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ON HEAT CONDUCTION IN MATERIALS WITH MEMORY*
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1. Introduction. There exists considerable experimental evidence that heat transfer
by conduction in many materials can be accurately described by the classical linear
theory of heat conduction. This theory, for homogeneous and isotropic rigid bodies, is
based on Fourier’s law

g = —xV8 (1.1)

in which the heat flux ¢ is a linear function of the temperature gradient V4 and the
thermal conductivity « is a positive constant. It is further assumed that the internal
energy e depends linearly on the temperature difference 6 — 6, :

e = ¢ + a0 — 6, 1.2)

where the heat capacity « is also a positive constant. Then Eqs. (1.1) and (1.2) combine
with the energy balance equation to yield the classical linear heat equation

6 = (x/a)V36. (1.3)

This theory has, however, two principal shortcomings. First, it is unable to account
for memory effects which may be prevalent in some materials, particularly at low tem-
peratures. Secondly, the parabolic heat equation (1.3) predicts an unrealistic result: that a
thermal disturbance at one point of the body is instantly felt everywhere in the body
(though not equally). This implies that in Fourier heat conductors, finite thermal dis-
continuities must propagate with infinite speed. It is these observations which lead one to
believe that for materials with memory, Fourier’s law (1.1) may be a limiting approxi-
mation (perhaps for sufficiently steady temperature fields) to a more general nonlinear
constitutive assumption relating the heat flux ¢ to the material’s thermal history.

Gurtin and Pipkin [17] have proposed one such nonlinear memory theory of heat
conduction which is tndependent of the present value of the temperature gradient. This
theory generalizes constitutive relations deduced from kinetic theory by Maxwell [19]
and Cattaneo [2] and has associated with it finite wave speeds.' Moreover, when this
theory is linearized, it yields the heat flux relation

a = — [ " eVt — ¢ ds (1.4)

* Received October 21, 1969; revised version received April 12, 1970.

! Gurtin and Pipkin [17] studied temperature-rate waves and computed their speed of propagation.
The growth and decay of one-dimensional temperature-rate waves in the nonlinear theory has been
discussed by Chen [3].
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for isotropic materials. Special forms of this linearized theory have proved useful in
describing the transmission of heat pulses observed in liquid helium II and some di-
electries at low temperatures (e.g., Brown, Ghung, and Matthews [1]).

In this paper we consider a slightly different memory theory of heat conduction
recently proposed by Coleman and Gurtin [7] (see also Gurtin [15]) which does depend on
the present value of the temperature gradient. After dispensing with some preliminaries,
their results are summarized in See. 3. In Sec. 4 we study slow and fast processes and, in
each situation, show that the rate of change of the internal energy is approximated by a
G1bbs relation and that the corresponding heat flux satisfies a heat conduction inequality.
We further show that these inequalities imply that the equilibrium conductivity tensor
and the instantaneous conductivity tensor evaluated at the equilibrium history are
positive semidefinite.

In Sec. 5 we deduce the linearized theory for isotropic media and show that the heat
flux in this instance is given by

L)

4@ = —OVo0) — [ KOV -9 ds, (1.5)

where «(s) is the heat conduction relaxation funetion and «(0) > 0. Clearly, Eq. (1.5)
reduces to Fourier’s law (1.1) if «'(s) = 0; it corresponds to the linearized heat flux
relation (1.4) derived by Gurtin and Pipkin [17] if «(0) = 0.

Sees. 6 and 7 consider further the linearized theory with «(0) > 0 and «(0) = 0,
respectively. In each case, the appropriate linearized heat equation is cited; a uniqueness
theorem is proved for the associated initial-boundary-value problem; and the progressive
wave solution is studied. Moreover, for the linearized theory with x(0) = 0, we indicate
the relationship between plane temperature-rate waves® and the corresponding progres-
sive wave solution.

2. Preliminaries. Let us consider a regular region (cf. Kellogg [18]) of three-di-
mensional Euclidean space & occupied by a body ® whose configuration remains un-
changed for all time ¢ & (— =, ) (i.e., a rigid body). Therefore, we do not distinguish
between the material points of ® and their spatial positions x in &.

Fixing our attention to a specific point x & ®, we let 6° and ¢‘, defined by

6'(s) = 68t — s) = 6(x, t — ), 9'(s) = gt — s) = Vo(x, t — 3), 2.1)

0 < s < =, be the histories up to time ¢ of the absolute temperature (6 > 0) and the
temperature gradient at x. For conciseness we call the ordered pair® (8°, g°) the thermal
history A' at x.

Now let us consider a fixed scalar influence function k(s); i.e., a positive, monotone-
decreasing, continuous function on (0, «) decaying to zero as s — « fast enough to be
square-integrable over (0, «). Assuming such a function exists, the norm ||A’]| of a
measurable function pair (6, ¢°) can be defined by

AP = [A'O)" + [1A7]P (2.2)

 Chen [4] has examined the growth and decay of plane waves and waves of arbitrary form within
the context of Gurtin and Pipkin’s linearized theory.

3 Henceforth the set of all ordered pairs I' = (¢, v), with ¢ € ®* (the strictly positive reals) and
v & ¢ (the inner product space associated with &), will be assumed to have all the properties of the inner
product space of dimension four ®* X & (cf. Coleman [5, p. 10]).
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where
I80E = [ INOPRe s, NP = 2040, 2.3

The quantity A*(0) = (8, g) = A is the present value of A', and Al = (8!, g%), called
the past history, denotes the restriction of A to the open interval (0, ). The set of all
measurable function pairs A* with || A*|| finite forms a Hilbert space 3¢. The set of all
measurable function pairs A! with [[A]|] finite is a subspace of 3C and is denoted by 3¢, .

Throughout this paper, the body ® 1s assumed to be a homogeneous heat conductor
with memory characterized at each x & ® by three response functionals P, N, and L.
These functionals vield the present values of the free energy (2), the entropy 4(f), and
the heat flux g(f) whenever the thermal history A' is specified at x (¢f. Coleman and
Gurtin [7, Egs. (3.3)]):

Y = B@H,
7 = N, 2.4)
q = Q(AY).

We take as the common domain of definition of P, N, and O the subset D in 3¢ for
which 8° > 0. We further assume that B, R, and £ are smooth functions over D with
respect to the norm || A‘|| in the sense that P is twice continuously Fréchet differentiable
and N and £ are each once continuously Fréchet differentiable over D.*

The smoothness assumption for the functional P has several well-known conse-
quences. First, it implies the existence and continuity of the first-order differential
operators D, = (D,, D,) and 8, = (8, , &) given by (cf. Coleman [6, Sec. 9], Coleman
and Gurtin (7, Egs. (3.9)])

t 9 t 3
DﬂsB(A) = 55%(0, y B 3 0: g)r

t d H t
Dz%(A)'u = 5“8(&' 8 ;0,8 + w) Iv-o y
(2.5)

BB 1) = LB+ v, 85 0,8) oo,

t d t t
63%(A 111,.) =4 S—B(er » Br +u,;0, g)lv-o i
dv

which are valid for all A* € D, all u € &, and all pairs (u, , u,) € 3, .° Secondly, it
suffices for chain rules (Coleman [5], Mizel and Wang [20]); i.e.,

¥ = L9y = DBAY-L + 5,3 | 4, 2.6)

¢ Thus we are assuming that the material obeys the principle of fading memory as formulated by
Coleman and Noll [10], {11], [12]. See also Coleman and Mizel [9].

¢ We note that expressions analogous to (2.5) can also be written for the functionals 9t and Q andthe
functional € soon to be defined.
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whenever the derivatives
_4ad O RN Y
A= T AD), A= Alt — 5) = % A'(s), 0<s< o, @2.7

exist and are in 3C. Finally, it implies that the second-order differential operators D35,
D, 8, B = 8, DB, 5B, etc., exist and are continuous.

Before continuing further, it is appropriate to introduce one other useful parameter;
that is, the internal energy e(t) defined by

e =y + 6y, (2.8)
= G(A).

We then define an admissible process in ® (at x) to be an ordered array [0(-), g(-),
e(+), n(+), q(-)] with the following properties:
(1) 6(-) and g(-) are continuous and piecewise smooth;
(i) A" = (8, g") € Dforallt € (—», «); and
(iii) e(-), #(-), and q(-) are given by (2.8), and the constitutive equations (2.4).
The functions e(-) and q(-) determine the heat supply 7(-) at x supplied by the body’s
external “‘surroundings’ through the energy balance equation

€= —=V-q+ (2.9

In view of the above definition there corresponds to each choice of the time-dependent
temperature field 6, a unique admissible process compatible with the balance of energy
(cf. Coleman [5, Remark 1]).
3. Consequences of the Clausius~Duhem inequality. By requiring the Clausius—
Duhem inequality
r 1

ST oL '

2=V (0 q) -
to hold for admissible processes, Coleman and Gurtin [7] have shown that the assertions
of the next three theorems are true.

TaEOREM 3.1.°  Assuming that the response functionals B, N, and X obey the hypothests
of fading memory,” the tnequality (3.1) s satisfied for all admissible processes if and only if
(1) DeB(A') = —MN(AY),
(ii) DP(AY) = 0, and
i) Q(AY)-g < 60 for all sufficiently smooth A' € D.
The quantity o(f) is called the internal dissipation and is given by either of the formulae

I

1 .t
O’(t) = _5 5&$(A‘ ‘ a,),
3.2)
)
9 -
An immediate consequence of Theorem 3.1 (i, ii) and (2.8) is that
D,E(A") = 6 DyM(A") (3.3)

6 Cf. Coleman [5, Theorem 1]; Coleman and Gurtin [7, Theorem 6]; Gurtin [15, p. 43].
7 Coleman and Gurtin {7] employed a slightly weaker fading memory hypothesis than that discussed
in Sec. 2.
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and
DG(A) = D) =0 3.4)

for every A" €& D.

To examine the equilibrium behavior of the material, we evaluate the response
functionals T, N, O and € at an equilibrium history Ag; i.e., if A* is the constant history
Al = (6, 0") where

6t(s) = 8, 0f(s) = 0 (3.5)
(0 is the zero vectorind), 0 < s < «, then (2.4) and (2.8), reduce to

7= B = 70, 17 = N(A) = 77(), (3.6)

" = Q) = §70), ¢ = yT+ 0" = GAg) = &(0).
THEOREM 3.2° Forany A' € D with §°(0) = 6, B(A') > §°(8); i.e., of all the thermal
histories A' ending with the present temperature 6, the equilibrium history Ay results in the

least free energy.
This minimal property of the free energy functional P necessarily implies that

t _ . _
60$(A0 I “r) = O: 5:%(1\0 lur) = 0) (37)

B2B(Ag | e 1) + 2 85:B(A0 | 1, , ) + 3B(A |u, ,u,) >0,
for every (u, ,u,) € 3, .

THEOREM 3.3.° The equilibrium response functions §~, 4”, and § obey the equations
of classical thermostatics:

0 L0 = ~40),

() §7(6) =0

for all 6 € ®™.
It follows from (3.6), and the equilibrium entropy relation (Theorem 3.3 (i)) that
dé” _ o di
79 6 =6 26 (8). (3.8)

In concluding this section, we prove one other result of interest.
TaEOREM 3.4. Given any equilibrium pair (6, 0),

dée”
ae

1.e., the equilibrium heal capacity is greater than the instantaneous heat capacity evaluated
at the equilibrium history Ag .

(6) > DyG(AY;

8 Cf. Coleman [5, Theorem 3], Coleman and Gurtin [7, Eq. (3.32)], Gurtin [15, p. 45), Gurtin and
Pipkin (17, Eq. (4.8)).

% Cf. Coleman and Gurtin [7, Theorem 7], Gurtin {15, p. 45], Gurtin and Pipkin [17, Egs. (4.11) and
(4.12)].
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Proof.’® Since (3.7) is to hold for every (u, , u,) € 3, , we let u, remain arbitrary
and let u, = 0, , the zero past history. Then, (3.7) reduces to

5:B(Ag | 1) =0,  &B(As|m,m) > 0. (3.9)
Now, since (3.9), holds for all values of 8" = 41" (1t is the constant history with the
value of unity),

d t
7o 10080 | )] = 0. (3.10)

Letting g, = 1! (the restriction of 11), (3.10) becomes

d

25 (6B | 1)) = DadeB(4s | 1) + 8B40 | 17, 1),
3.11)
= — 8N4, | 1) + 8B4 | 17, 1) =0,

where we have made use of the commutative property of 8, and D, and the entropy
relation (Theorem 3.1 (i)). It follows from (3.9), , with u, = 17, and (3.11), that

3N(Ag | 17) = 82B(4o | 17, 17) > 0. (3.12)

Returning to (3.6); , we compute the derivative of 4° with respect to 6:

950 = DAY + aal | 1D, (3.13)
which, with (3.12), implies that
9 0) > D). (3.14)
Multiplying this result by 8, and then making use of (3.3) and (3.8), will complete the
pro{l)?féllowing a customary procedure in thermodynamics, we will assume that
DyS(4y) > 0. (3.15)

4. On slow and fast processes. Let 6, be a given constant temperature field and
let 3(Ao) denote the subset of thermal histories A* € D for which

A(s) = Ag(s) = (8(s), 0%(s)) (4.1)

for every s & [so, @), 5o > 0."
There corresponds to each A° € 3(A,) a modified thermal history AL, € 3(Ao)

defined by
An() = (00n(), gin(s) = (68°(N), g° (), (4.2)
0 < s < », with
Ay (©0) = (B > 8n) = (6,8 = A (4.3)
10 Cf, Coleman [6, Sec. 8], for a similar argument in a different context.

11 This is merely a statement that for some time in the past an equilibrium situation corresponding
to the thermal pair (8,, 0) existed in the body ®.
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We call Ay, a refarded history in 3(A,) if 0 < A < 1 (cf. Coleman and Noll {10]) and an
accelerated history if X > 1 (ef. Gurtin and Herrera [16]). A slow process corresponds to
the limit A — 0, a fast process to the limit A — .

We note for future use that

I A© = 25 AQleonn (4.4

0 <s< «,and we let ey , 700 » Qo > a0nd a(,, be the internal energy, the entropy, the
heat flux, and the internal dissipation at time ¢ corresponding to the thermal history Af,, .

First, we consider slow processes and in this connection we make use of a lemma due to
Coleman and Noll [10].

Lemma 1. Let T'( ) be any function in 3(A,). Then, letting T, ( ) be the relarded
history corresponding to T'( ) and T = T}, (0),

Lim ||T6() = T'Oll = 0
where TT is the constant history with value T.
TaeoreM 4.1. Consider any A' € 3(Ao) with A'(0) = (8, g). Then
@* lim [éa, — 6700] = 0,
i) 2)eg<0o,
where A% is the consiant history with the value A = (6, g).
Proof. According to (3.2); , the quantity 6., 0. is given by
Bovooy = — 8 P(ALy | Ayr)- (4.5)
Then, by the linearity of 6, and Eqs. (2.7) and (4.4), we are permitted to write (4.5) as

).
E=)s

=\ &P (Ain %A‘@ E-M)'

It follows from this, the continuity of 6,P, Lemma 1, and the boundedness of
(d/dE) A'(£) |;uo that (cf. Coleman [5, Remark 14})

Bonooy = 8,B <A:x>

d
A AN®)
d (4.6)

lim 0()\)0'()\) == O. (4:.7)
A0
Then (3.2), and (4.3) imply that
lim — [8'()‘) - 01']()‘)] = lim 9()\)0'()‘) = O, (48)
A—0 A0

which proves (i). To prove (ii), we first observe that Lemma 1 and the continuity of Q
imply that
lim goy = Q(4). (4.9)
—0

12 Cf. Coleman [5, Remark 15]. It should be pointed out that Coleman’s results are stronger than
those stated here.
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Then, since the dissipation inequality must hold for all values of A:
lim qoy gy < lim 65500 ; (4.10)
A0 A—0
this along with (4.3), (4.7), and (4.9) yields the result desired. Hence Theorem 4.1
implies that during sufficiently slow processes, which start from equilibrium, the rate of
change of the internal energy can be approximated by a Gibbs relation and the corre-
sponding heat flux satisfies a heat conduction inequality.

That an analogous result also holds for fast processes will become apparent once we
have established

Lemma 2. Let TU( ) be any function in 3(Ao). Then, letting T'h, () be the accelerated
history corresponding to T“( ) and T' = I'i,(0),

lim [T () = T[] = 0
where T% = A, on (0, ») and T*(0) = T.
Proof. By definition of the norm (2.2) and (2.3),
It () = O = 1% © ~ T'OF

+ fo [Ty () — T°@ h(s)* ds

+ fm [T () — T'(s)1% h(s)® ds. (4.11)

But, by hypothesis, T'y, (0) = T'*(0); and since A is greater than unity, T, (s) = T*(\s) =
As(s) = T*(s) forall s € [s,, ). Hence (4.11) reduces to

P60 = TOIF = [ 11089 — AOF A" ds. (4.12)
Taking the limit as A — « and then using Lebesgue’s theorem, we have that
lim |06, () = T'OIP = [ lim 108 — AIOF hE)* ds. (4.13)
A= 0 Ao

Now for every T'(As) € 3(Ao), T'(As) = As(s) for every X > 8o/s, 0 < s < s, . Thus,
the right side of (4.13) vanishes and the proof is complete.

TueoreEM 4.2. Consider any A* € 3(Ao) with A'(0) = (6, g). Then

(1) lim [ay — 6900] = 0,

A=0
(i) Q(a)-g <0,
where A* = Al on (0, ) and A*(0) = A = (6, g).

13 Jf the heat flux functional £ is independent of the present value of g (cf. Gurtin and Pipkin
(17, Eq. (3.6)3]) and the material has a center of symmetry, then the limiting behavior for fast processesis
adiabatic; i.e., imy.o Qo) = 0. In this instance, the inequality given is trivially satisfied for every non-
zero g & 9.
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Proof. Itisclear that the proof can proceed in the same manner as that for Theorem
4.1 once we have proved that
lim 0()\)0'()\) = 0. (4:14:)
Ao
Let us examine the quantity 6,0, which was given in (4.6), . This expression holds for
both retarded and accelerated histories. Therefore, (4.14) can be established by proving
that

st [Ex@ ) =0 (®15

for all X sufficiently large. Now, for every A" &€ 3(A,), the derivative (d/dg) A'(£) |zons is
zero for every X > 80/5,0 < s < s, and forevery A > 1,8, < s < . Hence, by the
continuity and linearity of §,%, (4.15) holds and so does (4.14). The proof can now be
completed without difficulty.

The inequalities given in Theorems 4.1 and 4.2 are quite similar to the classical
heat conduction inequality and it is this similarity which lead us to

TaeoreM 4.3. The equilibrium conductivity tensor K(o) and the instantaneous
conductivity tensor K(0) evaluated at the equilibrium history Ay = (8 , 0) are positive
semidefinite; i.e., every nonzero u & 9,

u-K(o)u >0, u-K(Ou > 0,
where
K(=) = ~[D:Q(4) + 604 | 1)),  K(0) = —DQ(4)).
Proof. First consider the inequality
Q(Ah)-g = €A L 0. (4.16)

Clearly, the functional €, with 6 arbitrarily fixed, is maximized when g = 0. Let § = 6,
and g = £u, u any arbitrary nonzero vector in 8. Then

G(6,1) , gul; ; 6, , tu) = Q(B1], tul] ; 6, , tu)-£u 4.17)
and it follows that

d
d_E @(0011, EUI: ; 6o ,EU)\e-o =0,

(4.18)
2
g S61, full 5 6, W)eeg < 0.
Using (4.17) to compute the derivatives in (4.18), we have that
(A9 -u = 0, 2%@(0011 ,gul 5 6o, £u)|smo-u < 0. (4.19)

The first of (4.19), since it must hold for every nonzero u € ¢, yields (see Theorem
3.3(i1))

QA = o. (4.20)
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Eq. (4.19), , when written in terms of first-order Fréchet differentials, provides us with

u-[DeQ(4o) + 5,245 | 1)Ju < 0, (4.21)

which establishes the nonnegativeness of K(«). The restriction on K(0) can be
established in an identical manner by considering the inequality

L(ah)-g <0. (4.22)

This completes the proof of the theorem.

5. Linearized theory for isotropic materials. Let 6, be a given constant temperature
field. We restriet our consideration here to thermal histories A° € D which are always
close to the equilibrium history A, = (6, , 0%) in the sense that

e= sup {|6(7) — 6|, lg()} (6.1

7€E(~w,t]

is small at each x € ®. Then, in view of the assumed smoothness of the response func-
tionals £ and €, and Eq. (3.4), the heat flux and the internal energy can be approxi-
mated by

¢ = Q) = Q) + DsQ(A) (9 — 6) + DQ(A)g
+ 5Q(As | 6 — 6,1) + 8,Q(A, | 81 + 09,
e = G(A") = G(Ag) + DsC(A)(8 — 85) + 5,C(Aq | 6 — 6,1,)
+ 6.8(4 | 8 + 0(9),

as e — 0. These expressions represent the linearized theory when we neglect the terms
of o(e).**

We now assume that the material is isotropic. Then the constitutive equations (5.2)
must satisfy the identities (cf. Coleman and Mizel S, Sec. 5])

Q(' g") = ¢G"Q(e", Gg'),  G(¥', g') = G(¢', Gg") (5.3)

for all orthogonal tensors G & 0, the full orthogonal group. Since —I &€ © (I is the unit
tensor), it follows from (5.3) that

(5.2)

Q(Gtr OT) = 07 @(0t7 gt) = @(0‘: _g:): (54)
which in turn implies that
DeQ(A) =0,  5Q(Ar | 6 — 6,1) =0,  5C(As [g) = 0. (5.5)

These results (5.5) plus the fact that Q(A]) = 0 from Theorem 3.3 (ii), reduces (5.2) to
q = D:Q(A)g + 894 | &), e = e + DiG(ANG + 5C(A) | 6,  (5.6)

where e, is a constant defined by
eo = C(4s) — DiG(A)b — 5,E(As | 6,1)). (5.7)

The mapping g — 8,Q(4A, | g%) is bounded and linear in g’ and it maps the Hilbert
space ¢, into 8. Then by the Riesz representation theorem 8,(A, | g°) can be repre-
sented as an inner product on 3, for every gl € i, ; i.e.,

% We do not develop the linearized constitutive equations for the free energy or entropy as they are
not needed in the sequel.
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5000 1) = [ T Ok ds (5.9

where T is a uniquely defined tensor-valued function on (0, «) with components in
3¢, . Clearly, T depends on 6, as well as s. Now let K(s), 0 < s < «, be the unique
solution of

K/ = LK@ = —~TOMY,  K(©O) = —D,Q(8). (5.9

By the isotropy of the material, K(s) must be an isotropic tensor:
K(s) = «(s)I. (5.10)

Hence, combining (5.8)—(5.10) with (5.6), we arrive at the linearized constitutive equa-
tion for the heat flux:

q = —«(0)g — fom «'(s)g(t — s) ds. (5.11)

The scalar-valued function «(s) is called the heat conduction relaxation function and x(0)
the instantaneous conductivity. If gt — s) = gi(s) = g , a constant vector in @, for all
s € [0, =), then either (5.6), or (5.11) will yield the steady-state heat flux g, :

Qo = —«(®)go , (5.12)

where k() is the equilibrium conductivity. It follows directly from Theorem 4.3 that
both x{w ) and «(0) are nonnegative. While we would expect in most physical situations
that the equilibrium conduetivity «( ) would be nonzero, there is no such justification
for assuming that the instantaneous conductivity «(0) also be nonzero. In fact, in view
of the experimental evidence cited earlier with regard to the linearized theory derived
by Gurtin and Pipkin [17], there is reason to suspect that in some materials «(0) may
become zero at very low reference temperatures 4, .

Proceeding in an analogous fashion, we can obtain from (5.6), the linearized constitu-
tive equation for the internal energy:

o

¢ = o+ al0)6 + fo (6t — <) ds, (5.13)

where

20) = D,G(A),  a(=) = [DeG(AY) + 5:E(AL | 11)] = ff; 6. (.14

The function «(s) is called the energy-temperature relaxation funciion with «(0) being the
instantaneous heat capacity and a(w) the equilibrium heat capacity. Theorem 3.4 im-
plies that

a() > a(0) (5.15)

and following (3.15), we assume «(0) > 0.

To avoid repeated comments regarding the smoothness properties of the relaxation
functions «(s) and «(s), we assume once and for all that they are each of class C* on
[0, =) and that the first four of their derivatives are bounded and absolutely integrable
on [0, «). It follows from the Riesz theorem that the first derivatives «'(s) and a'(s)
have the properties
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fo T WOP e ds < e, f T ) ds < . (5.16)

This property (5.16) implies that the functions «'(s) and &'(s) must approach zero at a
faster rate than the influence function h(s) as s — . Henceforth, we shall assume that
functions «”’(s), o’’(s), ¥”’(s) and «’’(s) also have this property.

6. Linearized theory with nonvanishing «(0). In this case, Egs. (5.11), (5.13), and
(2.9) provide us with a complete set of field equations and they can be combined, noting
that g = V4, to give the linearized heat equation:

«(0)6(x, 1) + f T8, L — ) ds = <(0)V26(x, O

+ f‘” VO, | — $) ds + r(x, 9. ©6.1)

(a) A uniqueness theorem. Here our concern is with obtaining sufficient conditions
for the uniqueness of solutions to the initial-boundary-value problem associated with
(6.1).

Due to the linearity of the field equations, it clearly suffices to show that null initial
and boundary data will yield a null solution.

TaeoreM 6.1.  Let 0 be a solution of (6.1) on ® X (— =, ). Furthermore, suppose
that'®

a(0) > 0, a'(0) > 0, x(0) > 0;
and
=0 omBX(— «,0], r=0 om@BX(— =, ©),
§=0 ondBX(0, =), gn =0 ond®X(0, =),
where d® = d®, \J d®, . Then,
=0 onBX(—x, ).
Proof. Let us compute the quantity'®

8,(1) = f_; [ tgndaar- f_;f&ardv dr. 6.2)

Application of the divergence theorem and the energy balance equation (2.9) to (6.2)
vields

S.(t) = —f_; fm (b — q-8) dV dr. 6.3)

Using Fubini’s theorem to interchange the order of integration and the linearized consti-
tutive equations (5.11) and (5.13), we have

15 We believe that «’(0) > 0 will insure that 6(x, ¢) is asymptotically stable in the sense that lim;.
6(x, 1) = f(x); f(x) finite.
18 We might call 8,(¢) the thermal work; cf. Day and Gurtin (13, Eq. (6)].
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S, = — fa f ; «(0)8(x, 7)° dr AV — f@ f_ ; «(0)0(x, 7)8(x, 7) dr AV

B f& f_; (f: a'()8(x, T — 9) ds>0(X, ) dr dV

- f@ f_ ; «(0)g(x, 7)-gx, 7) d7 dV

= L[ v omm - 9 as)sts,  arar.

If we now institute a change of variables (o = 7 — s) in the third and fifth terms and
then integrate these expressions by parts, the resulting expression for §,(%) is

$.(8) = —fa f_; «(0)6(x, 7)* dr dV — fm%@ oz, 1)* AV

6.4)

- fm f_‘m a''(t — 7)0(x, )0, 7) dr dV + fm f_; «"(0)6(x, 1) dr AV

+ foa j;; f_; a"'(r — p)0x, 1)0(x, p) dpdr dV 65

- fa'%o)_ gx, )-gx, HdV — fmf_; Kt — g, £)-g&, 7) dr dV
+ ‘/(;/;‘w 0)gx, 7)-gx, 7) dr dV

+ f@f_‘m f_; K'(r — p)g(x, 7)-g(x, p) dp dr dV.

The initial condition § = 0 on 8 X (— «, 0] permits the lower limits in (6.5) to be
changed to zero and the remaining null data implies that 8,{t) = 0 forevery ¢ € (0, «).
For convenience we now set

¢ = 6(c'(0)/2)"%, v = g(x(0)/2)" (6.6)
and
7t — ) = 2@ — 1)/ (0), v.(t — 7) = 2@ — 7)/«(0). (6.7)

Since, by hypothesis, the functions a and « are of class C* on [0, «), there exists a bound
B(t,) such that

B(t) = Sup (O] + =001 + ¥ + O < = (6.8)

for every t, € (0, «). Let us suppose that ¢, has been arbitrarily fixed and that ¢t < £, .
Then, using (6.6)—(6.8), and letting & be the ordered pair (¢, v), we can obtain the
following inequality from (6.5):

‘/:3.[0‘ a(0) |6, »|*dr dV + ]:B lo(x, ) AV
< B(tO){f@ _/;‘ 8z, 7| |8x, O drdV + j:g f: |®@x, 7)|*dr dV (6.9)

+ ]:s fo‘ fo |®(x, 7)| |®(x, p)| dp dr dV}.
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Both terms on the left side of the inequality are nonnegative and bounded, and hence it
follows that

[ a6, o av < B(to){f [ 13, 0l o, 1 dr av

+ -/r; j: [&(x, DI dr dV + f& /: j: |®(x, 7| |®&, p)| dp dr dV}. (6.10)

That this inequality implies the null solution & = 0 on & X (0, «) follows almost
verbatim an argument given by Edelstein and Gurtin [14, proof of Lemma 3] to establish
a similar result. Hence the proof is complete.

(b) Plane progressive waves. Consider the time-dependent temperature field

6(,t) — 6, = A Re {exp (—%p-m) exp <w(t — %pm))} , PpP=x—3%, (6.11)

forw > 0, £ > 0,u > 0, and A4, all real numbers. The function (6.11) is called a damped
plane progressive wave with frequency w, attenuation &, speed u, direction m(jm| = 1),
and emplitude A. Clearly, this temperature field satisfies the linearized heat equation
(6.1) (with » = 0) if and only if

wia(0) + & (@)} = ¢ + d0/w)*{x(0) + ¥'(v)} (6.12)
where @' (w) and ¥’ (w) are Fourier transforms:

&) = fo TR ds, W) = fo T O ds, (6.13)

Then, for each frequency w there is exactly one set of values u = u(w) > 0, £ = £(w) > 0
which satisfies (6.12):

ute) = 2O EO o0 ) — p)ian (66) — o) + sec b) — o],

(6.14)
fw) = o5 fan (@) — o) + see (0) — )],
where
_ Im &(0) 4+ #"(w) _ Im (a(0) + &' (w) .
@) = Re @ 7@ T P9 T ReeO) Ay O
For classical heat conduction a(s) = a(w) (constant), x(s) = () (constant) for
every s & [0, «) and (6.14) yields
_ 20.”((0)) 172 _ w(w) 1/2
we = (257w = (=2 (6.1
It follows from (6.13), and some known theorems on Fourier transforms that
lirf)l &) = a(®) — a0), lim wa’(w) = 0 (6.17)
and

lim &’(w) = 0, lim wa’(w) = —ia’(0). (6.18)

W= w—o
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Similar limits can also be obtained for i’(w). Then, using these formulas in connection
with (6.14), it is not difficult to show that as w — 0

u(w) = u(w), £(w) = £(w), (6.19)
and as w — ©
u(w) — (2wk(0)/a(0))"?, E(w) — (wa(0)/2x(0))">. (6.20)

Thus, we see that for low frequencies (w — 0) the speed and attenuation of a damped
plane progressive wave approach the values predicted by the classical theory. For high
frequencies (w — ), the wave speed and attenuation are real and unbounded as in the
classical theory. Moreover, for x(0)/a(0) greater (less) than k(o )/a(x), the wave speed is
greater (less) than and the attenuation is less (greater) than the values predicted by the
classical theory.

7. Linearized theory with vanishing «(0). For this case the linearized constitutive
equation for the heat flux becomes

q=— f T gt — §) ds (7.1)

and the linearized heat equation (6.1) reduces to
«(0)6(x, t) + f ()0(x, t — s)ds = f KEVEx, t — 8 ds +r(x, t). (7.2
0 0

(a) A uniqueness theorem. As before, we are concerned with obtaining sufficient
conditions for the uniqueness of solutions to the initial-boundary-value problem associ-
ated with the heat equation (7.2).

THeOREM 7.1. Let 6 be a solution of (7.2) on ® X (— o, »). Furthermore, suppose
that'

a(®) > 0, a’(0) > 0, a”(0) > 0, £ (0) > 0,
and
=0 on BX(—=,0], r=0 om ®X(—x, ®),
=20 on d®B3yX(0, =), qn =0 on d®X(0, »);
where d® = d®, \J d®, . Then
=0 om® X (—», @).

The proof of this result is omitted since it is very similar to the one given for Theorem
6.1 once the quantity

$() =f f 640 dA dr —f fe'idV dr. (7.3)
—» J4® —o JB
has been computed.

17 This equation can be written in a form similar to that derived by Gurtin and Pipkin [17]:

a(0)F + o(0)6 + [ a(s)6(t — 5) ds = K(O)V% + [ K(s)V20(t — s) ds + .
18 The positiveness of «'(0) and «/(0) is believed to insure that the solution 6(z, ¢) is asymptotically
stable.
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(b) Plane progressive waves. Let us again consider the sinusoidal temperature field
(6.11). Then the heat equation (7.2) (with » = 0) implies that the wave speed » and the
attenuation ¢ must obey the relations

uy? = T fsec 60) — lolftan () — o) + sec () ~ #W)]
Ew) = Qﬁ [tan ((w) — o) + sec (@) — o), (7.4
where
_ Im () _ Im (a(0) + &'(w) -
tan »(w) = Re @ (o) @)’ tan o(w) Re @) + & (@) (7.5)

Moreover, using the limits (6.17) and their counterparts for #'(w), it is not difficult to
verify that as « — 0, 4 and £ approach the classical values u. and &. .

To analyze (7.4) for large w, an appropriate asymptotic expansion for each of the
Fourier transforms &' (w) and &'(w) is required and can be obtained by integrating (6.13)
twice by parts:

_ _a'(O)i _ a"(ZO) _ a'”gw)

w w

(7.6)

) = _Kfi))i B K';(z()) B f(':gw) ,

=1t

where &’’’ (w) and &"”/(w) are the Fourier transforms of «”/(s) and «'"'(s). We assume that
a(0) > 0,¢'(0) > 0, a”(0) > 0, and «’(0) > 0 to insure that the temperature field (6.11)
is unique. It also seems physically reasonable to assume «”(0) < 0 on the basis of some
statistical arguments given by Maxwell [19] and Cattaneo [2]. Then, as w — «,

w- () - ta-mlEs) - e

These results are quite different from those obtained for the linearized theory with
x(0) > 01in that now the wave speed and attenuation remain finite for arbitrarily large w.

(¢) Plane temperature-rate waves. As has already been indicated, there can exist,
n the linearized theory with «(0) = 0, jump discontinuities in the ‘“temperature-rate”
field § which propagate with a finite speed. Using a singular surface analysis (¢f. Truesdell
and Toupin [21, Sec. C]) and assuming the wave to be plane, we find that the propagation
of such waves, in terms of our present study, is governed by

TeEOREM 7.2. Consider a plane ftemperature-rate wave propagating into an infinite
heat conductor with k(0) = 0. Then, for t > 0, the speed U is a constant given by’

and the amplitude a (a = [6])* has the following dependence on t:*

19 Here the definition of an admissible process has been extended to include the functions g(-)
which are piecewise continuous.

20 Gurtin and Pipkin [17].

2 “[.7” denotes the jump; Truesdell and Toupin [21].

2 Chen [4].
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1/700) o’(0)
a(t) = a(0) exp |:2 <";‘,?65' - ;(~0)_>t:| .

Clearly, in view of the sufficient conditions for unique solutions of initial-boundary-
value problems and the assumption of «/(0) < 0, the wave speed is real and the ampli-
tude of the wave decays monotonically to zero ast — .

Our primary interest here is in the relationship between plane temperature-rate
waves and the plane progressive waves discussed earlier. Let us define the ulirasonic
speed u., and the ultrasonic atienuation ¢, by

Uy = lim u(w), £ = lim £(w). (7.8)
Then (7.7) implies that
_ (<@ - 170 2O),
Yo = (a(O)) r e = 75 (K'(O) a(O)) (7.9)

Setting this result alongside Theorem 7.2, we arrive at

TueorEM 7.3. Let U and a(t) be the speed and amplitude of a plane temperature-rate
wave which since t = 0 has been propagating into an infinite heat conductor with x(0) = 0.
Then, fort > 0 U = u. and

a(t) = a(0> exXp (—uwgot)

where u, and £, are the ultrasonic speed and attenuation of damped plane progressive
waves tn the same body.
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