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Abstract. A closed expression is given for the minimum free energy of a linear
thermoelectromagnetic conductor, whose constitutive equations relative to the electric
current density and to the heat flux have memory effects. This expression, derived in the
frequency domain, is related to the maximum recoverable work, which can be obtained
from a given state of the material. Another equivalent expression of the minimum free
energy is deduced; it allows us to give explicit formulae for the case of a discrete spectrum
model.

1. Introduction. The investigation of the problem of finding explicit forms of the
minimum free energy of a viscoelastic solid has been considered by many authors because
of the importance of the maximum recoverable work, to which the minimum free energy
is related (see, for example, [Il 2 B} B [8 O 12, 16]). Two of these works [3, [5] are
particularly interesting for the method used in studying such a problem; therefore, we
shall refer to these papers, since we shall use their procedure for finding the expression
of the minimum free energy of a thermoelectromagnetic conductor.

Also in electromagnetism this problem has been studied in recent articles; in particular,
in [6] the minimum free energy has been evaluated for a rigid dielectric material with
linear memory under isothermal conditions, the material being characterized by memory
effects for the electric displacement and the magnetic induction. In [14] the same problem
has been considered for an electromagnetic conductor whose behaviour is similar to that
of the ionosphere, for which the hereditary theory provides a local functional relation
between the electric current density and the electric field [4] [13].
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In this paper we are concerned with the presence of thermal effects in electromag-
netism. They have been considered by Coleman and Dill in [19, 20], where the ther-
modynamic restrictions on the constitutive equations have been derived, too (see also
[7]). In particular, these effects have also been studied in [I5], where the linear theory
of the thermodynamics of a homogeneous conductor is considered, by assuming that the
material is characterized by two linearized constitutive equations, which exhibit long-
term memory, for the electric current density and the heat flux. Both of these equations
have the linearized form introduced in [I7] for the heat flux to remove the paradox of
the classic theory about the instantaneous propagation of heat [I8]. The linearized the-
ory developed in [15] yields the introduction of a maximal free energy, which allows us
to obtain a domain of dependence; moreover, a theorem of uniqueness, existence and
asymptotic stability is proved. In this work we address ourselves to the problem of find-
ing the expression of the minimum free energy of the thermoelectromagnetic conductor,
already examined in [I5]. An explicit formula is derived by starting from the formula-
tion of the maximum recoverable work and using the notion of minimal state, that is,
the state which considers equivalent the histories which yield the same response of the
material [16, 22]. The technique used to obtain such a formula starts from the study
of two Wiener-Hopf integral equations of the first kind, whose solutions are derived by
considering the thermodynamic properties of the integral kernels and some theorems on
the factorization of the same kernels.

In Sec. 2 the constitutive equations are introduced and the thermodynamic restrictions
on them are also recalled [I5]. Then, in Sec. 3, some useful properties of the two integral
kernels of the functionals, which characterize the electric current density and the heat
flux, are derived; moreover, we introduce the notions of state and process, which describe
the behaviour of the material [2I] 22]. The position of the problem and the definition
of the continuation of histories with a given process are considered in Sec. 4, where
the definition of equivalent histories is also given. Then, in Sec. 5, we introduce the
thermoelectromagnetic work done on a process starting from a given state, and we derive
some expressions of this work by distinguishing different initial states. In Sec. 6 we give
a new definition of equivalent histories by means of the work based on the boundedness
of the same work; we show that the two definitions of equivalence are equivalent. Then,
in Sec. 7, we consider the maximum recoverable work, which is related to the minimum
free energy, of which an explicit form is obtained. After deriving, in Sec. 8, a different
but equivalent formulation for the minimum free energy, in the last section we consider
the particular case of a discrete spectrum model material response, for which explicit
formulae are derived.

2. Preliminaries. Let B be an electromagnetic solid, which occupies a region €2 of
the three-dimensional Euclidean space R3. We suppose that € is a bounded and regular
domain with a smooth boundary.

Within the linear theory of thermoelectromagnetism, B is considered as a homoge-
neous and isotropic conductor, characterized, in particular, by the presence of memory
effects for the electric current density J and the heat flux q. Denoting by D the electric



MINIMUM FREE ENERGY IN LINEAR THERMOELECTROMAGNETISM 647

displacement, B the magnetic induction, ¢ the temperature relative to the absolute ref-
erence temperature ©g, uniform in €2, E and H the electric and magnetic fields and h
the rate at which heat is absorbed per unit volume, we assume the following constitutive
equations:

D(x,t) = cE(x,t) + 9(x,t)a, B(x,t) = pH(x,1t), (2.1)
+o0 +oo

J(x,t) = /0 a(s)E(x,t — s)ds, q(x,t) = _/0 k(s)g(x,t — s)ds, (2.2)

h(x,t) = cd(x, t) + O [5’1A1 D(x,t)+ p Ay B(x, t)] . (2.3)

Here the time ¢t € R*, a, A; and A, are three constant vectors, the positive coefficients
e, p and c are the dielectric constant, the permeability and the specific heat. Moreover,
the local functionals, which express J and q, depend upon the histories of the electric
field, E : (—00,t] xQ — R?, and of the temperature gradient, g =V : (—o0, ] xQ — R3,
up to time ¢.

All these functions depend upon the position x € €2, but henceforth it will be un-
derstood since the statements are relative to any fixed x € Q. In (2.2) the two kernels
a:Rt — Rand k: RT — R are the electric and the thermal conductivities, respec-
tively; we suppose that these functions belong to H!(R™).

In [I5] we have observed that the assumed constitutive equations allow us to consider
B as a simple material [20, 21I] and we have derived the restrictions imposed on them by
the laws of thermodynamics, which state [10, 1] that for any cyclic process the equality

f h(t) + E(t) - D(t) + H(t) - BE) + B(t) - J(0)]dt = 0 (2.4)
holds as well as the inequality
4100 + 0001 h(0) + 00+ 9] alt) - g(0)} dt < 0 (25)

where the equality sign is relative only to reversible processes and h in our case is ex-
pressed by (2.3).

To deduce the required restrictions, it is necessary to use the approximate expression
of (2.5) given by [9]

6 j{ {r()[©0 — I(1)] + a(t) - g(t)} dt < 0; (2.6)
hence, using (2.4) we have
Cre f{h(t)ﬂ(t) +69[E(t) - D(t) + H(t) - B(t)

+ E@)-J(#)] —a(t) - g(t)} dt = 0. (2.7)

Upon an integration on cycles, substituting (2.3) with (2.1), the inequality (2.7) gives a
relation from which the arbitrarinesses of ¢, E and g and of ¢ with respect to E and H
yield the thermodynamic restrictions [I5]

A1 = a, A2 =0 (28)
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together with two inequalities, which, as we have shown in [I5], reduce to
“+o0 +oo
/ a(s) cos(ws)ds>0, / k(s)cos(ws)ds > 0 Yw # 0. (2.9)
0 0

Thus, we observe that the expression (2.3), due to (2.1) and (2.8), becomes
h(x,t) = (c+ Opc ™ 'a®) J(x,t) + Opa - B(x,1); (2.10)

moreover, substituting this relation and taking account of (2.1) allow us to write (2.7)
as follows:

%{éﬁ(way+;ywqxo+%3@-3@
+J(t) - E(t) — =—q(t) - g(t)] dt > 0, (2.11)

which must hold for any cyclic process.

We remember that the field equations in thermoelectromagnetism are Maxwell’s equa-
tions together with the energy equation, which relates h to q, i.e. h(x,t) = =V -q(x,t)+
r(x,t), where r denotes the heat sources and h can be eliminated by using the expression
(2.10) in terms of ¥ and E.

3. Some properties of the two kernels o and k. Some useful results can be
derived by considering the two kernels o and k& which appear in (2.2).

To do this, we first note that any history can be considered as the set of the present
value and of the past history; therefore, we shall identify, in particular, the history of
the electric field E : (—oo,t] — R? with the couple (E(t), Et), where the past history is
denoted by Ef(s) = E(t —s) Vs € RTT.

We observe that the present value of the electric field must be considered not only for
the history of this field but also because it appears in the constitutive equation (2.1); of
the electric displacement. On the contrary, the present value of the temperature gradient
hasn’t an equivalent role in the constitutive equations; therefore, only its past history
gl(s) = g(t — s) Vs € RTT assumes a particular importance, as we shall see in the
definition of the state of the material, too.

Now, let us recall the definition of the static continuation of any history; if the two
histories (E(t), E?) and (g(t), g') are considered, their static continuations with duration
a € RT are defined by

ty | E(s—a), s>a, oy | g(s—a), s>a,
E”_{E@, s €0, dl, g”_{ g(t), s € [0,d]. (3:1)

Introducing the electric conductivity »(®) and the thermal one ¥*) by means of

P9 (t) = /0 a(©)de, V() = /0 K(E)de, (3.2)
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the current density and the heat flux yielded with the static continuations (3.1) are given
by

+oo
J(t+a) = v )E({) + /0 ala+ &)EL(€)dE, (3.3)

+oo

alt +a) = P (a)g(t) - / Ko+ gl (€)de, (3.4)

0

where we note that the presence of g(t), as well as of E(t), is due, obviously, only to the
static continuations of these values.
Thus, we introduce these spaces:

+oo
r, = {Et :(0,400) — R3; | / a(s+7)E' (s)ds |< +oo V1 > 0},
0

“+o0
Ty = {gt: (0, +00) — R3; \/ k(s +7)g" (s)ds |< 400 VTZO}.
0

To derive other results we must introduce the Fourier transform fr of any function
f € LY(R) N L*(R); it is given by

+oo )
frlw) = / F(E)e8de = fo(w) + (), (3.5)
where we have put
+o0o 0
w) = e wE (w) = e~ W, .
fo(w) / f©e e, fo(w) / et (3.6)

When the functions are defined on R we can identify them with their causal exten-
sions to (—o0,0), where they vanish identically, and (3.5) and (3.6) give

Fr(@) = F1 (@) = folw) — ifu(w), (3.7)
where
+o0 +oo
folw) = /0 (&) cos(w)de,  fulw) = /O £(€) sin(we)de (3.8)

denote the Fourier cosine and sine transforms.

Finally, if the extension of any function defined on R is made with an even function
we have f(§) = f(=¢), £ < 0, and fr(w) = 2f.(w), while if it is made with an odd
function we have f(§) = —f(=£), £ <0, and fr(w) = —2ifs(w).

The thermodynamic restrictions (2.9), by virtue of (3.8)1, become

ac(w) >0, ke(w) >0 Yw € R, (3.9)

under the hypotheses that a.(0) > 0 and k.(0) > 0.
Thus, in particular, taking into account (3.2), we suppose that the following quantities
are finite and positive, that is,

+o0 +oo
D= [ a@de=a >0 0= [ KOk =k >0, (10
0 0
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from which it follows that constant histories E! = Ef, defined as E(s) = E Vs € R™,
and g' = g, given by gf(s) = g Vs € R™, yield a constant current density with the same
versus of E and a constant heat flux with the opposite versus of g, expressed by

J(t) = Vgg)Ev q(t) = _V(glg)g7 (311)

due to (3.10).
Following [14], where only the kernel « has been considered, the inverse Fourier trans-
form of k.(w) yields

2 [t 2 [t
k(t) = f/ kc(w) cos(wt)dw, k(0) = 7/ ke(w)dw >0 (3.12)
T Jo T Jo
by virtue of (3.9)2. Hence we get
2 [t
kE(0) — k(t) = - / kc(w)[1 — cos(wt)]dw > 0, (3.13)
0
from which it follows that &'(0) < 0.
The hypotheses assumed for k give the relation
k(w) = —wke(w); (3.14)
hence, if k” € L?(RT) and | k' (0) |< +o0, it follows that
lim wk(w) = — lim w?ke(w) = k'(0) <0 (3.15)

by virtue of (3.9)2; the last inequality coincides with (3.13)s.

The analogous results relative to the kernel « have been derived in [14] and coincide
with all these; therefore, all the relations from (3.12) to (3.15) can be rewritten in terms
of a, o/, o' by simply changing k with «.

Taking into account (3.13)s and the analogous relation o/(0) < 0, we assume

a’(0) <0,  K(0)<o0. (3.16)

4. Position of the problem: Continuation and equivalent histories. The con-
stitutive equations (2.1)—(2.2), which we have assumed for B, characterize a simple ma-
terial [21], 22]; therefore the behaviour of our material can be described in terms of states
and processes.

Thus, as we have already observed at the beginning of the previous section, the con-
ductor B can be characterized by the state o(t) = (E(t), H(t),9(t), E, g!) € X, the set
of the admissible states, and by the process P(7) = (Ep (), Hp(7),9p(7),gp(7)), which
is an integrable function defined on the time interval [0,d) and expressed by the time
derivatives of the electric and magnetic fields as well as of the temperature, together with
the temperature gradient, each of which is assigned at any point of [0, d). In particular,
for example, Ep(7) denotes the time derivative of Ep at 7 € [0,d). We have denoted by
d < +oo the duration of the process P € 11, the set of all admissible processes. We shall
consider the restriction P, ,) of the process P of duration d, when we shall apply P
only in the interval [t1,t3) C [0,d). We introduce the evolution function p : ¥ x II — X
as the function which maps an initial state ¢’ € ¥ and process P € II into the final
ol = p(c*, P) € ¥. Moreover, when the restriction Pyo4) is considered for any t € [0, d],
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we have o(t) = p(c(0), Pos)), and, when o(d) = p(c(0), P) = 0(0), the pair (o, P) is
said to be a cycle.

Since in the sequel we shall be concerned with continuations of histories with processes,
we must give the definition of such a continuation.

First, we consider the case when a process is applied at time ¢ = 0. In this case,
denoting by d the duration of the process, the generic instant in the time interval, where
the process is defined, coincides with ¢ and we have ¢t € [0,d). The process, expressed
by P(t) = (Ep(t), Hp(t),9p(t),gp(t)) ¥ t € [0,d), is applied at time ¢ = 0, when the
initial state is 0(0) = (E.(0), H.(0),9.(0), E2, g%). It induces the set of the following
states corresponding to every time t € (0,d], denoted by o (t) = (E(t), H(t),J(t), Et, g)
and defined by

E(t) = E,(0) +/O Ep(s)ds, H(t) = H,(0) +/0 Hp(s)ds, (4.1)
I(t) = 9.(0) + / t D p(s)ds, (4.2)
0
o JEt—T7), O0<7<t, , . [ gp(t—7), 0<7<H,
Ei(r) = { EV(r —t), 7>t (r) = { gSP(T—t), T >t (4.3)

Here we have omitted the subscript P in the functions present in o(t) and at the left-hand
sides of (4.1)—(4.2).

Then, we consider the case when the process is applied at the generic time t. Now,
it is given the initial state o(t) = (E(t),H(t),9(t), Et, g’), that is, the instantaneous
values of the magnetic field H(¢) and of the temperature ¥(¢) with the history E :
(—00,t] — R3 and the past history gi(s) = g(t — s) Vs € RTT. We relate a process
P(t) = (Ep(7),Hp(r),9p(7),gp(r)) ¥r € [0,d), d being the duration of the process
applied at time t, to

Ep:(0.d - R®  Ep(r)=E()+ / "Bp(e)de, (1.4)

Hp : (0,d] — R?, Hp(r) =H(t) + OT Hp(¢)de, (4.5)

Ip:(0,d =R,  Ip(t)=10(t)+ / ’ Dp(€)de, (4.6)
0

defined for any 7 € (0,d], where 7 # 0 to distinguish the values assumed by the fields
during the application of the process from their instantaneous values at time t. Moreover,
in particular,
gp :[0,d) — R3, gp(r)=g(t+7) (4.7)

is assigned by P.

Therefore, the final value of the electric field at each instant 7/ =t +7 < t+d is
denoted by E(7') = (Ep * E)(7'), it depends upon Ef, Ep and, moreover, it is related
to Ep(d), (Ep * E)**9. Tts expression is the following:

Ep(d—s), 0<s<d,

E(t+d-s), s>d, (4.8)

Ef(t+d—s):(Ep*E)(t+d—s):{
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where * denotes the continuation of histories with some process. Analogously, the contin-
uation of the past history of the temperature gradient is defined at each 7/ = t+7 < t+d
and denoted by g¢(7') = (gp * g)(7'), which depends upon g', gp and is given by

gf(t+d—s)=(gp*g)(t+d—s):{ gr(d—s), 0<s<d,

glt+d—s), s>d, (4.9)

due to (4.7), too.

The constitutive equations (2.2) allow us to consider two linear functionals J : Iy —
R? and q : 'y, — R3, which give the set of the possible current densities and one of the
possible heat fluxes in correspondence to different histories of the electric field and of the
temperature gradient, respectively. They are defined by

-~ +oo oo
)= [ aE@n aE)-- [ kogen @0

where E! € T, and gt € T';..
The introduction of these two functionals allows us to give the following definition.
DEFINITION 4.1. Let (E;(t),E), j = 1,2, be two couples of histories of the electric
field and g], j = 1,2, two past histories of the temperature gradient, corresponding to
the same instantaneous values H(¢) of the magnetic field and 9(t) of the temperature.
They are called equivalent if for every 7 > 0 we have

Ei(t) = Ey(t), J(Ep+E)") =J(Ep = Ep)'T) (4.11)
for every Ep : (0,7] — R? and

a((gr+g1)"") = al(gp +g2)""") (4.12)

for every gp : [0,7) — R3, whatever may be Hp : (0,7] — R3 and 9p : (0,7] — R.

We note that for any process the values Hp(7) and 9p(7) are independent both of
the two couples of histories (E;(t),E}) and (Es(t),EY) and of the two past histories
gl and gf. Moreover, since we have the same gp defined on [0,7) for both the past
histories gf and gf, in particular, we have in both of these cases the same initial value
gp(0) = g(t) due to (4.7). Finally, for the equivalence of two couples of histories both
the same electric current density and the same heat flux, i.e., the same response of the
material, are required.

In particular, if we consider the history (0, E?), that is, the history characterized by
a zero instantaneous value for the electric current density and the past history gf, they
are equivalent to the zero history (0,0") of E and the zero past history 0f of g if

+o0 +oo
/ a(r + E)EH(€)de = / a(s)EH (s)ds = 0 (4.13)
0 T
and

+oo +°°
/ k(T +£)g"(§)dE = / g7 (s)ds = 0. (4.14)
0

We observe that both the conditions (4.11)—(4.12) and the relations (4.13)—(4.14) give
an equivalence relation, which allows us to state that two past histories E{, g! and E}, g}
are equivalent in the sense of Definition 4.1 if their differences E! = E} —E}, g’ = g! —g},
satisfy (4.13)—(4.14), respectively.
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Furthermore, taking into account Noll’s definition of state [22], we can state that
two couples of histories (E]‘(t)7E§-), j = 1,2, with E{(t) = E3(¢), and two past his-
tories g}, j = 1,2, such that the differences E{ — E}, g — g satisfy (4.13)-(4.14),
give the same state o(t), with the fixed values of H(t) and 9(¢t). Thus, the state o(t)
can be seen as the “minimum” set of variables which yield a univocal relation between
(Ep(-),Hp(-),0p(-),gp(-)), defined in [0,7), and (D(t+7),B(t+7),I(t+7),q(t+7)),
where, due to (2.1), D(¢ + 7) is expressed by (4.4) and (4.6), B(t + 7) by (4.5) and
Jt+7)=J(Ep*E)"*7), q(t+7) = q((gp *g)"*7) V7 > 0. Hence, it follows that the
state o becomes an element of ¥ = R? x R3 x R x (I'y/Ta,) X (Tk/Tk,), where Ty /T4,
and I'y /Ty, are the usual quotient spaces, I'y, C I'y, and I'y, C I';, being the subsets of
the past histories which satisfy (4.13) and (4.14), respectively.

Therefore, it follows that the boundednesses of J and q are related to this definition
of the state. We shall consider the boundedness of the work, too.

5. Thermoelectromagnetic work. As we have already stated in Sec. 2, the in-
equality (2.11) expresses the local form of the second law of thermodynamics for the
thermoelectromagnetic conductor B. It must hold for any process P, which, starting
from the initial state o, yields the final state o/ = o, i.e. for any cycle (o, P); moreover,
it gives the thermoelectromagnetic work done on the process P [9] [I1].

Denoting by o' (t) = (E;(t), H;(t),9:(t), EL, g!) the initial state of B, we consider the
process P(1) = (Ep(7),Hp(7),9p(7),gp(1)), V7 € [0,d), that is, with duration d and
related to the time interval [¢,¢ + d). The work done on P is a function of the state and
of the process and is expressed by

W(U’L(t%P) = W(E’L(t)aH’L(t)aﬁl(t)aE§7gfvEP7I:IPaﬁP7gP)

d
:/O [eioﬁp(T)ﬁp(T) + éD(Ep(T),ﬁP(T)).D(EP(T),ﬂp(T)H iB(Hp(T))

B(Hp(7)) +J((Ep » E))"*7) - Ep(7) - @iofl((gp «gi)'"7) gp(r)|dr,  (5.1)

where the integral is expressed as a function of 7 € [0, d) and consequently Ep(7), Hp(7),
9p (1) are given by (4.4)—(4.6), gp(7) is assigned by P with (4.7) and the continuations
Ep * E;, gp * g; are defined by (4.8)—(4.9).

Another equivalent form of this work is the following:

] t+d c . 1.
Wie'0.P)= [ | 5-9(00(6) + 1D(B(E). 96) - DIE(E). 9(6)

+%B<H<s>> CB(H()) + 3(Bp + B)S) - B(E) - @ioa«gp cg)S) - g(6)| de.
(5.2)

where the integral is written in terms of £ € [t, ¢ + d).
This work done on the process P, of duration d, which yields the continuation from
the initial state, denoted simply by o(t) = (E(t), H(¢),9(t), Et, g'), is given by (5.1) or
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(5.2). Taking into account (2.1) and (4.10), from (5.2) we obtain

W(o(t),P) = [@ 92(t +d) + D2( —&-d)—l—%BZ(t—&—d)}

1
2
- % [@iom(t) + gD2(t) + %Bz(t)]

t+d +oo 1 too
as)ES(s)ds - — $)ef(s)ds -
+/t UO (s)E(s)d E(£)+@O/0 k(s)g(s)ds - g(€) 253)

where we have put E¢ = (Ep * E)¢ and g = (gp * g)¢, which are given by (4.8) and
(4.9), respectively.

It is interesting to examine the case when the initial state is characterized by null
histories for the electric field and the temperature gradient. Thus, let us consider the null
history (0, 0T) of the electric field and the null past history 0T of the temperature gradient,
where 0f(s) = 0 Vs > 0; we now take the initial instant as ¢t = 0 for simplicity. Then,
assuming H(0) = 0 and 9(0) = 0, we apply a process P, which gives gp : [0,d) — R?
and is related to the functions Ep : (0,d] — R?, Hp : (0,d] — R3, ¥p : (0,d] — R and
the continuations of the two histories of E and g. Under these hypotheses, the ensuing
fields, denoted by (Eo(t), Ho(t),J0(t), Ef, gf) with ¢t € (0,d], by virtue of (4.4)—(4.9),

assume the form

t t
Eo(t) = / Bo(r)dr,  Ho(t) = / iy (r)dr, (5.4)
0 0
t
do(t) = [ dr(riar, (5.5)
0
and
t—s
E(T)dT 0<s<t gp(t—s), 0<s<t,
t — 0 P ’ ) t _
By (s) { 0, s>, o(s) { 0, s> t. (5:6)
Denoting by
0(0) = (0,0,0,0',0) (5.7)

the initial state which we have introduced (that is, the one corresponding to null values
of the interested functions at ¢ = 0 and to null past histories for E and g), work done on
a process P = (Ep,Hp,¥p,gp), applied at t = 0, is given by (5.2), which now reduces
to

d
Wioa(0).P) = [ | - du(t)a(t) + TD(Ea(0),9o(0) - DEa(0),7o(0)

1. =~ 1
+;B(Ho(t)) -B(Ho(t)) + J(Ep) - Eo(t) — @—OQ( g6) - go(t) | dt, (5.8)
where, in particular, gg(t) = gp(t) is the assigned temperature gradient in P.

This relation allows us to introduce the following definition.
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DEFINITION 5.1. A process P(t) = (Ep(t), Hp(t),0p(t), gp(t)), defined for any t €
[0,d), starting from the state 0o(0) given by (5.7), is said to be a finite work process if
the work done on P and expressed by (5.8) with (5.4)—(5.6) satisfies

W (00(0), P) < +o0. (5.9)

We have the following result.

LEMMA 5.1. The work done on any process, which is a finite work process in the sense
of Definition 5.1, is positive.

Proof. The work done on a process P, of duration d, starting from the state o((0)
defined by (5.7), is expressed by (5.8). It is finite if P is a finite work process in the
sense of Definition 5.1; therefore, (5.9) is satisfied. Let us assume that the ensuing fields,
present in (5.8) and given by (5.4)—(5.6), vanish for any ¢ > d, the duration of P. Thus,
taking into account the constitutive equations (2.1) and (4.10) with (5.6), (5.8) assumes
the form

which, by virtue of Plancherel’s theorem, becomes

Wion(0).P) =3 [ - h(@) + LD3(@) + LB (0
e ) . *
+ e |:OZF(W)EOF(UJ) ‘Eg, (w) + G—Okp(w)gOF (W) - g5, (w)} duw,

(5.11)

where * denotes the complex conjugate.

To prove the positiveness of this expression, it is enough to consider the sign of the
integral present in it.

To this end, we observe that (on the ground of the properties of the Fourier transforms,
recalled in Sec. 3) in (5.11) the functions, whose Fourier transforms must be considered,
are defined on R and considered equal to zero on R™~. Therefore, their cosine and sine
transforms, in terms of which the Fourier transforms can be expressed on the ground of
(3.7), are even and odd functions.
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Thus, the integral at the right-hand side of (5.11) can be changed as follows:

1 +o00 ) 1 *
% . |:OZF(CU)E0F (w) . EOF (W) + @—Okp(w)gOF (w) g0 (w):| dw
1 +oo

= % |:(Oéc — ias)(Egc — iEOS) . (EOC + iEOS)

1
+—

o (he = i) (8o, — ig0.) - (g0, + z‘gos)] d

+oo
5 [ {acmt @)+ B i+ 5

2 J_ o 0

he(w)lg2. (@) + &2, <w>]} do > 0,
(5.12)

where the inequality holds due to (3.9). O
Generally, a process P has a finite duration, d < 4+o0o. However, we can consider P
defined on R, if we suppose that P(7) = (Ep(7),Hp(7),9p(7),gpr(7)) = (0,0,0,0)
V7 > d. If we also assume that Ep(7) = 0, Hp(7) = 0, 9p(7) = 0 V7 > d, (5.8), again
using the subscript P in the integrals with the histories, becomes
e . 1. 1.
W(o0(0), P) = 6—0190(5)190(5) + gDo(f) Do (&) + ;Bo(ﬁ) By (&) | d¢
0
—+oo +oo 1 —+oo
s [ et s Bet + g [ (- ds - et
0 0 ©0 Jo
1[e 1, 1, oo
=5 | g-Y6(d) + =Dj(d) + =Bg(d) | + a(s)Ep(n — s)ds - Ep(n)
2 O € 1% 0 0

5 " k(s)gp(n — s)ds - gp<n>] dn (5.13)

since for any s > n we have the null histories. The last two integrals in (5.13) can be
changed as follows:

[ [ atBatn— s Bot) + - [ Kshpln = s)ds - o) dn
-/ = [ atn=pBeo)to - Bot) + - [ ka - pgelohio- gt dn
= % U;w /;Oo o[ n—p )Ep(p) - Ep(n)dpdn

+oo +oo
+@LO/O /O E(ln—p I)gp(p)-gp(n)dpdn] : (5.14)
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Substituting the last expression after applying Plancherel’s theorem and taking into
account that both a(| n—p|) and k(] n—p |) are even functions whose Fourier transforms
can be expressed in terms of their Fourier cosine transforms, (5.13) assumes the following

form:
1{c 9 1_,
W(oo).7) = | & (@ + D3 + L BR(@
1 [t
o [ |acwiBri
Bp (@) + g he()grs (@) gpy (@) o (515
Let
H,(RT R?) = {E :RT — R?; /+OO ae(W)Ey (w) - EY (w)dw < +oo}
and

mmtﬁﬂz{ngaR%(/

— 00

b () () g} () < o0

denote the sets of the functions related to finite work processes. When in these spaces
—+oo

the following inner products (E1,Ep)q = [~ ac(w)E14 (w) - B3, (w)dw and (g1,82)x =
fj;o ke(w)gi4(w) -85 (w)dw are introduced, we have in them the norms || E|[, = (E, E),
and ||g||, = (8,8)k, respectively. The completion of these spaces with respect to these
corresponding norms allows us to obtain the spaces of the processes, which, in particular,
give gp and are related to Ep, that is, the Hilbert spaces which we denote by H, (R*, R3)
and H,(R*,R3).

Furthermore, the set of all admissible histories can be considered as the set of all the
histories (E(t), E?) of the electric field and of the past histories g of the temperature
gradient, such that the work done on any process, characterized by gp € Hi(R*,R3)
and related to Ep € H,(R*,R?), starting from the state corresponding to them, is
finite. Thus, supposing again that for any 7 > d (d < +00) the process is zero and
corresponding to the values Ep(7) = 0, Hp(7) = 0, 9p(7) = 0 V7 > d, the work (5.1) is
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expressed, due to (4.8) and (4.9), by

0
[1193,(0) + éDQ(Ep(O), 9p(0)) + %B2(HP(O>):|
+ /;oo UOT a(s)Ep(T — s)ds + /T+Oo a(s)E(t+7 - S)dS] ‘Ep(r)dr
o [ [ Hemetr— st [ kgt - o)is| -gr(riar
:% [i%(d) + éDQ(Ep(d), Ip(d)) + %BQ(Hp(d))]

_ % [@ioﬁ%)(O) + §D2(Ep(0),19p(0)) + %B2(HP(O)):|

+ /Om :/OTQ<S)EP(T — 5)ds - Ep(7)

1 T
—I—@—O/O k(s)gp(r — s)ds - gp(T)] dr

+oo [ p+oo
+ / _ / a7+ B (n)dn - Ep(r)

1 [t
2 T ke gt gpm} dr. (5.16)

Putting

+oo +o0
Lo (7, E") = */0 a(r + n)E (n)dn, I (T,8") = */0 k(4 n)g" (n)dn, T >0,

(5.17)
and using (5.14) and (2.1), (5.16) assumes the form

W(o(t), P) :% {900192(15 +d) + %[EE(t +d) 4+ 9(t + d)a)?

+uH?(t+d)} — % {@%02(7&) + %[EE(t) +9(t)a]® + MHQ(t)}

+%/O+°° /0+°° [aq "~ € )Ep(©) - Ep(r)
1

+@0

B — € Der(e)- gpm} dédr

+oo 1 —+o0
—/ I(a)(T,Et) -EP(T)dT— —/ I(k)(T,gt) -gp(T)dT, (518)
0 ©0 Jo
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or the equivalent one

W(o(t), P) :% {@iOﬂQ(t +d) + é[sE(t +d) + 9(t + d)a]?

+ pH?(t + d)} 1L {iﬁQ(t) - l[gE(t) +9(t)a)* + pH2(t)}

2 @0 9
+o () B () - By () + gke(@)gp () - ghy ()| do
1 oo t * 1 t *
o | I(a)+(waE ) - P+(W) + GTOI(k)Jr(Wag ) - gP+(W) dw,

(5.19)

where, on account of (3.6)1, we have put

+o0 ) 400 ]
I(a)+(w,Et):/ Lo (7, ENe ™7dr, I(k)+(w,gt):/ L (r,8")e ™7dr. (5.20)
0 0

We note that the two functions I (7, E) and I (7, g"), defined by (5.17), are related
to the electric current density and the heat flux corresponding to the static continuations
of E! and gt, already introduced with (3.1). In fact, when these static continuations
are considered, we have the expressions (3.3) and (3.4), which, if the duration of the
continuations is equal to 7, reduce to

I(BO) = v ()B() = T (1 B), a(g™) — v W (D)g(t) = ~Tg(r.g).  (5:21)

Hence, it follows that I, (7, E*) and L) (7, g") have the regularities of the quantities at
the left hand-sides of (5.21).

The last expression of W(a(t), P), given by (5.19), allows us to state that the ad-
missible histories B and g’ are those such that I(,)(-, E") and Ijy)(-,g"), related to E*
and g' by means of (5.17), belong to H,(R™,R?) and H/(R*,R?), the dual spaces of
H,(R*,R3) and Hy(R*,R?), whose functions satisfy

+o0 Foo
() = [ 00 g 0= 5 | [ ) g s |< +oc.

6. Equivalence of histories related to the work. Two couples of histories (Eq (¢),
E!) with g} and (Ez(t), E}) with gf, in Sec. 4, have been called equivalent when they
yield both the same electric current density and the same heat flux if they are subjected
to the same process.

An analogous equivalence relation can be introduced by means of the thermoelectro-
magnetic work considered in the previous section. Thus, we give the following definition
in terms of work.

DEFINITION 6.1. Let (E;(t),EY), j = 1,2, be two histories of the electric field and
let g§, j = 1,2, be two corresponding past histories of the temperature gradient, related
to the instantaneous values Hl(t),I;I2(t) of the magnetic field and 9, (t), J2(¢t) of the

temperature, respectively. They are called w-equivalent if for every Ep : [0,7) — R3,
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Hp : [0,7) — R3, p [0,7) = R, gp: [0,7) — R? and for every 7 > 0, the equality

W(El(t)’ Hl(t)vr&l(t)v Etla gi) EP; I:Ip,lép,gp)
= W(EQ(t)vHQ(t)a 192(t)7 Ega g§7 EP7 IlIPa 19P7 gP) (61)

is satisfied.
The equivalence expressed by Definition 4.1 coincides with the one now introduced in
the sense of the following theorem.

THEOREM 6.1. For every thermoelectromagnetic material B, described by the constitu-
tive equations (2.1) and (4.10), two couples of histories of the electric field and of the
temperature gradient are w-equivalent if and only if they are equivalent in the sense of
Definition 4.1.

Proof. 1f two couples of histories, (E;(t), E}) with gf, j = 1,2, satisfy Definition 4.1,
then they are w-equivalent, too. In fact, for every Ep : (0,7] — R?, Hp : (0,7] — R3,
9p:(0,7] = R, gp : (0,7] — R3 and for every 7 > 0, from (5.1) we get

d
&m0+ 201 05(7) - DB(r).00(r) + L BEA()

B(Hp(r)) + 3((Ep + BI)™) - Brlr) — g-a((gr 1)) gpm] dr

d
= [ | & 00(00p(r) + LD(ER().0p(r) - D(E().Op(r) + | BER(7)

B(Hp(7)) + J(Ep + E2)"*7) - Ep(r) — @ioﬁ((gp xg2)""T) gP(T)] dr. (62)
This relation expresses that the work done on the process starting from the state (E;(t),
H,(t),9:1(t),E!,gl) coincides with the work done when the same process starts from
(Ea(t), Ha(t), 92(t), ES, gb), since, by hypothesis, the instantaneous values present in the
two states coincide as well as (4.11)5 and (4.12).

Now, if two couples of histories, (Ej(t),Ez») with gﬁ-, j = 1,2, are w-equivalent, then
for any process P = (Ep,Hp, ﬂp,gp) and for every d > 0, d being the duration of the
process, (6.1) must be satisfied. This equality, taking into account (5.16) or (5.18), which
is equivalent because of (5.14) and (5.17), can be put in the following form:

26 (7R (@) = 03, (@) ~ 9%, 0) = 93, (0))} + 5 {D, (@) - D, (@)
~[D3,(0) = DR, 0]} + 5 (B}, (@) ~ B, (@) - [B3,(0) ~ B, (0]}
1 +oo +o0
w5 [ alr =€ DER©)  Ba(r) - Br(©) Ba(rcar
+oo

- /0 [L(o)(7, EY) - Ep, () — L(o)(7, EY) - Ep, (7)]dr

1

+oo
- @_0/0 [Txy (7, 85) — Lry (7, 5)] - gp(7)dr = 0. (6.3)
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Here, for example, Up,(0) = 9;(t) and JIp,(d) = ¥;(t) + fo Dp(s)ds with i = 1,2 is
due to (4.6), while Ep, and Hp, have analogous expressions by virtue of (4.4) and (4.5).
Moreover, D p, is expressed in terms of the corresponding Ep, and ¥ p, taking into account
(2.1), as well as Bp, in function of Hp, and, in particular, obviously Ep, (§) = E;(t) + f(f
Ep(s)ds. We note that in (6.3) the integral with k(| 7 — £ |) has been eliminated since
we have the presence of the same gp on both sides of (6.1).

Thus, (6.3) can be written as follows:

{(go + af) [W1(t) = 92(t)] +a- [E(t) — EQ(t)]}/Od;,P(S)dS

d
+{a[th(t) = 02 (D)] + e[E, (8) — Ex(8)]} - /O Ep(s)ds + u[Hi(t)

+oo +oo
o) [ apcoaes L fmto-wio [ [ ol €
“+ o0 +oo E. T,
+[E1(t)—E2(t)]-/0 /0 NED, /OEp(s)ds+/0 Ep(s)ds] dfdr}

+o0 +oo
- / Loy (7. B By (1) — Ty (7 ) - B (1) — / o (7, B ) — T (. BL)]
0 0

T, +o00
. | p(s)ds| dr — @i ) (7:81) — Ly (7, 82)| - gp(7)dT = 0. 6.4
Ep(s)ds| d [Lx) (7, 81) — Lry (7, 83)] - gp(7)d (6.4)

This relation must be satisfied by any process P and any d > 0. Thus, we first observe
that the arbitrarinesses of Jp and Ep imply that the first two bracketed quantities must
vanish, i.e.,

{ (& + %) Da(t) — 0a(0)] + - B, (1)~ Ba(t)] =0, .

a[(t) — V2(t)] +e[E, () — Ea(t)] = 0.
Hence, substituting into the first equation the expression of Eq(¢) — Eo(t) obtained from
the second one, it follows that

P1(t) = 92(t), E1(t) = Ea(t). (6.6)
Moreover, also being Hp arbitrary, we get
H; (t) = Ha(t); (6.7)

furthermore, for the arbitrariness of gp too, we must have
Ioy(TED) =T (1, ES),  Lpy(7.8)) =L (7, 85). (6.8)
The last two equalities, by virtue of (5.17), yield
—+oo —+oo
| et wiEie) ~ Byl =0, [ K+ wlgi(n) - ghmldn v > 0. (69)

from which, taking into account (6.6)2, it follows that the couple of histories (0, E{ —E})
and gt —g} is equivalent to the null histories (0,0") and 0. Thus, the two couples of
histories (E;(t), E}) and gf, j = 1,2, are equivalent in the sense of Definition 4.1. O
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7. Minimum free energy. The maximum recoverable work that we can obtain
starting from a given state o of the body indicates the maximum quantity of work we
can get from the material at the given state o. It is related to the amount of the available
energy and is defined by [12]

Wgr(o) =sup{-W(o,P): P ell}, (7.1)

where II denotes the set of finite work processes.

We observe that Wr(o) is a function of the state, which is non-negative since the null
process belongs to IT and the corresponding work is null. Moreover, on the ground of
thermodynamic considerations, it is bounded above, i.e. Wg(0) < 400.

As many authors have already shown [3, Bl [12], denoting by ¥, (o) the minimum free
energy, we have

Y (o) = Wg(0o). (7.2)

Let us consider a process P € II, which is related to Ep, Hp and ¥ p, whose expressions
are given by (4.4)—(4.6) and defined on (0, d], d being the duration of P. Putting P =0
on [d,+00), we can extend P on R*; moreover, we suppose that Ep(d) = E(t +d) = 0,
Hp(d) =H(t+d) =0, 9p(d) = 9(t + d) = 0. The work done on P, starting from the
state o(t) = (E(t), H(t),9(t), Et, g') where t is a fixed time instant, is given by (5.18),
which reduces to

W(o(t), P)

_ ! {192( )+ i_[ E(t) + 9(t)a]® + uH2(t)}

“+oo “+o0 1
b5 [ [ a7 - €DBR© Brr) + gk 7€ Der(©) - rr(r)| dedn
—/0 [Im)(ﬂE) Ep(7) + @—I<k>(7 g')-gp( )} dr. (7.3)

We must derive the maximum recoverable work, which will correspond to an “optimal”
process P(™). Denoting by E(™) and g™ the required solutions, related to P(™), we
must derive the maximum of —W (o, P), due to (7.1). To this purpose, in correspondence
of any process P, we put

Ep(r) =B"(7) +7e(7), gr(r)=g"™(r)+0v(r), TeRT, (7.4)

where vy and § are two real parameters, and e and v are two arbitrary smooth functions
such that e(0) = 0 and v(0) = 0.
From (7.3), after substituting (7.4), we get the following system:

21-W (o, P)] ly=o= = Jy ™ [J5 all 7 = € DB (€)de — Loy (7, BY) | -e(r)dr = 0,
W@ P) lszo= =g Jo™ | Jo™ k(I 7 = € D™ (€)de — T (7. 8")| -v(r)dr =0,
(7.5)

from which, e and v being arbitrary, it follows that

{ () T — € VEM(€)dE =Ty (7.EY), V7 e R,

S k(1€ g (EE = Ty r &), Vr € R (7.6)
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These last two relations are two integral equations of the Wiener-Hopf type, of the first
kind, whose solutions E("™) and g(™ can be determined by virtue of the thermodynamic
properties of the two kernels o and &, together with some theorems on factorization.

Thus, these solutions allow us to obtain the minimum free energy (7.2), which, taking
into account (7.3) and (7.6), becomes

Y (o) =Wr(0) = % {600192@) + %[sE(t) +0(t)al? + MH2(t)}

+ % /O+oo /0+°° [aq - £ VEM(&) - B (7)

+ b= € DE(©) &) dedr
0

:% {@ioﬂ%t) + %[eE(t) +d(t)al” + uﬂz(t)}
“+oo
o [ |aB @) B + kel ) @) de

(7.7)

where we have applied Plancherel’s theorem.
To solve the Wiener-Hopf integral equations (7.6) of the first kind, we transform them
as follows:

ool 7 =€ DB (€)dE = oy (r, BY) +r(7), ¥r R, (7.8)
0+°° k(| T = g Dg(m) (E)df = I(k) (Tv gt) + r(k) (T)a VT € Ra ’
where we have introduced
+o0 +oo
2= [ a7 ¢ DB 1) = [ k(T -¢ e vre R
(7.9)

with r(®)(7) = 0, r*)(7) = 0 Vr € R**, being supp(E™) C R*, supp(g™) C R*,
supp(Lia) (- E')) C R, supp(Ipy(-,g")) € RT, supp(r®) C R™ and supp(r™) CR™.
Thus, we can apply Fourier’s transform to (7.8) and obtain

20 (W)E( (W) = I, (W) + 1 (W), 2ke(w)g! (W) =T (@) + P (),  (7.10)

where If ), (w) = I(a)4 (W, EY), 1§, (w) = Lty 4 (w, 8") given by (5.20).
In the complex z-plane C, the upper half-planes including and excluding the real axis
are denoted by

C'={zeC:ImzeR"}, CH={:eC: mzeR"}.

Similarly, we can define the lower half-planes C~ and C(~), respectively including and
excluding the real axis. We note that the two functions fi(z) defined by (3.6) are analytic
for z € CF), respectively. By assumption, the analyticities in C(¥) are extended to C¥.
It is possible to define, for example, fy in all or part of C(*) by analytic continuation.
Thus, in particular, we note that Es_m) and gs_m) are analytic in C™.
Let us introduce the following two functions:

K9 =1 +w)ac(w), K®(w)=1+w)k(w). (7.11)
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They have no zero for any real w, also at infinity, by virtue of (3.15), (3.16) and the
analogous relations, which hold for the kernel . Moreover, they can be factorized as
follows:

«@ « k k
K@ (w) = KD (@KM(@), K®w) =K @K (w), (7.12)

where henceforth the subscript (+) indicates that the function f(z) has zeros and singu-
larities only for z € C*.
Also a.(w) and k.(w) can be factorized as follows:

ac(w) = apy(W)ay(w),  ke(w) = kg (w)ky(w). (7.13)
Therefore, from (7.11) and (7.12) we obtain

L () L
sy (w) = mK(i)( w), k) (w) = mK(i)(w)’ (7.14)

which allow us to get from (7.10)

o) (W) EL (w) = W[Iga)+(w) (W], (7.15)
ko (w )ggrm)( )= m[lfk)ﬂw)—i—r(k)(wﬂ- (7.16)

Let Ply(4)(w) and p(; 4 (w) be two functions defined by

1 eI, (W)/o(w) . .

L/J”X’Im( W) k()

Pfk)(z) = i

. — dw, pfk)(i)(w) = 513{)1;p€k)(w +1i0). (7.18)

Then, using the Plemelj formulae [23] it follows that

i
L@

B @) P @)~ Pla)() (@), (7.19)
ﬁ((ﬁ = Pl () (@) Py (@) (7.20)

We note that, since p(a)(i)(z) and p(k)(i)(z) have zeros and singularities in z € C*, it
follows that p,, ,(2) and p{;,,,(z) are analytic in C(), while Pl () (2) and p{y) ) (2)
are analytic in C(t). Furthermore, for the assumption on the analyticity on the real axis
of Fourier-transformed functions [3], all these functions are analytic on R.

Thus, substituting (7.19) and (7.20) into (7.15) and (7.16), respectively, we obtain the
following two relations:

(m) ¢ i lr " (w)
E = - 7.21
o) (WEY (W) + P(a)(+) (w) P(a)(f)(w) + B a(,)(w)’ ( )
k)
(m) t ot lr(w)
k) ()81 (W) + Py (+) (@) = Py () (W) + 5 PO @) (7.22)
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where the first left-hand sides are analytic for z € C~, while the second right-hand sides
are analytic for = € C*. Hence, these relations define two functions, say

M, (w) = o) (@) B (W) + Ploy 1) (@), Mr(w) = kep) (@)g(™ (W) + Pl @), (7.23)

which are analytic on C~ and at the same time on CT, by virtue of (7.21) and (7.22);
therefore, they have analytic extensions on C and vanish at infinity. Hence, it follows
that M, (w) = 0 and My (w) = 0; consequently, we get

¢ (a)
(m) Py @) 11 (w)
E w) = — y Play(—y (W) = —5——= 7.24
+ ( ) a(+)(w) (a)( )( ) 20‘(7)((’0) ( )
¢ (k)
(m) p(k)(+)(w) . 11 (w)
=TT N =—c . 2
gy (W)= k(+)(w) ) P(k)(_)(w) Qk(,)(w) (7.25)

Finally, we obtain the expression of the minimum free energy from (7.7)2, due to
(7.24); and (7.25)1, that is,

1

www»{%ww Hmwwwﬁ+ﬁwﬂ

+oo 1
o [ 1Pl g 1Pl @) Pl de @20

8. A different expression of the minimum free energy. The relation (7.26)
derived for the minimum free energy ,, is a function of pfa)(ﬂ(w) and pfk)(ﬂ(w).
These two quantities can be expressed in terms of Ef and g, respectively.

To derive these relations, let us consider the causal extensions to R~ of Ef(s) and
g’(s), which are identified with them; therefore, we have Ef(s) = 0 and g’(s) = 0
for every s € (—o00,0). Moreover, the kernels a(s) and k(s) are assumed to be even
functions and, therefore, are denoted by a!®)(s) and k(¢)(s), whose Fourier transforms
are ozgf) (w) = 2a.(w) and k;%e) (W) = 2k (w).

Thus, (5.17) can be rewritten as

+oo

Imvﬂﬂz—/ o+ T)E (dy, T >0, (8.1)
+oo

Imv@wz—/ KO @+ 1)g(n)dn, 7> 0. (8.2)

Then, by introducing

+o0
IEZ (r,E") = / o (n + 1)EX(n)dny, VT <0, (8.3)
I / E© (n+7)gt(n)dn, Y <0, (8.4)
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we can extend (8.1) and (8.2) to R as follows:

+oo (r,Et) Vvr>0
R gt — / © Et _ ) ke .
BB = [ e B IEJ o) veeo
+oo (T, 8") Vr>0
®) t:_/ () _ ) lmite 20, .
(k) (7:8) e )y = I(”)’(T, gl) vr<o0. (8.6)
Now, we can express these relations in terms of Fourier’s transforms, that is,
® o [ R (n) ' '
1% (B = /_OO 10(r, Ee 7 dr = 1) (0,E") + Los (@ E),  (87)
(R) TR (n) '
I(k)F( 8 ) :/_ I(k) (1,8")e TTdr = I(k) (W g ) + I(k:)+(w7g ), (8.8)

so that, by virtue of (7.19) and (7.20), we get

1
1™ (w,EY) =

1 (n) t t ¢
m (@)r L) - (@, EY) + Py () (@) = Pay () (@), (8.9)

20y (w) @
L my L s N ¢
Wl(k)F(w 8 = WI(k),(w,g )+ Py () (W) = Play4) (w)- (8.10)

By using the Plemelj formulae, the quantities at the left-hand sides of the two last
relations may be written as follows:

1w - v

Ba (@) Meir B = Play ) (&) = Play) (@), (8.11)
I m® ; ,

mlﬂw( 18") = Pliy() (@) = Py (@), (8.12)

where the functions p’(ta)(i)(z) and p'(tk)(i)(z), defined analogously to (7.17) and (7.18),
have zeros and singularities for z € C*.

Thus, (8.9) and (8.10), by virtue of (8.11) and (8.12), give two relations, which allow
us to define the following two functions:

Na(w) = Play(+) (@) = Play ) (W)
]

Ny(w) = pfk)(+) (w) — P/&)H)(w)
1
= pfk)(_)(w) - p,(tk)(—)(w) + WIE:;,(W, g"). (8.14)

These functions, being analytic in C~ for the first relations of (8.13) and (8.14) as well
as in CT for the second relations of the same (8.13) and (8.14) and, moreover, being zero
at infinity, must be equal to zero, i.e. N,(w) =0 and Ny (w) = 0.
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Therefore, it follows that
1

Ploy(+) (@) = Play) @)y Play(—) (@) = Py -y (W) — mlézg_(w7Et)a (8.15)
1 n
Py (1) (@) = Plhy( ) (@), Pl (@) =Py () — m15k3,<w,gt>. (8.16)

If we introduce Ef (s) = E'(—s) Vs < 0 with its extension Ef (s) = 0 Vs > 0 and,
analogously, gf (s) = g'(—s) Vs < 0 with g,(s) = 0 Vs > 0, whose Fourier transforms
are

E,, (v)=E, (@)= (BLw)", g () =g (@ =(g'w)", (8.17)
then (8.5) and (8.6) assume the form
R Hoe
I8 (B = — / ol (7 — $)EL (s)ds, (8.18)
R 7+OO
1 (r,g") = — / KO (7 — 8)g (s)ds, (8.19)
so that
I (0, B') = —20,(w) (B4 ()", (8.20)
I (w,8") = —2ke(w) (g (@) (8.21)
Thus, from (8.20) and (8.21), due to (7.13), we get
1 (R) t t *
— 1 w,EBY) = —a iy (w) (B (w))", 8.22
2@(_)(&)) (a)F( ) (+)( )( +( )) ( )

*

1 , t
2 () "0r () = R (@) (84 (@)

On the other hand, using (8.15); and (8.16);, the relations, analogous to (7.17) and
(7.18), written for p’(ta)(Jr) (w) and p’(tk)(Jr) (w) taking into account (7.19) and (7.20) with
(8.22) and (8.23), give

(8.23)

1 [ o) (W) (BL (W)
¢ o It R TN (+) + /
Bl () = Jm el (0= - tim o [ ST s e
: 1 [Tk (@) (8 (@)
—00
and hence
* 1 [T a ) (W)EL (W)
: = lim — / G R Sl Y 8.26
(Pl @) = tim 5 | S, (8.26)
: 17k (W)gh (w')
t 1 (=) + /
(blusier®) = tim o | I S (8.27)
Using the Plemelj formulae, we obtain
a(,)(w)Ej_(w) =q a)(f)(o.)) - q’éa)(ﬂ (W), (8.28)

k—y(w)g'(w) =q
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where
(W) = lim e WIELW) (8.30)
Yoy )\ = T2 o W=z v '
1 [T k) (w)gh (W)
t = lim — / SoASVA= Sl 7 8.31
q(k)(i)(w) zigl; 2mi J_ o w =z v ( )

We observe that the notation we have used here coincides with that of [3], [5]; so qfa) and
qfk) must not be confused with the heat flux.
Therefore, we have

<Pfa)(+)(w))* = Qo) () (W), <P€k)(+)(w)>* = Qg () (W), (8.32)

and (7.26) becomes

()= 5 { 5200+ SR + 00 + BP0}
+oo
+ %/_Oo [' Uy (@) [* +@io ) IQ} dw, (8.33)

which is the new expression of the minimum free energy in terms of qfa)(_)(w) and
sy (- (@)-

9. A particular model. We now consider the results obtained in the previous sec-
tions for a particular class of relaxation functions, which are characterized by two linear
combinations of decaying exponentials, that is, we give explicit formulae for a discrete
spectrum model material response.

Let

at) =D g™t k()= he ™, neN, 9.1)
i=1 i=1

where the inverse decay times a;,k; € RTt (i = 1,2,...,n) and the coefficients g; and
h; (i =1,2,...,n) are assumed to be positive, too. We also put a; < ag < ... < a;, and
k1 < ko <...<ky.

From (9.1) we have, in particular,

04(0) = zn:gi > 0, ]{1(0) = zn: h; >0, (92)

hence (3.12)2 and the analogous relation for « [I4] are satisfied. Then, we have the
Fourier transforms

n

ap(w) = Z Ji kp(w) = Z s weR, (9.3)

, 1ozi—|—iw’ ki +iw’
1=

and hence we get, in particular,

- i9i “~ kih;
ac(w) = Z _Migi ke(w) = Z o Y€ R. (9.4)
=1

2 27 2 27
i:lai+w 4w
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Then, from (7.11) it follows that

1+ w? 1—|—w
() (k)
K« E aigi——— Z ot K E ki h weR, (9.5)

hence we get

K = lim K®(w Zazgz>0 K® = lim K® (W Zkh >0. (9.6)

w—Fo0 w—+o00

The two functions f(®(z) = K (w) and f*)(z) = K®)(w) with z = —w? have a
zero equal to one, which will be denoted by v# = 1 and by §2 = 1, respectively. If we
consider the case when 1 < of and 1 < k% or the other one when o2 < 1 and k2 < 1,
it follows that o # 1 and k? # 1 (i = 1,2,...,n). In these cases the two functions have
n simple poles at o and k? (i = 1,2,...,n) and n simple zeros denoted by 77 = 1, '*/Jz
(j=2,3,...,n) and 67 = 1, (5]2- (j=2,3,...,n).

Only the conditions a? # 1 and k? # 1 (i = 1,2,...,n) yield the possibility that
o <1<ozp+1andk <1<k‘p+1,
as well as p’. In this case we have 7% = 1>7p+1 and 67 = 1562 - +1 and it may occur that

with p equal to only one of the values {1,2,....,n — 1}

they coincide with 1, which, therefore, has multiplicity 2; thus the two functions have n
simple poles but only n — 1 distinct zeros.
In all these cases the zeros ’yjz and 5]2 (j =2,3,...,n), i.e. those different from 1, are
such that
<y <as<..<al<v <oy <..<ap_ <7y <al, (9.7)
ki <03 <k <..<ky <&y <kl <..<ki_,<0o.<k.. (9.8)
Therefore, let us suppose that o? # 1, k2 # 1 (i = 1,2,...,n). We can write (9.5) as
follows:

n 2 2
«@ «@ 71+w k 5 +w
K ><w>=Kgo>H{a2+w2}, <>H{k2+w2}, (9.9)

i=1

from which we have, in particular,

a o T + i (k) W17 [ @+ idi
K (w) = k@ T4 222 K = kP 9.10
(7)(“)) [e¢) ll;[ UJ—F?:O(Z' ’ (7)((“}) oo 11;11 w-'—’Lk?, ’ ( )
where

e =Kk, kW =K, (9.11)
m = 1, 61 = 1 and eventually only one of the other zeros, say v,+1 and 6,41, can

coincide with «; and 1, that is, they have multiplicity 2.
Thus, (7.14) and (9.10), being 7# = 67 = 1, yield

] (@ +i%) ] (w+i8;)
(W) = kD k(@) = ik (9.12)

I (w+iay) I (w+ ik;)

i=1 i=1
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which can be put in the form

n ()
— i1(@) = — 1K) _=r
ay(w) =ik ;w—i—iar’ k- =ik Zw—l—zk (9.13)
with
1:12(%‘ —ay) 1:12(5j — k)
U = ; , UW = J; (r=1,2,...,n). (9.14)
[T (o—a) [ (ki—Fk)
i=1,i%r i=1,ir

When one of the inverse decay times ozz as well as of k; (1 = 1,2,...,n) is equal to 1,
we can consider these three cases: (i) of =7 =1, k¥ =07 = 1; (i) o2 =] = 1,
k2 =63 = 1; (iii) ap =97 = 1, k2, = 07 = 1. In these cases we have different expressions
for K(®)(w) and K®(w), but the final expressions of o(_)(w) and k ) (w), given by
(9.13), do not change, as well as the expressions of the coefficients U7 and U,» , given
by (9.14). The only differences, with respect to the previous case with a? # 1 and k? # 1,
are the following ones: in (9.14) we must put a; = 1 and k1 = 1 in the case (), o, = 1
and k, =1 in the case (i7) and a, = 1 and k, = 1 in the case (7).

Therefore, we can use (9.13) and (9.14) in any case to obtain the expression of the
minimum free energy. However, we observe that they are consistent only if n > 1; thus,
the case when n = 1 must be studied directly from (9.10), where we have one zero both
for K(®)(w) and K(k)(w): v1 =1, §; = 1; the expressions (7.14) written for n = 1 yield
U =1, 0" =

Thus, (8.30) and (8.31), taking account of (9.13), yield

1 n +o00 Et (w/)/(w/ _ er)
¢ == k(a) (O‘)/ + d / 1
q(a)(i)(W) 2mi rzll v —o0 W' — (—ioy) < (9.15)
1 n +oo gt (w/)/(w/ _w+)
j R ()77 (k) + / 1
Ay () (W) =5 ;lemoo U, /_ ey s dw'. (9.16)

These quantities can be evaluated by closing on C(~). Taking account of the sense of
the integrations, we obtain

Aoy (w) =ik Y w7+ i E! (~iay), (9.17)
=1
t k " ’r(‘k:) t
Ay y(w) =ikP) T g’ (—ik,), (9.18)
=1
so that
t * 7.(a) - Uﬁa) t . *
(q(a)(,)(w)) =— ik — (B! (—ia,))", (9.19)
r=1
n (k)

(Oﬁk)(f)(w))* = —ik®) " (g (—iar))", (9.20)
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where, by virtue of (3.6)1,

—+oo
E (—ia,) :/O E'(s)e”**ds = (E!, (—ia,))", (9.21)
k) = [ g e s = (g (<iko)’ (9.22)
gl = g'(s)e s = (g% (—ik)) . .
Thus, using (9.17)—(9.22), we get
Lo 2
o | Q(a)(f)(w) |* dw
1 [0/ (w+ia,)
fK(oz U (O‘)Et ; , .Et — 7/ A d
ngl (—iar) - By ( ml)Zm’ oo WOy n
=K Z U U(a) E' (—ia,) - El (—iqy) (9.23)
rl=1 ar + " * : '
and
Lo 2
%/_OO ‘q(k)(—)(w)| dw
- 1 [T°6/(w+ik,)
— K® B yF gt (_ik,) - ik / A
[e'e) leler Ul g—i—( ? ) ( ? l)27T w—ik[ w
n (k) rr(k)
U0,
k r . .
=K® P ﬁgi(—lkr) - gl (—iky), (9.24)
which allow us to obtain from (8.33), on account of (9.21); and (9.22),,

wma)l{goﬂm + LB) + (0 +uH2()}

+o00 +oo n U. a)U(a)
/ / Z K(a T —arsl—aLSQEt(Sl) ~Et(82)

ri=1 QO+
_O Z oo ]f T kl e_k7vsl_kls2gt(81) . gt(Sg) dsidss. (925)

1

In the particular case when n = 1 the minimum free energy has a meaningful form. It
follows from (9.25), taking into account that Ul(a) =1 and Ul(k) =1, as we have already
observed, and that from (9.6) we have

Kgg) = 101, Kgg) = klhl; (926)
we get
1 1
Um(t) =5 { = 0%(t) + —[E(t) + 0(t)a]? + uH(1)
2 @0 9

2

o Uom Et(s)ealsds] + @ioh1 U+OO gt(s)eklsdsr}. (9.27)

+
NN
—
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