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Abstract

Group theory and computer simulation are used to show that molecular and atomic scale time cross corre-

lation functions have different symmetry properties in different frames of reference. Constitutive cquations,

written in any frame of rcfen:npc,- arc approximations to classical molecalar dynnmic:, and must therefore

reproduce the results from group theory applied to ensemble averages such as time corrclntloh functions, and

corroborated by computer simulation. This may help to n:solvc some of the conlcmpomry literature clnims :
n:glrding material frame indifference and the implementation of “co- rotating” framcs
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Rcccnlly, there have nppearcd at least two scis of literatore controversies concerning the use of material
fmmc indifTerence and co-romtmg frames in constitutive equations. Eu? claims that constitutive equations for
flow prupcrﬂct in molecular liquids as d.cnvcd from kinetic equations are consistent with their counterparts in
”conlinuum mechanics only when the former are written in a co-rotating frame of reference. This h.ns been
criticised by Lodgc et a1.2 who arguc that the constitutive equations derived from kinetic equations cnn, undcr
certain condmons, satisfy the objectivity principle. Eu? replied with the claim that the constitutive equations
dcrivcd from the Boltzmann equation in a fixed frame of reference is not invariant to frame rouiﬁon and is
r_t_hcrel;on: not objective. ‘The term that makes the cquaﬁon “unobjective” comes from the streaming term in the
Doltzmann cqual.inh. and appcars with a wrong sign. The constitutive equation is therefore qualitatively
" incofrect. Eut-? claims that the cause of the lroubie is the use of a fixed (rame of reference, the original

Boluzmann equation is accepted uncri!.iu.nlly. The constitutive equation in Eu’s co-mlaﬁng frome appears? 10
be thermodynamically and dynamically valid.

A rclated controversy has appeared between Ryskin4S and Speziale$ concerning material frame indifTerence.
In this context, Ryskin? claims that there is no logical connection between frame indifference and the inde-
pcndence of motion of -an observer, two fundamentnl principles of rheology. He claims that the school of
rational mathematics has created confusion by using the latter principle in just.iﬁt:iﬁon of the former. He
further rejects the claim by SpezialeS that invariance of constitutive equations under arbitrury translational
acceleration of the reference frame is an exact consequecnce of the statistical description. Both authors appear
to ngn:e however, t.hal constitutive cquntions can only be special solutions of kinctic theory. They may
satisly lhc principle of matcnal frame indifference even though kinetic theory itself contradicts it

These argumants and controversies appear 1o be the result of aitempts to create equations of motion for the
problem of moving molecules in a medium such as a liquid where interactions between molecules create com-
plithcd individual trajectorics. Clarification may be achieved by application of the newly dcvclopéd principles
of group theoretical slnﬁsliml mechanics 1 (g-ts.m.)*1? and the numerical technique of computer
simulqlion'i'm 1o molecular dyndmics in two frames of reference. one fixed in the laboratory and the other in
- the diffusing raolecule. These are labelled O Y, Z) and (x, ¥, z) respectively, the latter being the standard
.referenee frame of the rbint group character tables?)-23, Using these two frames, onc of which is rotated with
respect to the other, it is argued by g.L&.m. that thermodynamic ensemble averages may exist in one frame
which disappcar in the other, for example the time correlation function. Corroborative evidence for the sym-
'mctry nrgumcnls is provided with compulcr simulations of water and methyl chloride liquids. Further consid-
crations of symmetry rcvml the existence in frame (X, Y, Z) of atomic velocity cross correlation functions
which appcnr not to have been considered by any form of constitutive equation. In an atomic liquid subjected
to onc dlmcnnonnl couctte flow, cross corrclation functions {c.c.ii's) of the type < vz(t) vx{0)> where v is
the atomic vclocity, have been gcncmtcd ru:cmly by computer simulation®*, and are cssentially fundamental
) ntomic dy’nnrmcnl rcprescnmlions of what is known in rheology as the velocity generated by shear. Ob\nously
therc is no frame (x. y, Z) in an atomic hqmd but if the mcthod of Eul is followed and a co-rotmmg frame
constructed such that its nngular velocity is that of the vortex, then the observed time c.c.f. < vz (t)vx(0)> mr
“the ﬁxcd frame (X, Y, Z) will vanish in the co-rottaing frame. and Eu’s equations would-not be able to
" account for this shezr induced c.c.f. in couette flow. This illustraics the need for caution in any ;hcoldgiml
- treatment of liquid dynamics. Neither Eu nor his critics arc correct at the atomic and molecular level.
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Section i oi' this pnpcr deais wun the fundamentai symmcu-y ugnmems of g.l.s.m , and nhows how lhcrmo—
dynnrmc cnsemble averages may cxist in one fmmc and vamsh n unolbcr nooording to frame dcﬁmhon. and '
apphcs the symmetry arguments of gtsm. to tme c.c.f.s between the Immr and angular vcloclm:s of a
dl[fumns molecule. The symmetry arguments are npphcd at a fundamental molecular lcvn:l, thus by- passing
the need for :l:pprvo)umnuon?ls Scction 2 nppllcs the symmetry arguments to couctte flow in mtomic llqulds.
rcvcnllng the pretence of new c.c.f.’s between orthogonal velocity componcnts, and proving the madcqmcy of

stancdard constitutive cquauons in frame (X. Y, Z) and also in the co-rottaing frames of conventonal
rheology.

Section 1. Group Theory Applied to Molecular Dynamics

Groui: theory can be applied both in frame (X, Y, Z) and (x, y, z) and shows that thcrniodyﬁamic_avcmgc;
are different in elther frame. In frame (X, Y, Z) the relevant point group is the rotation-reflection group
Ry (3) whose irreducible representations arc

D(O) D:,'), — D‘("); D.(,OI- D.(,". - D.(."]
where the subscript g denotes cven to parity reversal, and u odd. The superscripts denote the ofdcr of the
spherical harmonics. Neumann’s an::u:oln:"6 states that the thermodynamic ensemble average <A > exists if
A conlains the totally symmetric representation, D,{92). An average over a product, such as a time cdrmlallon
function, <A(0)B(1)> exists if the product of the irreducible representations of A and B contains the totally
symmelric representation at least once. Thus clements of the time corrclation function <v(l)vT(0)> cxists in
frame (X, Y, Z) because the product of representations is

r@rey) = oo = p® + pM + pP m
where the Ckbsch-Gordan Theorem?! has been used. The totally symmetric n:bn:scnmlion is the l.rncc. the

time auto correlation function <w(t) . v (0)>. If however we consider the time c.c.f. <¥{0) o T(f)> 'wuh the '
same molecule’s angular velocity, the product of represeniations 1::

rere) = oo - p® + p" 4 p@ @

which does not contain the totally symmetric n:prcccnmﬁon (ts.r.). This c.c.f. vanishes in fﬁm X, Y, Z)in-
an isotropic liquid.

Howcver, in frame (x, y, z) Ncumana's 'Principlc applics in the point group of the molecule. A j.licnno~
dynamic ensemble average exists in this frame if it contains the ts.r. of the point group. In lhe-Ci; gi’dup for -
exsmple this is A;. The velocity maps from D% of frame X, Y. Zyto A, + B, + B, of frame (x, Yy, 7) arid '
the molecular angular velocity from D) to A, + B. + Ba.. The product of these irreducible reprucnmuons
in(x,y, z)is

T@(w) = () + By + B) Az + By + B)) = 24, + 343+ 2B, +2B; N 3

showing two occurrences of the t.a.r. A,. Thus two independent elemnts of the time c.c.f. between linear and
angular velocity exist in frame (x, y, z), while all clements vanish in frame (X, Y, Z). On the molecular scale,
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b - pf"t + pi*
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Fig. 1. Elze=tis cf the vclosity f angular valocty coss correlation imstion from our compuier simuolation
ol ligeid wales.
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Fig. 2: The same for methyl chloride (one independent clement in the molecule fixed frame (x, vy, 7).

ments of up to 3,000 time sieps of 0.5 1= for water and 5.0 fs for methyl chloride. The intermolecular poten-
tinls in each case were Lennard-Jonces atom-atom with point charges

£/k(O — O) = 584K:; o(O — O) = 2.8A
elk(F — H) = 21.1K; of{if — Hy = 2.5A
gg=—023lel; go=0.0; qu=0.23|e|
qk(a . Cl) = 175.0K; o(Cl— Cl) = 3.35A
£fk(C — C) = 51.0K; a(C—C)=3.2A
gy =0063lel: gc= —0.056lel; goy=—0.131]e]

Figs. (1) and (2), although a little noisy, conflirm the group theoretical reasoning of Section (1), i.e. for water

there are two independent clements, and on for methyl chloride, of the 1type (x, y) = - (y. x). In frame (X, Y.
- Zyall clcmcnu vnnuh of this c.c.f, agein in agreement with g.t.sm.

‘We have proven in two ways, thercfore, that material frame indifference does not extend to the fundamental
m'oleculnr' dynamics of a liquid, and is not a useful concept in computer simulation of flow phenomena. At
the molecular level the classical continuum -limit has no mcaning, the concept of constitutive equations
" becomes ;édundanl. The principle of material frame indifference, which recquires that constitutive equations

be of the same form in all frames of reference, becomes irrelevant, and even in the best of circumstances
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Ryskin’ has argucd that it is & fallacy based on an assumed link between the idea of mnn:nnl behaviour being
mdcpcndcnt of the motion of an observer. .

Computer simulation and g.t.s.m. show consistently that dynamical behavicur, and ensemble averages, are
frame dependent, they are different in frames (X, Y, Z) and (x, y, z).

Atomic Liqulds

In atomic liquids, a recent computer simulation and analysis with g.t.s.m. have shown clearly? that sunple
shear in couctie flow is accompanied by the appearance in (X, Y, Z) of time asymmetric c.c.l.’s between
orthogonal components of the peculiar ve_locﬂy and pressurc tensor (and therefore of the stress tensor). We
have argued in Section (2) that the components of these new c.c.il’s, (whxch were prcvmusly unlmown to
conventional rheology), are made up of vorticity and deformation, respectively time antisymmetric and sym-
metric. They would vanish if a corotating were construcied in the manner of Eu. This implies that atomic
dynamics in a corotating freme, at the fundamental atomic level, would not be relcvant 10 some of the data
emerging from computer simulation. The relevance of constitutive equations is brought in to doubt because-
they have not been able to anticipate the existence of the new c.c.[’s discovered in the computer simulations
and group theoretical arguments of Evans and Heyes®.
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