
PHYSICAL REVIEW E 105, 054135 (2022)

Bulk viscosity of gaseous argon from molecular dynamics simulations
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The bulk viscosity of dilute argon gas is calculated using molecular dynamics simulations in the temperature
range 150–500 K and is found to be proportional to density squared in the investigated range of densities 0.001–1
kg m−3. A comparison of the results obtained using Lennard-Jones and Tang-Toennies models of pair interaction
potential reveals that the value of the bulk viscosity coefficient is sensitive to the choice of the pair interaction
model. The inclusion of the Axilrod-Teller-Muto three-body interaction in the model does not noticeably affect
the values of the bulk viscosity in dilute states, contrary to the previously investigated case of dense fluids.
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I. INTRODUCTION

The bulk viscosity of fluids (also known as volume vis-
cosity, or second viscosity) is a transport coefficient which
corresponds to the irreversible part of the resistance of fluids
to compression or expansion [1]. Recognized for a long time
as an independent coefficient [2,3], bulk viscosity manifests
itself in various phenomena which involve compressible fluid
flows, ranging from sound adsorption and dispersion [4] to
shock wave structure [5,6] and its interaction with bubbles [7]
and vortices [8], supersonic [9,10] and hypersonic [11] flows,
combustion [12,13], acoustic streaming [14,15], separation of
emulsions [16], longitudinal rheology [17], Rayleigh-Taylor
instability [18], turbulent flows [19,20], and capillary flows
[21]. Despite the vast range of applications, not many reviews
dedicated to the bulk viscosity of fluids have been published
so far [22–24].

In dilute molecular gases, bulk viscosity arises due to the
relaxation of internal degrees of freedom [23,25]. For some
molecular fluids it is predicted to be much larger than shear
viscosity [26]. In contrast to molecular gases, monoatomic
gases have no rotational and vibrational degrees of freedom,
and electron excitations can be neglected unless the thermal
energy is comparable with the electronic excitation energy. In
the absence of internal degrees of freedom bulk viscosity orig-
inates from the structural relaxation due to the rearrangement
of atoms during compression and rarefaction of the fluid [24].
The experimental data on bulk viscosity are most accurately
obtained from measurements of acoustic absorption [27]. The
experimental values of bulk viscosity have been reported
for neon [28], argon [29–37], krypton [35–38], and xenon
[35–37,39]. Theoretical approaches to the bulk viscosity of
simple fluids in their dense states, based on statistical me-
chanics and kinetic theory, require a pair distribution function
or other structural data of the fluid as their inputs [40–45],
and are strongly dependent on the accuracy of these inputs

[46,47]. The predictive power of such theories decreases at
high densities [48], therefore increasing the role of computer
simulations. Simulations of the bulk viscosity of liquid noble
gases modeled by the Lennard-Jones potential were carried
out using the Green-Kubo formula [49] and modified Einstein
relation [50] in a wide range of states, including the states
close to the freezing line [51] and metastable states [52].

At low densities, the appropriate theoretical approach to
describe the bulk viscosity of simple fluids is provided by
the kinetic theory of gases. The simplest model based on the
Boltzmann equation, which takes into account only two-body
collisions between particles, predicts a zero value of bulk
viscosity [53], thus making it necessary to take into account
higher-order collisions [54,55]. Since the bulk viscosity of
monoatomic gases is determined by many-particle collisions,
it has a small value and is difficult to measure experimentally.
Currently, the only source of experimental data on the bulk
viscosity of monoatomic gases is the work of Madigosky on
argon [33].

In the present paper, we compute the values of the bulk
viscosity coefficient obtained using a molecular dynamics
simulation of dilute argon gas. In addition to reporting these
values, we aim to answer the following questions: (A) How
does the bulk viscosity of argon gas depend on its density?
(B) What is the effect of many-body interactions? (C) Can an
interatomic interaction be approximated by the Lennard-Jones
potential?

The motivation behind each of these questions is detailed
in the following sections.

A. Density dependence

The dependence of the bulk viscosity of gases μ on their
density ρ can be expressed in form of a “virial” expansion
[56]:

μ(ρ) = μ0 + μ1ρ + μ2ρ
2 + · · · . (1)
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The bulk viscosity virial coefficients μ0, μ1, μ2, etc., contain
the contributions of binary, ternary, quaternary, etc., collisions
and, generally, depend on temperature. Higher-order contri-
butions in Eq. (1) are known to diverge [57,58]. Nevertheless,
the truncated virial expansion can be used at sufficiently low
densities [59].

The low-density limit of bulk viscosity, given by μ0, is zero
for monoatomic gases [53]. In systems with only repulsive
interactions the density expansion starts with the ρ2 term
[59–61]. However, in systems with attractive interactions the
presence of the nonzero term proportional to ρ is not excluded
due to the possible existence of bound states [62,63]. Simula-
tions of the Lennard-Jones fluid by Meier et al. [50] give a
bulk viscosity proportional to ρ at low densities, while the
experimental values of bulk viscosity measured for argon by
Madigosky [33] are proportional to ρ2, although the gas was
not dilute in both these cases. The question on the low-density
behavior of bulk viscosity remains open.

In order to recover the density dependence of the bulk
viscosity of dilute gas, we carry out molecular dynamics sim-
ulations at very low (down to 10−3 kg m−3) densities.

B. Many-body interaction

The total potential energy of a system of N identical atoms,
U (r1, . . . , rN ), can be expanded as a sum of n-body interac-
tions [64], un:

U (r1, . . . , rN ) =
N∑

i< j

u2(ri, r j ) +
N∑

i< j<k

u3(ri, r j, rk ) + · · · .

(2)

The thermodynamic properties of the system with many-body
interactions can often be determined using a model system
with an appropriate effective pair potential [65] which may
depend on the thermodynamic state of the system and the
thermodynamic property to be described [66]. Such a coarse-
graining procedure, based on the Henderson theorem [67],
is not necessarily applicable for nonequilibrium and inho-
mogeneous systems. Many-body interactions may affect the
transport and interfacial properties of the fluids, as reported
for a self-diffusion coefficient [68], shear viscosity [68–71],
bulk viscosity [69,70,72], thermal conductivity [69,70], and
gas-liquid surface tension [73,74]. In particular, many-body
interatomic interactions were found to play a significant role
in the formation of bulk viscosity in dense argon fluid [72].

In dilute gases, many-particle collisions are rare. However,
using the kinetic theory of gases to calculate the term in the
bulk viscosity expansion (1) proportional to ρ2, described by
the virial coefficient μ2, would require considering at least
four-particle collisions. The collision integral would contain
terms up to those corresponding to a four-body interaction.
Thus, the influence of many-body interactions on the dy-
namics of many-particle collisions and, consequently, on the
values of bulk viscosity may be not small.

A numerical analysis of the collision integral is difficult
even in the case of triple collisions [54] and three-body in-
teractions [55]. For this reason, in order to study the effect
of a three-body interaction on bulk viscosity we resort to
molecular dynamics simulations.

C. Pair potential

Although it is common practice to represent the interparti-
cle interaction in argon by the Lennard-Jones pair potential,

uLJ(r) = 4εLJ

[(
σLJ

r

)12

−
(

σLJ

r

)6]
(3)

(with the parameters εLJ and σLJ corresponding to the depth
of the potential well and the distance at which the potential is
zero, respectively), it is known that the Lennard-Jones poten-
tial is only an approximation to the real interaction in noble
gases. Accurate interatomic potentials have been obtained for
argon using ab initio quantum chemical calculations [75,76].
Experimental results obtained for argon at large pressures are
better explained if the larger steepness of the interaction po-
tential at small interatomic separation distances is taken into
account [77,78]. Moreover, the effect of many-body interac-
tions on thermodynamic properties can be substantial [79–81].

Nevertheless, the account of triple-dipole and dipole-
dipole-quadrupole dispersion interactions was shown to move
the effective potential of liquid argon towards the Lennard-
Jones form [82], and indeed, using the Lennard-Jones
potential with the values of the parameters εLJ and σLJ not
necessarily corresponding to a genuine pair interaction de-
scribes the thermodynamic properties of dense noble gases
with good accuracy [83]. The role of the many-body inter-
action, however, decreases with a decrease in density, so that
the effective pair potential becomes closer to the actual pair
potential. As a result, using an ab initio pair potential yields a
better prediction of the thermophysical properties of argon at
low densities [84].

In this study, we investigate the effect of approximating
the pair interaction with the Lennard-Jones potential upon the
values of bulk viscosity in low-density states.

II. INTERACTION MODELS

In order to obtain answers to the questions set forth in
the Introduction, we consider three models of the interatomic
interaction: (i) Lennard-Jones pair potential, (ii) ab initio pair
potential, and (iii) ab initio pair potential+three-body interac-
tion.

In model (i) we use the Lennard-Jones potential, Eq. (3),
with the values of the parameters εLJ/kB = 116.79 K and
σLJ = 0.33952 nm provided by Rutkai et al. [83].

We describe pair interaction in models (ii) and (iii) by the
following modification of the Tang-Toennies potential func-
tion [85] presented by Jäger et al. [75]:

uTT(r) = A exp

(
a1r + a2r2 + a−1

r
+ a−2

r2

)

−
8∑

n=3

C2n

r2n

[
1 − e−br

2n∑
k=0

(br)k

k!

]
. (4)

We use the values of the parameters A, an, b, and Cn obtained
for argon by Jäger et al. [75] and listed in Table I. The
higher-order dispersion coefficients are determined using the
recursion formula [75,85]

C2n = C2n−6

(
C2n−2

C2n−4

)3

, n � 6. (5)
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TABLE I. Parameters of the modified Tang-Toennies potential
function (4), taken from Ref. [75].

Parameter Unit Value

A K 4.61330146×107

a1 (nm)−1 −2.98337630×101

a2 (nm)−2 −9.71208881
a−1 nm 2.75206827×10−2

a−2 (nm)2 −1.01489050×10−2

b (nm)−1 4.02517211×101

C6 K (nm)6 4.42812017×10−1

C8 K (nm)8 3.26707684×10−2

C10 K (nm)10 2.45656537×10−3

Various models of three-body interactions in argon have
been reported, including triple-dipole [86–88] and higher-
order [89] dispersion as well as other (exchange and induced-
polarization) contributions [79,90–93]. In model (iii) we use
the triple-dipole dispersion interaction, derived by Axilrod
and Teller [94] and Muto [95], which decays more slowly
with interparticle separation than the exchange, induced-
polarization, and higher-order dispersion contributions, and
is therefore the most significant many-body contribution for
gases. The Axilrod-Teller-Muto interaction is described by the
formula

u3(r12, r23, r31) = ν
1 + 3 cos γ1 cos γ2 cos γ3

r3
12r3

23r3
31

, (6)

where the ri j are the lengths of the sides, γi are the angles
of the triangle formed by three argon atoms, and ν is the
triple-dipole interaction coefficient. We use the value ν =
7.353×10−108 J m9 reported for argon by Kumar and Meath
[88].

III. SIMULATION DETAILS

Computations were carried out using the LAMMPS pack-
age [96] for molecular dynamics simulation in combination
with the OCTP package [97] for on-the-fly computation of
bulk viscosity. We used the equilibration and bulk viscosity
computation procedures described by Jamali et al. [97]. The
values of the bulk viscosity coefficient were extracted from
the fluctuations of kinetic pressure, which were sampled in
microcanonical ensemble (NV E ensemble) over a time period
of 5 ps. To enhance the statistics, each simulation was run for
4×105 production time steps, with the time step set to 0.25 fs.

We modified LAMMPS to include the Tang-Toennies pair
interaction, Eq. (4), and the Axilrod-Teller-Muto three-body
interaction, Eq. (6) [98]. The cutoff radius for all pair inter-
actions was set to 6.5σLJ. The potential for a triplet of atoms
was calculated only if all three distances r12, r23, r31 between
the three atoms satisfied ri j < rc2 . In addition, the product of
the three distances was required to satisfy r12r23r31 < r3

c3
to

exclude from calculation the triplets with a small contribution
to the interaction [99]. We set the cutoff values for three-body
interactions to rc2 = 6.5σLJ and rc3 = 3.5σLJ.

For each of the three potential models described in Sec. II,
we carried out simulations of the system at the densities ρ =

FIG. 1. Dependence of the ratio of bulk viscosity to the square
of density at temperature 234.55 K. Bulk viscosity is obtained
from molecular dynamics simulation using the potential model (iii),
described in Sec. II (squares), and from experimental work by
Madigosky [33] (circles). The dashed line is a guide to the eye.

0.001, 0.01, 0.1, and 1 kg m−3 and the temperatures T = 150,
200, 300, and 400 K. We ran the same simulation sets with
16 384 and 32 000 particles and did not observe a systematic
dependence of the bulk viscosity on the number of particles
in the simulation box for all interaction potentials and state
points.

In order to compare our results with the experimental data
by Madigosky [33], we additionally carried out simulations
at T = 234.55 K of the system with the ab initio+three-body
interaction at the densities 0.01, 0.1, 1, and 10 kg m−3.

IV. RESULTS

Figure 1 presents the results of the molecular dynamics
simulation for the dependence of the ratio of bulk viscosity
to the square of density for the potential model (iii) (ab initio
pair+three-body interaction), described in Sec. II. The data
were computed at T = 234.55 K with 32 000 particles in the
simulation box. We do not show error bars in Fig. 1 because
each point corresponds to a single simulation run which,
according to the results of Pranami and Lamm [100], is not
sufficient for obtaining a reliable estimate of the statistical
uncertainty.

Figure 1 also shows the experimental values by Madigosky
[33] obtained at higher densities. Modeling of the system
with many-body interactions at such high densities was not
undertaken in this work as it would require considerable
computational resources. Nevertheless, experimental data by
Madigosky [33] manifest a ρ2 dependence of the bulk vis-
cosity consistent with our results. The deviation of the
experimental data from low-density dependence is observed
only at very large densities when the gas is no longer dilute.

We have observed the results, similar to those shown in
Fig. 1, for all other temperatures, potential models, and system
sizes we explored, without the systematic dependence of μ/ρ2

on ρ. We therefore conclude that μ ∼ ρ2 at low densities,
so that the ratio plotted in Fig. 1 corresponds to the bulk
viscosity second virial coefficient μ2 defined by Eq. (1). On
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FIG. 2. Temperature dependence of the second bulk viscosity
virial coefficient calculated using Eq. (7) for three potential models
described in Sec. II: (i) Lennard-Jones pair interaction (3), (ii) Tang-
Toennies pair interaction (4), and (iii) Tang-Toennies pair interaction
(4) plus Axilrod-Teller-Muto three-body interaction (6). Error bars
are shown only for model (iii), and the mean squared deviation for
other models has a similar magnitude. Other lines are drawn to guide
the eye.

that account, we shall calculate μ2 using the formula

μ2 = μ

ρ2
, (7)

and averaging the results at different values of the (small)
density and (large) number of particles, keeping track of the
mean squared deviations. Figure 2 presents the temperature
dependence of μ2, calculated in this way, for all three potential
models.

The results are different for the Lennard-Jones and Tang-
Tonnies pair potentials, and the difference increases with
a decrease in temperature. We conclude that modeling the
interatomic interaction with the Lennard-Jones potential un-
derestimates the bulk viscosity, and more accurate models
must be used in modeling the bulk viscosity of argon gas in
dilute states.

On the other hand, the change in the results due to
Axilrod-Teller-Muto three-body interactions is within sta-
tistical uncertainty. We therefore conclude that many-body
interactions can be neglected in modeling the bulk viscosity

TABLE II. Second bulk viscosity virial coefficient μ2 and cor-
responding mean squared deviation �μ2 calculated at different
temperatures for the potential model (iii), described in Sec. II.

Temperature μ2×1010 �μ2×1010

(K) (kg−1 m5 s−1) (kg−1 m5 s−1)

150 4.97 0.64
200 4.26 0.27
250 3.92 0.15
300 3.86 0.17
350 3.72 0.08
400 3.73 0.09

of dilute argon gas, so it should be sufficient to include only
pair interactions in theoretical and numerical models.

For reference, we present in Table II the numerical values
of the bulk viscosity second virial coefficient from the most
accurate potential model we investigated, model (iii). These
data can be used to calculate bulk viscosity, according to
Eq. (7), as μ = μ2ρ

2.

V. CONCLUSION

We have used molecular dynamics simulations to com-
pute the bulk viscosity of dilute argon gas at densities of
0.001, 0.01, 0.1, and 1 kg m−3 and temperatures of 150,
200, 300 and 400 K. We investigated three models of the
interatomic interaction, (i) Lennard-Jones pair potential, (ii)
Tang-Toennies ab initio pair potential, and (iii) Tang-Toennies
ab initio pair potential+Axilrod-Teller-Muto three-body inter-
action, and established the following results:

(A) The bulk viscosity of dilute argon gas is proportional
to density squared in the investigated range of densities,
not following the ∼ρ dependence predicted by Hammer and
Oppenheim [62] for systems with attractive interactions and
observed by Meier et al. [50] in more dense states.

(B) Many-body interactions do not noticeably affect the
bulk viscosity in dilute states, contrary to the previously in-
vestigated case of dense fluids [72].

(C) Using the Lennard-Jones interaction model in dilute
states leads to an underestimation of bulk viscosity of ar-
gon and, therefore, more accurate models of pair interaction
should be used for quantitative predictions of bulk viscosity.

The results of this work can potentially facilitate further
theoretical and computational studies of dynamic properties
of noble gases and their mixtures.

[1] L. D. Landau and E. M. Lifshitz, Fluid Mechanics, 2nd ed.,
Course of Theoretical Physics Vol. 6 (Butterworth-
Heinemann, Oxford, UK, 1987).

[2] S. D. Poisson, J. Ec. Polytech. (Paris) 13, 1 (1831).
[3] G. G. Stokes, Trans. Cambridge Philos. Soc. 8, 287 (1845).
[4] P. M. Morse and K. U. Ingard, Theoretical Acoustics

(Princeton University Press, Princeton, NJ, 1987).
[5] G. Emanuel and B. M. Argrow, Phys. Fluids 6, 3203 (1994).
[6] T. G. Elizarova, A. A. Khokhlov, and S. Montero, Phys. Fluids

19, 068102 (2007).

[7] G. Billet, V. Giovangigli, and G. de Gassowski, Combust.
Theory Model. 12, 221 (2008).

[8] S. Singh and R. S. Myong, J. Comput. Fluids Eng. 22, 86
(2017).

[9] F. Bahmani and M. S. Cramer, J. Fluid Mech. 756, R2 (2014).
[10] A. V. Chikitkin, B. V. Rogov, G. A. Tirsky, and S. V.

Utyuzhnikov, Appl. Numer. Math. 93, 4760 (2015).
[11] G. Emanuel, Phys. Fluids A 4, 491 (1992).
[12] G. Fru, G. Janiga, and D. Thévenin, Flow, Turbul. Combust.

88, 451 (2012).

054135-4

https://doi.org/10.1063/1.868102
https://doi.org/10.1063/1.2738606
https://doi.org/10.1080/13647830701545875
https://doi.org/10.6112/kscfe.2017.22.2.086
https://doi.org/10.1017/jfm.2014.494
https://doi.org/10.1016/j.apnum.2014.01.004
https://doi.org/10.1063/1.858322
https://doi.org/10.1007/s10494-011-9360-1


BULK VISCOSITY OF GASEOUS ARGON FROM … PHYSICAL REVIEW E 105, 054135 (2022)

[13] V. Giovangigli, Proc. Combust. Inst. 35, 625 (2015).
[14] C. Eckart, Phys. Rev. 73, 68 (1948).
[15] L. N. Liebermann, Phys. Rev. 75, 1415 (1949).
[16] S. Mettu, S. Yao, Q. Sun, S. R. Lawson, P. J. Scale, G. J. O.

Martin, and M. Ashokkumar, Ind. Eng. Chem. Res. 59, 7901
(2020).

[17] A. Dukhin, Colloid J. 83, 1 (2021).
[18] A. Sengupta, R. J. Samuel, P. Sundaram, and T. K. Sengupta,

Comput. Fluids 225, 104995 (2021).
[19] J. C. Orou and J. A. Johnson III, Phys. Fluids 6, 415 (1994).
[20] S. Pan and E. Johnsen, J. Fluid Mech. 833, 717 (2017).
[21] E. G. Taliadorou, M. Neophytou, and G. C. Georgiou, J. Non-

Newtonian Fluid Mech. 163, 25 (2009).
[22] S. M. Karim and L. Rosenhead, Rev. Mod. Phys. 24, 108

(1952).
[23] G. Emanuel, Phys. Fluids A 2, 2252 (1990).
[24] R. E. Graves and B. M. Argrow, J. Thermophys. Heat Transfer

13, 337 (1999).
[25] F. Jaeger, O. K. Matar, and E. A. Müller, J. Chem. Phys. 148,

174504 (2018).
[26] M. S. Cramer, Phys. Fluids 24, 066102 (2012).
[27] L. Claes, R. S. Chatwel, E. Baumhögger, T. Hetkämper, H.

Zeipert, J. Vrabec, and B. Henning, Measurement 184, 109919
(2021).

[28] E. V. Larson, D. G. Naugle, and T. W. Adair, J. Chem. Phys.
54, 2429 (1971).

[29] D. G. Naugle and C. F. Squire, J. Chem. Phys. 42, 3725 (1965).
[30] D. G. Naugle, J. H. Lunsford, and J. R. Singer, J. Chem. Phys.

45, 4669 (1966).
[31] D. G. Naugle, J. Chem. Phys. 44, 741 (1966).
[32] D. S. Swyt, J. F. Havlice, and E. F. Carome, J. Chem. Phys. 47,

1199 (1967).
[33] W. M. Madigosky, J. Chem. Phys. 46, 4441 (1967).
[34] J. A. Cowan and R. N. Ball, Can. J. Phys. 50, 1881 (1972).
[35] B. Y. Baharudin, D. A. Jackson, P. E. Schoen, and J. Rouch,

Phys. Lett. A 51, 409 (1975).
[36] S. A. Mikhailenko, B. G. Dudar, and V. A. Shmidt, Fiz. Nizk.

Temp. 1, 224 (1975).
[37] P. Malbrunot, A. Boyer, E. Charles, and H. Abachi, Phys. Rev.

A 27, 1523 (1983).
[38] J. A. Cowan and R. N. Ball, Can. J. Phys. 58, 74 (1980).
[39] J. A. Cowan and J. W. Leech, Can. J. Phys. 59, 1280 (1981).
[40] S. A. Rice and A. R. Allnat, J. Chem. Phys. 34, 2144 (1961).
[41] A. R. Allnat and S. A. Rice, J. Chem. Phys. 34, 2156 (1961).
[42] P. Gray and S. A. Rice, J. Chem. Phys. 41, 3689 (1964).
[43] K. Tankeshwar, K. N. Pathak, and S. Ranganathan, J. Phys.:

Condens. Matter 8, 10847 (1996).
[44] K. Rah and B. C. Eu, Phys. Rev. Lett. 83, 4566 (1999).
[45] H. Okumura and F. Yonezawa, J. Chem. Phys. 116, 7400

(2002).
[46] A. F. Collings and D. L. Hain, J. Chem. Phys. 65, 2995 (1976).
[47] J. W. Cafky and S. E. Babb, J. Chem. Phys. 66, 5137 (1977).
[48] K. M. Dyer, B. M. Pettitt, and G. Stell, J. Chem. Phys. 126,

034502 (2007).
[49] R. S. Chatwell and J. Vrabec, J. Chem. Phys. 152, 094503

(2020).
[50] K. Meier, A. Laesecke, and S. Kabelac, J. Chem. Phys. 122,

014513 (2005).
[51] D. M. Heyes, D. Dini, L. Costigliola, and J. C. Dyre, J. Chem.

Phys. 151, 204502 (2019).

[52] V. G. Baidakov and S. P. Protsenko, J. Chem. Phys. 141,
114503 (2014).

[53] E. M. Lifshitz and L. P. Pitaevskii, Physical Kinetics, Course of
Theoretical Physics Vol. 10 (Butterworth-Heinemann, Oxford,
UK, 1981).

[54] S. T. Choh and G. E. Uhlenbeck, The kinetic theory of
phenomena in dense gases, Contract No. 1224 (15), Navy The-
oretical Physics, University of Michigan, Ann Arbor, 1958.

[55] F. B. Baimbetov and N. B. Shaltykov, Int. J. Heat Mass
Transfer 27, 1781 (1984).

[56] D. K. Hoffman and C. F. Curtiss, Phys. Fluids 8, 667 (1965).
[57] E. G. D. Cohen, Physica A 194, 229 (1993).
[58] M. H. Ernst, arXiv:cond-mat/9707146.
[59] D. K. Hoffman and C. F. Curtiss, Phys. Fluids 8, 890 (1965).
[60] L. S. García-Colín, M. S. Green, and F. Chaos, Physica 32, 450

(1966).
[61] M. H. Ernst, Physica 32, 209 (1966).
[62] N. Hamer and I. Oppenheim, Phys. Rev. A 2, 2153 (1970).
[63] N. Hamer and I. Oppenheim, Physica 66, 217 (1973).
[64] M. J. Elrod and R. J. Saykally, Chem. Rev. 94, 1975 (1994).
[65] O. Guzmán, F. del Río, and J. E. Ramos, Mol. Phys. 109, 955

(2011).
[66] A. A. Louis, J. Phys.: Condens. Matter 14, 9187 (2002).
[67] R. L. Henderson, Phys. Lett. A 49, 197 (1974).
[68] E. Ermakova, J. Solca, H. Huber, and M. Welker, J. Chem.

Phys. 102, 4942 (1995).
[69] D. Levesque, J. J. Weis, and J. Vermesse, Phys. Rev. A 37, 918

(1988).
[70] D. Levesque and J. J. Weis, Phys. Rev. A 37, 3967 (1988).
[71] S. H. Lee and P. T. Cummings, J. Chem. Phys. 101, 6206

(1994).
[72] S. V. Lishchuk, J. Chem. Phys. 136, 164501 (2012).
[73] F. Goujon, P. Malfreyt, and D. J. Tildesley, J. Chem. Phys. 140,

244710 (2014).
[74] F. Goujon, P. Malfreyt, and D. J. Tildesley, J. Chem. Phys. 151,

204702 (2019).
[75] B. Jäger, R. Hellmann, E. Bich, and E. Vogel, Mol. Phys. 107,

2181 (2009).
[76] K. Patkowski and K. Szalewicz, J. Chem. Phys. 133, 094304

(2010).
[77] V. Y. Bardic, N. P. Malomuzh, and V. M. Sysoev, J. Mol. Liq.

120, 27 (2005).
[78] V. Y. Bardic, N. P. Malomuzh, K. S. Shakun, and V. M. Sysoev,

J. Mol. Liq. 127, 96 (2006).
[79] R. Bukowski and K. Szalewicz, J. Chem. Phys. 114, 9518

(2001).
[80] J. Wiebke, E. Pahl, and P. Schwerdtfeger, J. Chem. Phys. 137,

064702 (2012).
[81] C. Desgranges and J. Delhommelle, J. Chem. Theory Comput.

11, 5401 (2015).
[82] M. A. van der Hoef and P. A. Madden, J. Chem. Phys. 111,

1520 (1999).
[83] G. Rutkai, M. Thol, R. Span, and J. Vrabec, Mol. Phys. 115,

1104 (2017).
[84] E. Vogel, B. Jäger, R. Hellmann, and E. Bich, Mol. Phys. 108,

3335 (2010).
[85] K. T. Tang and J. P. Toennies, J. Chem. Phys. 80, 3726

(1984).
[86] R. J. Bell and A. E. Kingston, Proc. Phys. Soc. 88, 901

(1966).

054135-5

https://doi.org/10.1016/j.proci.2014.08.011
https://doi.org/10.1103/PhysRev.73.68
https://doi.org/10.1103/PhysRev.75.1415
https://doi.org/10.1021/acs.iecr.0c00616
https://doi.org/10.1134/S1061933X21010051
https://doi.org/10.1016/j.compfluid.2021.104995
https://doi.org/10.1063/1.868038
https://doi.org/10.1017/jfm.2017.598
https://doi.org/10.1016/j.jnnfm.2009.06.003
https://doi.org/10.1103/RevModPhys.24.108
https://doi.org/10.1063/1.857813
https://doi.org/10.2514/2.6443
https://doi.org/10.1063/1.5022752
https://doi.org/10.1063/1.4729611
https://doi.org/10.1016/j.measurement.2021.109919
https://doi.org/10.1063/1.1675196
https://doi.org/10.1063/1.1695789
https://doi.org/10.1063/1.1727553
https://doi.org/10.1063/1.1726755
https://doi.org/10.1063/1.1712049
https://doi.org/10.1063/1.1840564
https://doi.org/10.1139/p72-254
https://doi.org/10.1016/0375-9601(75)90750-1
https://doi.org/10.1103/PhysRevA.27.1523
https://doi.org/10.1139/p80-012
https://doi.org/10.1139/p81-167
https://doi.org/10.1063/1.1731836
https://doi.org/10.1063/1.1731837
https://doi.org/10.1063/1.1725800
https://doi.org/10.1088/0953-8984/8/50/011
https://doi.org/10.1103/PhysRevLett.83.4566
https://doi.org/10.1063/1.1464820
https://doi.org/10.1063/1.433537
https://doi.org/10.1063/1.433775
https://doi.org/10.1063/1.2424714
https://doi.org/10.1063/1.5142364
https://doi.org/10.1063/1.1828040
https://doi.org/10.1063/1.5128707
https://doi.org/10.1063/1.4895624
https://doi.org/10.1016/0017-9310(84)90160-1
https://doi.org/10.1063/1.1761281
https://doi.org/10.1016/0378-4371(93)90357-A
http://arxiv.org/abs/arXiv:cond-mat/9707146
https://doi.org/10.1063/1.1761332
https://doi.org/10.1016/0031-8914(66)90071-1
https://doi.org/10.1016/0031-8914(66)90055-3
https://doi.org/10.1103/PhysRevA.2.2153
https://doi.org/10.1016/0031-8914(73)90328-5
https://doi.org/10.1021/cr00031a010
https://doi.org/10.1080/00268976.2011.559484
https://doi.org/10.1088/0953-8984/14/40/311
https://doi.org/10.1016/0375-9601(74)90847-0
https://doi.org/10.1063/1.469542
https://doi.org/10.1103/PhysRevA.37.918
https://doi.org/10.1103/PhysRevA.37.3967
https://doi.org/10.1063/1.468402
https://doi.org/10.1063/1.4704930
https://doi.org/10.1063/1.4885351
https://doi.org/10.1063/1.5127811
https://doi.org/10.1080/00268970903213305
https://doi.org/10.1063/1.3478513
https://doi.org/10.1016/j.molliq.2004.07.020
https://doi.org/10.1016/j.molliq.2006.03.026
https://doi.org/10.1063/1.1370084
https://doi.org/10.1063/1.4740465
https://doi.org/10.1021/acs.jctc.5b00693
https://doi.org/10.1063/1.479390
https://doi.org/10.1080/00268976.2016.1246760
https://doi.org/10.1080/00268976.2010.507557
https://doi.org/10.1063/1.447150
https://doi.org/10.1088/0370-1328/88/4/311


LYUBA ALBOUL AND SERGEY V. LISHCHUK PHYSICAL REVIEW E 105, 054135 (2022)

[87] S. A. C. McDowell, A. Kumar, and W. J. Meath, Can. J. Chem.
74, 1180 (1996).

[88] A. Kumar and W. J. Meath, Mol. Phys. 54, 823 (1985).
[89] L.-Y. Tang, Z.-C. Yan, T.-Y. Shi, J. F. Babb, and J. Mitroy,

J. Chem. Phys. 136, 104104 (2012).
[90] A. Malijevský, F. Karlický, R. Kalus, and A. Malijevský,

J. Phys. Chem. C 111, 15565 (2007).
[91] V. F. Lotrich and K. Szalewicz, J. Chem. Phys. 106, 9688

(1997).
[92] P. Schwerdtfeger, B. Assadollahzadeh, and A. Hermann,

Phys. Rev. B 82, 205111 (2010).
[93] B. Jäger, R. Hellmann, E. Bich, and E. Vogel, J. Chem. Phys.

135, 084308 (2011).

[94] B. M. Axilrod and E. Teller, J. Chem. Phys. 11, 299
(1943).

[95] Y. Muto, J. Phys.-Math. Soc. Jpn. 17, 629 (1943).
[96] S. Plimpton, J. Comput. Phys. 117, 1 (1995).
[97] S. H. Jamali, L. Wolff, T. M. Becker, M. de Groen, M. Ramdin,

R. Hartkamp, A. Bardow, T. J. H. Vlugt, and O. A. Moultos,
J. Chem. Inf. Model. 59, 1290 (2019).

[98] Our implementation of the Axilrod-Teller-Muto interaction
has been included in LAMMPS since patch release 4 January
2019.

[99] E. Rittger, Comput. Phys. Commun. 67, 412 (1992).
[100] G. Pranami and M. H. Lamm, J. Chem. Theory Comput. 11,

4586 (2015).

054135-6

https://doi.org/10.1139/v96-132
https://doi.org/10.1080/00268978500103191
https://doi.org/10.1063/1.3691891
https://doi.org/10.1021/jp071939a
https://doi.org/10.1063/1.473832
https://doi.org/10.1103/PhysRevB.82.205111
https://doi.org/10.1063/1.3627151
https://doi.org/10.1063/1.1723844
https://doi.org/10.11429/subutsukaishi1927.17.10-11-12_629
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1021/acs.jcim.8b00939
https://doi.org/10.1016/0010-4655(92)90050-9
https://doi.org/10.1021/acs.jctc.5b00574

