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Abstract The concept of a minimal state was introduced in recent decades, based on earlier
work by Noll. The property that a given quantity is a functional of the minimal state is of cen-
tral interest in the present work. Using a standard representation of a free energy associated
with a linear memory constitutive relation, a new condition, involving linear functionals, is
derived which, if satisfied, ensures that the free energy is a functional of the minimal state.
Using this result and recent work on constructing free energy functionals, it is shown that if
the kernel of the rate of dissipation functional is given by sums of products, the associated
free energy functional is a functional of the minimal state.
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1 Introduction

There are generally many free energies associated with a material with memory. They form
a bounded convex set with a minimum and a maximum element ([14], for example), which
we denote by F.
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Explicit algebraic representations of the minimum and related free energies have been
given for materials with memory which have constitutive equations for stress' given by
linear functionals of the strain; see for example [1, 2, 4, 10, 12, 15-21].

More classical examples of free energies were constructed and considered in earlier ref-
erences, namely the Graffi-Volterra and Dill functionals discussed in [2, 7, 8, 14, 24, 26] and
other papers. These are denoted by ¥y () and ¥p;;(¢) respectively. There is also a free en-
ergy functional ¥ (¢) which was introduced more recently [11] and is an explicit functional
of the minimal state (henceforth abbreviated to FMS).

These are all quadratic functionals which yield linear constitutive equations for the stress,
in a mechanics context. They are easily generalized to materials with linear memory consti-
tutive relations but where the memory-independent contribution may be non-linear. A gen-
eralization of such quadratic functionals, yielding non-linear constitutive relations has been
proposed recently [22].

It should be noted that some functionals are free energies only for certain types of mate-
rial, so that the size of F will depend on material properties. Examples of this are ¥y (),
Ypi(t) and ¥ (). Those with the least constraints on the material are the minimum free
energy and also the family of related functionals discussed in for example [2, 18] (though
this family is non-trivial only for relaxation functions with no branch cut singularities in the
frequency domain).

Recent work [20] seeks to systematically explore existing and new categories of free
energy functionals in F, using a novel technique. Free energies that are quadratic functionals
of quantities known to be FMSs are explored in another recent paper [21]. It is found that
this is a very restricted category.

The concept of a minimal state was introduced in recent decades ([2, 7, 8, 10, 15, 25],
for example) based on earlier work by Noll [27]. Recent work on this topic in the context
of fractional hereditary materials may be found in [9, 13]. The term minimal state was first
used in [15]. The property that a given quantity is a FMS is of central interest in the present
work. Most but not all of the free energies discussed above are FMSs. This is a property that
involves conditions on quadratic functionals. In the present work, we present an alternative
linear functional condition, which holds if and only if the free energy of interest is a FMS.
Because it is a linear rather than a quadratic, it is easier to explore and to apply in new
contexts.

The use of this new formula is illustrated by applying it to test whether certain standard
free energies are FMSs. This involves confirming results already known by alternative ar-
guments. However, it is also applied to the new free energy functionals introduced in [20].
Indeed, it is shown that if the kernel of the rate of dissipation functional is given by sums of
products, the associated free energy functional is a FMS.

Remark 1 Such categories of free energies are very general and this suggests a conjecture
that the only free energies given by quadratic functionals of the kind discussed in this work

IWe consider for definiteness here isothermal mechanical problems, indeed those for solid viscoelastic ma-
terials. Also, only the scalar case is considered, which simplifies the algebra and allows us to focus on the
essential structure of the arguments. It must be emphasized however that similar results have been given,
with little extra difficulty, for viscoelastic fluids, non-isothermal problems, electromagnetic and non-simple
materials with memory, and also for the general tensor theories relating to all of these. Specifically, the funda-
mental result given by Proposition 1 in Sect. 4 can be shown to hold, with some rephrasing of the argument,
for the full tensor case. However, the developments of Sects. 9 and 10 generalize similarly only subject to
factorization restrictions, which were first discussed for the simplest case in [10] (see also [2], p. 256).
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which are not FMSs are degenerate cases, in particular the Graffi-Volterra functional and the
work function, both discussed in Sect. 4.1, and any combination of free energies including
these.

Free energy functionals are useful in defining the topology of the space of states, when
studying stability and related problems for the integro-differential equations describing the
evolution of materials with memory, subject to stress. A new approach (for example, [2],
p- 390) to such problems has been initiated by Fabrizio recently, which has a number of ad-
vantages and which seeks to express function spaces in terms of minimal states and use free
energies which are FMSs. Another use for free energies is in modeling dissipation of energy
in materials with memory. This requires choosing a functional that approximates, in some
fashion, the physical free energy [18, 23]. If some property related to this phenomenon has
been established for a given class of histories, then this class may be considerably extended
if the material has the property that minimal states are non-singleton and the free energy is
a FMS.

Regarding the notational convention for referring to equations, we adopt the following
rule. A group of relations with a single equation number (***) will be individually labeled
by counting “=" signs or “<”, “>", “>"and “<”. Thus, (***)s refers to the fifth “=" sign,
if all the relations are equalities. Relations with “€” are ignored for this purpose.

2 Models of Materials with Memory

For simplicity, we confine the discussion to the scalar theory. The strain at time ¢ and its
history are E(¢) and E' respectively, where

E'(s)=E( —s), seRT, 2.1
while the relative history is given by
E!(s)=E'(s)— E(t), seR". (2.2)

For simplicity, we take the history to be continuous, in particular at s = 0. The stress is
denoted by T (¢). The general form of the constitutive relation is

T(t)=T(E", E®), 2.3)

where it is understood that T is a functional of E’ and a function of E (#). The general form
of a free energy functional is denoted by

v () =v(E', E®) >0, (2.4)

where, as with T, the quantity 1} is a functional of E’ and a function of E(¢). Let ET be the
static history, equal to E(¢) at the current and all past times. Then

V(ET E®) = (EM) = (1) =0, 2.5)
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where $(E(t)) is the equilibrium free energy. This is a definition of 5, which must have
the same form for any choice of free energy. The abbreviation to ¢ (¢) will be frequently
used.

2.1 Required Properties of a Free Energy

We denote a particular free energy at time ¢ by ¥ (t) = W(E', E(1)). Certain properties of
free energies, derived in [5], have been used in [10, 14, 17] and elsewhere, to characterize
such functionals. These are now listed.

P1. We have

IY(E'.E@)) _ 9y (1)
AE()  JE()

=T(@)=T(E', E®). (2.6)

Thus, any choice of free energy must yield the same T, according to this prescription.
P2. For any history and current value (E’, E(t)),

V(EE®) = $(E®)), Q.7

where equality is achieved for the static history E7.
P3. We have

Y1)+ D) =TMHE®), D()=0, (2.8)

where D(t) is the rate of energy dissipation associated with 1/ (¢). The first relation is
a statement of the first law, while the non-negativity of D(¢) is in effect the second
law.

These are a version of the Graffi conditions for a free energy. Properties P1 and P2 follow
from the second law, which is included in P3 [5, 22].
The work function is given by

W () :/ Tw)E@u)du=W(E', E(t)), 2.9)

o0

where it is assumed that the integral exists.
The quantity W (¢) behaves similarly to a free energy functional with zero dissipation
rate associated with it (for example, [2, 22]). In particular, it follows from (2.9) that

W(t)=T@0E(®), (2.10)

which is (2.8) or P3 for D(t) =0.
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3 General Relationships

The constitutive relations with linear memory terms have the equivalent forms

Tt)=T.(t) + /OQG/(u)Ei(u)du
0
=To@) + wa/(u)Et(u)du
0
=T.(0) + / " G E wydu,
0 (3.1)
To(t) =T.(t) + (Go — G) E(1),

d ~
G'(u) = FIRACE Gu)=Gu) - Gu,

. a ) a . q .
E'(u) = EEI(M) = —EE'(M) = _EE;(M)’ E'(u) = _EEt(u)’

where T,(¢) is the stress function for the equilibrium limit (E’(#) = 0, u € R*") and the
quantity G(-) : R* — R™ is the relaxation function of the material. We define

Go=G(), Go=G(0),  G(0)=Go—Gu=Gy. (3.2)
The assumption is made that
G,G eL'(RY)NL*(RY), 3.3)

which will be relevant in the context of taking the Fourier transform of these quantities. The
quantity 7,(¢) in (3.1) is given by

T.(t) = 32((?) 34
which is the equilibrium limit of (2.6). For a completely linear material,
P(EM) =di(1) = %GmEz(r), (3.5)
and Ty(1), T,(t) are given by the form
To(t) = GoE(1), T.(t) = G E(2). (3.6)
&\ Springer
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3.1 Representation of a Free Energy as a Quadratic Functional

For a scalar theory with a linear memory constitutive relation for the stress, the most general
form of a free energy is

1 o0 o0
Yv()=¢@)+ 3 / / E'(s)G(s, u)E (u)dsdu
o Jo

— S0+ 4 foo /oo E'(s)G(s, ) E' ()dsdu
2 0 0
e (3.7)

=9+ 5 / / E' ()G (s w) E (wydsdu,

0 0

2

Gg(s,u) = G(s,u) =Ga(s,u), é(s,u):G(s,u)—Goo,

dsdu

where the subscripts in (3.7)s5 and below indicate differentiation with respect to the first and
second argument, while S(¢) has the form

SO =¢@®)+(T@1)— To(t))E(t) + %(Go — Goo)E*(1). (3.8)
The quantity Ty(¢) is defined by (3.1)4. There is no loss of generality in taking
Gs,u)=Gu,s), — Gls,u)=G(u,s). (3.9)
The following properties of G are assumed to hold for s, u € R*:

G(oo,u) =G(s,00) = G,

(3.10)
Gi(s,00) = Gy(oo,u) =0, Gi(00,5) = Go(u,00) =0.
The relaxation function G (1) is given by
Gu)=G0,u) =G(u,0), YueR", (3.11)
yielding
G'(u) = G2(0,u) = G1(u,0). (3.12)

Relation (3.12) ensures that P1 or (2.6), applied to (3.7);, yields (3.1). Properties (3.10) and
(3.12) are required in the derivation of (3.7), from (3.7);.

The Graffi condition P2, given by (2.7), requires that the kernels G and G must be such
that the integral terms in (3.7), 3 are non-negative.

Note that the quantity G (u) is the same for all choices of free energy, i.e. for all choices
of G(s,u), since it generates the defining constitutive equation for the material. This is a
constraint on G (s, u).

Referring to the quantity S(¢), given by (3.8) and used in (3.7),, we see that

8E(t)S([)=T(t)’ (3.13)

which is P1 or (2.6) for the form (3.7),.

@ Springer
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The rate of dissipation can be deduced from (2.8), (3.7) and (3.1)g 9,10 to be
1 [e%s) o0 .
D) = ) / / E'(s)K (s, u)E"(u)dsdu
o Jo

1 o0 o0
:_E/ / EN()K(s,u)E! (u)dsdu, (3.14)
o Jo
where

K(s,u) =G(s,u) + Ga(s,u), K(s,u) =Gi(s,u) + Ga(s,u) = Kpp(s,u).  (3.15)

The quantity G must be such that the integrals in (3.14) are non-positive, as required by P3
of the Graffi conditions. The quantities K and KC can also be taken to be symmetric in their
arguments, as in (3.9).

There are two equivalent alternatives for the developments outlined in the present work,
the first being to use 5(s, u), K (s, u), E'(s) and the second to use G(s, u), K(s, u), EL(s).
We will have occasion to use both notations, though mainly the first.

3.2 The Work Function

This quantity, given by (2.9);, can be put in the following forms ([2], p. 153 and earlier
references cited therein):

W) =¢@) + %/W/W E’(s)6(|s —u|)E’(u)duds
o Jo

1 00 00 . 32 .
:¢(z)+§/0 /0 E,(s)asauG(|s—ul)E,(u)duds. (3.16)

We see that it can be cast in the forms (3.7), 3 by putting

2

G =G(|s — G = G(ls — ul). 3.17
(s,u) =G(Is — ul), (s, 1) = —— (Is — ul) (3.17)
From the integrated form of (2.8), we have in general,

Y() <W(Q©). (3.18)

4 Minimal States

This topic will be dealt with here in an elementary manner. For more formal treatments,
using states and processes, we refer to [2] and earlier work cited in that reference.

A viscoelastic state is defined in general by the history and current value of strain
(E', E(t)). The concept of a minimal state can be expressed as follows: two viscoelastic
states (EY, E (1)), (E5, E»(t)) are equivalent or in the same equivalence class or minimal
state if for

E\(t+u)=Eyt+u), Yux=0, 4.1)

we have
T\t +u)="T(t+u), Yu=0. 4.2)
@ Springer
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It is of interest to express these conditions for linear materials. Let us define
o0 o0 ~ .
I'(r) = / G'(s+1)El(s)ds = / G(s + T)E'(s)ds, (4.3)
0 0
for any history and

I;(r)=/ G/(s—l—T)Efr(s)ds:/ G(s+1)El(s)ds, i=1,2,
0 0

- - 4.4)
I(t) :/ G'(s + 1) E!, (s)ds :/ G(s 4+ 1) E\(s)ds,
0 0
for the histories E { and E}, where
E}(s) = Ei(s) — E{(s), Vs>0, E (1) = Ex(t) — Eq(2). “4.5)

The second relation is of course a special case of the first. The condition that E] and E} are
equivalent histories then takes the form

E; () =0, I(x)=1L()-I1[(x) =0, Vtr=>0. (4.6)
Note that (4.6) is also the condition that E?, is equivalent to the zero history.

Remark 2 A functional of (E’, E(t)) which yields the same value for all members of the
same minimal state is referred to as a FMS or a minimal state variable. In particular, the
quantity ', defined by (4.3), is a FMS.

A fundamental distinction between materials is that for certain relaxation functions,
namely those with only isolated singularities (in the frequency domain), the set of mini-
mal states is non-singleton, while if some branch cuts are present in the relaxation function,
the material has only singleton minimal states ([2], p. 342). For the singleton case, the only
histories satisfying (4.6) are the trivial choices yielding E/(s) =0, Vs > 0.

The results we seek to show are also trivial in this case. The interesting situation is where
(4.6) applies for E/;(s) # 0, which corresponds to non-singleton minimal states. It will there-
fore be assumed that the relaxation function of the material under consideration has only
isolated singularities.

For such materials, there is a maximum free energy that is less than the work function
W (t) and also a range of related intermediate free energies. Furthermore, the free energy
functional is positive semi-definite ([2], p. 152).

The simplest case of isolated singularities occurs in discrete spectrum materials (see
Sect. 6).

A free energy V(1) = U (E', E(1)), is a EMS if it has the property that any two members
(E, E(1)), (E5, E(t)) of the same minimal state yield equal values of ¥, or

V(E}, E(t)) =V(E3 E(1)). 4.7

A free energy need not have this property, though most of those which are of interest are in
fact FMS:s.

We are using a pragmatic definition of a free energy, namely a functional that obeys the
Graffi conditions listed in Sect. 2.1. Other definitions exist, in particular the more abstract
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one discussed in [7, 8], with reference to the axiomatic formulation of Coleman and Owen
[6]. Some connections between these two definitions are considered in [7, 8] and in for
example [10]. For the more abstract formulation, all free energy functionals will be FMSs.

Remark 3 In the discussion (4.1)—(4.6), the history E{ can be chosen arbitrarily, while E} is
restricted to a degree by the conditions (4.6). This observation is important for Proposition 1
below.

Relations (4.1) and (4.2) for u = 0 become
E\(1) = Ex(1), () = T(¥), (4.8)
or
o0
E; () =0, 1,(0) = / G'(s)E!(s)ds =0. 4.9
0
Observe that they yield the equality
$1(1) = $:(1), (4.10)
where S and S, are the function S, defined by (3.8), for histories and current values
(E!, E1(t)) and (ES, E»(t)), respectively.

Relation (4.7) is a constraint on quadratic functionals of the history. We now derive a
linear condition that is equivalent to (4.7).

Proposition 1 If (4.9) holds for E,, defined by (4.5), then the condition (4.7) is equivalent
to either

/ g(s,u)Efi(s)ds:/ G(u,s)EL(s)ds =0, or

. ") @.11)
/ 5(s,u)l;ff1(s)ds :[ G(M,S)EZ(S)dS =0, VYueR" .

0 0

Proof If (4.7) is applied to (3.7),, using (4.10), it reduces to

/00/00 E{(s)G(s,u)E|(u)dsdu = /00/00 EN()G(s,u) E5(u)dsdu, 4.12)
0 0 0 0
or
/ / G(s,w)[E{()E|(u) — Ej(s)E}(u)|dsdu =0. (4.13)
0 0

Now
E{()E|(u) — Ej(s)E4(u) = (E{(s) — E5(9))(E} (u) + E}(u))

+ E5()EL(u) — ES(u)E} (s). (4.14)
Noting that
f / G(s,u)[E5(s)E}(u) — E5)E}(s)]dsdu =0, (4.15)
0 0
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by virtue of (3.9), and an interchange of integration variables, we see that (4.13) can be
replaced by

/ / G(s,u)(E{(s) — E5(s))(E{(u) + E3(w))dsdu =O0. (4.16)
0 0

This relationship can be written as
oo [o.9]
f / G(s, u)Ey(s)(2E| () + Efy(w))dsdu =0, 4.17)
o Jo

where the history E/ can be arbitrarily chosen (Remark 3). Therefore, (4.7) implies (4.11),,
while (4.11), follows from (3.9). Also, since the steps of the proof are reversible, (4.11); »
imply (4.7). If we integrate (4.11), over [u;, 00), the result is

/ Go(uy, s)E(s)ds =0, (4.18)
0

for all u; > 0. In particular, for #; = 0, we have

/‘00 G»1(0,5)E,(s)ds =0. (4.19)
0

Relation (4.11)3 4 can be shown to be equivalent to (4.11), », using integration by parts in
(4.18).

These results are derived under the constraints (4.9). For the stronger assumption (4.6)
for T > 0, it remains of course true that (4.7) and (4.11) are equivalent. The condition (4.11)
states that the linear functionals

/wg(S,u)E’(s)ds = fmg(u,s)E'(s)ds, and

000 Ooo (4.20)
f 5(s, u)E’(s)ds :/ é(u, s)E’(s)ds, Yu e R*

0 0

are FMSs. One can replace E’(s) by EL(s) in (4.20);. O

Proposition 1 can be expressed as a statement that the free energy corresponding to
G (s, u) is a FMS if and only if, given that (4.19) holds, then (4.18) is true for all u; > 0.
If E}, is equivalent to the zero history, then (4.7) yields that ([2], p. 152)

&(EQ,O):/O /0 E'\(s)G (s, u) E(u)dsdu = 0. 4.21)

Condition (4.11) yields, more generally, that if either (but not both) of the histories E}, is
replaced by an arbitrary history, (4.21), still holds.
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4.1 Some Examples

1. The Graffi-Volterra free energy: This functional is given by
l © , ' 2
Yoy =90 -5 [ G ()[E/(s)] ds
0

1 o0
=S~ 3 / G'(s)[E' ()] ds. (4.22)
0
The rate of dissipation associated with ¥y has the form

1 [ )
D) =5 / G"()[EL(s)] ds > 0. (4.23)
0

The functional ¥y (¢) is a free energy only if the conditions
G'(s) <0, G'(s)=>0, VseRt (4.24)

hold. Relations (4.24) are true in particular for the forms of the relaxation function de-
scribed in Sect. 6.
We can formally express ¥y (¢) in the form (3.7) by putting

1 ’ /
g(s,u)=—E[G O+G (u)]S(s—u), s,ueRT, 4.25)

where (s — u) is the singular delta function. Thus,

foo G(s,u)El(u)du = —G'(s)E’(s) # 0, (4.26)
0

so that (4.11) is not obeyed and ¥y is not a FMS. This is shown by another method
in [2], p. 218 and earlier in [7].

2. The Dill free energy: Opting for the notation (3.7); rather than (3.7); which is used in [2],
we put

1 0o poo . .
Ypiu(t) = (1) + 2 / / G(s1+$2)E' (s2) E' (s1)ds1ds» (4.27)
o Jo

which is a free energy with rate of dissipation (cf. (3.14),) given by

Dm@=—/ f G/ (s1 + 52 E' (s2) E' (s1)ds1disa, 4.28)
0 0

if and only if G (-) is completely monotonic, as defined in [7].
Thus, (~;(s, u)= é(s + u) and it follows immediately from Proposition 1 that the Dill
free energy is a FMS, because (4.11) has the same form as (4.6), 3.
3. The functional {r: This quantity, introduced in [11], is given by

El

1o L (r, EDP
wﬂozmo—zﬂ 4%%5—4

I{y(z, Ey) =/ G"(t +1)EL(s)ds. (4.29)
0
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Note that
Iy (r. Ej) =0, (4.30)

so that I(’l) as well as I’ is a FMS. We have

g(&u):_/ G'(s+2)G"(u+=z)
0

d 4.31
G'(z) @ K-31)

and (4.11) follows from (4.30). However, it is clear by inspection of (4.29), without the
use of Proposition 1, that ¥ (¢) is a FMS.
On the other hand, the formulae (4.11) give, more readily than traditional arguments,
that Yy and yp,; are FMSs.
4. The work function: This functional has the form (3.16). The version of (4.11) given by
(4.18) becomes, in this case,

0

a

/ a—G(|s—u|)E:1(s)ds=0, Yu e RT. (4.32)
0 u

Observe that for u € R™7, this gives the same condition as (4.6), 3, so that if (4.32) holds,
then it is true for u € R. Taking the Fourier transform of this relation, using (5.13) below,
together with the Convolution theorem, we see that its unique solution is E%(u) =0,
u € R*, corresponding to singleton minimal states. Therefore, (4.32) cannot be true for
relaxation functions with non-singleton minimal states, and the work function is not a
FMS, as demonstrated in [7], using a different approach.

5 Frequency Domain Quantities

Let £2 be the complex w plane and
2t ={we 2 |Im(w) eRT},
5.1
2P ={we 2 |Imw) e R}

These define the upper half-plane including and excluding the real axis, respectively. Simi-
larly, £2~, £2(7) are the lower half-planes including and excluding the real axis, respectively.

5.1 Relaxation Function

Let us define the quantities

Gi(w)= / T Es)e s = Bo() — iG.().

° (5.2)
G (w)= f G'(s)e " ds = G.(w) — iG(w).

0

It follows from (3.3) that G/, and (~;+ € L2(R). Applying a partial integration in (5.2); yields
that

G, () = =Gy +iwG 4 (w), (5.3)
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so that
G.(0) = -Gy +wG,(®), G.(0)=—-0G.(0). (5.4)

Note the properties of 5+ and G/, that ([2], p. 552, for example)

lim iwG () = lim wG,(w) = G,
w—> 00

000
a}Ln;@in;(w) = JLII;O oG (w) = —wILII;O 0’ G (w) = G'(0). )
Further properties of 50((1)) and G/, (w) include [2, 14]
G() >0,G.(w) <0, YweR*, (5.6)
which are consequences of the second law. We have
Go>0, Gu>0, (5.7)

the latter relation being true for a viscoelastic solid.

Let us now discuss other properties of G’, which apply also to G. The function G (w)
is analytic on £2(7) and, by assumption, on an open set including R. This implies that any
singularities are at least slightly off the real axis into 2, which in turn means that G’
decays exponentially at large positive times, though perhaps weakly.

Because G’ is real, we have from (5.2), for w € £2,

() =G, (—), (5.8)

where the bar denotes complex conjugate. This constraint means that the singularities are
symmetric under reflection in the positive imaginary axis. In particular, for real w, G/, (») =

G_;(w) = G’ (—w), where the bar over G’_ acts on the function but not the variable w.

The quantity G/, (w) is analytic in 2%, its singularity structure being a mirror image,
in the real axis, of that of G’, (w). Thus, the singularities of G| (w) are in both 2 and
£ and are mirror images of one another. Similarly, its zeros will be mirror images of one
another.

A quantity which will be of significant interest, particularly in the context of the mini-
mum and related free energies, is

H(w) = —0G.(0) =0°G.(0) >0, weR, (5.9)

where the inequality is a consequence of (5.6). Using (5.5)4,5 and (5.9), one can show that
Hy = wanolo H(w)=-G'(0) > 0. (5.10)
We assume for present purposes that G’(0) is non-zero so that Hy, is a finite, positive num-

ber. Then H(w) € R Vw € R, w # 0, and can always be expressed as the product of two
factors

H(w) = H (w)H_(w), (5.11)
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where H, (w) has no zeros in 27 and is analytic in £2~. Similarly, H_(w) is analytic in
2% with no zeros in 2@ [2, 10]. We put [2, 17]

Hy(w) = Hy(—w) = Hy (),
(5.12)

H(w) = weR.

A general method is outlined in [2, 17] for determining the factors of H, though for the case
of discrete spectrum materials, one can deduce H. by inspection.

The factorization (5.11) is the one relevant to the minimum free energy. We shall require
a much broader class of factorizations, where the property that the zeros of Hy(w) are in
0% respectively need not be true. These generate a range of free energies related to the
minimum free energy, as discussed briefly in Sect. 9.

Let us define G(s) on R by taking the even extension G(s) = G(|s|), for s € R, so that
G'(s) is an odd function. Then ([2], p. 546),

Gr(w) = /oo G'(Isl)e™"*ds = =2i G (w) = %H(w). (5.13)

o0

5.2 Strain History

We assume that the history of strain E? is in L' (RT) N L*(R™"). If the quantity E’(s) is taken
to be zero for s < 0, its Fourier transform is given by

E' ()= / E'(s)e™'"ds. (5.14)
0

We have E' (w) € L*(R). This quantity is analytic on £2~) and, by assumption, on an open
set including R. For a constant history, E'(s) = E(t), s € R*, we have ([2], p. 552)

E' (w )_% (5.15)

The Fourier transform of E’, defined by (2.2) and zero for s € R™~ therefore has the form

ElL@) = L)~ T (5.16)

The notation w® was introduced in [17] and used in various subsequent papers. It implies
that w is slightly off the real axis at either w, £ i€ (where w, is on the real axis). The limit
o — o, can be taken after integrations have been carried out. It is useful for example in
applying the Plemelj formulae. We have ([2], p. 145)

%E;(w) =E' (0) = —iwE' (0) + E(t) = —iwE!, (o). (5.17)

For large w (cf. (5.5)),

E A
E' () ~ (”, El ()~ (’) (5.18)
where A(t) is independent of w. Also, from (5.17),
Er (w) ~ (t) (5.19)
iw
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6 Discrete Spectrum Materials

The forms of the relaxation function and related quantities for discrete spectrum materials
are specified in this section. We have

G(s) = > Gie ™, (6.1)

i=1

where n is a positive integer. The inverse decay times o; € R*, i =1,2,...,n and the
coefficients G; are also generally assumed to be positive, this being the simplest way to
ensure the condition (5.6), which is clear from (6.2), below. We arrange that «; < ap <
o3 ....From (5.2);, we have

~ ‘ G,‘ ~ - O[,‘Gi ~ ‘ Gl'
G = _—, GC = ) G — S - 6.2
(@) ;aiﬂ.w (@) ,;a?ﬂﬂ (@) wiganZ (62)
Relation (5.9) gives
H(w) = o Z _%Gi S5 weR (6.3)
o? + w?

Let us now characterize minimal states in the context of discrete spectrum materials.
Consider two states (EY, E1(¢)) and (E}, E»(t)) obeying conditions (4.6), so that they are
equivalent. Using the notation of (4.5) and (5.14), we see that (4.6) holds for all ¢ > 0 if and
only if

E;t)=0, / e W Ey(s)ds = Ey (—ia;)) =0, j=1,2,...,n. 6.4)
0

Remark 4 Thus, the property that two given histories are equivalent, or in the same minimal
state, is determined solely by the values of those histories in the frequency domain at w =
—iaj, j=1,2,...,n.

Remark 5 General materials with only isolated singularities are discussed in Chaps. 15 and
16 of [2]. These, for many purposes, can be simplified to the case where all singularities are
simple poles in 2@,

Discrete spectrum materials are a further special case of materials with simple poles,
where the poles of 5+(w) lie along the positive imaginary axis. It is relatively simple to
generalize the results given in this work to materials with simple poles off the imaginary
axis. It is also possible to merge these poles to form more general isolated singularities.

We will use discrete spectrum materials as a proxy for the more general case with only
isolated singularities, to provide simpler arguments.

7 Time Domain Theory Representations of Free Energy Functionals

A method is developed in [20] for determining free energy functionals with desired non-
negativity properties, for the time and frequency domains. This approach allows us to choose
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a kernel for the rate of dissipation and determine from this the kernel for the free energy. In
the time domain version, we have the relations [20]

[ee]

G(s,u):—foooK(z+s,z+u)dz, Q(s,u)z—fo Ki(z+s,z+uwydz.  (7.1)
It follows that

G(5)=G(s,0) Z—/OOOK(Z+S,Z)dZ=—/(;OOK(z,Z+s)dz. (7.2)
Relation (4.11)3, for 5(s, u) given by (7.1);, becomes

// K(z+s,z+u)E!\(s)dsdz=0, u=>0. (7.3)
0 0

8 Frequency Domain Representations of Free Energies and Dissipation
Rates

A formula equivalent to (7.3) in the frequency domain is introduced in this section, using
certain results from [20] which are now summarized.

Frequency domain representations for the work function (see (3.16)) are given by ([2],
p- 154)

1 < H(w)| .,
W(r):¢(t)+§/ |E' (@) do

oo @2
1 o0
= (1) + —/ H()|E' (o) do. 8.1)
27 J_s
Both forms are manifestly non-negative. One follows from the other by invoking (5.17).

Let us now consider free energies with general kernels, as given by (3.7)3, with rates of
dissipation specified by (3.14);. We define [20]

Zi (o1, w) = / / Z (s, u)e st gody, (8.2)
0 0

where Z (s, u) represents the kernel é(s, u) or K (s, u). Note that
Zy (w1, ) =2 (—w),—w) =Z,_ (0, w1), (8.3)

so that Z, _(w, w) is real. The quantity Z, _(w, w,) is analytic in the lower half of the w,
complex plane and in the upper half of the w, plane. Inverting Fourier transforms in (8.2)
yields that

1 9] [e9) ) )
Z(s,u)=— / / Z, (w1, w)e """ dwdw. (8.4)
4r —00 J —00
The frequency domain version of the kerne;ls G(s,u) and K(s, u) occurs in quadratic forms
expressed in terms of E?_ (w) rather than E', (w). We can easily switch to this type of func-

tional by using (5.17). Relations (3.15); and (8.2) yield that

i@ — )Gy (01, 0) =K, (01, 0) + Gy (@) + Gy (0), (8.5)
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where 5+(a)) is defined by (5.2);. From (3.11), (5.2), and (8.2), it follows that [20]

- —Gji(w"’z]) as wy — 00,
Gy (w1,w3)~ = (3.6)

G (@)
oy as w; —> 00.

We can write (3.7); and (3.14); in the forms

1 00 o ___ " .
Y@)=¢@) + @/ / E' (0)G - (w1, ) E' (w2)dw dw,,

T (8.7
D) = ——/ / E+(0)1)K+ (@1, ) E' (w2)dwydw,.

As for the time domain expressions, we conclude from P2 and P3 (see (2.7), (2.8)) that
the quadratic functionals in (8.7); must be non-negative, while that in (8.7), must be non-
positive. It is shown in [20], using (8.5), that

VD) = (t)_g 2/ [ E+(a)1)K+ (wlaw2)E (wz) doydas

1_“)2

; e} e} Et K b ) Et
- / / Leno@K @B e,
87[2 —00 J —00 C!)l —a)2

where one form follows from the other by using (5.17). Relation (8.8); can also be derived
from (7.1), using (8.4). The quantities ™ are discussed briefly after (5.16). The double use
of this notation in the denominator specifies the procedure, depending on which integration
is carried out first ([20] and earlier work, [2], p. 250). It is shown in [20] that

26 (0) =—C (@) — G4 (o)

e

G () G
=—¥+ﬂ, weR, (8.9)
iw iw
where (5.2)1, (5.3) and (5.9) have also been invoked.
Taking the Fourier transform of the free variable u in (4.11)4, and applying Parseval’s
formula to the integrated product, we obtain

/ Gi (0, 0)E}, (0)dw; =0, weR, (8.10)

o0

where E}, 4+ 1s the Fourier transform of E';, defined by (4.5); see also (6.4). Then, (8.5) gives

/ Ky (o, w|)Ed+(w1) doy

W, — w*

" ) Et o0 6_ E'vt
=—G+(a))[ ﬁdwl—f CGr@)EL@) ) vwer 311

oo ()] _wi
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The versions with @™ and @™~ will be shown to be equivalent. Consider the first integral on
the right of (8.11), for w*. Closing the contour on £2(7, it is clear that

/OO Mda)l =0. (8.12)

oo W] — T
Condition (4.6); has the form [21]
1 N ~ . .
I(t) = - / [G+(w1) + AG+(w1)]Et’I+(w1)e_’“’"dw1 =0, >0, (8.13)
—00
where A is any complex constant. It follows that

/ (e dr =1} (w)=0, weR. (8.14)
0

From the complex conjugate of this relationship, m(a)) =0, we deduce that

/°° [G 1 (@1) +2.G L (@)]EL, (1)

o w; — ot

dw; =0, VYoweR, (8.15)

where the choice o™ is dictated by convergence requirements. The enforcement of (8.15)
ensures that £, (w) is the Fourier transform of a history equivalent to zero. Combining
(8.12) with (8.15) for A = 0, we obtain

/ K, (w, a)l)Ed+(wl) dw, = 0. (8.16)

w; — ot
From (8.16), (8.9) and the Plemelj formulae, we obtain

1 [® Ky (@,o)E} H
L 1+ (w, wy) j’+(wl)d =2 (“))EH( ), 8.17)
Tl J_oo w; —w

which is equal to the right-hand side of (8.11), for @™ in the denominator. Either (8.16) or
(8.17) express condition (8.10) or (4.11).

9 The Minimum and Related Free Energies

A particularly interesting example of the formalism discussed in Sect. 8 is now briefly sum-
marized.

It is shown in [15, 18] that, for materials with only isolated singularities, the quantity
H (w) is a rational function and has various factorizations other than (5.11), denoted by

Hw) =H @i (). H{()=H(~0)=H (). ©.1)

where f is an identification label distinguishing a particular factorization. These are ob-
tained by exchanging the zeros of H,(w) and H_(w), leaving the singularities unchanged.
Thus, H’ () has all its singularities in £2(=). We have, by virtue of (5.17),

H (0)E' (o) =i

Hf - 't 't
D ) = p @)~ pL' @, ©9.2)
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where

) 1 o H;f 4 Et /
pf((l)) = 2— / 7(0)) r+(w )d(,e)/
Tl

PSS o —oF
1 H(@)EL ()
27 J_ oo @' (@ — @F)

Each factorization yields a (usually) different free energy of the form

W (t)=¢(r>+i/m|pf’(w)|2dw
! 27 J ' '

(9.3)

9.4

Remark 6 All the quantities pft (w) can be shown to be FMSs ([2], p. 340). In particular, the
basic quantity p’ (w), corresponding to f = 1, which is defined for all materials, including

those with branch points, is an FMS ([2], p. 253 and [10]). Relation (9.4) for p’

(w) yields

the minimum free energy. It follows from the fact that the p;f "(w) are EMSs that all the free

energies V() also have this property.

The quantity W (¢), given by (8.1), can be expressed as ([2], p. 353)

1 o t t
W) =d(t) + E/ [Ip” @) + |p} (@)|])do.

It can be shown that the rate of dissipation associated with v (¢) is

Dy =K 0.
where
1 [~ H (o)., L[> r :
Kf(t):_%/;oo " E+(a))da):E/_oo HI(w)E,  (w)dw.

We can write ¥ ;(¢) in the form (see (8.8)) [2, 18]

B i [ E (@) HL (@) H (@) E' (@)
V(@) =)+ m/_w /_Oo a)la)z(a)f' e dwdw,

. o poo [t f f t
=¢>(t)+4l?/ / Er+(w1)H+(a)l)Hf(wz)EH(wz)dwldwz’

+ -
W) — W,

while D (t), given by (9.6), can be expressed as (see (8.7),)

1 (=  H(onH! (@) -
Df(t):m/,w Ei(wl)#E;(wz)dwldwz
= T B ot @) H @) EL, (@)dwrd
= 4n2 re@1) (W) A (w2) £ (02)dw1 4w, .
T —0Q

Comparing (9.9) and (8.7),, we see that

2H£’<w1>Hf'<wz>
w1y ’

Ky (0w, w)=~—

Journal ID: 10659, Article ID: 9549, Date: 2015-09-29, Proof No: 1, UNCORRECTED PROOF
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0.7

9.8)

9.9)

(9.10)

@ Springer



« ELAS 10659 layout: Small Condensed v.2.1 file: elas9549.tex (Loreta) class: spr-small-v1.0 v.2015/03/30 Prn:2015/09/28; 14:36  p. 20/27»

«

o N O o & O N =

AUTHOR'S PROOF

N

©
N
EN

975
976
977
978
979
980

982
983
984
985
986
987
988
989
990
991

993
994
995
996
997
998
999
1000

doctopic: OriginalPaper numbering style: ContentOnly reference style: mathphys»

G. Amendola et al.

and (8.16) is true if and only if

oo gl Nt
P (w) = i/ AZ@E (@) 40, (9.11)
27 J_o (0w — wt)
which is the property noted in Remark 6.

All the free energies ¥/ ¢(¢) are on the boundary of the convex set of free energies as-
sociated with a given state of the material, in the sense that the rate of dissipation given
by (9.9) is a non-negative rather than a positive definite functional. The factorization (5.11)
corresponds to f =1 and yields the minimum free energy v, (¢). Each exchange of zeros,
starting from these factors, can be shown to yield a free energy which is greater than or equal
to the previous quantity ([15], [2], p. 363).

Remark 7 A particularly interesting one is obtained by interchanging all the zeros. This can
be identified as the maximum free energy among all those that are FMSs. It is less than the
work function, which is not a FMS for materials with only isolated singularities, as shown
in Sect. 4.1. Furthermore, it is not necessarily greater than the Graffi-Volterra free energy,
since the latter is also not a FMS [3].

There are several (indeed many, for a large number of isolated singularities) different
zero exchange pathways leading from the minimum to the maximum free energy.

The most general free energy and rate of dissipation arising from these factorizations is
given by

N N N
YO =Y dpyp(t), DW= rDs(t), Y hp=1,kp=0. (9.12)
f=1 f=1 f=1

A particular case of this linear form is the free energy proposed in [18].

‘We now consider a generalization of the example discussed in this section.
10 Product Formulae in the Time and Frequency Domains
10.1 The Time Domain

Consider the form [20]
K(s,u)=— Z / Aijki(s)k;(u)du, (10.1)
i,j=170

where k; € L'(RT) N L*(RT), i = 1,2,...,m and where A;;, i, j =1,2,...,m are the
components of a non-negative matrix.

Remark 8 Tt is assumed that the k; (1) vary independently of each other as u changes. In
particular, they are not proportional to one another. Indeed, if some were proportional, they
could be merged in the summation of (10.1).

@ Springer
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The rate of dissipation (3.14) becomes
1 m 00 00 . , .l
D(t) = 3 Z [E'(s)Aijki ()k; () E' (u)]dsdu > 0. (10.2)
i=1/0 Jo
It follows from (7.1), that

Y1) =)

+ %/ / / E'(s) Y Ajjki(z+ )k;(z +w)dzE' wydsdu.  (10.3)
0 0 0

ij=1

Also, from (7.2),

o0 m
G(s) = f > Ayjki(2kj(z + 8)dz. (10.4)
0o =
i,j=1
The condition that E !, is equivalent to the zero history takes the form
m [ 00 X
Z / A;jki(z) [/ kij(z+s+ u)E;(s)ds]dz =0, Vu=>0 (10.5)
170 0
by virtue of (10.4) and (4.6). Recalling Remark 8, we see that since (10.5) holds for arbitrary
u, the individual constraints

/ ki(y +$)El(s)ds =0, Vy=>0,i=1,2,...,m (10.6)
0

must be obeyed. Condition (7.3) becomes, for K (s, ) given by (10.1),

Z/ / Ajki (2 +8)k;(z + u)E}y(s)dsdz
0 0

i.j=1

= Z fooAijkj(z +u)|:/ook,-(z +S)E(’1(s)ds]dz =0, u=0, (10.7)
0 0

ij=1

which is true by virtue of (10.6). Conversely, since u is arbitrary, we see that (10.7) implies
the conditions (10.6).

Relation (10.7) is equivalent to the statement that any free energy functional with rate
of dissipation kernel given by (10.1) is a FMS, by virtue of Proposition 1. The conditions
(10.6) are a statement that the quantities

/ ki(z+$)E'(s)ds, Vz>0,i=1,2,...,m, (10.8)
0

are FMSs.
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10.2 The Frequency Domain

‘We consider the forms

Ky (o, 0) ==Y Agkii(@)kj_ (@) ==Y Ak (@)k_(@),  (10.9)
i,j=1 i,j=1
where
kig (@) = / ki()e™ds, k(@) =kiy (@), (10.10)
0

and A;; are the components of the matrix introduced in (10.1). The quantities k;_(w) have
all their singularities in £2() and are analytic on an open set including 2, just as for the
functions H” (w), introduced in (9.1). Recalling (9.2), we put

ki (@) -, : :
i——E (@) =¢q;_(0) —q;; (),

g (@)= — do',i=1,2....m. (10.11)

1 /w ki () E' (o)
27 J oo

o —oF
Condition (8.9); gives that

H (a))

ZA,,k (@)kj—(0) =

i,j=1

(10.12)

This equation implies that the singularities of k;. (w) are a subset (or the full set) of those
in H (w). The possibility of extra singularities occurring in individual terms, which drop out
of the summation due to cancellation between terms, is excluded by assumption.

Relations (8.7), and (8.8) yield

D(t)—8 2/ f E+(w1)ZAl,k (@)kj— () E', (w)dwyda,

i,j=1
E’(w) " Ak (@)K (02) E' (w2)
VO =00+ / f D 2 L R dovdos.
1 —w,
(10.13)
Remark 9 In the case where m = 1, we have, putting A} =1,
K, (w1, w) = —ky(w1)k_(w2) (10.14)
and relation (10.12) becomes
Ky (@)k_ (@) = (“’) (10.15)

Relation (10.15) is of course the factorization problem for H (w), discussed extensively
in previous work [2]. The solution is given by the factorizations (9.1) (which include (5.11)
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relating to the minimum free energy). Thus, the solution of (10.15) is non-unique. We put

f
k_(w) = ﬁH*afw). (10.16)

It follows from (10.14) that K _(w, @;) is given by (9.10). The rate of dissipation D (t) is
(9.9) and £ (¢) has the form (9.8),.

The case m = 1 is therefore precisely that discussed in Sect. 9. For m > 1, which is now
considered, we are dealing with more general classes of free energies.

Proposition 2 The quantities

1 [ kj—(o)E!
/ @B @)y 12 m, (10.17)

¢ ()= —

2mi J_ o w — ot

are FMSs.
This is a generalization of the properties noted in Remark 6.

Proof Putting A =1 in (8.13), we determine that the quantity 7 (7) has the form
1 [* Hw) . o
Ié(r):;[w7E;+(w)e Tdo. (10.18)

Substituting (10.12) for H (w), we find that

1 e & _ . .
Ii(7) = E/ Z Aiiki—(0)k;_(0)E}) (w)e " dw (10.19)

i, j=1

so that, from (10.11);,

Ii(t) = _é / Z Aijki—(@)[qy; (@) — g (@) ]e” " do. (10.20)

T4, j=1

Observe that k;_(z), q; 4+(z) and €77 (7 > 0) are analytic functions in the lower half-plane

z € 2. Their product converges strongly to zero at infinity, so that, by Cauchy’s theorem,
(10.20) reduces to

. o m
I'(t) = _é / 3 Ak (@)gl;_(@)e  do. (10.21)
—0o0

i,j=1
We now wish to show that
(1) =0 V120 <<= gy (0)=0, i=1,2,....m, VoeR. (10.22)

The statement relating to the left pointing arrow of (10.22) follows trivially from (10.21).
Let us consider the statement relating to the right arrow. We see from (10.11),, by closing
the contour on 27, that the singularities of ¢}, (w) are those of k;_(w) in 2. Also,
E 4 + (), only occurs evaluated at the singularities of the k;_(w). The quantities q;_(w) are
homogeneously linear in these quantities. By virtue of (6.4), we have that (10.22); implies
that all the E/,_ (—i«;) vanish, so that (10.22), is true, which yields (10.17). O
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Proposition 3 Any free energy of the form (10.13), is a FMS.

Proof Relation (8.16) takes the form

ZAUk (a))/ Maf L =0. (10.23)

i,j=1

This is always satisfied for E %+ equivalent to the zero history, by virtue of Proposition 2.
Thus, (10.13), is a FMS. O

These results show that for all materials described by (10.1) or (10.9), the resulting free
energy is a FMS. Proposition 3 is the basis for the conjecture in Remark 1.
We note that Parseval’s formula, applied to (10.6), gives (cf. (8.13))

o0
/ ki,(w)E;+(w)e_i“’>'dw:O, Vy>0,i=1,2...,m. (10.24)

[e.]

Taking the Fourier transform of the complex conjugate of this relation gives

@ (@) = — doy =0, i=1,2,...,m, (10.25)

1 /wki_(w1>E;+(w1)
2mi J_

e} W) — w*

where o™ is the choice required for convergence.

Thus, the results of Sects. 10.1 and 10.2 are in agreement.

An immediate example is obtained by taking m = N in (9.12) and A;; = §;j,
i,j=1,2,...,m, where §;; is the Kronecker delta. We put

f
ki (@) =k;(w) = LA’Z’(“’) (10.26)
giving (see (9.10))
N
Ko (0n0)=-2) Af w (10.27)
f=1

Then, the properties specified in Remark 6, given explicitly by (9.12), yields Propositions 2
and 3.
We now consider a deeper example, which generalizes that introduced in [20]. Let us

assume that G(s) can be decomposed into m components G (s),i=1,2,...,m, so that
G(s)=)_Gi(s). (10.28)

i=1
Remark 10 Each (N}i (s) is assumed to be the relaxation function of a well-defined material,
obeying the laws of thermodynamics, in particular (5.6). The term sub-material was used in
[20] for each of these. The strain function is assumed to be the same in each sub-material.

We put

5,»(s)=/ ki(@ki(z+s)dz, i=1,2,...m, (10.29)
0
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yielding a relation of the form (10.4), with A;; =§;;,1, j =1,2,...,m. For each i, (10.29)
can be regarded as a non-linear integral equation for ;(s) in terms of the known quantity
Gi(s).

The quantity H(w) can be decomposed into m components H;(w), i =1,2,...,m,
where
H(w)=)_ Hi(w), (10.30)

i=l1

where each H;(w) is related to Gi(s) in accordance with (5.9) and in particular is non-
negative for w € R. It is the quantity H (w) for the sub-material with relaxation function
Gi(s).

Under our assumptions, we have G(s) given by (6.1). Let us define m vectors of n di-
mensions, with components p;; >0,i=1,2,...,mand j =1,2,...,n, putting

Gi(9)=) wyGje™*, i=12...m, (10.31)
Jj=1
where

wi; =0, i=12,....m, j=12,...,n,

m
Domy=1, j=12,...n
i=1

The second property follows from (10.28) and (6.1). Corresponding to (10.31), we have

(10.32)

mije;G
Hi(w) = Z 2’+w2 (10.33)

For example, we could take 5,~ (w) to be a partial sum of the terms in (6.1) [20]
Gis) =) Gre™, nzm>n>1, (10.34)
k=n;

which corresponds to

0, I1<j<n,n=>j>m;>n;
Hij = ._j =Mt =g == (10.35)
L, jeln,m],

where the sets [n;, m;] are disjoint, with the property that U:":l [ni,m;] =11, m].
In general, each H;(w) can be factorized as in (9.1). We will exclude the label f for
simplicity and put
Hi(0) = Hi1(0) H; - (w), Hi:(w) = Hiz(—) = Hiz(). (10.36)

For each i, we put

ki (w) = \/EH*T(“’) (10.37)
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and (10.30) can be written as

m

3wk = 23 e @H (@) ) H) (1038)

w? w?

i=1 i=1

where H;.(w) are a particular pair of factors of H;(w). Thus, we have

" H, H;_
Ki—(@no)=-23" Hi (@) Hi— (@) (10.39)
i=1 w102

This relation resembles (10.27) but the factors have quite different meanings. If (10.39) is
inserted into (8.7),, we obtain

m

D(t) = Z

H;_ (a))
Ki(t) = ——/ E! (w)dw.

2mi

(10.40)

These relations are analogous to (9.6) and (9.7). Substituting (10.39) into (8.8) gives a sum
of terms identical to (9.8) but with H;. replacing HJ_{ . These terms can be re-expressed in
the form (9.4) with the same replacements. The free energy can therefore be written as

|
1/f(t)=¢(t)+EZ[_wIPi,(w)Izdw,
i=l (10.41)
1/ H;_ (‘“)E+(“))dw

t —_——
pi-(@) = 2mi o —wt

The functional v (¢) can be shown to have the properties of a free energy, as in [20]. Also, it
follows from Proposition 3 that v (¢) is a FMS.
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