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Abstract

This contribution is the third part in a series devoted to the fundamental link between discrete particle systems and
continuum descriptions. The basis for such a link is the postulation of the primary continuum fields such as density and
kinetic energy in terms of atomistic quantities using space and probability averaging.

In this part, solutions to the flux quantities (stress, couple stress, and heat flux), which arise in the balance laws
of linear and angular momentum, and energy are discussed based on the Noll’s lemma. We show especially that the
expression for the stress is not unique. Integrals of all the fluxes over space are derived. It is shown that the integral of
both the microscopic Noll-Murdoch and Hardy couple stresses (more precisely their potential part) equates to zero.
Space integrals of the Hardy and the Noll-Murdoch Cauchy stress are equal and symmetric even though the local Noll-
Murdoch Cauchy stress is not symmetric. Integral expression for the linear momentum flux and the explicit heat flux
are compared to the virial pressure and the Green—Kubo expression for the heat flux, respectively.

It is proven that in the case when the Dirac delta distribution is used as kernel for spatial averaging, the Hardy and
the Noll-Murdoch solution for all fluxes coincide.

The heat fluxes resulting from both the so-called explicit and implicit approaches are obtained and compared for the
localized case. We demonstrate that the spatial averaging of the localized heat flux obtained from the implicit approach
does not equate to the expression obtained using a general averaging kernel. In contrast this happens to be true for the
linear momentum flux, i.e. the Cauchy stress.

Keywords
Molecular mechanics, continuum mechanics, statistical mechanics, balance equations, averaging

I. Introduction

This contribution is the third part in a series devoted to the fundamental link between discrete and continuum
descriptions. The foundation of this approach was laid down by works of Irving and Kirkwood [1] and Noll
[2]. In an attempt to clarify several open questions (e.g. the non-uniqueness of stress measure, central force
decomposition and others) as well as to unify two different approaches of deriving the balance of energy from
the discrete system, we re-obtained the continuum balance laws of mass, linear and angular momentum, and
energy in parts I and II [3, 4] based on particle mechanics and statistical physics. Thereby the resulting fluxes
(the stress, the couple stress and the heat flux) are given implicitly in terms of their divergences.

The roots of the atomistic-to-continuum correspondence could be traced back to the beginning of modern
thermodynamics. The most acknowledged contribution was that of Boltzmann leading to establish statistical
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thermodynamics and in the attempt to provide a strict derivation of Clausius’s second principle [5]. Through the
collision integral of Boltzmann it is possible to derive the Navier—Stokes equations of fluids [6]. Considering the
harmonic potential and the long wavelength approximation the macroscopic elasticity tensor corresponding to
the Wigner—Seitz cell of periodic crystal could be obtained [7]. Relationships between atomistic and continuum
worlds have been also considered in the context of thermal properties of matter [8—11] as well as dissipation
effects in solids [12]. Note that some processes, such as electron—phonon interaction, can not be explained
within the molecular mechanics formulation and require the quantum-mechanical approach.

The link between the atomistic and continuum worlds is of technological interest to new, rapidly growing,
fields of engineering such as porous materials, nano-composites and microstructured continuous media [13—17].

In the present part of the series we obtain the corresponding fluxes from their divergences based on Noll’s
lemma. There are at least two different possible solutions for each flux in terms of atomistic quantities (such as
inter-particle forces, position vectors, masses, etc.). The two solutions will be denoted in the sequel as either of
the Hardy [18] or the Noll-Murdoch [2, 19] type.

By applying Noll’s lemma to obtain the linear momentum flux we show that the Cauchy stress obtained by
space-probability averaging is not unique. That is similar to the case when space-temporal averaging is used to
derive the corresponding fluxes [18, 19].

Since molecular dynamics (MD) simulations are often used to describe the macroscopic response of a rep-
resentative volume element (RVE) [20, 21], integrals of the flux quantities over space are desired and thus are
developed in this contribution. As a result we show that macroscopically both the Hardy and the Noll-Murdoch
stresses coincide in spite of the Noll-Murdoch stress being non-symmetric microscopically, whereas the Hardy
stress is always symmetric. A similar comparison is made of the other fluxes (the microscopic couple stress and
the heat flux) appearing in the balance laws. It is shown that macroscopically the non-diffusive part of the Hardy
and Noll-Murdoch couple stresses equates to zero.

In order to make more parallels between the Hardy and the Noll-Murdoch-type solutions, we look at the
case when the Dirac delta distribution is used as a spatial averaging kernel. It then follows that the resulting
fluxes are equal not only macroscopically but also microscopically.

The balance of energy is generally derived either in the explicit or the implicit form [4]. Localized
expressions for heat fluxes obtained for the two approaches are compared.

The paper is organized as follows. Equations that define all the fluxes considered here are briefly reviewed in
Section 2. In Section 3, Noll’s lemma is given, localized generator functions are compared and some important
properties of the averaging kernel are discussed. In Sections 4 and 5, the fluxes occurring in the balance laws of
linear and angular momentum as well as their integral are obtained. Sections 6 and 7 are devoted to the fluxes
obtained from the implicit and explicit approaches to the balance of energy, respectively. At last, the discussion
and conclusions are presented in Section 8.

2. Fluxes in space-probability averaging

In this section we briefly recall some definitions and results obtained in the first two parts of this series [3, 4].
Generally, the §-distribution of any extensive (additive) property g* is defined as

g(z.E) =) giz.8):=) g @sx" —&). (1

Here z, &, x* denote the phase space coordinates, the microscopic spatial variable and the current position of a
particle «, respectively.
By postulating the continuum density o(x, t), the continuum velocity v is then obtained from the balance of

mass as
pex1) _ ([Ps@E))p)s o fp POWET — X)W(z, T)dz
Q(xa T) <<m5(z, §)>P)5 Za fP maw(xa - X)W(Z, ‘L’)dZ ,
where p* and m* are the linear momentum and mass of the particle o respectively, and x is the macroscopic
spatial variable. W (z, ) is the probability density function and w(§ — x) with |, s O(X* —&)w(§ —x) = w(x* —x)
is the spatial averaging kernel, p(x, ) is the continuum linear momentum.
For each particle « the fluctuation of the particle velocity field is then defined as

v(x,7) =

2

V¥ (x,7) ;== v* —u(x, 7). 3)
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Furthermore the microscopic diffusive momentum flux s is introduced as
= o 1 o S5 a
s = Ep QV (x, T), (4)

whereby its trace is denoted by s“ = tr(s¢).
We then define the macroscopic diffusive momentum flux s via

5= §5(z,§;x,r))P>S. (5

The distance between each particle position and the considered continuum point is called the microscopic
distance
r(x)=x*—x. (6)

Next, the particle microscopic angular momentum flux R” and the particle diffusive microscopic angular
momentum flux Mm® are defined as

— Ll . |
n =§I ®v® and m“:EI R V¥(x, 1), @)

T . . . . .
where I = F*(x) x p%(t) denotes particle microscopic angular momentum w.r.t. the continuum coordinate x.
The corresponding continuum microscopic angular momentum flux v and continuum diffusive microscopic
angular momentum flux m read accordingly:

V= %i(x, D) ®v(x,7) and it = ((fs(z,£x, 7)), ®

where I = ((Is(z, &; x, 7)) ) 5 is the continuum angular momentum density w.r.t. x.
The following flux quantities appear in the balance of energy, linear and angular momentum:

. Cauchy stress s

s=5—125, 9)
where § is to be obtained from
divs = div(s + 28) = Y _ (F(0)w(x* — x)),,. (10)
af
. Couple stresses' m
m=m—2m. (11)

The unknown second order tensor m is given by

div it := div(m + 2ait) = Y _ (I (6) x (0w — x)),. (12)
of
. Diffusive energy flux
~ 1 ~at s~
q .= —3 Z <s°‘(t)v“(x, T)w(x* — x)>P. (13)

. Heat flux for the implicit approach
¢=7-2% (14)
where §' and ¢ are defined by

divg' + q(x,7) = —{ YV Y fPw(x* — x)),, (15)
« B
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Here g denotes the local self-heating density [22]. In contrast to previous definitions of fluxes (e.g. equa-
tions (10) and (12)) the RHS of equation (15), as it will be shown later, can not be expressed only as a
divergence of ¢'; therefore, a scalar term ¢ has to be introduced. Note that in this approach the internal
potential energy is introduced implicitly (thus the name for this formulation) via

v + div(vv) := gradv(x, 7) : S(x, 7) + g(x, 7). (16)

In contrast to the explicit approach (see below), the implicit approach avoids the need to localize the
potential energy to a single particle. That would then allow introducing the density of potential energy via
equation (1). Since potential energy is attributed to a group of particles (two and more), this localization
is not unique. Moreover it becomes cumbersome in case of three- and more point potentials. Thus in the
sequel we consider the explicit approach only for two-point potentials. An advantage of this approach is
that the energy density is readily available, as opposed to the necessity to integrate equation (16) in case
of the implicit approach. For more discussion we refer to Part II [4].

Heat flux for the explicit approach (applied to two-point interactions)

¢ =9 —-27. 17)
The unknown part of the flux ¢ is to be determined from
o B
—<Zf°"3(t) : ["er—"]w(x“ —x)>7j — AV — gy —v-F) (18)

ap
=: divg® + ¢* =: —divg*,

where the transport energy flux ¢, is expressed in terms of the localized particle potential energy v* as

qr = < Zva(t)va(x, Tw(x* — x)>P. (19)
For the two point interaction case, the potential energy attributed to each particle v* can be introduced as
1
o of (Lo
v¥ = o v (), (20)

where v* is a potential energy of interaction between particles o and 8. In other words, the potential
energy is equally distributed among interacting particles.
In equation (19) we also introduced ¢* = —div(gq; + v -’s) to make it look consistent with the implicit
approach (equation (15)). Note, that the interpretation of ¢* and ¢ are different. In the implicit approach
q enters the definition of potential energy (equation (16)), whereas in the explicit approach ¢g* can be
represented as a divergence of a vector quantity which affects the non-diffusive part of a heat flux, i.e.
=4 =k

q.

¢ =qr+v-5-

3. Noll’s lemma

In this section we briefly recall the lemma, introduced by Noll [2].
Let g(x,y) be a C' tensor-valued function of vector variables x, y such that

2(x,y) is defined Vx, y and continuously differentiable.
368 > 0: g(x,y)|x|>*°|y|>*® and its gradients are bounded.
g(x,y) = —g(y,x) is antisymmetric.

For such a case, the following holds?

1 1
/ g, y)dy = —Edivf / g(x +az,x —[1— a]z)da ® zdz. (21)
S SJo
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In other words, it provides one possible solution

1
G(x) = —% [S/; g(x+ az,x —[1 — a]z)da ® zdz (22)

to
/:S g(x,y)dy = divG(x). (23)

The function g is called a generator. As we will see later, different generator functions give different flux
candidates. At least two different types of solutions are possible:

. Hardy-type [18], based on the §-distribution. In such a case, the generator function is given by

gux.y) = Y (A%w(x* — x)8([x" — y] — [x* —x])),. (24)
af

where A%’ is a tensor of an arbitrary order expressed in terms of the atomistic quantities related to the
particles o and B. (However here we only need to consider scalar and vector-valued A% )
. Noll-Murdoch-type [2, 23], based on a general averaging kernel. The generator function has the following

format
gy =D (A%Pw(x* — x)w(x’ — p)),. (25)
af

Recall the normalization condition for the spatial averaging kernel:

/ w)dy = 1. (26)
S

Thus it is clear that

[ ety = [ gueaidy = Y (A% wixt = ). @7)
S s 7

These two options coexist and are valid for all the unknown fluxes in the balance equations. Apart from these
two options, for each flux quantity we consider the case, when the §-distribution is used for space-probability
averaging. Such solutions are called “localized” in our terms. It is easy to see that the localized versions of the
two generator functions are actually equal, i.e.

gusx.p) = Y (AP5(x* —x)8([xF —y] — [x* —xD)p = D _(APS(x* —0)8([x* —3])p,  (28)
aff of

gy =Y (A8(x* — x)8(x" — ). (29)
apf

Therefore flux quantities obtained from the Hardy and Noll-Murdoch localized generator functions are always
equal. Therefore, we will not consider the localized case separately for each flux quantity, but only note that the
corresponding expression can be easily obtained by substituting the general averaging kernel w in the Hardy-
type solutions by the delta distribution. Alternatively the general averaging kernel w in the Noll-Murdoch-type
solutions could be replaced by the delta distribution 8. That does, of course, lead to exactly the same results.

Lastly, let us say some words about the averaging kernel w. We consider w to be a function of the invariant
of its argument, i.e.

w(y) = w(ly)). (30)

Note that this is actually a requirement for the resulting fields to be independent of change of observer.
Otherwise an artificial anisotropy of the resulting fields is introduced.
It is obvious that w is an even function

w(y) = w(=p), G
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and therefore the first moment of the weighting function equals zero

/S wyydy = 0. (32)

This holds since the product of an even function and an odd function is an odd function, and the integral of an
odd function over space is zero if it is evaluated by limits that are symmetric w.r.t. the origin.
Let us quickly prove the above for a one-dimensional case for an odd function f(y):

0 — 0 a a
oy [ S0 } = = [ s = [ peme == [ s (33)

and therefore .

J()dy = 0. (34)
Note that the second moment || s W)y ® ydy (an integral of an even function) is not necessarily zero.?
4. Stresses

We start with the solution for the part of the Cauchy stress due to the interaction forces
div S, 1) = 3 (e — 0l = [ gy oy (35)
S
af

The total Cauchy stress is given by equation (9). Different choices for the stress generator g°, which satisfy
equation (35), are possible.

4.1. Hardy-type stress generator
The Hardy-type generator function reads
gy, 1) =Y (P Owx* —0)8([x" —y] — [x* —x])), = —g, (%, 7) (36)
of

Note that on the evaluation of g(x + az,x — [1 — a]z) in equation (22), the argument of the §-distribution
simplifies to z — x*#, giving the resulting expression for the Hardy-type stress as

o~ 1 o o, o
Sux, 1) = —2 (0 @ % (ex 1))y, (37)
af
R (e, x%, xP) = W x*, (38)
1
WP (x,x*, xP) = / w(x* —x — ax*f)da. (39)
0

Since f*# x x*¥ = 0 for any interaction potential in the system of constant point-mass particles [3], we conclude
that’s and thus s are symmetric.
Using equation (31) and equation (26), we can show that

1
[/’Z%ﬁ(x, x*, xP)dx = x“ﬁ/ |:/ w(x* —x— ax“ﬁ)dx] da
s o L/s

X¥ —x —ax® =: —y 1
= x=x%+y—ax* =>x“ﬂf [fw(—y)dy:|da
dx = dy o LJs

1
= x% / da = x*P. (40)
0
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Thus the space integral of the Cauchy stress, i.e. the macroscopic (averaged) stress, results in
1 o,
T - __ B off
/Ssﬂ(x, T)dx = — §<f (1) @ x*). .. (41)
Note that the resulting expression does not depend on the choice of w, as expected.

4.2. Noll-Murdoch-type stress generator

The Noll-Murdoch-type generator function for stresses reads

gy, ) =Y ([FPOw* —xwx” —y)), = —gy . x. 7). (42)
af

Its substitution to equation (22) gives the Noll-Murdoch-type stress candidate

o~ 1 o o, o
Sy ) = =2 ) (@) @ X (6 x, X))y, (43)
ap
R (x, x*, xP) = fs WP adz, (44)
1
WP, x*, xP 7) = / w(x* —x — az)w(x’ —x + [1 — alz)da. (45)
0

Neither sy(x, T) nor sy(x, T) are symmetric in such a case.
Using equations (31), (26) and (32), we can prove the following:

1
[Sifvﬁdx :/0 /s [/s w(x* —x —az)w(x —x+[1 - a]z)dx] zdzda

[ x¥ —x—az=:—y 1
=| x=x"—a+y }:>f /w(—y) [/ W(z—y—xaﬁ)zdz} dyda
L dx:dy 0 JS S

[ —yt+z—xf =y 1
= 2=y +y+ x%P = / / w(—y)/ w(y/) b +y+ x""s]dy’ dyda
0o Js S

i dz=dy
1 1
= / / w(—p)[y + x*?ldyda = / x*®da
0 JS 0
= xﬂlﬂ. (46)
It then follows that |
/S Sv(x, T)dx = -3 ; (FP(r) @ x*),, (47)

which is equal to equation (41). Therefore, the space integrals of the Hardy and Noll-Murdoch stresses are equal
and symmetric. Note that this result holds despite the microscopic Noll-Murdoch-type Cauchy stress being not
symmetric.

5. Couple stresses

We are looking for the solutions of the unknown part of the microscopic angular momentum flux due to the
interaction forces in the following form:

divm(x,7) = Z (F*(o) x FP(Owx* — x)), = /8 g (x,p, T)dy. (48)

af
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The total couple stress is given by equation (11). Different choices for the stress generator m, which satisfy
equation (48), are possible.

5.1. Hardy-type couple stress generator
The Hardy-type generator function reads

1 _
gitep ) =3 3 ([P0 + P )] x PP —08(x* —x] =[x = yD)p. (49)
af

Note that the following holds

1 —a = —a = —a —a = = =
SIF @) + P EBE ) = F() = F@8F ) — F') = F ()50 0) - 7 (), (50)
and therefore equation (48) is satisfied. The Hardy-type couple stress follows as
— 1 (0% -~ o
iy (e, 7) = 5 Zﬁ (1) T3 (e, x), (51)
1
'Fz,ﬁ(x, x*, xPy = / [x* —x — ax*Plw(x* —x — ax*’)da @ x*’. (52)
0

Note that we deliberately changed the order of f*#(7) and ?2’3 so that it is consistent with the expressions for
the Cauchy stress derived in Section 5.
Using equation (32) it immediately follows that

/ T (x,x%, xP)dx = 0, (53)
S
thus
/ my(x, 7)dx = 0. (54)
S

Therefore, the macroscopic non-diffusive part of the Hardy-type couple stress is always zero.

5.2. Noll-Murdoch-type couple stress generator
A Noll-Murdoch-type generator function is postulated as

gy, 1) =Y _([F*() + F 1) x F2(0mw(x* — )w(x’ — p)),,. (55)
af

Due to equation (32) the following holds

/ P — y)dy = 0, (56)
S

thus equation (48) is satisfied.
The non-diffusive part of the Noll-Murdoch-type microscopic angular momentum flux (i.e. the couple
stress) then follows as

my(x,7) = % Z (FP (1) x T (x, x“‘,xﬂ))p, (57)
af

1
'r\%ﬂ = [ / [[Fa(x) —af] + [P (x) +[1 - a]z]] w(r’(x) — az)w(Fﬁ(x) + [1 — ajz)dazdz.
SJo
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Again, note the changed order of f*#(7) and??,ﬁ .
Using equations (31), (26) and (32), we can prove the following:

/ ’r‘%ﬂ (x, x*, xP)dx =
S

1
/ / |:/ [x* — 2x — 2az + xP + z]w(x" —x— az)w(xﬂ —x+[1- a]z)dx] da ® zdz
0o JSLJIS

[x¥ —x —az=:—y 1
= | x=x"—az+y }=>/ /w(—y)[/[z—2y—><°‘ﬂ]W(z—y—X“’3)®zdz] dyda
dx:dy 0 JS S

_z—y—Xaﬁ —y
=S| z=y+y+x* | > f /[y/ —y1® Y +y+ xPIw(—y)w(y)dy dy
dz =dy SJS

=/ﬂ@wwWMV—/y®ymﬁww=u (58)
S S

Thus, the integral of the non-diffusive part of the microscopic Noll-Murdoch couple stress is zero, i.e.

/ iy (x, 7)dx = 0. (59)
S

This agrees with the macroscopic Noll-Murdoch stress being symmetric (equation (47)).

6. Heat fluxes from the implicit approach

In the implicit approach the total heat flux ¢’ and the source term ¢ due to interaction forces are determined via

divg'(x,7) + g(x, 1) = — Z V. 1) - FP(Ow(x* — X)), = /S g(x,y, T)dy. (60)
ap

Both ¢’ and ¢ depend on the particular choice of the generator function. Following [23], we divide g into
skewsymmetric and symmetric parts

g=g"" + gym. 61)
such that
/ ¢ (x,y, D)y = divg(x, ) 62)
S
and
/S Zm(E2, Ty = gx, ) 63)
hold.

6.1. Hardy-type heat flux generator

The Hardy-type generator function can be chosen as

1 ~
gy, 1) = =2 ) ([0 00 0) £V, 0] - FPHOwx” —08([x —x] = [X" — D). (64)
ap
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It is easy to see that
1% + e Tl =
— f Z (Vo 7) - P (W — )8 — x +y))pdy =
S
ap

= [ ) - PO — X)),
of

Since gzly‘l‘;’l includes §(x*¥ — x + y), it follows that x* — x = x# — y, thus
g,y 7) = — Z (. 1) + V(. D] - P (Dw(x* — )87 —x + ),
af
_ _% Z ([, 7) + V2, )] - FA 0w — 8P — y + ).,
=3 Z [V (r7) + W, 0] - PP (0w — 8™ — y + ),
= —gSkW(y,x, 7).
Using g*% in equation (22), the Hardy-type heat flux follows as

406, 7) = iZ(f‘”ﬂ(t) B (x,x%, xP, 1) x”‘ﬂ)P

9B, x*, xP, 7) = / VP (e, x%, %P 1 ayw(x* —x — ax**)da,
vy (x,x ,XP tia) =V (e + ax® 1) + VP (x — [1 — a]x*, 7).

The expression for g(x, 7) is then obtained from equation (63) as
qm&fﬁiL&m@JJﬂy

1 ~
=3 D[ ) FPwee — ),
af
+ fs % > [ 1)  FP W — )8 — x + ) pdy
af

= —% Z (V¥ (x, T) = VP (x — x*, )] - 9 (D)w(x* — X)),
ap

(65)

(66)

(67)

(68)

(69)

Since the resulting expression (equation (66)) for the heat flux in the implicit approach contains an integral
which includes the continuum velocity in V* = v* — v and v/ = v# — v (equations (67) and (68)), the straight-
forward application of such an approach would require evaluation of the continuum velocity at each quadrature
point in that integral. Obviously, this is computationally inefficient. A mathematical development of the integral

quantities is not possible either.

One of the possible ways to circumvent this is to assume that the continuum velocity v(x) is constant on the

length-scale of inter-particle distance x**. In other words, we assume the following

(xx xP 1) ~ V¥ (x, ) + VP (x, 7).

(70)
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Therefore '\72’S can be taken out of the integral in equation (67). This leads to the following expression for the

heat flux

?]’-[(x, T) ~ % Z <f0{/3(.[) . Wa(X, T) ;‘ Vﬁ(x, 7:)] ’)Z‘Z,ﬂ(x, Xa, Xﬁ)>fp’ (71)
ap

where X%/ is given by equation (38).
An alternative approach, as advocated in [24], is to consider the delta-distribution instead of the general

averaging kernel w in equation (67). In such a case it is obvious that x+ax* = x*, and therefore the expression
B

for vy, reads

VP, %P T) = O (x, T) + VP (P 7). (72)
Substituting this to equation (67) results in a form similar to equation (71), however, with the delta distribution
used as an averaging kernel:

] 1 A~ o A~ o
G =3 (@) T DR x5, (73)
af
where
P (x, x*, xP) = WP xP, (74)
1
WP (x,x*, xP) = f 8(x* —x — ax’)da. (75)
0
The “localized” version of g4(x, T) reads accordingly
= IZF““ V(xP, )] - £ (2)5(x 76
qS(xa T) - _E < v (X ,T) -V (X ,T)] ' (T) (X _x)>7)a ( )
ap

which is consistent with results obtained in Admal and Tadmor [24].

Since the only term in equation (73) which depends on x is ’)Z?ﬂ , using equation (40) the space integral of
this quantity follows as

/ L(x, T)dx = ~ Z(f“ﬂ(f)-vg‘ﬂ(x“,xﬂ,r)x“ﬂ)P. (77)

af
Furthermore it is obvious that

JLastx o = —%Z ([, 1) =T, 01 190 79)

6.2. Noll-Murdoch-type heat flux generator
The Noll-Murdoch-type generator function is introduced as

1
gy, 1) = =2 3 (V0. 0) £ 7, 0] £ (@wx" —xwi(x — ). (79)
ap

Changing o and B, it is obvious that g®V(x,y,7) = —g**¥(y, x, 7); therefore, Noll’s lemma can be applied to
obtain the following heat flux:

. 1 !
gy(x,7) = —5// g™ (x+az,x — [1 — alz)da ® zdz
sJo

1
=1 Z (F(r) - Wf(,ﬁ(x, x%, xﬁ))P, (80)
ap
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with |
Wy (e, x%, xP, 1) = / / TWw(x* —x — ag)w(x? —x +[1 — alz)da ® zdz, (81)
sJo
and
e x,xP 1, 2,0) = ¥(x + az,7) + W (x — [1 — alz. 7). (82)

Substitution of gy, into equation (63) leads to

gn(x, 7) = /S Zsym(X, y, T)dy

1 ~
= =3 2 [ - PO — ),
af
1 ~
+ fs 5 2 [0 ) - L — e — ) . (83)
ap

Note the difference from the Hardy solution (equation (69)), where it was possible to evaluate the integral due
to the presence of the delta-distribution.

Any further simplifications of either equation (83) or equation (80) are possible only when assuming the
localized version of the generator function. In such a case, as discussed in Section 3, the solution is fully
equivalent to the localized Hardy solution for the heat flux, which was presented in the previous section.

7. Heat fluxes from the explicit approach

The generator function for the unknown part of the heat flux ¢* must satisfy

s Ak Q, [va + vﬁ] o . e
v e, v) = Y[ Tt — o), = /3 (6.7, 1)y, (84)
ap
7.1. Hardy-type heat flux generator
The Hardy-type generator function
e af [va + VIB] o o B e
gy, ) =Y (F(1) ————w(x* = )8([x* —x] — X —y)p = —g5,(. %, 7) (85)
af
gives rise to the following heat flux
[v® + vA]

> 1
g0 =2 ) (@)
ap

5 ® %) (x,x*, xP))... (86)

Using equation (40) it follows that the space integral of g}, results in

1 o v 4 VP o
S:j;z,(x, T)dx =~ aXﬂ:(f A(r)- T ®x Pl (87)
7.2. Noll-Murdoch-type heat flux generator
The Noll-Murdoch-type generator function
e sy VAV o p o
gy, ) =Y () o —xw(x — Wp = —g4».x,7) (88)

af
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leads to the unknown part of the heat flux gy, as
— 1 o v +vA]
1) =7 Y (@) E— %3/ (e, X", xP))... (89)
af

Using equation (46) the space integral of this quantity follows as
o [v* —|— v ]
/ To(x, T)dx = —= Z (fP(r) ———— @ x*) . (90)

which equals the space integral of the Hardy-type heat flux equation (87).

7.3. Total heat flux and its comparison to the implicit approach

In contrast to fluxes in Sections 4, 5 and 6, the results obtained in the above expression for ¢* do not represent
the total flux, but only a part of it.

Given the Hardy-type (the Noll-Murdoch) solutions 5 (sy) and §j; (g% ), we can evaluate ¢° in the explicit
approach for the system with two-point potentials (see equation (19)):

qp(x) ==q°(x) — qr(x) = ¥(x) -5(x) = "(x)

1 o B 1
) Z (F7 - %gaﬁ(x))P —v(x) - 5 Z (F*P ®’>?°‘ﬁ(x))7)
af of
— % Z (f(xﬂ i ['\70((x) ‘;Vﬁ(x)]/iaﬂ(x))P (91)
af

Note that in the above we deliberately dropped subscripts N and H in X*?, since it holds for both cases if and
only if flux candidates of the same type are used.
The total heat flux for the explicit approach is thus given by

q4°(x) = gp(x) + g7(x) — 24(x). (92)
By comparing equation (91) to the approximate implicit Hardy-type total heat flux equation (71) it is clear that
qp(x) =G (x) — qr(x) = "?H(x) (93)
Remark 1 From the continuum perspective, the energy balance equation has to be closed by the constitu-
tive relationship, e.g. a Fourier law for ¢ = q(T). Since both q and T can be calculated from the atomistic

simulations, the validity of different constitutive relationships could be verified.

At last, we compare the heat flux obtained from the explicit approach to the implicit one for the localized
version

. . oy By
qg(x) _ qg(x) — /‘I\g(x) _/q\g(x) =q;+ <Z fob . [V(X ) V(x) ‘; V(X ) V(x)] /)Zglﬂ(x)%) (94)
af
and the approximate solutions _ ‘
11(%) = g1 (%) = q5,(x) — (%) = g7 (95)

respectively.
Thus we can conclude that the two approaches differ mainly by the diffusive potential energy term ¢,
introduced in the explicit case.



166 Mathematics and Mechanics of Solids 20(10)

8. Discussion and conclusions

Molecular dynamics simulations are usually conducted under periodic boundary conditions. In such a case, the
volume V of the particle system is uniquely* defined. Recall the following equation proven in Part I [3]:

1 1
s(x) = (20[: Em“v“ ® v¥ w(x* — x))P — Ep(x) ® v(x). (96)
The space average over the RVE reads
— / s(x)dx = Z —mv® @ v* p(x) ® v(x)dx, 97)

where the second term on the right hand side can be assumed to be zero if there is no macroscopic motion of
the RVE.
Using this, the macroscopic Cauchy stress follows from equations (9), (41) and (47) as

—/sdx_—/[s—Zs]dx_ Zf‘)‘ﬂ@x“ﬁ Zm"‘v”‘@v (98)

Thus, we arrive at the well known expression called the virial stress, which is often used as a measure of the
macroscopic stresses in a particle system. In other words, the virial stress can be considered as space integral of
either Hardy or Noll-Murdoch Cauchy stress over the RVE. Note that this conclusion is different from Admal
and Tadmor [25], where the authors prove that the Hardy solution of the Cauchy stress equals the virial only in
the case of a constant averaging kernel w = 1/V.

In a similar manner, the macroscopic heat flux in the explicit approach can be developed for the localized
solution

1
I7/ngdx— Z —mv* - [v* — o(x*)] [v* — v(x"¥)]
+Zwm—wm
8 1
+ = Zfaﬂ [[v +v / v(x“—ax“ﬂ)dai| x*P )p. 99)
0

On assuming the continuum velocity v to be zero, we obtain

Vi +v
—/qzdx —m v v“v"‘—l—Zv“v“—{— Zf"‘ﬂ [2—] "‘ﬁ)p, (100)

which is fully consistent with the heat flux used in the Green—Kubo approach [26, 27] to evaluate the thermal
conductivity from MD simulations. Therefore we showed that the integral Hardy-type quantities of fluxes are
consistent with those commonly used in atomistic simulations.

From equation (94) it follows that the space integral of the heat flux for the implicit approach in a quasi-static
case (v(x) = 0) is different from the explicit one

1 . 1
I—//S[q,ﬁ — ¢sldx = I—,(Zv“v")p. (101)

o

A result of this work that distinguishes it from Admal and Tadmor [25] is a strict proof that both the Hardy
and the Noll-Murdoch solutions are possible for the space-probability averaging approach. Thus, both the
space-probability and the space-temporal averaging approaches have the same source of the non-uniqueness
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of the linear momentum flux. It was concluded by Admal and Tadmor [25] that the space-probability averaging
approach is preferable over the space-temporal averaging approach due to the absence of the non-uniqueness
of a generator function. The reason for this is that the authors first derived the balance equations for space-
probability averaging with the §-distribution, and then applied the spatial averaging to the resulting fields. By
doing so, the generator-function for the stress-fluxes is of “localized” type in our terms; thus there seemed to be
no non-uniqueness in choosing it. As we have shown, however, space-probability averaging has the same non-
uniqueness related to the choice of the generator function as the space-temporal averaging used by Murdoch.
Thus, the preferable approach is to introduce both space and probability averaged continuum fields at the onset
and then develop the balance equations. The same procedure is also preferable for the space-temporal averaging
approach.

By comparing the resulting quantities for the total heat flux, we conclude that the explicit approach (used
by Noll [2] and Hardy [18] among others) naturally leads to easy-to-implement expressions (equation (86)).
Moreover, both the Cauchy stress and the heat flux are written in terms of the same W*? | therefore the evaluation
of the linear momentum and energy fluxes, as well as the internal energy requires less computational resources.
The explicit approach, however, can be applied directly only to two-point potentials.

By contrast, the expressions arising from the implicit approach are much harder to evaluate in general, since
they require integration of the continuum velocity field over the segment x**. This can be circumvented via an
approximate solution (equation (71)).

An alternative approach is first to consider the localized solution (i.e. the delta-distribution instead of the
general averaging kernel w) to obtain ¢; (equation (73)). The expression to be applied to the results of real MD
simulation is then obtained from an additional spatial averaging

q=(4s)s- (102)

The numerical study of this approach was performed in Admal and Tadmor [24].

Here, we would rather draw the attention to the following. In this approach it is assumed that g obtained using
equation (102) does indeed correspond to primary continuum fields introduced during the derivation using the
general averaging kernel w (that is continuum density p and the kinetic energy density & introduced in Parts I
and II [3, 4] respectively). This, however, is not the case for the heat flux. In other words,

(%) # (@) - (103)

It is interesting to note in contrast that for the non-diffusive part of the linear momentum flux it holds that
Su(x) = () (104)

due to the dependence of 55 on x being concentrated solely in W‘;ﬁ (x, x%, xP).
Let us quickly prove equations (104) and (103). First of all, note that

1
/ W‘;‘ﬁ(y, x*, xPyw(x — y)dy = / [/ 8(x“ —y— ax‘xﬁ)da] w(x — y)dy
S S LJO

1
= f [/ 8(x°‘ —y— ax“ﬂ)w(x —y)dy} da
0 S
1
= / w(x“ —x— ax”‘ﬂ)da
0
= Wi (e, x", xP). (105)
Using equation (105) and keeping in mind the expression for 5 (x) (equation (37)), it is easy to see that
o~ 1 ~, o
[ 3s0m =y = =3 [ (7 @ xR g ox) ot~ iy (106)
S S

1 o N -
= —§<f°"3 ® x"‘ﬂwHﬂ(y,x ,xﬁ))P =sy(x).
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In a similar manner we can develop the spatially smoothed version of a localized implicit heat flux as
[t =y (107)

1 N . .
=3 Z <f°”5(T) . [v“(x“) + vﬂ(xﬂ)] xP /Swaﬁ(y, x*, xPyw(x —y)a’y)73
af
= DI [ + 0 R ) (108)
af

This, however, is not the same as the general expression for the Hardy-type implicit heat flux g}, (x) given in
equation (66).

Consequently, we might say that the application of the localized implicit approach somewhat lacks the con-
sistency with the introduced primary kinematic fields. That difference, however, becomes small if one assumes
slowly varying local velocity fields at both the length scale of the averaging kernel w and the length-scale of
inter-particle distance (compare equations (70) and (72) ). It is worth noting that the localized solution (or
rather its integral over the finite volume) was successfully used to couple continuum mechanics and atomistic
simulations of liquids [28].

In the present part of this series, we reviewed some of the possible solutions for all the fluxes arising in the
balance equations previously obtained in Parts I and II [3, 4]. We have shown that the localized solutions of
Hardy and Noll-Murdoch types are equal. In addition, the integral quantities of all the fluxes were developed.
These can be trivially linked to the average over the RVE in case of MD simulations with periodic boundary
conditions, thereby providing the mathematical background to the homogenization of particle systems. In addi-
tion, we proved that for the spatial kernel dependent only on the norm of its argument, both Hardy and Noll’s
couple stresses are zero macroscopically (if the diffusive contributions to the fluxes's and m are also zero macro-
scopically). This is consistent with the macroscopic Cauchy stresses resulting from the two approaches being
symmetric, which corresponds to standard (as opposed to generalized) continuum mechanics.

At last, we reviewed and compared results from the explicit and implicit approaches to the balance of energy.
It was shown that the two are different by the diffusive potential energy flux introduced in the explicit approach.
Additionally, the consistency of the localized implicit heat flux to the introduced kinematic fields was discussed.
An approximate solution to the Hardy-type implicit heat flux was proposed (equation (71)). Note, that in both
cases we arrived at the equations containing the first gradient only, as opposed to the higher gradient theories,
which, for example, could be obtained during the homogenization of pantographic-type structures [29].
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Notes

1. It appears in the balance of microscopic angular momentum [4].

2. For a proof we refer the reader to Noll [2] and Lehoucq and Lilienfeld-Toal [30].

3. As an example, consider the Gaussian distribution with zero mean (it satisfies both equation (30) and equation (26)). The second

moment is not zero and equals o2,
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4. Note that in general the volume of the particle system can not be uniquely defined. Often it is introduced for homogeneous states
with the known constant-in-space density.
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