4III —IFIII-FII-6111II)
—oc4(7III—2I3—9III)--2a5(3IIII—12II+2HZ)],
I

1]1
%33 =33 l:— QI+ 11 —4112) —20,(1* =3 ) —2a(1 II—-9III):|.

Substituting these coefficients into eqn (40), we get our formula for (In U)". In this formula,
except for a4 and a5 which involve In 4, all the coefficients are already explicitly expressed
in terms of the principal invariants I, II, ITI. With considerable labor, one can obtain
Hoger’s (1986) formula from the present formula, and vice versa.
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4. DOUBLE COALESCENCE
Since JJ is open in 7, it is a disjoint union of intervals which are open in . Our
discussion will be local in time, so we may restrict our attention to one of such intervals.
As pointed out in Section 2 above, on an interval where the number of distinct eigenvalues
remains fixed, there exist C' functions 4,(*) which represent the repeated eigenvalues and

we may select a C' triad of orthonormal eigenvectors {N,(+)} subordinate to {4,(*)}.
Without loss of generality, assume

() # A2(1) = A3(1) 43)
for the interval in question. It follows that the equations
}:2=/{3, fa=fa fa=/fs (44)

hold for that interval. Moreover, eqns (5)—(10), (13)—(15) and (16), remain valid, whereas
eqn (16), is valid for i = 1 and j = 2. In particular, we have

Uz3=0, (45)
E22=E33, E23=0, (46)
and
En:f,lUH
Ezz = f.zUzz 47)
E =fl"fo
12 11_12 12

This confirms once again the observation of Carlson and Hoger (1986a) that the
expression for the rate in the case of double coalescence is of the same form as the one
appropriate to the two-dimensional case with distinct eigenvalues.

On the other hand, from the relation U = 1,1+ (1,— 1,)N, ® N, we obtain

and

UU+UU = — (A, 4+ L A1+ (4, + AU+ (4 +4,)U. (49)

Should eqn (17) be valid, substitution of eqns (48) and (49) into eqn (17) would imply that
for the case of double coalescence E has the reduced representation

E(U; U) = 8,1+ ,U+5,0, (50)

which has only three unknown coefficients. Indeed we shall show by explicit construction
that for the present case E can be put in the form (50), where 8; is a function of

-~

T=2+4, =144, (51
and B,, B, are functions of I, IT and of
jo=i|+22, j] =j‘lil+l2129 (52)

linear in J,, J,.
Analogous to what we did in Section 3, we first put
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() #(3)-5(2) <53>

(1A
B:= (Bdﬂ)y M:= (1 12) (54)

where

Here and henceforth, Greek indices range from 1 to 2. A comparison of the componential
form of eqn (50) with eqn (47) yields

Bi+ B4+ 83U, =f,lUn} (55)
Bi+ B A+ B3Usz = U]
 fi—fy
ﬁJUIZ =#_{%U12- (56)
Because U, is arbitrary,
Si=12
= . 57)
B; 1—1 (

With the known £, eqn (55) reduces to
L 6)= 0" L0 8
(1 Az)(ﬂz Vo s-s)\L) 8

F= dlag (f:laf:Z)s E = dlag (19 1), (59)

Denoting

and substituting eqns (53), (54) and (59) into eqn (58), we get
B=M"'(F-B,E)M". (60)

Making use of

. 1 Ay, —4
- 2 1
M Az - l| ( - 1 ] )’
we obtain the following expressions for the entries of B (symmetric) :

Bur = 32(E. St~ By ~21)

—1 o
ﬁlz =_5_2_(Zaf:aj'ﬁ.—ﬂ31) L’ (61)

1
ﬂ22 = P(Zufa—zﬁS)

where

A?=12—4M1=(@1,—4,)% (62)

Here and in eqn (63) the summation X, is carried over permutations («, f) of (1,2). Our
final expression for E is
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, . 1 - ~ o =
E(U; U) = A2 {[(Z, f:,ig —ﬁg(Iz _ZII))JO —(Z, f:a/]-ﬁ —531).’1]1
+ [_(21 Sahg —ﬂsi)jo +(Za Sfoa— 2ﬂ3)jl]U} +B,U. (63)

Let us now consider the same examples from the last section.

MWE=U: fO=4=1,B=0E=1.
Q@ E=Uf(H=218=1,

()

= (=T, +IDI+J,U+1U.
Because of eqn (49), this result is equivalent to
E=UU+UU

as expected.
() E=U f() =2, ;=111

P
B ( Ii n D
E=[-@+)J,+1J 0+ 1)+ J)U+ @ -U.
Taking into account the relations
UUU = —1J1+J,U+110, (64)
VU +UU? = (=137, +1J)DI+17,U+ (122D, (65)

which are valid under double coalescence, we can confirm the equivalence of our expression
above with eqn (42)

E = U204+ U0U+ U,

In(4,/4,)

4@ E=mInU: f(A)=Ini B, = T

1 <T3—3Tfl—ﬂ3fI(T2—2fI) 2 ‘1—i2+ﬁ3m)

B=am 2 -1244,110 T-2p,11

E—j—zﬁ{[(P =310 - g, @2 -21))Jy + QIT-124 8,11 J )1

+[@N-124 8,11 J,+ (1 -28:IDJ, U} +8,U. (66)

If the formulae (49) and (64) are used to express UU+UU and UUU in terms of I, U and
U, then Hoger’s (1986) result, written here in the symbols of the present paper, namely

(nVU) = Z—:ﬁ[(i—ZHSfI)UUU+(2fI—i2+Bf HUU+0U)+ @ -3111-28, 1150

(67
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assumes the form of our expression (66). It can also be verified that by expressing eqn (66)
in terms of UUU, UU+ UU and U, one will in turn arrive at Hoger’s result (67).

5. TRIPLE COALESCENCE

On 7Y, the three eigenvalues of U coalesce, so we have

LD =400 =40 =40 (68)
and
SHi=fi=f=f. (69)
Hence,
U@ = A(OL (70)
E(®) = fA@O)L (71

Since 7§ is open in 7 and the functions A(*), f(*) are of class C', we can differentiate
eqns (70) and (71) to obtain

U@ = A1, (72)
E() = £/ (DAL (73)

It follows immediately that
E=f M, (74)

which is our basis-free expression for E on 479, Let us now go through, for the present
case, the examples considered in Sections 3 and 4 above:

WMWE=U:f) =4 fNH=1LE=U.

Q E=U% f(A) =42 f'(A) =24, K =2U.

B) E=U* f(A) =4 f/(A) =314 E=3220.

@D E=mnU:f)=mi ) =1/ E= /)0

By virtue of eqn (70), the end results of examples (2) and (3) are equivalent to E=00+0U
and E = U2U + UUU + UU?, respectively.

6. COMPLETION OF THE FORMULA

In the previous sections we have obtained three basis-free expressions for E valid over
the interior 7 of 7, (i = 1,2,3), respectively, where the eigenvalues of U are distinct,
doubly coalescent, and triply coalescent, respectively. To get a complete basis-free formula
for E, it suffices to derive additional basis-free expressions for E that cover the remaining
instants in 7\(Z U 79U 79). In our derivation below, we shall assume that f be of class
C?.

Let us first give a more convenient characterization of the remaining instants. For a
subset o/ in 7, we shall denote the frontier, the complement and the closure of & in 7 by
Fr(</), &/° and o, respectively. As mentioned earlier, we use the relative topology of &
in R. From the definition of the sets Z; (i = 1,2, 3) and the continuity of the functions 4,
it is easy to prove the validity of the following topological assertions :

(1) JyisopeninJ,ie. I\ =T ;
@) TI=T:n(T )

(3) 7, =_(2)Ug2ﬂ~g/~1);

@ T=T,0T509",

SAS 30:20-H
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Since 7, = 7, VFr (7)) and 99 =F3UFr(7Y), it suffices to find additional basis-
free expressions of E for the instants in Fr(J,) and in Fr( ). Because ., is open
in 7, points in Fr(J,) belong either to 7, or to 5, and Fr(73)n.J, is empty. By
assertion (3) above, if re Fr(7 %) n7,, then te.7, because 7 ) is open in 7. Hence, for
eI \(TuTSuTY), we need to consider only the following three possibilities:
() t,eFr(T ) NT5; (1) tee Fr (T ) N T>; (1) tee Fr( TN n T

Case {i). 1, Fr(T,)n T,

Let 4,(fy) = Afori=1,2,3. Let {1,} be a sequence in J, which tends to ¢, as n — co.
Since U, U and E are continuous at # = #,, we shall obtain a basis-free expression of E(z,)
from the equation

E(tn) = (tn)I + OC;(’,,)U([,,) + aS(In)Uz(tn) + a4(tn)U(tn) + uS(tn)(U(tn)U(tn) + U(ln)U(tn))
(75)

if we can show thatlim, , ., «,(¢,) exists and determine the limit foreachp = 1,..., 5. Indeed,
if we put /, = lim,_, ,, %,(¢,) and use the fact that U(#,) = AI, then

E(1o) = (I + LA+ LA+ (L 4+ 2L)U(1,). (76)

In the analysis below we shall at times restrict our attention to one specific ¢,. For
brevity, we shall suppress all dependence on t, whenever no confusion should arise. For
instance, it should be clear from the context when U really means U{z,), @, means «,(z,),
etc. A crucial point in our analysis is that we shall derive a different estimate of «,
{p =1,...,5) foreach ordering of the eigenvalues of U. The six estimates for o, will together
guarantee the existence of /, and deliver its value.

Let us first find /5. At ¢t = 1,,, the eigenvalues of U are distinct ; hence they fall into one
of the six orderings: A3 < 4, < 4, 4, < 4; < 4, etc. Without loss of generality, suppose at
t = 1, the eigenvalues are in the ordering 4, < 4; < 4,;. We recast eqn (28), in the form

1 S —f(As) | FAD)—f(43)
“S‘a,—az(‘ Py T Ry ) 7
By Taylor’s theorem and our smoothness assumption on f,
A)—f(A
TEDTED 1) 17 G 0atia= 1) = ) (79)
~f(A
ﬁ%}_—%i = [ Os)+4f" G40, (i = 2) (= 49), (79)

for some 0 < #; <1 (j=1,2). Substituting the preceding equations into eqn (77) and
rearranging, we obtain

As

A1, —
as =3 (As+ 02 = AN +3 [ (A3 +0,(4) — 13)) =" (A3 +0:(22 — 43))] I‘:‘—-——MA; (80)

Since |4, —A31/]4; —4,| < 1 for the given ordering, we deduce the estimate

lots =3/ (D < 3Lf" (D) —f" (A +0,:(A — )]
+3Lf (A + 004 —43)) =f" (A3 +0:2(42—43))]. - (81)

Should the 4, be in another ordering, we can recast 5 into a suitable form similar to eqn
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(77) and follow the same procedure to obtain a similar estimate pertaining to that ordering.
For instance, for the ordering A, < 4, < 43, we have the estimate

=D <A D =SR2+ 1(As —42)
+31f" Qo+ d1(A:— 1) —f" (A2 + 024 — 22))I,  (82)

for some 0 < ¢, < 1 (j = 1,2). Thus we have altogether six estimates for as, one for each
ordering of the eigenvalues.

Observe that if ,, 1, and A, fall in a é-neighborhood of 4, then all the arguments of
f” in any of the aforementioned six estimates likewise lie in the same é-neighborhood of 4.
Since f” is by assumption continuous at A, we can easily invoke an e-6 argument to prove
that

Is = lim as(1,) = 1f" (4). (83)

We proceed in a similar way to determine /,. For the ordering 4, < 4; < 4,, we recast
eqn (28), as follows:

1 A A AD)—f(4
e e L R e ] )
By using Taylor’s theorem and rearranging, we obtain from eqn (84)
1
= f"(4;)+ 20, = )[f"('la +02(42—43)) (42— 43) (4, +45)
=" (A3 +01(41 = 43)) (A2 + 43) (4 — 43)]
= f'(4:) = A3 " (A3 +0:(A,— 43))
Ai— Ay
H Qs +0:(A—43))—f" (A3 + 0, (4, “'13))]('12""13)/11?, (85)

for some 0 < 8, < 1 (j=1,2). Since |4, —4;]/|4,—4,| < 1 for the ordering 4, < 4; < 4,
we arrive at the estimate
(A=A DI < 1 A) = DI+IAS" (D) = A3 f" (A3 +02(2, — 43))]
+4; [ (4340, —43) =" (A3 +0,(4, —13))|.  (86)

From this estimate and from similar estimates for the other possible orderings, we conclude
from the continuity of £”(+) at A and of A,(*) at ¢, that

ly = lim ay(2,) = [ (D —AS"(4). @87

To determine /5, first we obtain from the linear system (24) the expression

1 4 1|(f,()~1)—“4—2“5'11)
1Ay (7 (A2) —as—2as5,) (88)
1 4 is(f’(/ls)—aa—z“sls)
for each 1,. Again we derive an estimate of a; for each ordering of the eigenvalues. Since

the arguments are similar, we shall present in detail only that which pertains to the ordering
Ay < A3 < 4. When we expand the numerator determinant in eqn (88) along the third

!
A

as
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column, a; is given as a sum of three terms, each of which is led bya — /4, (i = 1,2, 3). For
instance, the coefficient of the term led by — 1, is

J(Ay) ~ oy — 20054, _ 1
G =i Gam 2y~ =)= is) {f =77

2 }*3 oF I A 3
f(/t) f( ) e i})fuil)”ﬁ@} 89)

Dz::

{(11 +43—24,)

By Taylor’s theorem and the assumption that fis of class C*, we have

f12) = 1 A)+f"(A) (A= A3) + 3" (A3 + 03 (A= 2:3)) (A2 — 4)

f0) —~f ()
),2 _‘).3

VACD et AGEY)
'2‘1—;&3

= Q)+ ()= A) +6f" (At 0,2, — A1) (A — 43)°,
= [/ (A 3" Q) —A) +4f" (A4 0, (A — ) (A—43)°, - (90)

forsome 0 < 8, < 1 (j = 1,2,3). Substituting these expressions into eqn (89) and rearrang-
ing, we obtain

1
2(4) — A4, ~

1
T3 —4y)

O, = {f’"(ﬂs +0:(A; — AN (A, — 4s)?

Lf7 (Ay+05(Ar — A)) (A, + 45 —24,) (A, — 45)°

+f" (A3 +0,(A) = A )4 — 43) (4 “'13)2}}

= — " (A +0,(4, —,{3))+§[f"’(,{3+92(,1,—,&3))

Ji+Ay =24, A, —

A T R 7 s+ 050 = 1))

A —/2
" 2_)‘3
—f" A+ 6, (4 —4 =R 9N
For the ordering 4, < 4, < 4,, the following inequalities hold :
/12—113 2«]‘*".&.3“‘2/{2
P <1, I < 2. (92)

Hence we obtain from eqn (91) the estimate

— (= "ON S HST D) =f" Qs+ 0, (A = AN+ 1S (A5 +02(4:— 45))
—f"" A3 +0, (A = AN+ (R +05(A = A3) —f " (A3 +8: (A = 4. (93)

By the same procedure we obtain similar estimates for the coefficients (I1,, [15 of the terms
led by — 4, and — 15, respectively. From these estimates and from similar estimates for the
other possible orderings of the eigenvalues, we conclude from the continuity of f”(-) at 4
and of 1;(+) at 7, that

ly= }H’f; a3(t,) = 4 + A+ A 7 (). (94)
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Similarly, from the linear system (24) we obtain the expressions

il(f’(}vl)““‘z—z“s)tl) Ay AT
oy = A L(f (A —ay—2ash;) Ay A3 (95)
13(]”0-3)—0‘4—2“5}»3) A3 l§

and

T A Q) ~a—2asd) 4
oczle A(f () —as—2ash;) A3 06
U A () —au=205ky) 23

for each t,. Starting from these expressions, we conclu_de from the estimates of (7, (i = 1,2, 3)
and from the continuity of f”(+) at A and of ,(*), 4,(*) at ¢, that

Iy = lim a,(z,) = 2L (A + A+ 4y), ©n
L= n‘{f{; ax(t,) = —3Af" (L + 4, +45). (98)

Substituting the values of /; (j = 1,...,5) into eqn (76), we obtain the simple basis-free
expression

E(ty) = £ ()U(20). (99)

If 1, is also a cluster point of 79, we can easily infer from eqn (74) the validity of
expression (99) for that special case. But, even if £, does not belong to 7§, the proof above
has shown that the same expression remains valid so long as tpe Fr(J ) N7,

Case (ii). tye Fr(F ) n T,

Suppose, without loss of generality, that 1,(¢,) = 43(t) = &. Let {#,} be a sequence in
T that tends to 7o as n— oo, If I{ = lim, _ ,, «,(z,) exists for each p = 1,...,5, then we
shall obtain from eqn (75) a basis-free expression for E(z,). By eqn (77) and the mean-
value theorem, at ¢t = 1,,,

wom | o+ LD (100
17 P43
for some 0 < 6(z,) < 1. Hence
19 = m as) = 0+ 19O, (101)

where we have written 4, for A,(t,). Similarly, starting from eqns (84), (88), (95) and (96),
we easily obtain the following formulae:

f(xo—»f(é)], 102

1 £
1Y = I)_;_[(A, +O ()28 i —¢

¢
R e e
l(3)~a;'_—é)‘z[}-|f A+ R =4 —=43) f (O

— @i, ~£2~23)ﬂ%—?—}§@ 3+ 1) —-f)f”(i)], (103)
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2 . .
1 = TG Ze? {} Ef (A +AiE=3A+ O+ I)f ()
f@ 1) —f &)

—[24, f*z(ll'*'f)(}z‘f’i})] .y

%(if—éz)(iﬁis)f"(i)}, (104)

1 . . . .
1Y = Gi=o? {ilfzf’(ﬂ-lHé[i|€~ftx(lz+/13)]f’(€)

@ 1) f(é)

—&24:¢~ 2 (A2+45)) %lné(lu—6)(12+13)f"(€)}, (105)

where 4, and Z; (i = 1,2,3) stand for A,(t,) and Z(t,), respectively. Similarly, we obtain
the corresponding formulae for the limits /2 and /¥ (p=1,...,5) when
A3(t0) = 4,(t0) = & # Aa(te) and 4,(2o) = 42(te) = & # A3(t,), respectively.

Substitution of the expressions for /) into the equation

E(ty) = IPT+IPU+IPU+ 190+ 1P UU+UU) (106)

results in a basis-free expression for E(¢,) appropriate to the subcase in question.

Suppose now ¢, is also a cluster point of 9. The set 9 is clearly the disjoint union
of three open subsets &, defined by 2,# A, =4, where i # j#k #1i (i, j,k=1,2,3).
Without loss of generality, et 1,(t¢) = 43(¢y) = & # A4,(ty). Then ¢, must only be a cluster
point of |, and 4,(1o) = A3(t,). Let us write & = £,(to) = 43(t,). For te ,, by eqns (48)
and (49), we have

IJ2 = (A|+12)U—‘ilizl (107)
and
UU+UU = (4, + AU+ (4, +4)U— (414, + 4,41 (108)

By the continuity of 4,, 4,, 41, 4,, U and U, and by the presumption that ¢, is a cluster
point of .&Z,, we conclude that at t = ¢,

= (L +HU—-A/, (109)
UU+UU = (L, + U+ (A, + U - (4, E+ 1)L (110)

Substituting the preceding equations into eqn (106) for k = 1 and putting 1, = 4, = ¢ in
I9 (p=1,...,5), we arrive at the expression

f(m f(é)]

E(t,) —-—1— {[ G f )+l f (O + (=1 d) 4

-

E)f(lnl)—f(é)

A= ]U+[f(/1|)—f(§)]U}, (111)

+|:11f'(il)—£f/(5)"(il -

which agrees with what we obtain from eqn (63) under the assumption that ¢, is a cluster
point of &,.
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Case (iii). t,e Fr (7N T,

Without loss of generality, suppose f, is a cluster point of ;. Let 4(o) = 4 for
i=1,2,3. For the coefficients ,, B, and B, in eqn (51), we can use the corresponding
expressions in eqn (111) with the understanding that here &= 4,(f) = 4;(r) and
& =1,(6) = 45(n). Let {1,} be a sequence in o/, that tends to o as n—» co. By Taylor’s
theorem and our smoothness assumption on f, we find for each ¢,

B = %i L7 € +0,(6) (A =) —f" (€ +0:(t) (4 = O))]

- %é FrE+0:(0) (4 —8) — %—'"f (E+0,(L)A,—0), (112)
B.= %{f”(ﬂ(bz(tn)(lx —EN—f"(E+ (1 )(A =N

+ gf"(i+¢1(tn)(l; -+ %’l“f”(é”'d’z(tn)(ll =&, (113)

By = f €+ L{t)(Ai =), (114)

for some 0 < 0,(1,) < 1,0 < ¢,{t,) <1and 0 <{(z,) <1 (j=1,2). It then follows from
the continuity of 4,, &, 4,, £ at t = tyand of /7, f” at A that

lim ,(6) = ~ 5L+ 91" (@), (115)
lim Ba(6) = 30+ O (), (116)
lim B(t) = /(2. (117)

Since U = Al at ¢ = ¢, we conclude from eqn (50) that
E(10) = 1" (AU. (118)

Gathering eqns (74), (99) and (118), we observe that the simple formula E(#) = f'(HU is
valid whenever all the eigenvalues coalesce at the instant ¢, irrespective of whether U(z) is
a spherical tensor. All these amount to saying that

DEQAD[U] = £ (W)U, (119)

where DE(I) denotes the derivative of E at U = AI. Formula (119) is well known, although
a rigorous proof of it is harder to come by.

7. CONTINUOQUS EXTENSION OF THE FUNCTIONS o;

The basis-free formula derived in Sections 3-6 above may be presented in another way.

The functions a,, as given in eqns (28), (88), (95) and (96), are defined only when the
eigenvalues of U are distinct. Now, let us put

{lp if l{]‘—'/lz:Ag:/l, 2

LEUS A A =2, A A (120)

(p=1,...,5;i, j,k=1,2,3; i # j # k # i), the functions /, are given by eqns (83), (87),
(94), (97) and (98) ; the functions /& are given by eqns (101)~(105) for k =1, and by a
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cyclic change of indices in those equations for k = 2,3, respectively. We claim that the
functions a,, with their domains thus extended, are continuous in the variables A,, 4, and
Az over the set {(4(,4,,43): 4, >0, i=1,2,3}.

To substantiate this claim, it suffices to prove the continuity of a, (p = 1,...,5) at
points of the form (4, 4, 4) and (4,, 4, 1), where 4, # 4. Proofs of continuity of o, at points
of the form (4, 4,, 4) and (4, 4, 45), where A, # A and 4, # A, are similar.

Continuity at points of the form (A, A, %)

We first establish the continuity of the extended function as. If 1, = 4, = 1, = &, we
have

los (€, &, &) —as (A, 4, D) = 3| £ () —f" (DI (121)

If A, = A5 = £, then by definition

1 A)—
60 == 1 (0 1)
= 11" (404, —0)) (122)
for some 0 < 6 < 1. Hence
s (A1, & &) —as(L, 4, D] = 3 " E+0(A, — &) —f"(A)], (123)

and £+0(4,—¢&) will fall in a J-neighborhood of A if both |4, —A| < J and |£E— 1| < 6.
Analogues of eqn (123) are easily obtained for |as(¢ 45, &) —as(4,4,4)] and
las(€, &, A3) —as(4, A, A)|, respectively.

Equation (121), eqn (123) and its analogues, together with the six estimates [cf. eqns
(81) and (82)] for a5 obtained earlier show that the extended function o5 is continuous at
the point (4, 4, 1).

Our proof of the continuity of «, at (4, 4, A) is similar.

Let us proceed to prove the continuity of a«, at (4,4,4). For brevity, we write
a3(Ai, Azy Ays A) for as(Ay, A, As, Ay, Aa, A3). IE Ay = 4, = A, = &, we have

a3 (&, &, &5 L) —os(A, A, A5 A)] = &4+ L+ Al S (D) —F " (). (124)
If 4, = 2; = &, then by Taylor’s theorem we obtain from eqn (103)
o341, 8,85 4) =t S E+0,(h =)+ A+ 1) [ E+0:(2, = )], (125)

for some 0 < 0; < 1 (j = 1, 2). Hence we obtain the estimate

los (1, &, 85 A —as(Ay A A5 A S GBS E 40, =) —f" (D], (126)

where 05 = 6,. Similar estimates can easily be obtained for |o;(&, A, &; 4) —a3(4, 4, 45 L)
and |a5(&, &, Ay; 4)—as(4, 4, A; A)|, respectively. Gathering these estimates with eqn (124)
and the six estimates obtained earlier [cf. eqn (93)], we see that a;(-, -, -; 4;) is continuous
at the point (4, 4, 1). Proofs of continuity of «,(,",; 4) and a,(:,-,-; 1) at (4,4, 1) are
similar.

Continuity at points of the form (1, A, ), where A, # A

Now we show that the extended functions «, are continuous at points of the form
(4., 4,4), where 4, # A. To this end, instead of writing down explicit estimates, it is easier
to follow a line of argument used by Serrin (1959) and by Carlson and Hoger (1986a) in
similar problems.
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Let (4,, ¢/ ﬁ, & \/5) be the image of the orthogonal projection of the point (4;, 15, 13)
onto the A, = 4, plane. Then

!
I, = —(¢—d), (127)
2 \/2(6 )
1
Ty= —(E+a), (128)
3 \/5(5 )

where |d| is the distance between (1,4, 4;) and (I.,é/\/i é/ﬁ) We use ((1,,%),d) as
variables and treat the A,~1,-4, space as the Cartesian product IT, x IT1, where IT, denotes
the 4, = 4, plane and II7 its orthogonal complement.

With this change of variables, we shall consider the continuity of xs at (4,,/24), 0),
where A4, # A. It is easy to show that

(1111‘(1} a5((£1, ), d) = as((£;,¢),0) (129)
is subuniform with respect to (4,, &), and

(I,,é)-ljgll‘\/il) as((}:la é)’ d) = (15((2.1,\/5),), d) (130)

exists pointwise for each sufficiently small d. Hence by the Moore-Osgood theorem [cf.
Munroe (1965)], the “double-limit”

lim o (131)
(b= (/20,0)
exists and is equal to the iterated limit
lim _ (limas) = as((41,+/24),0) = as5(4y, 4, ), (132)

(T, = (4, /20 40

where we have returned to using the variables (4,, 4, 4;) when we write (1,,4,1) for

(A, ﬁi), 0). Hence

lim My = as(ll,l,i), (133)
(IIvIZ’IS) = (A1,4,4)

or the extended function a5 is continuous at the point (4,, 4, 1). Similarly we can establish
the continuity of o, (p = 1,...,4) at points of the form (4,,4, 4).
Now consider the equation

E = o, J+a,U+a;U*+a,U+as(UU+UU), (134)

which gives a representation of E when the eigenvalues of U are distinct (¢f. Section 3
above). After we extend the domains of «, by means of the definition (120), the right-hand
side of eqn (134) becomes a continuous function of the time ¢ when the continuous functions
4(*), 4;(+), U(*) and U(-) are substituted in, with no restriction whatsoever on the
coalescence of principal stretches. From definition (120) and our discussions in Sections 3—
6 above, it is clear that eqn (134), with the coefficients «, extended by continuity, will give
a basis-free representation of E for each 7 in the interval 4. Indeed this representation is
nothing but the same formula derived in Sections 3-6 above. Here it is presented in a
deceivingly compact form; all the complicated expressions are now swept behind the
definition of the extended «, (p =1, ..., 5).
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Remark 7.1. While o, (i = 1, 2, 3) can be extended by continuity to allow for coalescence
of principal stretches, it does not immediately follow that «,, (i < J), as given in eqn (38),
can likewise be extended. We surmise such extensions could be done, provided that f is
sufficiently smooth, but we elect not to pursue this issue further in the present paper. [J

Remark 7.2 In proving the validity of their formula for the derivative DE of E, Carlson
and Hoger (1986a) faced the same problem as ours in showing the continuity of scalar
coefficients such as our «, at points of the form (4,4, 1), (4, 4, 4), etc. Their proof had a
slip in the part that dealt with points of the form (4, 4, ). Let us describe briefly what they
did.

In their paper Carlson and Hoger give a complete proof of their formula for DE in
the two-dimensional case. For the three-dimensional case, which is the concern of our
present paper, they do not show their proof that the scalar coefficients in their formula for
DE can be extended by continuity, but assert that “the limits can be calculated exactly” as
in their discussion on the continuous extension of the scalar coefficients in their formula
for E (see their Section 3.3 ; their F is our E). Their formula for E has three scalar coefficients
a, b and ¢, where ¢ and b are none other than our «;5 and «,, respectively, and

fG) A A
“=A f(R) A2 A3 (135)
Sy A 43

Let (¢, £, £) be the image of the orthogonal projection of (4,, 4,, 4;) ontheline 1, = 4, = A,.
Carlson and Hoger determine, for each of their scalar coefficients a, b and ¢, the iterated
limit as (4,42, 4;) = (£, £, &) along the line normal to the line A, = 4, = 5, followed by
(&.£,8) = (4,4, 4) along the line 4, = 4, = A;. For each of the scalar coefficients, they
mention that the first limit is uniform with respect to £ and derive a formula [¢f. their eqn
(3.37)] in terms of &, f(&), f'(&) and f" (&) with coefficients expressed in |, d, and d;,
which are the components of the unit vector directed from (¢, £, &) toward (4,, 4., 4,). Since
all the coefficients in Carlson and Hoger’s formulae are ratios of two alternating polynomials
of degree 3 in d; (i = 1,2, 3), they are in fact independent of d;. Thus Carlson and Hoger,
whether they noticed it then or not, in effect showed that the limiting values of the scalar
coefficients a, band ¢, as (4, 4,, 43) — (&, &, &) along the line normal to the line 4, = 4, = 4,,
are independent of the direction unit vector which points from (&, £, &) toward (4, 45, 43).
But all these as yet do not suffice to guarantee the existence of the limits of their scalar co-
efficients as (41, 4», 43) = (4, 4, 4) in the three-dimensional A,-4,—44 space. Indeed counter-
examples to this effect can easily be constructed by modifying examples in textbooks of
calculus that illustrate the difference between double limits and limits along lines in R? (e.g.
the continuous function g: R*\{(0,0)} — R’ defined by g(x, y) = x*y/(x*+»?) has no limit
at the origin, but g(x, y) —» 0 as (x, y) — (0,0) along any straight line through the origin).

Their proof for continuous extension of the coeflicients 4, » and ¢ can be completed
by the method we use above. Indeed a closer examination of our work on o, and a reveals
that if fis of class C?, then a = a5 and b = «, can be extended by continuity to allow for
coalescence of principal stretches. By using a similar argument, we can show that their
coefficient ¢ can likewise be extended by continuity if fis of class C2. It seems likely that
our method of proof can be adapted also to treat the scalar coefficients in their basis-free
formula for DE.

In their theorem on the continuity of the scalar coefficients in their formula for E, they
impose the sufficient condition that f be of class C*. Our proof shows that their theorem
will be valid if fis of class C* This observation suggests that in the theorem where they
present their basis-free formula [their eqn (3.4.1)] for DE, their smoothness condition on f
may be unnecessarily strong. In other words, the condition that f be of class C” could likely
be weakened as well.
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8. CONCLUDING REMARKS

Once one basis-free formula has been obtained by Carlson and Hoger (1986a), other
basis-free formulae for E are certainly possible. The basis-free formula presented in this
paper, however, is derived by a method totally different than that of Carlson and Hoger’s.
The two basis-free formulae of course deliver the same E when they are both applicable.
To ensure the validity of our formula, however, it suffices that /' be of class C3. On the other
hand, Carlson and Hoger asserted for their formula the sufficient condition that f be of
class C7. One difference between the two formulae may lie in the different requirement that
their validity puts on the smoothness of f.

As pointed out in Remark 7.2 above, there is a gap in Carlson and Hoger’s proof of
their formula. We believe the method that we employ to prove the continuity of the extended
coeflicient functions «, can be used to complete their proof, and we expect a smoothness
assumption on f weaker than C7 would suffice for the proof.
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