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ðÏÄÁ¤ÔØÓÑ × Moleular PhysisSubmitted to Moleular Physis

 ¶ÎÓÔÉÔÕÔ Æ�ÚÉËÉ ËÏÎÄÅÎÓÏ×ÁÎÉÈ ÓÉÓÔÅÍ 1999Institute for Condensed Matter Physis 1999



1 ðÒÅ�ÒÉÎÔ1. IntrodutionAn intensive investigation of binary systems (liquid mixtures, melts,polymer solutions) had been started more then 25 years ago and atpresent is being haraterized by a onsiderable advane in understand-ing of many aspets of nature of the objet mentioned above. Startingfrom the very beginning one should refer to papers by Bhatia et al.[1,2℄ where authors onsidered both stati and dynami properties (stat-i and dynami struture fators, thermodynami values, Green - Kuborelations) of binary mixtures. Though their results had a good agreementwith sattering experiments [3℄ in the domain of small wave numbers kand frequenies !, it was hallenging to extend the desription out fromthe framework of pure hydrodynami approah. Suhlike investigationswere stimulated by disovery of \fast sound" phenomenon in mixtureshaving been enrihed by lighter omponent [4{7℄, whih ould be inter-pretated as olletive motion of lighter partiles on bakground of heavierones and obviously presents the olletive exitation of kineti origin.Another reason of going out from hydrodynami desription followedfrom the development of omputer methods for alulations of time or-relation funtions for binary mixtures what sets up the problem of the-oretial study of the dynamis at �nite values of wave-vetor k andfrequeny ! what is in fat the problem of the generalized hydrody-namis. One should emphasize that this problem is very important fromexperimental point as well, beause neutron sattering experiments (es-speially in mixtures with disparate masses in the speies) are beingarried out in suh a domain of k where usual hydrodynami desriptionis not appliable any more.During the last deade an essential progress in understanding of dy-nami properties of uids has been ahieved in onnetion with the gen-eralized olletive modes approah [8{11℄. The extension of this methodon binary liquids in the parameter{free form has been undertaken veryreently [12℄ what opened the way of onstrution of generalized hydro-dynamis of mixtures [11℄. In omparison with �ve{mode formalism ofRef. [4℄ the approah proposed in [12℄ has really no �tting parametersand is based only on Markovian approximation for higher-order mem-ory kernels being very e�etive in ase of an extended set of dynamivariables [13℄. Ref. [12℄ gave us an answer to the question: what set ofdynami variables is appropriate for the orret desription of binarymixtures dynamis for small and intermediate values of k and !?In parallel way the onstrution of generalized hydrodynamis of bi-nary mixtures was going on [14,15℄. The results of these studies were
ICMP{99{13E 2the expliit expressions for generalized thermodynami quantities andtransport oeÆients whih had been obtained in the rigorous statistialapproah without any phenomenologi{based presumptions.A logial ompletion of these investigations might be the alula-tion of generalized k; !-dependent transport oeÆients that leads us tononloal transport equations. There were proposed in the literature sev-eral methods for solving of this problem for uids: mode-oupling theory[16,17℄, generalized kineti theory for gases [18,19℄, formalism of memo-ry funtions [20,21℄ and generalized olletive mode approah [11,22℄ asone of the versions of memory funtion formalism. The mode-ouplingtheory allows us to study nonanalytial pk and p!{dependent orre-tions to the hydrodynami transport oeÆients appeared in the regionof small wave-vetors and frequenies due to nonlinear utuations ofoarse-grained variables. The methods of kineti theory are limited byonsideration of low-density systems. In present paper we shall dwell our-selves on the method of generalized olletive modes applying reursiverelations for higher-order memory funtions [13℄.The paper is organized as follows: in Setion 2 we introdue dynamivariables whih serve as basi set for onstrution of memory funtionsin the strit mirosopi approah. Some words will be said about an ad-vantage of our hoie of dynami variables. In Setion 3 we extend initialset of hydrodynami densities taking into onsideration their �rst timederivatives. Then we apply reursive relations for higher-order memorykernels to obtain k{ and !{dependent transport oeÆients. In the lastSetion some onluding remarks are made.2. Equations of generalized hydrodynamisLet us introdue the basi dynami variables in the following way:^na(k) = 1pN NaXi=1 exp(ikri) ; a = 1; 2 (1)is the Fourier-transform of the ath partial number density;^pjj(k) = 1pN 2Xa=1 ^pjja(k) = 1pN 2Xa=1 NaXi=1 kpik exp(ikri) (2)



3 ðÒÅ�ÒÉÎÔdenotes the Fourier-transform of the longitudinal omponent of totalmomentum density;^"(k) = 1pN 2Xa=1 NaXi=10� p2i2ma + 12 2Xb=1 NbXj=1 V (jri � rj j)1A exp(ikr) (3)is the Fourier{transform of energy density. It should be noted that thedynami variables (1)-(3) obey onservation laws in the form_^ai(k) = ik^I i(k) ; (4)where _^ai(k) � i^L^ai(k), i^L is a Liouville operator, and ^I i(k) denote themirosopi uxes orresponding to the variables ^ai(k):^Ina(k) = 1pNa NaXi=1 pima exp(ikri) ; (5)^I��p (k) � ^���(k) = 1pN  2Xa=1 NaXi=1 p�i p�ima exp(ikri)�120�Xa;bXi;j 1A0V 0(jri � rj j) (r�i � r�j )(r�i � r�j )jri � rj j Pk(ri � rj) exp(ikri)1A ;(6)^I�" (k) = 1pN 2Xa=1 NaXi=1 p�ima 24 p2i2ma + 12 2Xb=1 NbXj 6=i=1 V (jri � rj j)35 exp(ikri)� 120�Xa;b Xi;j1A0V 0(jri � rj j) p�i4ma + p�i4mb!(r�i � r�j )(r�i � r�j )jri � rj j (7)�Pk(ri � rj) exp(ikri)!;where Pk(r) = [1� exp(�ikr)℄=[ikr℄! 1 when k ! 0.In Ref. [15℄ one has shown that passing from onserved variables(1)-(3) to the following ones determined as^Y1(k) � ^n(k) = 2Xa=1 ^na(k) ; (8)
ICMP{99{13E 4^Y2(k) � ^~n1(k) = (1�Pn)^n1(k) ; (9)^Y3(k) � ^pjj(k) ; (10)^Y4(k) � ^h(k) = (1� Pn �P~n1)^"(k) ; (11)one an express the stati struture fators of \density-density", \on-entration-onentration", \density-onentration" as well as the othergeneralized thermodynami quantities of the system only via orrelationfuntions of variables (8)-(11) and their uxes. In (8)-(11) N = N1+N2denotes the total partile number and Mori-like projeting operator Paats aordinglyPa : : : = �: : : ; ^a(�k)��^a(k); ^a(�k)��1 ^a(k) ; (12)with a = fn; ~n1g. For a stati orrelation funtion (^a(k); ^a(�k)) we usedthe notation Fab(k) = (^a(k); ^a(�k)) � h�^a(k)�^b(�k)i0; (13)where �^a(k) = ^a(k)� h^a(k)i0and h: : :i0 means an averaging with an equilibrium distribution �0 ingrand anonial ensemble,�0 = exp"�(
� ^E � 2Xa=1�a ^Na)# : (14)In (14) one has as ussual that � = 1=kBT is an inverse temperature,�a denote of hemial potentials, and 
 = 
(V; T; �1; �2) is the ther-modynami potential whih depends on volume V , temperature T andhemial potentials �a.Thus stati struture fator \density-onentration" equalsSNC(k) = Fn1n(k)� C1Fnn(k) ; (15)where Ci = Ni=N denotes onentration of the i-th speies and FAB(k)means orresponding stati orrelation funtions (one an write down,for instane, relation between stati struture fatur \density{density"Snn(k) � Fnn(k) and partial stati struture fators Sninj (k) =(^ni(k); ^nj(�k)),fi; jg=1,2, as follows: Fnn(k)=C1Sn1n1(k)+ C2Sn2n2(k)+2pC1C2Sn1n2(k));SCC(k) = Fn1n1(k)� 2C1Fnn1(k) + C21Fnn(k) (16)



5 ðÒÅ�ÒÉÎÔdenotes \onentration-onentration" struture fator;�(k) = NV kBTKT (k) = Fnn(k)F~n1~n1(k)SCC(k) ; (17)where KT (k) means generalized ompressibility;Æ(k) = �SNC(k)SCC(k) (18)denotes generalized N{C dilatation fator [1,2℄;V (k) = 1kBT 2 �F""(k)� F 2n"(k)Fnn(k) � F 2~n1"(k)F~n1~n1(k)� (19)means the generalized spei� heat at onstant volume. Variables (17)-(19) in the limit k ! 0 transfer to their thermodynami values, aord-ingly: limk!0 �(k) = NV kBTKT = NV kBT �� 1V ��V�p ��T;N;C ; (20)limk!0 Æ(k) = V1 � V2V ; (21)limk!0 V (k) = V;N;C1 ; (22)where Vi denotes i-speies volume, p denotes pressure and orrespondinglong-wave limits of (15)-(16) oinide with stati struture fators ofBhatia{Thornton [1,2℄.Using the method of nonequilibrium statistial operator [23℄ one anobtain the hain of equations for Laplae-transforms~FYiYJ (k; z) = 1Z0 exp(�z t)FYiYj (k; t) dt; z = i! + �; �! 0 (23)of time orrelation funtions (TCF)FYiYj (k; t) = �^Yi(k); exp(�i^Lt) ^Yj(�k)� (24)in matrix form:z ~FYiYj (k; z)� i
YiYl(k) ~FYlYj (k; z) + ~'YiYl(k; z) ~FYlYj (k; z)
ICMP{99{13E 6= FYiYj (k; t = 0); (25)where frequeny matrix i
YiYj (k) is determined asi
YiYj (k) = �i^L^Yi(k); ^Yj(�k)�� ^Yj(k); ^Yj(�k)� ; (26)~'YiYj (k; z) is Laplae-transform of memory funtion'YiYj (k; t) = tZ�1 exp(���)�(1�PH)i^L^Yi(k);exp h�i(1�PH)^L(1�PH)�i i^L^Yj(�k)�� ^Yj(k); ^Yj(�k)��1 d� ; (27)wherePH = 4Xi=1 PYi ;PYi : : : = �: : : ; ^Yi(�k)�� ^Yi(k); ^Yi(�k)��1 ^Yi(k) (28)denotes Mori projeting operator on hydrodynami basis (8)-(11) and� ! +0 after thermodynami transition V ! 1, N ! 1, N=V = n =onst.One should point out that aording onstrution dynami variables(8)-(11) are orthogonal: � ^Yi(k); ^Yj(�k)� = Æij� ^Yi(k); ^Yi(�k)�, Æij isKroneker delta-symbol. Transport equations for variables ^Yi(k) looksimilarly to (25) (see next setion).Frequeny matrixes (26) determine generalized thermodynami val-ues of binary mixture [15℄; we shall not dwell our attention on this themeany more referring readers to [12,14,15℄. Instead of it we shall study mem-ory kernels (27) more thoroughly.The Fourier transforms of memory funtions (27) ould be expressedvia generalized kineti (Onzager) oeÆients in the standart way [14℄:~'YiYj (k; !) = k2~LYiYj (k; !) V=N� FYjYj (k; 0) ; (29)



7 ðÒÅ�ÒÉÎÔwhere generalized kineti oeÆients ~LYiYJ (k; !) are the Laplae trans-forms of time dependent funtionsLYiYj (k; t)= tZ�1exp(���)�(1�P) _^Y (1)i (k); exp h�(1�P)i^L�i� (1�P) _^Y (1)j (�k)�d�: (30)Relations (29)-(30) allow us to introdue generalized (nonlokal) trans-port oeÆients in a standart way having been determined them throughkineti oeÆients ~LYiYj (k; !). Then we have:~Ljjpp(k; !) = 43�(k; !) + �(k; !) (31)means generalized \longitudinal" visousity, where �(k; !) denotes gen-eralized shear visousity and �(k; !) is generalized bulk visousity;~Lhh(k; !) = T�(k; !) ; (32)where �(k; !) means generalized thermal ondutivity;~Lnn = D(k; !) ; (33)where D(k; !) denotes generalized interdi�usion oeÆient;~Lnh(k; !) = ~Lhn(k; !) = DT (k; !) ; (34)where DT (k; !) denotes generalized thermal di�usion oeÆient.Transverse omponent of the stress tensor (6) determines shear vis-ousity �(k; !) (f. (31)): ~L?pp(k; !) = �(k; !) : (35)Besides (31)-(34) there are transport oeÆients desribing intera-tion between dissipative uxes of the di�erent tensor dimensions. Forinstane, generalized transport oeÆient~Lph(k; !) = ~Lhp(k; !) = �(k; !) (36)desribes ross{e�et \thermal ondutivity { visousity" and~Lnp(k; !) = ~Lpn(k; !) = �(k; !) (37)
ICMP{99{13E 8de�nes orrelations of di�usive and visous dissipative uxes.Further simpli�ation an be reahed in Markovian approximationfor memory kernels ~'YiYj (k; !) � ~'YiYj (k; 0) = 1R0 'YiYj (k; t) dt. In thisapproximation in the limit k ! 0 memory kernels ~'YiYj ould be writtenas follows:~'YiYj (k ! 0; z ! 0) = k2LYiYj V=N� FYjYj (k = 0; t = 0) ; (38)LYiYj = �V 1Z0 �� ^fYi ; exp(�i^Lt)� ^fYj� dt ; (39)where � ^fYi = ^fYi � h ^fYii0 mean utuations of dissipative uxes ^fYidetermined by relations^IdYi(k) = (1�PH)i^L^Yi(k) = _^Y i(k)� i
YiYj (k) ^Yj(k);^IdYi(k ! 0) = ik ^fYi : (40)In hydrodynami limit (k ! 0, z ! 0) transport oeÆients (33)-(34) are known to be expressed via Kubo relations [1,3℄ while ross{e�ets transport oeÆients (36)-(37), determined on the di�erent tensordimension uxes, tend to zero in the omplete onformity with Curiepriniple [23℄ being not observable in ordinary hydrodynamis.Taking into aount properties (28) of projeting operator PH andexpression (9) for ^~n1(k) one might obtain besides (31)-(34) some auxil-iary relations for other kineti koeÆients:Ln~n1 = L~n1n = ALnn; L~n1h = Lh~n1 = ALnh; L~n1~n1 = A2Lnn ; (41)where fator A in long-wave limit ould be expressed expliitly via ther-modynami quantities: A = V ÆzpKT + V Æ2 � 1Æm (42)whereÆm = m1 �m2�m ; �m = m1C1 +m2C2 � m1C1 +m2(1� C1) ;zp = � ���C1�T;p;N ; � = �1 � �2 : (43)



9 ðÒÅ�ÒÉÎÔNote that transport oeÆients (33)-(34) in the limit (k ! 0, z ! 0 )are onneted with experimentally observed oeÆients of mutualdi�usion D and thermal di�usion �D, where � means thermal di�usionratio. One an obtain these expressions, taking into aount relationsbetween Onzager oeÆients onstruted on partial number densitiesLninj , Lnjh, whih ould be presented in the form2Xi=1 miLninj = 0; 2Xi=1 miLnih = 0 ; (44)and the fat that thermodynami fore r � �T � ould be written down inthe terms of onentration C1, temperature T and pressure p as follows:r� = � ���C1�p;T rC1 +� ���T �C1;prT +����p�C1;T rp; (45)that gives us the well known form for observable dissipative ux h ^fn1i0[3,23℄: h ^fn1i0 = � 1m1 �D�rC1 + �T rT + �pp rp� : (46)In (46) D = LnnX2�mSxx means mutual di�usion oeÆients, where X =m2 ~mm2 �m1 , ~m = m1m2m1 +m2 means redued mass, Sxx denotes \mass on-entration{mass onentration" stati struture fator, related with SCCas follows: Sxx = (m1m2)2�m3 SCC , �D = X�m (Lnh +XT � ���T �C1;p) de-notes thermal di�usion oeÆient, while �p = pTSxx����p�C1;T denotesbarodi�usion oeÆient.It should be mentiond that the hain of equation for TCF (25) is notlosed yet: one an write down the equation for memory kernels where thefuntions onstruted on derivatives of hydrodynami densities will beinvolved [24℄. Hene, it is neessary to perform ertain ansatz to alulategeneralized transport oeÆients (33)-(37) de�ned aordingly (29) viamemory funtions. To solve this problem and, onsequently, to onsidertime{spatial dispersion of transport oeÆients we shall extend the setof hydrodynami variables (8)-(11) having inluded their derivatives andhaving rede�ned memory kernels on the basis of reursive relations forthe dynami variables of kineti nature. This is a subjet of the nextsetion.

ICMP{99{13E 103. Extended set of dynami variables and de�nitionof the generalized transport oeÆients.To go out from the framework of hydrodynamis and to make possiblethe generalization of transport oeÆients in domain of arbitrary valuesof k and ! let us inlude into the basi set of dynami variables (8)-(11)their derivatives, namely^Bi(k) = i^L^Y (0)i (k) ; i = 1; : : : ; 4 : (47)Further step is to orthogonalize ^Bi(k) with respet to the hydrodynamivariables (here and afterwards we supply ^Yi(k) from (8)-(11) with su-persript (0) to di�er them from kineti variables { the derivatives of^Y (0)i (k) { de�ned below):^Y (1)i (k) = (1�PH) ^Bi(k) = (1�PH) _^Y (0)i (k) : (48)We on�ne ourselves only by the �rst derivatives of hydrodynami vari-ables referring readers for studying the general ase of higher derivativesto [13,27℄. One has to remark that three variables from 8 of the set^Yi(k) = ^Y (0)i (k)N ^Y (1)i (k), namely ^Y (0)3 ; ^Y (1)1 , ^Y (1)2 , are not indepen-dent (it is easy to verify writing them down expliitly). Hene we ommitvariable ^Y (1)2 � (1�PH)i^L^~n1(k) and shall operate with 7 variables: fourhydrodynami ^Y (0)i (k) = � ^Y (0)1 (k), ^Y (0)2 (k), ^Y (0)3 (k), ^Y (0)4 (k)� (vari-ables (8)-(11)) and three kineti ^Y (1)i (k) = � ^Y (1)1 (k), ^Y (1)3 (k), ^Y (1)4 (k)�.One has to point out that variables ^Y (1)i (k) are not mutualy orthogonalbeing orthogonal only with respet to ^Y (0)i (k). The proedure of \inter-nal" ortogonalization of (48) leads ^Y (1)2 (k) to beome zero and this isthe seond reason for ommitting it.Using method of nonequilibrium statistial operator (NSO) [23℄ wean write down the system of equations for Fourier{transformsh�^Yi(k)i! = 1Z�1 exp(i!t)h�^Yi(k)it dt (49)of averaged over NSO dynami variables { the hain of transport equa-



11 ðÒÅ�ÒÉÎÔtions for the extended set:0� M00(k; !) j M01(k)�������j�������M10(k) j M11(k; !) 1A0� h�^Y (0)(k)i!������h�^Y (1)(k)i! 1A = 0 ; (50)where subbloks of the matrix in the left-hand side are of the followingstruture:M4�400 (k; !) =0BBB� i! 0 �i
np(k) 00 i! �i
~n1p(k) 0�i
pn(k) �i
p~n1(k) i! �i
ph(k)0 0 �i
hp(k) i! 1CCCA (51)denotes hydrodynami matrix of 4� 4 { dimension;M4�301 (k) = 0BBBB� �1 0 0�i
(01)21 (k) 0 00 �1 00 0 �1 1CCCCA (52)means matrix of 4� 3 { dimension;M3�410 (k) = 0B� �11(k) �12(k) 0 �14(k)0 0 �33(k) 0�41(k) �42(k) 0 �44(k) 1CA (53)is 3 � 4 { dimension matrix. In (51)-(53) we have used the de�nitionsfor frequeny matrixes (26), onstruted on whole set ^Yi(k) = ^Y (0)i (k)N ^Y (1)i (k), taking into aount nonorthogonality of variables ^Y (1)i (k).One an easily prove that orresponding elements of the subblokM01(k)redue to units (exept the element �i
(01)21 (k)) while the elements ofM10(k) an be written down as follows:�ij(k) = i
(10)ij (k) = � _^Y (1)i (k); ^Y (0)j (�k)��^Y (0)j (k); ^Y (0)j (�k)� : (54)The last equations for i; j 6= 2 ould be presented as�ij(k) = �� ^Y (1)i (k); ^Y (1)j (�k)�� ^Y (0)j (k); ^Y (0)j (�k)� : (55)
ICMP{99{13E 12What about kineti subblokM11(k; !), in Markovian approximationit has the form M11(k; !) =0BB� i! + ~'(1)11 (k; 0) �i
(1)13 (k) + ~'(1)13 (k; 0) ~'(1)14 (k; 0)�i
(1)31 (k) + ~'(1)31 (k; 0) i! + ~'(1)33 (k; 0) �i
(1)34 (k) + ~'(1)34 (k; 0)~'(1)41 (k; 0) �i
(1)43 (k) + ~'(1)43 (k; 0) i! + ~'(1)44 (k; 0) 1CCA;(56)with elementsi
(1)ij (k) =Xl � _^Y (1)i (k); ^Y (1)l (�k)��^Y (1)(k); ^Y (1)(�k)��1lj ; (57)~'(1)ij (k; !) = 1Z�1 exp(�i!t)'(1)ij (k; t) dt ; (58)where'(1)ij (k; t) =Xl tZ�1 exp(���)�(1� P) _^Y (1)i (k); exp h�(1�P)i^L�i� (1�P) _^Y (1)l (�k)��^Y (1)(k); ^Y (1)(�k)��1lj d� (59)denote memory kernels onstruted on basis ^Y (1)i (k), where projetingoperator P onsists of two terms:P = PH + P(1) � P(0) + P(1) (60)with Mori-like projeting operators P(0) � PH (see eqn. (28)) de�nedon hydrodynami basis (8)-(11) and P(1) de�ned asP(1) : : : =Xi;j �: : : ; ^Y (1)i (�k)�� ^Y (1)(k); ^Y (1)(�k)��1ij ^Y (1)j (k) : (61)From (59)-(61) immediately follows that (1 � P(0) � P(1)) _^Y (0)i (k) � 0so memory kernels remain only in the subblok M11(k; !).



13 ðÒÅ�ÒÉÎÔNote that the Markovian approximation for memory kernels on-struted on derivatives of hydrodynami densities is well grounded be-ause these memory funtions are damping more rapidly than TCF ofhydrodynami variables [10,13℄.Now we have prepared everything for solution to the problem howto introdue the generalized transport oeÆients. Having solved theseond equation of (50) with respet to h�^Y (1)i (k)i! and substitutingobtained result into the �rst equation one an write down the followingmatrix relation:�M00(k; !)�M01(k)M�111 (k; !)M10(k)� h�^Y (0)i (k)i! = 0 ; (62)where from it is easy to indentify ~'(0)(k; !):~'(0)(k; !) = �M01(k)M�111 (k; !)M10(k) : (63)The last equations, being the result of reursive relations proedure,has its general meaning what allows one to introdue the generalizedtransport oeÆients of any system as quik as extended set of dynamivariables was taken into onsideration. For instane, in Ref. [27℄ the gen-eralized oeÆients of simple Lennard{Jones liquid have been evaluatedtaking into aount derivatives of hydrodynami densities up to the thirdorder.Now using (29) one an alulate k- and !{dependent kinei oef-�ients Lij(k; !) related with generalized transport oeÆients �(k; !),�(k; !, D(k; !), DT (k; !), �(k; !), �(k; !) and �(k; !).On �gure (1) we have presented k-dependene of transport oeÆ-ients at ! = 0 and on �gures (2)-(5) !-dependene of transport oef-�ients (aordingly- their real and imiginary parts) at �xed values ofwave{vetor k. As input data we have used MD simulation results of Ref.[12℄, namely: stati orrelation funtions, onstruted on the basi set ofpartial densities and derivatives of total momentum and total energydensities ^Yi(k) = f^n1(k; ^n2(k); ^pjj1 (k); ^pjj2 (k); ^"(k); _^pjj(k); _^"(k)g (64)and hydrodynami relaxation times, de�ned aordingly�YiYj (k) = 1R0 FYiYj (k; t) dtFYiYj (k; 0) : (65)The expressions for transport equations (f. (50)), onstruted on basiset (64) as well as the form of transition matrix L from (64) to the vari-ables ^Yi(k) are presented in the Appendix. We would like to emphasize
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Figure 2. k = 0:247�A�1. Real (squares) and image (irles) parts ofkineti oeÆients Lij(k; !) as funtions of !� .

ICMP{99{13E 16
1E-3 0.01 0.1 1 10 100

0.00

0.02

0.04

0.06

0.08

0.10

L 1
1 (

k,
 ω

)

1E-3 0.01 0.1 1 10 100

0.0

0.1

0.2

0.3

0.4

0.5

L 3
3 (

k,
ω

)

1E-3 0.01 0.1 1 10 100

0.00

0.25

0.50

0.75

L 4
4 (

k,
 ω

)

1E-3 0.01 0.1 1 10 100

0.00

0.02

0.04

0.06

L 1
3 (

k,
 ω

)

1E-3 0.01 0.1 1 10 100

0.00

0.02

0.04

0.06

ωτ

L 1
4 (

k,
 ω

)

1E-3 0.01 0.1 1 10 100

0.00

0.05

0.10

0.15

0.20

0.25

ωτ

L 3
4 (

k,
 ω

)

Figure 3. k = 0:494�A�1. Real (squares) and image (irles) parts ofkineti oeÆients Lij(k; !) as funtions of !� .
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Figure 4. k = 0:856�A�1. Real (squares) and image (irles) parts ofkineti oeÆients Lij(k; !) as funtions of !� .
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Figure 5. k = 1:211�A�1. Real (squares) and image (irles) parts ofkineti oeÆients Lij(k; !) as funtions of !� .



19 ðÒÅ�ÒÉÎÔone more that none approximation exept Markovian was done duringalulation of memory funtions whih, as one an see from Appendix,redue to evaluation of higher order stati orrelation funtions. Hene,our approah indeed appears to be parameter{free.MD simulations have been performed for a gas mixture of He0:65-Ne0:35 at a number density n=0.0186 �A�3 at temperature T=39.3K.The system of 864 partiles interating through Aziz-potentials [25,26℄at onstant volume has been onsidered.>From �gure (1)-(5) one an see that proess of heat transfer is thedominant in omparison with the others (value of �(k; 0) is one orderlarger then interdi�usion and thermal di�usion oeÆients and is threetimes as muh as longitudnial visousity). The pro�le of thermal di�u-sion oeÆient is muh smoother then �(k; 0) and D(k; 0) and beomesnegligible already at k = 0:4�A�1. It means that behaviour of tempera-ture ondutivity oeÆient �(k; 0) = �(k; 0) � D2T (k; 0)D(k; 0) (it is exatlyoeÆient �(k; !) to be measured in heat transfer experiments) reetsthe main features of heat ondutivity being only slightly shi�ted be-ause of interdi�usion and thermal di�usion proesses. From �g. (1) onean observe oeÆients �(k; 0), �(k; 0) (their imiginary parts) appear tobe omparative with longitudnial visousity and interdi�usion oeÆientrespetively. On the other hand, they tend to zero when k ! 0, thoughwe an not obtain this due to limited volume of simulation box.Inspeting �g. (2)-(4) one an see that real parts of transport oef-�ients have harater relaxation behaviour from their maximum valuesat ! = 0 to in�nitesimal values when ! beomes large. On the ontrary,their imiginary parts inrease from zero at ! = 0 to maximum in theviinity of fast sound frequeny (see [12℄) renormalizing sound dispersionand shifting sound peak of dynami struture fator to the right.Transport oeÆient �(k; !) and �(k; !) that desribe uxes withdi�erent tensor dimensiality have pure imiginary parts at ! = 0 as itshould be aording Curie priniple. One an see that their imiginaryparts tend to zero from below hanging their signs at frequenies whereorresponding real parts beome of the maximum values. So their be-haviour resembles the behaviour of ross-e�et transport oeÆient andbulk visosity in simple liquid [27℄. The ommon feature of all transportoeÆients is dereasing of their values (both real and imiginary parts)with growth of k.An availability of a small peak in longitudnial visosity 4=3�(k; !) +�(k; !) at low values of wave{vetor as well as appearane of similar peakin thermal di�usion oeÆient at intermidiate values of k in our opinion
ICMP{99{13E 20is the only result of our restrition by the �rst derivatives of the dynamivariables in reursive relations. As has been already said a further exten-tion of our method on ase of higher derivatives is straightforward andould be the subjet of further researh.Note, that generalized transport oeÆients in the domain of smallwave{vetors have Lorentz form [28℄ like TCF in Markovian approxima-tion [10℄.4. ConlusionIn the present paper we have presented the method of alulation oftime{spatial dispersion of transport oeÆients. Nonloality of obtainedtransport oeÆients is a result of onsistent desription of kinetis andhydrodynamis of the system (an initial set of transport equations forhydrodynami variables has been extended at the expene of inlud-ing kineti variables). Taking into onsideratin kineti variables makesMarkovian approximation for the memory kernels well grounded beausememory funtions onstruted on derivatives of hydrodynami densitiesare known to relax in time more rapidly then orresponding hydrody-nami time orrelation funtions [13℄. At the same time it would be inter-esting to inlude the seond derivatives into our set of dynami variables.It orresponds to 7{modes approximation for TCF in the theory of sim-ple uids [10℄ and should improve the whole reursive proedure beausethe onvergene of alulations grows with extending of the basi set ofvariables.Another way of introduing generalized transport oeÆients is appli-ation of the mode{oupling theory. As one has already said this methodallows us to alulate nonanalytial orretions to the transport oeÆ-ients expliitly. Thus, one an obtain pk{dependene of ross{e�etoeÆients �(k; 0, �(k; 0) in hydrodynami region, while kineti theoryof simple uids give us behaviour linear in k. However the limiting frameof mode{oupling theory is requirement for k to be small. On the otherhand, MD simulations are restrited by the box volume that is - by kfrom below. It is hallenging to invastigate just this intermediate regionof wave{vetors to answer to the question whether inluding into onsid-eration higher utuations and higher derivatives of dynami variablesare equivalent proedures.It would be interesting to investigate time{spatial dispersion of trans-port oeÆients of other binary mixtures, suh as Ar-Kr, Ar-Xe, wherethe mass ratio of heavier to lighter omponent is not so large as in presentase to possess enough statistis about behaviour of these oeÆients.



21 ðÒÅ�ÒÉÎÔFor instane, slow dereasing of transport oeÆients in k in the inter-mediate domain of wave{vetor (see Fig.(1) ould be the result of suh amasses ratio. Quite di�erent systems are polymers, where the moleularmasses of speies are about the same.All problems mentioned here ould be the subjet of a separate studywhih authors hope to arry out in future.AppendixTransport equations (50), onstruted on the set of partial densities (64),in Markovian approxiamtion an be written down in the matrix form [10℄:i!h� ^Yi(k)i! + Tij(k)h� ^Yj(k)i! = 0; (A.1)where the dynami matrix Tij(k) = �i
YiYj (k)+ ~'YiYj (k; 0) an be ex-pressed via matrix FYiYj (k) = � ^Yi(k); ^Yj(�k)� of orresponding statiorrelation funtions and the inverse matrix to ~FYiYj (k)=1R0 FYiYj (k; t) dtas follows: Tij(k) = 7Xl=1 FYiYl(k) h ~F (k)i�1YlYj ; (A.2)where matrix of relaxation times ~FYiYj (k) an be presented as:~FYiYj (k) =0BBBBBBBBBBBB�
�n1n1Fn1n1 �n1n2Fn1n2 {m1k Fn1n1 {m2k Fn1n2 �n1"Fn1" 0 �Fn1"�n1n2Fn1n2 �n2n2Fn2n2 {m1k Fn1n2 {m2k Fn2n2 �n1"Fn2" 0 �Fn2"�{m1k Fn1n1 �{m1k Fn1n2 0 0 {m1k Fn1" �F jjp1p1 0�{m2k Fn1n2 �{m2k Fn2n2 0 0 {m2k Fn2" �F jjp2p2 0�n1"Fn1" �n2"Fn2" �{m1k Fn1" �{m2k Fn2" �""F"" 0 �F""0 0 F jjp1p1 F jjp2p2 0 0 �F jj_p"Fn1" Fn2" 0 0 F"" F jj_p" 0
1CCCCCCCCCCCCA:(A.3)Here we have used de�nition (65) for orresponding relaxation times �while the other elements ould be expressed via stati orrelation fun-tions FYiYj (k). One an see from (A.1)-(A.3) that memory funtions,onstruted on basi set (64), are expressed only via stati orrelationfuntions and relaxation times without any omplex time dependene

ICMP{99{13E 22through projeting tehnique (unlike memory kernels (59)), so they turnout to be quite simple funtions for MD simulations.Transition matrix Lij(k) from the set ^Yi(k) to the variables ^Yi(k)an be presented as follows:Lij(k) = �Yi(k)�Yj(k) = 2666666664 1 1 0 0 0 0 0L21 L22 0 0 0 0 00 0 1 1 0 0 0L41 L42 0 0 1 0 00 0 L53 L54 0 0 0L61 L62 0 0 L65 1 00 0 L73 L74 0 0 1
3777777775 : (A.4)In (A.4) we have the following nonzero elements (exept L11 = L12 =L33 = L34 = L45 = L66 = L77 = 1):L21(k) = �~n1(k)�n1(k) = 1� (^n1(k); ^n(�k))(^n(k); ^n(�k)) ; (A.5)L22(k) = �~n1(k)�n2(k) = � (^n1(k); ^n(�k))(^n(k); ^n(�k)) ; (A.6)L41(k) = �h(k)�n1(k) = � (^"(k); ^n(�k))(^n(k); ^n(�k))L11(k)� �^"(k); ^~n(�k)1��^~n1(k); ^~n(�k)1�L21(k)=� (^"(k); ^n(�k))(^n(k); ^n(�k)) � �^"(k); ^~n1(�k)��^~n1(k); ^~n1(�k)� �1� (^n1(k); ^n(�k))(^n(k); ^n(�k)) � ; (A.7)L42(k) = �h(k)�n2(k) = � (^"(k); ^n(�k))(^n(k); ^n(�k))L12(k)� �^"(k); ^~n1(�k)��^~n1(k); ^~n1(�k)�L22(k)=(^n(k); ^n(�k))�18<:�^"(k); ^~n1(�k)� (^n1(k); ^n(�k))�^~n1(k); ^~n1(�k)� � (^"(k); ^n(�k))9=;; (A.8)L53(k) = {k� 1m1 � 1�m� ; (A.9)L54(k) = {k� 1m2 � 1�m� ; (A.10)



23 ðÒÅ�ÒÉÎÔL61(k) = �� _^pjj(k); ^n(�k)�(^n(k); ^n(�k)) L11(k)� � _^pjj(k); ^~n1(�k)��^~n1(k); ^~n1(�k)�L21(k)� � _^pjj(k); ^h(�k)��^h(k); ^h(k)� L41(k); (A.11)where� _^pjj(k); ^n(�k)� = {k� ;� _^pjj(k); ^~n1(�k)� = {k� �C1 � (^n1(k); ^n(�k))(^n(k); ^n(�k)) � ;� _^pjj(k); ^h(�k)� = � _^pjj(k); ^"(�k)�� {k� (^"(k); ^n(�k))(^n(k); ^n(�k))� {k� �C1 � (^n1(k); ^n(�k))(^n(k); ^n(�k)) � �^"(k); ^~n1(�k)��^~n1(k); ^~n1(�k)� ;L62(k) = �� _^pjj(k); ^n(�k)�(^n(k); ^n(�k)) L12(k)� � _^pjj(k); ^~n1(�k)��^~n1(k); ^~n1(�k)�L22(k)� � _^pjj(k); ^h(�k)��^h(k); ^h(�k)� L42(k); (A.12)L65(k) = �� _^pjj(k); ^h(�k)��^h(k); ^h(�k)� ; (A.13)L73(k) = L74(k) = � � _^h(k); ^pjj(�k)��^pjj(k); ^pjj(�k)� = � ��m � _^pjj(k); ^h(�k)� : (A.14)In its turn,�^~n1(k); ^~n1(�k)� = (^n(k); ^n(�k))� (^n1(k); ^n(�k))2(^n(k); ^n(�k)) ;�^h(k); ^h(�k)�=(^"(k); ^"(�k))� (^"(k); ^n(�k))2(^n(k); ^n(�k)) � �^"(k); ^~n1(�k)�2�^~n1(k); ^~n1(�k)� ;�^"(k); ^~n1(�k)�=(^"(k); ^n1(�k))�� (^n1(k); ^n(�k)) (^"(k); ^n(�k))(^n(k); ^n(�k)) :
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