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Abstract 

Group thky and compuicr simuIatioo are uscd to show that mokkukand atomic scda time cross an-t-c- 

lation knctions have dImerent symmetry properties in diffkrcnt kunw or rekuucc. Conrri1utivc cquationr. 

written in any liamc of reference, arc approximatiocu to dassical molaxlar dyuamics, and must lhedor~ 

reproduce the results from group theory applied to anscmblc averages such BP time correlation k~octions. and 

corroborated by computer simulation. This may help to rcsol~~ some of the contemporary literatum claims. 

regarding mat&l frame indilT&ncc and the implcmcntntion of 3o- rotating' frames. 
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Recently: there hatic appeared at least two sets of literature controvuxics concerning the use of material 

frame indiffcrcna and co-rotating frames in constitutivc equations. Eul dalmr that constitutivc equations for 

flow propertics in mokdar liquids as ckrivcd from kinetic equations arc consistent with their counterparts in 

continuum mcctumics only when the former are written in a co-rotating frame of reference_ This has been 

criticiscd by Lodge et al.2 who argue that the constitutiue equations derived from kinetic equations can_ under 

certain c~ndhiona, saris@ the objectivity principle_ EuJ replied with the claim that the constitudvc cquado~ 

derived from the Boltzmann equation in a fixed fmmc of rcfcrena is not invariant to frame rotation and ia 

therefore not objective. The term that makes the equation ‘unobjccti:e’ comes from the streaming term in the 

Bolrzmann equation. and appears with a wrong sign. The corutitutivc equation is thercforc qualitatively 

incom Eu1.J claims &t the cause of the trouble is the use of a fixed frame of rcfcrcncc, the original 

Boltzmann equation is accepted uncriti&ly. The conrtitutivc equation in Eu’s co-rotating finma appears’ to 

be thcrmodynamicall$ and dynamically valid 

A related controvcrry bar appeared lxtwan Ryskinu and SpcziaW concerning material frame indilTcrcnce. 

In this context, Ryskia~ claims that them is no logiad connection bctwccn frame indifference and the inde- 

pcndcacc of motion of 8-n obscrvcr, two fundamental principles of rheology. He claims that the school of 

rational mathematics has created confusion by nsing the latter principle in justification of the former. He 

further rejects tbc claim by SpcziaW that invariance of constitudvc equations under arbitrary translational 

acceleration of the rcfcrcua frame is an exact conscqucct~cc of the rtstistical description. Both authors appear 

to agree. howcvcr. that constitutivc equations can only be special solutions of kinetic theory. They may 

satisfy the principle or material frame indimercncc even though kinetic theory itself contradictr it 

l-here nrgumml to aud controvcrsica appear IO be the result of attempts to create equations of motion for the 

problem of moving molecules in a medium such as a liquid where interactioti between molecules create com- 

plicated individual trajectories_ Clarification may be achieved by application of the newly develop&l principles 

of group thiorctical stntistical mechanics (g.t-s.m.)7-12 and the numerical technique of computer 

simulationI*= to molecular dynamics in two frames of rcfcrcna. one fixed in the taboratory and the otbcr in 

the di!Tusing molcculc. These arc labelled (X. Y, Z) hnd (x. y. z) rcspectivcly, the latter being the standard 

reference frame of the pint group character tabI&‘-11. Using these two fmmcr, one of which is rotated with 

%& to ihc oclkr. it is argued by g.ti.m. that thcrmodjnamic ensemble averages may exist In one frame 

which disappear in the other. for example the time correlation function. Corroborative evidence for the sym- 

metry arguments is provided with computer simulations of water and methyl chloride liquids. Further consid- 

erations of symmetry reveal the cxirtcncc in frame Cx. Y, Z) of atomic Velocity cross correlation funcIl0ru 

which appear not to have been considered by any form of constitutivc equation In an atomic liquid subjected 

to. one dimensiona couettc flow. cross correlation functions {c.cf_‘r) of the type C v=(t) V&I)> Wk 9 io 

the akmic &xity, have been generated recently by computer simulation 93. and arc cssentialfy fundamental 

atomic ,dua&al representations of what is known in rheology as the vcldd~y generated by shear- Obviously 

there is no frame (K. y. z) in an atomic liquid, but if the method Of Eul is followed and a c&ottning frame 

c&structcd r&that its angular &t&y Is that of the vortex, then the observed time ccf. 5 v=(t)vx(O) ) in 

the lixed lrame (X, Y,. Z) will vanish in the co-rottaing frame. and Eu’s equations would-not be able to 

account for. this sbczr induced c.c.f_ in coucttc flow. This illustrates the need for caution in any rhcological 

trcatmcni of liquid dynamics. Neither Eu nor his critics arc c&i-cct at the atomic and molecular Icvcl. 
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Section 1 of &ii paper dais .tith the Fuudameutal symmcLry argtnncut+ of g.~.sm, and &ows how ~hcrmo- 

dynamic ensemble averages may exist in one frame and vanish in onotbcr. according to frame delimit&n. and 

applies Lhc symmcLry arguments of ~.~_sLIL Lo L&c crf_‘r ln%vccn ihe lincar aud angular v&cities OC a 

diffusing mokcutc The symmetry argumcntr arc applied at a fundamcutal mokcular IeN thus by-passing 

Lhc need for approximations. Scftion 2 applies Lhe symrnctry a&m~a~U Lo couetle flow in atomic liquids_ 

rcvtatlug the prcccncc of new c_cf_‘s beLwscn onhagonal velocity compontntp. and proving the inskkquacy oi 

stanhard consitutive equations in rramc (X. Y, 2) and alro in the co-rottning hamcs OC coavcmloual 

rheology. 

!Secdo111, Croup -lkou Appkd to Molccnl~r Dpmics 

Group theory can bc applied both in frame (X, Y. 2) and (x_ y, z) and shows thaw U~crmc~Iykamic averages 

arc diflerenL in ehhcr frame. In Game (X_ Y, 2) the relevant point group is rhc rotation-rnlkc~lon group 

R,,(3) whose irreducible rcprcscn~ationr are 

where ~hc rubscrip~ g dcnolcr even to parity rcwnaI, and u odd. The supcrscriptr dcnotc the order ol the 

spherical barmonks_ Neumann’s Principle 16 rta~cs rhat Ihc ~hcrmodynamic cnscmbk average -=A, CX~SIS ir 
A con~aius the ~orelly rymmc~ric rcprcsen~a~ion, D&l)_ An avcragc over a product, such as a Lime &ralalion 

function, -X A(O)B(t) ) cxir~s iT the product of the lrreduciblc reprucnLations of A and B contains rht totany 

symmclric rcprucntation at kas~ once_ Ihus elements or the time comlatio~l fimclion <v(t)vT(o):, cxla~ in 

Came (X Y, Z) bcctrusc the produa of representations Is 

I-(v)T(v) = D”)D(‘j p D(Q) Y Y L +Lp+q (1) 

where ~hc Ckbxch-Gordan ThcorcnSL has been used. The totally symmcuic representation is the tr&. the 

time auto correlation function <V(L) _ v (O)p _ If howcvcr we consider Lhc time CXX <r(O) -v(L)> with the 

tame mokcuWr aogulnr velocity. Lhc prod~a of rcprescmations isz 

I-(*)I-(al) - D(‘)D(‘) L1 D(O) + D(‘) + 00 u 5 Y Y I r-1 

which does not contain the totally symmetric rcprcscntauon (t_s.r.). Thir c.cX vanishes in Came (X, Y; Z) in. 

an isootroplc liquid 

&wcver, in frame (x, y. z) Neumann’s Principle applies in the point group or ~hc mokculc. A tkmm- 

dynamic ensemble average existr in this frame if it contains the trr. of the point group. In the.& group for 

urrrmplc this is A,. The v&city maps from DJL5 of frnmc K Y. Z) ro AL + BL + It1 of fm& (16 Y. z) arid 

rhc mokcular angular vcloci~y from D,(L) Lo A2 f- B, + B,. The product of thcsc in-educible rcprtrcatati~~~ 

in (x. y. 2) is 

IT(v - (A, + s, + s2)& + B, + 4) - 24 + 34 + 281 + 2+ (3) 

showing two occurrruccs of tbc ~.a.r. AL. Thus two indtpcndcat ekmn~s of thc.timt c.c.f. bcLw& l&car and 

angular velocity exisL in fiasnc (x_ y. 2). while all ckmcntr vanish in frame (x, Y, Z). On UK moIccul& scale. 



3'0:) 

"_~cr='-o,-c. =,a,¢ri;aJ. Cram= ;:xli[l"r.,n:r_.ce is ~ot reJ:;'~nL ~';-RiJa~y, ; :  ".be C ~  p~iat  ~-oup o_r (kc ~ e L ~ l  ~ d ~  

. - ~ , , 1 ~  rot =~mp'~,  :.,-.= ~:,-od,.~-l. oF r~:¢~_.u~uatio=.~ is 

r ( ; ) C ( m )  = tA ,  + E}.(A~ -I- E) ---- A,  - 7.,/: + 3 E  

Ip~pr..r wi'..]i c~e'C1.]:~l]lr~" .~muh'Li-CB., and are 

C ~ :  < T,(r),u,(,O)> d= ,c -~,(.,")<J:,(.O) > 

(4} 

(5) 

(6) 

A~.in rer I.I1¢ C~- p~nlr, ~u4Jp T,-1~+ ~ Y. 7-.) Prar_.e ~ : 1 ~  s~nub for all L S:~is~l :~Lm'- ~ , - l ~ , , d c ~  is 

~¢J" . -nt  ic I i l= Lv.'O £.-"-a__--.(::S I'c~" a:l ~ u "  grcNJp - ~ T n : _ ~  No  comLh.0d'vr_ -~.:¢:r.ioBs "-.--~ h - - ' r  dc=d~.cd that  

acaunt ~ Ll~s ~ r--~JJt. In  can~c~Lioual rh=~o~y,  co:.t.-o,~--~k= ar~ ~ by d:e ~-ac~ t l ~ t  t l ~  

d.yr.;rnL~l problc:n is .=o:. =dd.-css~ at [he rund.P_J~¢n~d r~o~:,'l~J- '-~--t. Rcl iau:¢ ~s F ~  iRs4e~d on im~..,_e- 

diary. ~ L ; o ' ~  ~1-~c~ --;ua'.b4-~ Tn3"<_. nO r:_re:.c-~-~ io mo.e:u lar  ~-'_-L-~cc~re_ la appears ~ |  the. a Y c i ~ b ~  

co¢._~'eLi,,re ¢q " -~cns  ~-rc a.~JLT~, IO hcl~ re:  a..~- mol=co.lar FcJru. ~Joup s-!..m:=,=try, ~nd, tb.is c.~naot b¢ 

c0rre,."c. In ~=~.LS.."~ "_r'r;.~n.,, ~ ' , e d  i r  Ll'~s p~;~-. 1".'1:;. a_~Lrc:p:Jo-~ is ©l-irci- 'otd. In :h¢o:o~' ,  w.'-am,~- d-JC ET<r 

(:~:~'S Of r.,ha a.'T-.'~. :.~t. Cl=-F-dcism [~Iu='n~. Sp=z=a~ ~ J'~" e:b~L'rpIc rrend~--'~s the role o.t" IC:-~ Ccr;o l is  acc=lcr- 

p3s~'d c o + ' . - ~ r l ~ ' ~ p l _  -. A'. l r~  m o ~  I'uncl.~.,--n~n~] mo:~.~ul~r "~¢1. F;~a=s~ "~-~ hzs zddrc~_~:1 t~v: v.,,_L-d~m i-'- 

c~.-.~.'s i ~ . ~ u ~  d~c Co~o~.~, F_.~er~:_ znd ~n'..--ir~-~ll mo~ul~._T -,~-[e.~' icc-~ 

[~T](jr. y. z ~ ~ (~-+ 2~ ] ( r  + (~  x r - - m  x (¢~ x rj}cr, p... 1 (7) 

th=tL ILh¢ -.;u_p~_ Lr-~c_~ta'J.~-.E[ La~Jl=~.:.-~ ~'J~LiO-~. fo .  ~-~ampl~ ~ E r.~r_h .'=o:© ccmpl:~--~u~l cce in  

fr'Lme (x, v z). DHTu_--~cr. !.-¢o¢y uL ~ mo'c-- , 'h;  ;z,~- .-au~ b¢ able :o -~h-o~" why  l ime c.¢J'.'s rc~y ~d;L i'~ 

fr-Jrcc ( ¢ , ) .  z) ar, d not in rr-~--JC (X, Y ,  Z) -or ch~ sar..c e=.~mldc. A t  ;>R:-Zr.L in ~ ~Dt ~ p a b ' ¢  o('do~r~ so a~d 

UhLLs, CO.'tS'ItuL;~ ¢.~.L-'tL:O=S a.TC a~:O]';l~.~d:)" ¢~-+l'rl~L, ~--~.nB unsb~  10 ecc~un: r~, mo'~:ul] .~ s~'~J~cLry. 

S1r la l  Rare S.T~en-~" Ik, Ahc>rric Lial~Ji~s 

*-.:ed b 7 ~ sum or ~.-r~u~'. " r-'~= r~uP-_~cu',ldens 
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Hg.2 The same for methyl chlpride (one indcpcndcnt clcmcnt in the molecule fixed llamc (II. y. z)_ 

mcnts of up TV 3-W time ncps of 0.5 fs for water and 5.0 fs for methyl chloride. The inlcnnolccular poten- 

tick in each case were knnar,d-Jones atom-atom with point charges 

c/k(O - 0) - 58.4% a(0 - 0) P 2.8A 

cIk(H-H) - 21.lK; o(zi- H) - 2sA 

qq-=-0231rl; q~‘o.0; q,-0.231el 

4k(CI - Cl) - 173.OK; u(Cf - Cr) - 3.35A 

z/k(C-C)-Sl.Ofi o(C-C)=33.2A 

qH=0.063~c~; qc- -0.0561rl; qcl- -0.131 ICI 

Figs. (I) and (2). although a little noisy, confirm the group theoretical reasoning of Section (I). i.c Ior wa~cr 

the= arc two independent clcmcn& and on for methyl chloride, of the rypc (x. y) - - (y. x). In frame (X, Y. 

Z) 111 elements vanisb.of this cc.f.. again in agrccmcot with g.ta_m. 

WC have proven in two ways, therefore, that material frame indifference does not extend to the fundamental 

molecular dynamics of a liquid, and ia not a useful concept in computer simulation of flow phenomena. At 

like mdccular IcvcJ the classical continuum. limit has no meaning, the concept of conrtilutivc equations 

becomes redundant. The principle of materiel frame indiffcrrncc, which rccquircs that konstitutivc equations 

bc OT the same form in all frames of reference, becomes Irrelevant, and even in the best of circumstances 
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Ryskins hms argued that it is a fallacy based on an assumed Iink between the idea of materiel bchaviour being 

indcpcndcnt of the motion of an observer. 

Computer simulat3on and gtr~a show wnsistcntly that dynamical 

frame dcpcndcnt, they arc different in frames m Y, Z) and (A, y. z)_ 

bchaviour. and ensemble a-s arc 

In atomic liquids, a rcccn~ wmputcr simulation and analysis with g.t_s.m. have shown ctcarlyP that simple 

sbcar in wuc~tc flow is accompanied by the appearance in (X. Y, Z) of time asymmetric c.~C.‘s bcIwccn 

orthogonal wmponents of the peculiar velocity and prusurc tcusor (and therefore of the EI~CB tensor). We 

have argued in Section (2) thaw the wmp&ncuts of these new CCL’S, (which wcrc previously unknown to 

conventional rheology), are made up of vorticity and dcformatlon, rcspcctivcly time antisymmcttic and rym- 

metric They would vanish if a wrotating were conctructcd in the manner or Eu. This implies that atomk 

dynamks in a corotating frzrue. at the fundamental atomic kvcl, would UOI bc relevant to some of the data 

emerging from computer simulation. The rclcvancc of constitutivc equations is brought in to doubt because 

they have COL been able :o antkipmtc the cxistcncc of the new ccf_‘s discovenxl in tic computer simulations 

and group thcorctkal arguments of Evans and Hey&. 
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