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and Lennard-Jones fluids

A. McDonough, S. P. Russo, and I. K. Snook
Computational Physics Group, Department of Applied Physics, RMIT University, Melbourne, Australia, 3001
(Received 16 April 1999; revised manuscript received 27 July 2000; published 23 Januayy 2001

The long-time behavior of the velocity autocorrelation functigF), for hard disk and sphere systems, has
been extensively explored. Its behavior for systems interacting via a soft repulsive or attractive potential is less
well known. We explore the conditions under which the nonexponential, long-time tail in the velocity auto-
correlation function of a tagged atom, in soft-repulsive sph&veeks—Chandler—Anderseand Lennard-

Jones atomic fluids, may be readily observed by the molecular dynamics method. The effect of changing the
system size, the fluid density, the form of the interatomic force and the mass of the tagged atoms are investi-
gated. We were able to observe this long-time tail only for systems of moderate density. At low density the
effect, if it exists, is at longer times than we can currently simulate owing to limitations of system size and at
higher densities these tails were not observed possibly due to other effects dominating the behavior of the VAF
and masking this behavior. Under the physical conditions that are simulated here attractive forces have very
little effect on the behavior of the VAF. However, as the mass of the tagged patrticles is increased the time at
which the long-time tail commences is lengthened and its magnitude is significantly increased. This later effect
suggests that by increasing the mass of the tagged particles one may be able to study more readily the behavior,
nature and physical origin of long-time behavior of the VAF both by computational and by experimental

techniques.
DOI: 10.1103/PhysReVvE.63.026109 PACS nunier05.10—a, 61.25-f
INTRODUCTION random walk leading to an exponential type decay for the

velocity autocorrelation function.

One of the most significant discoveries made by means of Dorfman and Cohef4] were able to show theoretically
numerical statistical mechanics is the existence of long-timethat kinetic theory was able to account for long-time tails in
nonexponential tails in the velocity autocorrelation functionthe VAF in hard disk and hard sphere systems by a resum-
(VAF), C(t)=(v(0)-uv(t)) of a tagged particle in a dense mation in the binary-collision expansion used to calculate the
hard-sphere fluidl1]. Since the pioneering work of Alder and VAF. They were able to show that the kinetic theory basis
Wainwright [1], much theoretical [2—8], experimental for the slowly decaying hydrodynamic modéeading to

[9-15) and computationa[16—20 work has been under- vortex formation was, amongst other reasons, recollisions
\p_etween particles. They also noted that their results were not

taken in order to understand aspects of the long-time behat | totic but d b d with MD it
ior of the VAF in a homogenous fluid and in a binary mix- ruly asymptotic but could be compared wi resutts
over the time intervals ranging from 10 to 50 mean free

turg. The molecular dynamlcs simulation by Alder andcollision times and estimated that the long-time tail should
Wainwright of 500 hard disk and hard sphere particles at th?emain for at least 40 collision mean free times

mode_rate reduced densit)_/ Of. 047 _indicateql that a particle’s The vortex flow patterns have been observed computa-
velocity was correlated with its initial velocity even after a tionally in two dimensions, in MD simulations of hard disks
time period c_orrespondmg Fo appro_xmately 20 coII|S|onsby Alder and Wainwrigh{1] and MD simulations of soft-
[1]. The velocity autocorrelation function measured by Alder g isive particles interacting with a larger circular obstruc-
from molecular dynamicéMD) simulations decayed a5%*  tion (or a large particle by Rapaport and Clemenf23].
(d being the dimensionality of the system being simulatéd  Similar results have been observed using lattice gas methods
times which are long on the molecular time-scatel0™**  for fluid flow around colloidal particles in two dimensions
seconds for Ar. Alder [21] rationalized the long-timeé~%?  [24]. Therefore, the hypothesis of the formation of the vortex
decay of the VAF in the following way. Particle momentum field being the dominant effect giving rise to a long-time tail
is dissipated by sound waved®ngitudinal hydrodynamic is well supported, at least in two dimensions.
modes or as a vortexgoverned by transverse mogleat Finally, Erpenbeck and Wood17-19 using mode-
long times, the transverse hydrodynamieorte mode  coupling theory for a finite systentbased on the mode-
dominates leading to a long-time tail in the decay of thecoupling theory of Ernst, Hauge, and van Leeuwfgjh ex-
VAF. tended the hard disk and hard sphere MD studies initiated by
At the time, this long-timdi.e., nonexponentialdecay in  Alder out to much larger correlation times and showed that
the velocity autocorrelation function was in contradiction totheir results are in agreement with Aldér] and Dorfmar{4]
the results obtained from the accepted Boltzmann—Enskognd others. Thus, the basis for long-time tails in a hard disk/
kinetic theory[22] and the macroscopically based Langevinsphere system is now considered to be well understood.
equation[22]. These theories predicted that on time scales, In contrast the long-time behavior of the VAF for systems
which are long on the molecular scale, particles executed af particles interacting via a continuous potential is largely
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uncharacterized. This point takes on added importance whedD calculations on the DEC Alpha workstation used a
it is realized that nearly all experimental evidence for long-simple neighbor list algorithnj28]. Both methods used a
time behavior in the VAF of moderately dense fluids is based/erlet algorithm[28] in periodic boundary conditions using
on experimental work done on systems of particles interacteouble precisior{64 bit) arithmetic.
ing via potentials which may be more closely modelled by a The forces used were based on the truncated and shifted
continuous potential of the Lennard-Jones or screened Cotwo-body potential functiong s given by Eq.(1):
lomb type than by a discontinuous hard sphere potential. For
example, experiments such as dynamic light scattering P11 =p(r)+d(reur), r<reur
[10,12 or diffusive wave spectroscofyt4,15 from colloid =0, r=rcur, (1)
particles and neutron scattering experiments on liquid argon
[11], rubidium[11], and sodium13] all indicate the pres- where
ence of a long-time tail in the VAF. The overall objective of
this paper is to begin a systematic MD study for these types B(r)=4z[(alr)?=(olr)°].
of systems. The specific aims of this study are as follows.
(i) Investigate the effect of interparticle attraction on the
decay of the velocity autocorrelation function for a single
component system.
(i) Investigate how the long-time tail is affected as the - ;
particle/fluid mass ratio increases in order to relate to mea-. .S|mu’lkat|ons were performed at a reduced number of den-
surements of the long-time tails in the VAF for very large Siti€s (oy=pno™), ranging from 0.05 to 0.75, at a reduced

colloidal particles suspended in a background molecular fluidemperature™ =kT/e=2.17. Most of this work was under-
[10,17. taken atoy = 0.45 using the CWA potential and it is assumed

(iii ) Investigate the density regime under which a long-that these were the conditions used in the discussion section
time tail can readily be observed for a system of particleginless it is specifically stated otherwise. At thls densny and
interacting via a continuous potential. temperature we calculated the thermodynamic properties, by

(iv) Determine whether the long-time tail still exists out to CWA hard sphere perturbation theory or MD simulations, to

long correlation times or alternatively whether it is only ob- be (the values in brackets are from RéfL6]): pV/NkgT
servably finite in duration. =2.70£0.01 (2.72, U;/NkgT=0.2192-0.002
(0.347),1 Cv/Nkg=(dU/dT),,=1.69+0.01 (1.89)1,
(kgT) ~(dp/dpn)T=5.61+:0.02 (5.70, and (Kgpn)
MOLECULAR DYNAMICS METHOD (9p/dT),=2.32+0.01(2.34, wherep is the pressure); is
Determination of the long-time behavior of the velocity e configurational part of the internal energy, is Boltz-
correlation function by molecular dynamics is limited by the Mann’s constant. The error estimates were made using block
number of particledl in the simulation because the VAF can averages. The sound ;/elocni)lgzv_vas found to be 0.63#/ 7o
only be determined for correlation times such that the bound(0-623 where7o=(mo*/48¢)~ is the unit of time used by
ary conditions have no influence. This maximum correlation-€vesque and Ashurt6]. The integration time step used in
time, ty,a iS estimated to be the time it takes a densitythis study is given byAt=0.032416.
disturbance in the form of a sourigressurgwave of speed The normalized VAFc(t)=C(t)/C(0)=(uv(0)-uv(t))/
c. to cross the periodic box of lengtiN(py) 3 i.e., tyy  (2(0)-2(0)) was calculated using Eq2):
~(Nip\c)YR, wherepy is the number densiti6].
o (0(0)-u(nAb)
Erpenbeck and Wood were able to overcome this limita- =~~~ => — 7/
tion for hard disk/sphere systems by applying a mode cou- (v(0)-v(0))
pling theory developed for a finite periodic NVT ensemble N; Ng
and used this to correct for finite-system effef2,18 and > 2 (vil(n+))At]-yi[jAt])
thus calculated the VAF out to correlation times larger than _i=lj=1
20 picoseconds which corresponds to over 100 mean free TN N '
collision times. However this approach is not strictly valid > vil(n+])At]-vi[(n+]j)At]
for particles interacting via a continuous potential and in i=1j=1
addition gives rise to large error bars at the long correlation 2)
times. Thus we have computed the VAF for systems as large
as 32000 particles in order to directly observe the behaviowheren runs from 1 to the maximum number of correlation
of the VAF out to long times. channelsN¢, nAt is the correlation time, the summation
NVT molecular dynamic§MD) calculations were per- overi runs over allN, tagged particles and the summation
formed on a Quintek Fast9 Transputer Network and a DE®ver | runs over allNy time origins.
Alpha workstation using up to 32000 particles for up to  For each particular run, the system was equilibrated for a
101 000 time steps. The MD algorithms on the Transputeminimum of 5000 time steps before the velocity autocorre-
are based on a parallel implementation of the Link-Celllation data was collected. The VAF was calculated using 64
method by Hockney and Eastwop@6], a full treatment of  bit (double precision and was averaged over thegtagged
this computational method used is given elsewti2i@. The  particles in the systemN;<N) and was also averaged over

Two such potentials were used, i.e., the Chandler—Weeks—
Anderson (CWA) soft repulsive potentia[25] with rqyt
=(2)Y80 and the often used, truncated and shifted Lennard-
Jones potentidl28] with rcy1=2.50.

= (cAt)
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a number of time origindl, ranging from 4960 to 9900. MD The starting configurations wer@d) a static simple cubic
simulations were performed for up to 101000 time steps irdattice (SC); (2) a static body centered cubiBCC) lattice;
order that reasonable averaging could be performed oved) configurations obtained by Monte CarlMC) simula-
time origins in order to obtain data of sufficient statistical tions of 450 000 steps which commenced from SC, FCC, and
accuracy at the longest correlation times. BCC starting configurations, respectively.

In order to carry out the aims stated in the Introduction we Figure 1 compares the results from this second series of
needed an estimate of the uncertainties in the computegfatistically independent runs with the averaged data and er-
VAF’s. Unfortunately the normal method used to estimateror bars from the first set of runs. This comparison shows
uncertainties in VAF'S[29] is not applicable here because that this new data lies within our initial error estimates indi-
this method assumes that the correlated variable is a Gausgating that this method gives reasonable estimates of uncer-
ian random variable which is clearly not the case in the retainties. Furthermore our results also agree with those of
gion of the long-time tail. Levesque and Ashurgtl6] to within the combined uncer-

Thus, an estimate of statistical errors due to the finite timdainties of each set of results.
averaging of the velocity autocorrelation function was deter-
mined by calculating the maximum and minimum deviation
from the mean value obtained over twelve 4000 particle data
runs with different starting configurations. The different Using the conservation equations of classical hydrody-
starting configurations were obtained by equilibrating thenamics under the local equilibrium hypothesis, it can be
system between 5000 and 60 000 timesteps in 5000 time stegmown thaf2-6,22,30.
increments. This was done because the usual method of es-

BACKGROUND HYDRODYNAMIC THEORY

timating errors, i.e., using block averages of sufficient size 2
that the correlations between successive block averages is c(t) — 3—(47T(Ds+v)t)_3/2, (©)
small would be very time consuming here owing to the large t—=SPN

number of particles used and the lengths of the runs required

to calculatec(t) out to very long times. Figure 1 showas whereDg the self-diffusion coefficient and is the kinematic
error barg the estimation of errors in the decay of the veloc-viscosity.

ity autocorrelation function in a system of 4000 particles The hydrodynamic explanation for this nonexponential
under the same thermodynamic conditions as the MD simudecay ofc(t) is that the velocity field propagates via two
lations of Levesque and Ashuifst6]. pathwayq 6].

It was thought that the above error estimates might not be Longitudinal sound wavesvhich are fast processes asso-
realistic due to the possibility of averaging over highly cor- ciated with fluctuations in density and temperature. They are
related data. Thus we tested the reasonableness of our erqmedicted to propagate at the speed of soognih the me-
estimates by performing a second series of five statisticallglium which is supported by neutron scattering experiments
independent 4000 particle runs. These were carried out am simple liquids[11,31,332. These modes decay exponen-
above but were started from entirely independent initial contially and limit the maximum correlation time obtainable by
figurations in order to make them statistically independentthe MD method using periodic boundary conditions and
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these modes are expected to influence the velocity field after (N/pp) Y3
a timet .., wheret .~ (N/pycd)3 tmax= (N/pncd) 3= =
max: max PNEs) ) ) max B JP VT/oP\2/oT\?
Transverse shear modeshich propagate via a slow dif- —] +— -7 \20
fusive process with a velocity proportional f¢7/py)]1Y? dpn/ ¢ pa AT LU,
and dominate at long times, whesgis the coefficient of 4

shear viscosity. They are largely responsible for the vorte . "
formation in the velocity field which gives rise to the®? Tabe | gives the calculated sound speegandtya, atT*
decay inc(t). =2.17 and from these values it would appear that the notice-

able oscillation in thepy =0.55 data in Fig. 2 after 800 cor-
relation time steps is likely due to corruption caused by the

172+

Effect of density on the decay ofc(t) for CWA and Lennard- Alder measured the formation time of the long-time tail in
Jones(LJ) particles terms of the Enskog theorj23] collision mean free time

, ) , (7g) for a system of hard spheres of diamedeat a reduced
In order to investigate the effect of density on the forma'densityde3 which is given by

tion of long-time tails we studied systems of 4000 particles

of the same mass interacting via a CWA potential with re- (1— Larpyd®)?
duced density varying from 0.05 to 0.75 and a reduced tem- o= 6 PN . (5
perature of 2.17. Figure 2 shows a log—log plot of the decay 4pndY m(v(0)-v(0)) YA 1— FHmpnd®)

of the resultantc(t) for some of these systems. The data

indicates that the” > tail exists in the reduced density range Following the ideas of hard sphere perturbation theory and
0.35 to 0.55 at this temperature. The maximum correlatiorassumingpyo>=pyd® we can calculate to give an esti-
timet,,, before periodic boundary effects influenog) was  mate of the number of collisions occurring before the trans-
calculated from the following formula by means of CWA verse hydrodynamitor vortey mode dominates in our sys-
hard sphere perturbation thedi35]: tems. The Enskog timg: is 0.16 ps apy =0.55 and 0.35 ps

TABLE |. Speed of sound¢cg, and maximum correlation time,,,, for a system of CWA particles
calculated by means of CWA hard sphere perturbation theory. The value in brackets is frofh@Ref.

Sound speed; Maximum correlation time,,,, for
Reduced densityo(*) (in units of a/At) 4000 particleqin units of At)

0.05 0.301 4414
0.15 0.363 2228
0.25 0.439 1772
0.35 0.529 1315
0.45 0.6310.62]) 1012

0.55 0.759 787
0.65 0.906 623
0.75 1.089 494
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FIG. 3. A comparison o€(t) for the CWA and LJ 12-6 systems at various densitiesNer4000 andT* =2.17.

at py,=0.35 for argon and from Fig. 2 we estimate that theare almost identical at high temperatures and quite similar in
long-time tail is apparent after approximately 4804 ps or  general. However, significant lowering of the temperature at
15.5r¢) and 550(5.4 ps or 27.5¢) time steps, respectively, densities where long-time tails are observable for CWA par-
for the 0.55 and 0.35 density data. For comparison Aldeticles would put the system in the unstable two phase region
obtained a time of about 2Q for the appearance of the of the LJ phase diagram and, therefore, be of no physical
long-time tail for hard spheres at,0>=0.47. relevance. On the other hand, significant increase of density
Further data fopy=<0.15(not shown hergindicated that and simultaneous decrease in temperature would lead to
c(t) may be well approximated by an exponential decay oveptrengthening of the effects such as backscattering, which,
the entire time regime considered here indicating that fofudging from our results on the CWA potential, would mask
these densities particle-fluid momentum transfer occurghe effect of long-time tails irc(t). Thus, there would seem
largely through longitudinal hydrodynamic modes and vor-to be little point in exploring these conditions.
tex formation is not sustained. Hence if such formation oc-
curs at these low densities then our data suggests that they _ _ _ _
must exist at considerably greater times than we are able to Effect of varying particle/fluid mass ratio
make accurate estimates afft). Experimental observation of the long-time tail in the VAF
For py,>0.55 within the accuracy of our calculations we for molecular fluids has only been made indired¢tly)—15.
could not observe a long-time, nonexponential decay(bf. Direct measurements of the effect seems to be only possible,
This may be because it does not exist at these densities at least at present, for the self-motion of large colloidal or
that other effects are tending to mask the long-time analyti¢ Brownian™ particles suspended in a fluid of molecular
behavior, e.g., insufficient precisiot),,, being too small or  sized particleg 10,12, where the ratiow of the mass of
masking by dynamical effects such as backscattering. Itagged particleay; to that of the background fluid particles,
would thus appear that the observation of nonexponentiah; is extremely large, i.e., effectively is infinite. By con-
long-time tails inc(t) for simple fluids by the MD method trast in MD simulations to date=1. Thus, it is important to
may, at present, only be readily made for moderate reduceitivestigate the effect that changing has on the form of
densities of around 0.45. c(t). In particular it is important to see if the long-time tail
To illustrate the effect of interparticle attraction we com- still exists and, if so, whether it has the same time depen-
pare, in Fig. 3, the decay @f(t) for CWA and LJ particles, dence as whea=1.
in the reduced density range 0.35 to 0.55. The results show Pomeau34] has studied the general case of the long-time
that the decay ot(t) is remarkably similar in either case decay ofc(t) for N, tagged particles of massg, in a binary
indicating the effect of interparticle attraction on the forma-mixture of N¢ other particles of massy (i.e., N=N;+ N;)
tion of transverse hydrodynamic modes is minimal under thaising the Landau—Placzeck theory. The expressiortfor
conditions studied here. This is perhaps not surprising at thiast—oe is rather complex but simplifies greatly in the limit
temperature since the properties of the CWA and LJ systemahere the concentration of tagged particles to the surround-
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ing fluid is low. In this low concentration limiin which the
parametery defined below tends to zera(t) in the binary
mixture of tagged/fluid particleg34] is given by

2
; t~ 3/2_ (6)

pit | (4m(Dy(a) +0))*2

c(t)=Ilim
t—ox

y—0 3

Herep}, is the number density of the tagged particl,et,qf,
is the number density of the fluid particles=m;/m; the
ratio of the massn; of the tagged particles to the mass of

the fluid particlesD¢(«) is the self-diffusion of the tagged

particles in the system angl=p\(p\+ pk)—0 constitutes
the low concentration limit.

Now for a tracer particle identical to the other particles in

the system, i.e.x=1 we have from Eq(6),
c(t)—2[3pp{4m(Dgtv)} 32t~ 32 @)

which is identical to the result given k).

For the casex—= if one assumes thah:>m; and N,
<N;=N, i.e. pl,<pl andv=v;>Dg(a) and then(6) re-
duces to

C(t)~>2mt/[{3pIn(47va)3/2}]t—3/2 ®)

1700

" 1900

So if we assume thadD,=Dg(a) and N;<N¢=N then the
expression forA reduces to

and thus the magnitude of the long-time tail is predicted to
increase as the ratio of the mass of the tracer particles to the
mass of the background fluid particles increases.

In order to test this theory for intermediate values of the
mass of the tagged particles to that of the background par-
ticles we have simulated a systemMfparticles, all having
the same diametes and interaction potential, bul; of
which are tagged particles of mass greater than that of the
other N—N; fluid particles. To supplement our data far
=1 we made a series of runs using either an 8192 or 32 000
particle system of which 1000 were tagged particles with
particle/fluid mass ratio of 1:1, 2:1, and 4:1 and a reduced
density and temperature of 0.45 and 2.17, respectifiedy,
we simulated 1000 heavy tracer particles in a bath of either
7192 or 31000 fluid particlesNote thatt,,,,=1285 for N
=8192 and 2024 foN= 32 000.

Log—log plots ofc(t) verses time, Figs. 4 and 5, clearly
displays long-time behavior consistent with a tail of the form
At~ %2 and a prefactoA which increases as the mass ratio
increases in accord with the above theory. The data also

which is the result for a massive particle suspended in a fluighows that the time for the appearance of this effect increases
of light particles obtained from the macroscopically baseds « Increases.

Boussinesq equatiofil2,33 that describes the nonsteady

motion of a sphere of radiuR in a fluid of mass densitonn
and kinematic viscosity .

In order to further test the predictions of Pomeau’s theory
we adopted the procedure used by Levesque and Ashurst to
estimateA. For =1, they assumed that far>t,c(t)

Furthermore, Eq(6) predicts that the ratio of the magni- =At™>? and found the value oA(Ag) by fitting to their
tude of the long-time tail for a mixture to that for a single computer results. They then comput&@A ,J theoretically

component systerA is given by

A=[N/{N;+N;/a}][{Ds+v}/{Ds(a)+v}]%2% (9)

from Eq.(7), assuming that was equal to the value for the
bulk fluid obtained from an independent nonequilibrium MD
simulation and thabg could be obtained from
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FIG. 5. A log—log plot ofc(t) for a CWA system withT* =2.17 andp* = 0.45 for mass ratio of tagged to fluid atom®f 4 for various
systems compared with the equatian 32

tiong needed in order to make independent theoretical estimates of
D = Dshortt Diong= 1/3f0 (v(0)-u(t))dt the prefactorA for a>1 [35].
4 1/3f i (v(0)-p()dt, (11) Lifetime of the long-time tails
tlong As discussed earlier an estimate of the maximum correla-

tion time, which can be used in this study, is giventhyy

where the first term was found by integrating their computed™(N/pn ¢, Thus the system siz&) must be large enough
values ofc(t) and the second term was evaluated analytit0 allow large correlation times to be observed. The devia-
cally from their fitted values oAt~ %2 They found agree-

ment between thé, and A to within the combined un-  TABLE II. The values ofA obtained by fittingAt™¥?to c(t) for
certainties of both proceduré20%) and thatAg> A t>1),ng and those obtained from E(f). Data in the third row using

We have applied the same procedure to analyze our dafie data from Ref.16].

for c(t) and find the following results shown in Table Il —, b . q o P 9
from which we may conclude in agreement with Levesque® Ny N Nun tong” At Acae Acalc  Acalc

and Ashurst that forr=1 Ag>Acqc but that the agreement 1 4000 4000 12 460 0.0190 0.0169 0.0178 0.0337
betweenAc,c and Ay is very reasonable. However far 1 1000 32000 460 0.0190 0.0169 0.0177 0.0337
>1 the agreement is not very good althougtoes increase 11 4000 4000 460 0.0200 0.0168 0.0177 0.0337
as « increases in agreement with theory. The disagreement 1599 g192 460 0.0190 0.0168 0.0178 0.0337
betwe_,-en the fitted and calculated _va_luesAcrhay bedueto 5 1000 32000 900 0.043 0.034 0.0354 0.0654
a variety of causes, e.g., L_mcertamtles in the MD values o} 1000 8192 000 0.040 0032 0.0330 0.0601
q(t_), the need to use mod|f|ed _values of the transport coefz1 1000 32000 1200 013 0065 0.0683 0.123
il(:lents DS“) “and v appearing in(6) (i.e., Wheth_er to use 1000 8192 1200 012 0056 00566 0.0987
dressed” or “bare” values or factors neglected in deriving
(6). We have also calculatedl using only the short-range 3m,/m;.

contribution toD(«) in Eg. (11) which makes little differ-  °Number of runs used.

ence to the value o and finally we used Ed8) appropriate  CUnits of At.

asa— o which gives better agreement with the MD data for %value of the prefactoA in At~%2 obtained by fitting to the MD
a=4 only, see Table Il. c(t) data.

Thus, we may conclude that long-time tails do exist for®value of A obtained from Eq(6) usingD(a) =D gnort Diong-

tracer systems witlv>1, their form is consistent with the fvalue of A obtained from Eq(6) usingD(a)=Dgpor.

form At~ and the prefactoA increases as increases as 9%value of A obtained from Eq(6) usingD4(a)=0.

predicted by Pomea[B4]. However, more work is clearly "Using the data from Ref16].

WEFEr WONEDNPR
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System Size
e —&— 500
= —v— 864
——1372
* 2048
— 0.0169t-3/2

0.01

FIG. 6. As for Fig. 1 but with
varying numbers of atomN. The
arrows on the correlation time
axis indicate the approximate
value of the timet,,,, beyond
which the effects of the periodic
boundaries may influence the
value ofc(t).

N\

0.001

<v(0)ev(t)>/<y(0)ex(0)>

T TTTTg

500 8641372 2048
|+ I* |+ |+

T

300 400 500 600 700 800 900 1000 1200
Correlation Time (t/At)

tion fromt %2 behavior in the decay of the velocity autocor- deviates from that for systems of larger numbers of particles

relation function, either due to destruction of the vortex oris very close tat . and the deviation is not an abrupt pro-

due to other processes dominating, must occur before theess. However, for 560N<4000 significant deviation of

correlation timet,.,, otherwise the deviation may well be c(t) from thet™%? behavior, if it occurs, is for correlation

due to a corruption of the velocity autocorrelation functiontimest greater than,,,,and also does not happen abruptly as

caused by the periodic boundary conditions. can clearly be seen from Fig. 6. This suggests that the effect
Figures 6 and 7 give the normalized velocity autocorrela-of periodic boundary condition§robably primarily due to

tion c(t) as a function of correlation time(in units of the longitudinal modesis not a sudden, drastic process but oc-

MD time step,At) for N=500, 864, 1372, 2048, 4000, and curs slowly in time fort> t,a,=(N/py c2)*.

32000, respectively, witte=1 for which t,,,,=506, 607, Finally, in order to further investigate the question of the

708, 810, 1012, and 2024, respectively. The error hes®g finite lifetime in Fig. 7 we compare(t) for a 4000 and

the previously discussed methodhown in these figures 32000 particle system under the same conditions as Fig. 6.

were used as an indicator to determine when the decay ¢fowever, this shows that there is no disappearance of the

c(t) has statistically deviated from 32 long-time tail for times twice as long as for our other simu-
Figure 6 shows that for the 500 particle system, a longdations.

time tail is not observed, this was also found in simulations

with N<500 particles. Alder’s results for hard sphefd$ CONCLUSION

showed that 432 decay inc(t) was observed for 500 hard . _

spheres, in contrast to the behavior of these soft spheres. In order to complement previous work on hard disk and

Also for N<500 the correlation time at whict(t) initially ~ hard sphere systems we have studied the formation of long-
time, nonexponential tails in the velocity autocorrelation

function for systems of particles interacting via a continuous
potential function.

* ' -
A g*;* System Size For system sizes simulated here the observation of non-
 0.01 s L J 0.0169t-3/2 . : S . Sy
e - +— 4000 Particles exppnentlal long-time tails ic(t) for simple fluids is only_ _
z - ” ; e 32000 Particles routinely directly observable for moderate reduced densities
~ - 0.0169¢-3/2 of around 0.45. If they do occur at considerably lower re-
=1 L duced densitiesaround 0.1% then they must occur at con-
A4 siderably greater times than we can currently simulate and if
$0-001 = they occur at high reduced density then they must be masked
= F by other effects viz. insufficient precisiom,,,, being too
é - small and/or the masking effect of other physical processes
=< i 4000 on c(t) such as backscattering.
\% i v Comparing the decay af(t) for CWA and LJ particles,
0.0001 L [ T in the density range 0.35 to 0.55Bt =2.17 shows that this
400 500 600 700 8009001000 2000 decay is similar in either case which indicates the effect of
interparticle attraction having a minimal influence under the
Correlation Time (t/At) conditions studied here. However, it is also argued that it
will be very difficult to study the long-time tail under other
FIG. 7. As for Fig. 6 but folN=4000 andN =32 000. physically realistic conditions for a LJ potential.

026109-8
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We investigated systems where the ratio of the mass afay well be able to directly observe the long-time tails in
tagged particles to background partictess greater than one c(t).
and our results indicate the following: Finally for a system of soft repulsive spheres at moderate
(i) The long-time decay of the VAF in these cases clearlydensity we have shown that if the number of partiches
indicates a long-time, nonexponential tail which is consistent<864, a long-time ~3? tail in the VAF is not observed, but

with the form At~ 32, that it does occur iN=864. Furthermore, significant devia-
(i) The time for the appearance of this effect increases aion in c(t) from t7_3/2 behavior for these systems occurs
« increases. only at correlation times greater than the timg,, and oc-

(iii ) The magnitude of the effect increasesaamcreases. CUrs slowly over time. We are unable to determine if the
(iv) More work needs to be done on finding an indepen-'ong't'me tail has a finite duration and were, thus, unable to
dent theoretical estimate of the prefactor see if the vortex field which is primarily responsible for the

Points(ii) and(iii ) suggest that the effect of the mass ratiolong'tlme tail has a finite lifetime.
of tagged particles to fluid particles is a fruitful area for
future research as the effect is at longer times and is much
larger than for a one component fluid even for a mass ratio of We thank the RMIT/Melbourne University Ormond Su-
only 2. This means that scattering experiments on heavy apercomputer Center for help in the early stages of this project
oms or small colloidal particles suspended in a simple fluidand the Australian Research Council for financial support.
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