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Threenewprinciplesareintroducedfromtheapplicationof grouptheoryto statisticalmechanicsatthermodynamicalequilib-
rium andin thefield-on steadystate.Theyareillustratedwith referenceto computersimulationsin thelaboratoryframe (X, Y,
Z) andin themolecule fixed frame (x, y, z) of thepoint groupcharactertables.The principle governingtheeffect of applied
externalfields is illustratedwith referenceto anapppliedvortexandshearin conventionalandnon-equilibriummoleculardynam-
ics computersimulations.

1. Introduction frame (X, Y, Z) when E=O, andwerefirst discov-
ered [1] by computersimulationin 1985, seventy

The useof computersimulationin thepastdecade yearsafterDebye’s (1913) rotationaldiffusion the-
hastransformedour appreciationof the molecular ory [5], basedon thesuppositionthatall time ccf’s
dynamicsof liquids andgases.Conventionalcorn- vanishfor all t. In the interveningperiod, conven-
putersimulationhasrevealedthe existenceandna- tionaldiffusion theoryhadbranchedin manydirec-
ture of membersof the set of non-vanishingtime tions [41,buthadbeenutterly unableto anticipate
crosscorrelationfunctions(ccf’s), bothin thefield- theresult (1). Thelatterisnow knowntobejustone
on steadystate [11 andat thermodynamicequilib- exampleout of many non-vanishingtime ccf’s in
rium [2,31.In conventionaldiffusiontheory[4J, all frame (X, Y, Z) which characterisemoleculardif-
membersof thesesetsareassumedto vanishfor all fusion in all knownmolecularsymmetries.Further-
1, whereascomputersimulationshowsthateachnon- more,the set of non-vanishingccf’s in frame (x, y,
vanishingccfhasa distinctiveandcharacteristictime z) of the standardliterature pointgroup character
dependence.Thefield-on andfield-off sets contain tables [6—81is different in naturefrom that in (X,
different members,the field-on setbeinglargerthan Y, Z). Certain membersthat exist [2,3] at ther-
its field-off counterpart.For example,a static elec- modynamicequilibriumin (x, y, z) vanishin (X, Y,
tric field E appliedin the Z axis of the laboratory Z). In generalthe (x, y, z) setcontainsmoremem-
frame (X, Y, Z) to a molecularensembleresultsin bers,bothat thermodynamicequilibriumandin the
the appearance[11 of the ccf’s field-on steadystate.Conventionaldiffusion theory

hadagainbeenunableto anticipatethis result,and
<v~(t)w~(O)>= — <vy(t)cO~(O)>, (1) still cannotdeal with the numericaldatawithout

considerabledifficulties of overparameterisation.
wherev is thediffusing molecule’slinearvelocity and Recently, the newermethodsof non-equilibrium
w its own angular velocity. Theseccf’s vanish in moleculardynamicscomputersimulation [9—121

haveaddedto the set of field on time ccf’s in the
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rithms, which in generalare timeasymmetric,being the irreducible representationsof Rh(3) represent
a weightedsum of time antisymmetricccf’s char- scalars(D~°~);pseudoscalars(D~°~);polarvectors
acterisingvorticity, andtimesymmetrycounterparts (D~); axial vectors (D~’~) and tensors
generatedby sheardeformation.Thesenewccf’s have (D~2~,~ etc.). The tsr is D~°~),the representa-
beenshown [14—16]tobethe fundamentalcauseof tion of a scalar.Thisprinciple showsthat the time
the Weissenbergeffect [17], the pressuregenerated ccf <p ( t )v~(0)>, forexample,betweena molecule’s
in a directionperpendicularto the planeof shear, electricdipolemoment,p, andits own linear veloc-
andare thereforemeasurableexperimentally.Con- ity, v, existsin frame (X, Y, Z) becausethe product
ventionaltheoryofrheologyhadnotanticipatedtheir of representations
existence,evenin a qualitativemanner. F(p)F(v) =Dt’ ~Dt1~=D~°~+D”~+D~2~ (2)

Thefailure ofconventionaltheoryis dueto thene- U U S

glect of time cross correlation functions,and it is contains D~°~once, representing the trace of
clearly importantto developsymmetryargumentsto (p ( t)v~(0)> which is (p (t) . v(0)>. Thisccf does
anticipatetheir presencein a molecularliquid. This notappearin conventionaldiffusion theory,buthas
Letterprovidesthreenew principleswith which to beenobservedby computersimulation,for example
guide computersimulation by the applicationof in liquid water overits completerangeof existence
grouptheoryto statisticalmechanics,referredto for [20].
convenienceandbrevity as “group theoreticalsta- Both Neumann[18] and Curie [19] statedthe
tistical mechanics”(gtsm). principle [21] well in advanceof Debye’srotational

Principle (1). The thermodynamicensembleav- diffusiontheory[5] (1913),buttheconceptoftime
erage<ABC...> overABC... existsif the productof correlationfunctiondid notappear[4] until theearly
representationsT(A )F( B )F( C)... containsthe to- 1 920s,so that the mechanismof incorporatingprin-
tally symmetricrepresentation(tsr) of the three-di- ciple (1) into conventionaldiffusiontheorywasnot
mensionalrotation reflection group Rh(3) of iso- availableto Debye.As we haveseen,further devel-
tropic atomic or molecularensembles. opmentsof the theory ignoredthe set of non-van-

Principle (2). This ensembleaverageexistsin the ishing ccf’s until revealedby computersimulation
moleculefixed frame(x, y, z) if theproductof sym- [1—3].
metry representationsin the molecularpoint group Theprinciplemayalsobe usedto showthatsome
containsthat pointgroup’s tsr at leastonce. ccf’s suchas <v(t) ~T (0)> vanishin frame (X, Y,

Principle (3). If an externalfield of forceis applied Z) at field-free thermodynamicequilibrium. The
to a molecularensemblewhich subsequentlyreaches product of representations
a steadystatein the presenceof that field, new en- F(v)1(~)=D~’~ 1) =D~°~+D~1) +D~2~ (3)
sembleaveragesmay be createdwhosesymmetryis U g U U

thatof the appliedfield. doesnot contain~

2.2. Principle (2)

This convenientlysummarisesthe results of nu-
2. Examples and discussion merouscomputersimulationsby theBrusselsSchool

[3] andby Evansandco-workers[2]. It was first

2.1. Principle (1) statedby Whiffen [221 in responseto discussions
with thepresentauthor.It relieson themappingrules
of group theory [6—8] to representa ccf suchas

This principle is a restatementin termsof group (v( t)~ (0)> in a molecular point group, in the
theoryof the Neumannprinciple [18], also known frame (x, y, z) definedby thecharactertable.It suc-
asthe Curieprinciple [19]. It usesthe languageof cessfullyandconsistentlyexplainsthe availablesim-
group theory [6—8]appliedto frame (X, Y, Z) in ulationresults,providingstrongevidencefor theva-
isotropic, three-dimensional,space.In theseterms lidity and correctnessof both approaches,and for
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the shortcomingsof the conventionalanalyticalthe- (~~ ~ 0
ory. In theC2~pointgroupofwater,for example,the
productof representationsof vandw is [22] mk[ <w~(t)v~(O)>—

T’(v)f(w) (C2~) revealing two elementsof (w(t)VT(0)> mutually
perpendicularto Eappliedin theZ (ork) axis.This

=(A1+B1+B2)(A2+B1+B2) . .

is againpreciselywhatis revealedby computersim-
=2A1+3A2 +2B1 +2B2, (4) ulation [1], a result which invalidatesthe conven-

tional theory [4] of dielectric and Kerr effect
which containsthetotally symmetricrepresentation, relaxation.
A1, twice, implying theexistenceof two independent (b) Evansand Heyes [14—16]have shown re-
elements: centlythat the D symmetryof the strain ratetensor
7w tt ‘~v ‘0 ‘i” and ‘w ‘1~v 0 ,~\ öv~/ÔZ of conventional Couette flow [17] is\ X’. / J’~ ~ “ Y” “ ~ ~“, (0) (1) (2)Dg +D

5 + D5 , whichby pnnciple(3) allows the
exactlyasobservedby computersimulationsin liq- ensembleaveragesof this symmetry,or of included
uid water [23] and liquid dichloromethane[24]. symmetriessuchasD~’~or D~°~+D~

2~to exist in
Similar calculationsfor the other molecularpoint the shearapplied steadystate.ThisD symmetryis
groupsshowthat in generalthe setof non-vanishing that of the generic time correlation function
time ccf ‘s in frame(x, y, z) is larger than that in <A(0)AT(t)>, whereA is velocity, v, for example.
frame (X, Y, Z) at field free thermodynamicequi- Non-equilibrium computersimulation showedthe
librium. Thisis entirelyconsistentwith theresultsof presenceof new time ccf’s of the following type at
numeroussimulationsby Evansandco-workers[2] the shearon steadystate [14—16]:
for variousgroupsymmetriesfromTd to C

3~to chiral / ,. ~ — / ~. ,~,~, \ ~ I)
\vX~t,vZ~U,,——\vZ~t)vX~U,,

C1 andwith thatof Ryckaertet al. [3] for ~ and
D~h.Noneof theseccf’s canbedescribedwith con- <vx(t)vz(O)> = <vz(t)vx(O)>, ~ (5)
ventionaldiffusion theory. Paradoxically,they are .

respectivelya timeantisymmetrictypeof DU) sym-
fundamentalcharactensticsof statisticalmechanics . .

in molecularensembles. metrywhich vanishesat t= 0 and representsshear
inducedvorticity, anda time symmetncD~

2~type
representingshearinduceddeformation.The over-

2.3. Principle (3) all, computersimulated,timeccfofthis typeappears

[14—16]to be timeasymmetric,i.e.
This is statedfor the first time in this communi-

(6)
cation,andsupportedby referenceto conventional
andnon-equilibriumcomputersimulation.It isa de- becauseit is acombinationofthetwo types(5). This
ceptivelysimplelooking statementandin order ~o is yet again an entirelyunexpectedresult in a non-
gaina properappreciationof how it shouldbeused, newtonian [17] (and indeed simple newtonian)
the following examplesare provided. Couetteflow with strainrateof type äv~/8Z. A sim-

(a) With referencetoresult (1) ofthis Letter [1], ilar andagain entirelynovel result of principle (3)
principle (3) explainsthisby examiningtheD sym- in this contextis the first fundamentalexplanation
metryoftheelectricfield vector,E, in (X, Y, Z). This of the Weisenbergeffectthroughthe predictionand
is ~ The principle implies that ensembleaver- subsequentcomputersimulationof new elementsof
agesof typeD~may existin frame (X, Y, Z). The the time ccfof the pressuretensor,explainingWeis-
D symmetryof <w ( t) VT(0)> isD~°~+D~’~+~ senberg’swell knownobservation[171 ofpositiveor
aswe haveseen,andthis containsD~’~once.Prin- negativepressurein a directionperpendicularto the
ciple (3) statesthat the D~part of <w (:)VT(0)> planeof shear.Thenewtimeccf’s are also sensitive
existsin (X, Y, Z) in the presenceof E at the field- totheonsetofotherwell knownnon-newtonianphe-
on steadystate.The D~’~part of <w(t)vT (0)> is nomenasuchasconvectiveandstructuralturbulence.
givenby the vectorproduct (c) Finally, an exampleis given of principle (3)
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