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ABSTRACT
Rayleigh-Brillouin light scattering spectra of CO2 at ultraviolet wavelengths are computed from molecular dynamics which depends on inter-
molecular potentials only. We find excellent agreement with state of the art experimental data. This agreement was reached in a minimal
computational box with sides one scattering wavelength long and integrating the classical trajectories over 20 ns. We also find complete
consistency with models based on kinetic theory, which take known values of the transport coefficients as input.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5110676., s

I. INTRODUCTION

The spectrum of scattered light opens a unique window on the
transport properties of CO2. It is determined by density fluctuations
at length scales comparable to the scattered light wavelength and
time scales in the nanosecond regime. These time scales and length
scales have so far been explored incompletely. In this paper, we show
for the first time that measured Rayleigh–Brillouin spectra can be
reproduced accurately with Molecular Dynamics (MD), using infor-
mation about intermolecular potentials only. This result opens up
new testing grounds for MD and new ways to model the scattering
of light off gases that consist of mixtures of polyatomic molecules
exploring intramolecular degrees of freedom. While these circum-
stances are often encountered in applications of practical interest,
for example, in laser light scattering off air, devising spectral models
for them are very difficult.

In the kinetic regime, when the wavelength of scattered
light is smaller than the mean free path between collisions, den-
sity fluctuations are described by the Boltzmann equation, which
needs information about intermolecular interaction. At the other
extreme, with many mean free paths in a scattering wavelength, a

continuum approach applies, with fluctuating hydrodynamics that
need macroscopic transport coefficients.

Light scattering in this paper is in the kinetic regime. The prob-
lem then is the approximation of the Boltzmann collision integral.
The successful and now widely used model by Boley et al.1 and Tenti
et al.2 uses the Wang Chang-Uhlenbeck eigentheory which takes
known values of the transport coefficients as input.3 For polyatomic
gases, a large unknown is the elusive bulk viscosity ηb. The bulk
viscosity is associated with the excitation and relaxation of internal
molecular degrees of freedom: rotations and vibrations.4,30 For CO2,
the value needed to explain experimental light scattering spectra
appears to be a factor of 104 smaller than the experimental value of
ηb.5,6 This dramatic difference is due to the slowness of the relaxation
of vibrational modes. At the frequencies associated with light scatter-
ing, vibrational modes remain frozen-in. By contrast, at acoustical
(megahertz) frequencies, vibrational modes fully participate in the
exchange of internal energy, leading to a bulk viscosity that is much
larger.

The gigahertz frequencies in light scattering follow from the
frequency of sound at wavelengths comparable to that of light. The
measurement of ηb at these frequencies is indirect; it follows from

J. Chem. Phys. 151, 064201 (2019); doi: 10.1063/1.5110676 151, 064201-1

Published under license by AIP Publishing

https://scitation.org/journal/jcp
https://doi.org/10.1063/1.5110676
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5110676
https://crossmark.crossref.org/dialog/?doi=10.1063/1.5110676&domain=pdf&date_stamp=2019-August-14
https://doi.org/10.1063/1.5110676
https://orcid.org/0000-0002-4198-0901
https://orcid.org/0000-0001-7477-9684
https://orcid.org/0000-0001-8746-8244
https://orcid.org/0000-0003-3059-8712
https://orcid.org/0000-0001-7840-3756
https://orcid.org/0000-0002-1054-9780
mailto:w.vandewater@tudelft.nl
https://doi.org/10.1063/1.5110676


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

analyzing scattered spectra using models. The standard experimen-
tal practice is to select a value of the bulk viscosity, such that the
model fits the experimental result best. Of the transport coefficients
needed in the spectral model, not only the bulk viscosity is unknown
at high frequencies but also the heat conductivity λth as it is deter-
mined by the energy of internal motion. In principle, therefore,
spectral models need a best guess of the value of several transport
coefficients simultaneously.

Carbon dioxide is a prime greenhouse gas, which has spurred
large-scale activity in its capture, transport, and storage.7–10 In this
respect, the confusion about a transport coefficient is unacceptable.
Moreover, a better understanding of the transport properties of CO2
is of relevance for current and future exploration of Mars, with CO2
the main constituent of its atmosphere.11

With the advent of modern laser and optics technology,
light scattering spectra can be measured extremely precisely. The
question is if these spectra can be reproduced with molecu-
lar dynamics simulations. The challenge of MD simulations is
the large number of particles needed and the long integration
time to reach a statistical accuracy comparable to that of the
experiment.

The number of particles follows from the gas density and min-
imal edge size of the computational box, which should equal the
scattering wavelength. The scattering wavenumber ksc is determined
by the incident laser wavelength and the scattering angle. With
λsc = 2π/ksc ≈ 2.5 × 10−7 m and a pressure of 2 bars, we need approx-
imately one million particles. From the experimental spectra, we
learn that frequency resolution should be approximately 0.05 GHz,
leading to a minimum simulation time of tsim = 2 × 10−8 s. In fact,
a multiple of this time is needed in order to achieve sufficient sta-
tistical accuracy. We will demonstrate that these requirements can
actually be met easily.

In a recent paper, Bruno et al.12 successfully compare Rayleigh-
Brillouin spectra computed through Monte Carlo simulations of
the Boltzmann equation with experimental spectra. However, this
comparison is at the expense of adjusted parameters of collision
cross sections and rotational relaxation times. Instead, in the present
paper, we will do molecular dynamics simulations, using inter-
atomic and intermolecular potentials only. For the first time, we
will show that the result of this approach can be compared very
well to state of the art experimental spectra. As a test, we simu-
late an argon scattering spectrum and compare it to a benchmark
experiment.

In spectral lineshape models,1,2 the bulk viscosity is an
unknown. Also using MD simulations, we compute this unknown
ηb and compare it to the value that produces the best agreement
between the model spectrum and experiment.

In Sec. II, we will briefly explain how to obtain light scattering
spectra from the computed trajectories of molecules in a simulated
gas, while the used MD techniques are described in Sec. III. For com-
pleteness, a concise description of the experiment is given in Sec. IV.
A detailed report of all experimental techniques and procedures is
given by Gu et al.13. In Sec. V A, we will test our procedure to com-
pute a spectrum from molecular dynamics using an experimental
spectrum of argon, which we consider as a benchmark spectrum. In
Sec. V B, we compare an experimental light scattering spectrum of
CO2 to the result of the molecular dynamics simulation. Finally, in
Sec. V C, we will demonstrate the application of spectral models to

the experiments, obtaining values of the bulk viscosity from least-
squares fits. These numbers are then compared to values obtained
from a small MD simulation.

II. LIGHT SCATTERING
The measured spectrum of scattered light is the space-time

Fourier transform of microscopic density fluctuations. This time-
dependent density field can be constructed from time series of
particle coordinates ri(t) computed by MD,

ρj(r, t) =
Np

∑
i=1

δ(r − ri(t)),

where Np is the number of particles in the simulation. For CO2, ri is
the location of the center of mass, that is, the location of the carbon
atom. A total of j = 1, . . ., Nr with Nr = 100 independent realizations
of a gas was simulated. These realizations were started in parallel
on the Intel®Xeon®Processor E5-2697A v4 with 32 cores. After
equilibration at the set (experimental) temperature, 103 microscopic
density fields ρ(x, tk) were registered from configuration snapshots,
lasting tsim = 2 × 10−8 s for each realization. In this way, the low-
est and highest frequencies reachable are f = 0.05 GHz and 25 GHz,
respectively.

The light scattering spectrum S(k, ω) is the space-time Fourier
transform of the van Hove correlation function,14

G(r, τ) = ⟨ρ(x + r, τ + t) ρ(x, t)⟩,

with the average ⟨⋯⟩ over time, space and realizations. Through
the Wiener-Khintchine theorem, this is the same as the temporal
Fourier transform of the intermediate scattering function,

F(k, τ) = 1
Np
⟨ ρ̃(k, t + τ)̃ρ∗(k, t)⟩. (1)

As integration over long times tsim was expensive, Schoen et al.15

approximated the long-time tails of F(k, τ) with hydrodynamic-type
functions before doing the Fourier transform. With the computa-
tional resources at our disposition, this is not strictly necessary. Typ-
ically, F(k, τ) decays in 10−9 s, while our integration time is a factor
20 longer.

The light scattering spectrum can be computed directly as the
energy spectrum of ρ(r, t), and the route via F(k, τ) is not necessary.
Practically, for each realization j, we store the Fourier transform at
discrete times t = tk, k = 0, . . ., Nt − 1,

ρ̃j(k, t) = 1
Np

Nr

∑
n=1

eik⋅rn(t). (2)

Next, we compute the spectrum,

Sj(k,ω) = ∣ 1
Nt

Nt

∑
k=0
(̃ρj(k, tk) − ⟨ ρ̃(k)⟩)H(tk) e−iωtk ∣

2

, (3)

with ⟨ ρ̃(k)⟩ being the average over realizations and time of the
spatial Fourier transform of the microscopic density and with the
filter H(t) = sin2(πt/tsim) being a cure against spectral leak. The
summation in Eq. (3) for discrete ωk is done via the fast Fourier
transform.
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The spectra Sj(k, ω) must be averaged over realizations j and
over directions of the wave vector. The length of k is set by the laser
wavelength and scattering angle of the experiment. By comparing
results to those obtained with reflective boundary conditions, we
demonstrate below that the computational box must be with periodic
boundary conditions.

For periodic boundary conditions, particles that exit the box
at, for example, x = L, are reinjected at x = 0. If L is not a multi-
ple of the scattering wavelength λsc, this event gives rise to a phase
jump 2πL/λsc in Eq. (2). Also, for periodic boundary conditions, the
direction of k must be chosen along the coordinate axes. If not, the
contribution of the boundary crossing particle experiences a phase
jump of 2πkx/k. Disobeyance of these rules leads to large fluctua-
tions of Sj(k, ω). Since the effect is associated with boundary cross-
ings, it is in fact a finite-size effect. These restrictions do not apply
to the MD simulations with reflective boundaries, where we can
check the isotropy of light scattering spectra by varying the direction
of k.

Finally, the spectra Sj(k, ω) are averaged over realizations,

S(k,ω) = 1
Nr

Nr

∑
j=1

Sj(k,ω)
⟨ ρ̃ 2(k)⟩ − ⟨ ρ̃(k)⟩2 ,

where we also averaged over k vectors pointing in the x, y, and z
directions. The statistical accuracy of the computed light scattering
spectrum depends on the number of realizations Nr . In addition,
the Fourier transform in Eq. (3) may be split over half-overlapping
sections of the time series with the result averaged. This further
improves statistical accuracy, but at the expense of spectral resolu-
tion. However, the latter may be prevented by endowing F(k, τ) with
an analytic long-time tail.

III. MOLECULAR DYNAMICS SIMULATIONS
Molecular dynamics views molecules as classical objects, even

when they explore internal degrees of freedom, which are of essen-
tial quantum nature. Some of these quantum effects emerge in
the form of the potentials used. All MD simulations were per-
formed in LAMMPS (version 16 Feb. 2016).16 The initial configu-
rations of molecules were constructed by using PACKMOL,17 and
input data files for LAMMPS were generated by using VMD.18 All
simulations are performed in a microcanonical ensemble (NVE),
where the density and total energy of the system correspond to
the temperature (297 K) and pressure specified by the experimental
condition.

The force field parameters of argon and CO2 are obtained
from the work of Köster et al.19 and Zhang and Duan.20 Lennard-
Jones interactions are truncated at a cutoff radius of 15 Å. Ana-
lytic tail corrections are included for the calculation of energy and
pressure. Lorentz–Berthelot mixing rules are applied for dissimi-
lar Lennard–Jones interaction sites.21 Electrostatic interactions are
truncated at a cutoff radius of 15 Å according to the damped shifted
force method.22 CO2 molecules in the simulations are rigid objects
with a bond length of 1.163 Å and an angle of 180○. The equations
of motion are integrated with a time step of 10 fs, and the total
length of a simulation is 20 ns. In case of the reflective boundary
condition, the integration time step was reduced to 2 fs to prevent
instabilities. The trajectories of the centers of mass are stored every

tk = k × 2 × 10−11 s. These snapshots form the microscopic density
function ρ(r, t).

In addition, transport coefficients of CO2 were computed in a
simulation box containing 6880 CO2 molecules with a side-length
of 518.796 Å. The Einstein relations are used to obtain the transport
properties (shear viscosity, bulk viscosity, and thermal conductivity),
and properties of the system are sampled according to the order-n
algorithm23 by using the OCTP plugin for LAMMPS.24 For com-
puting transport coefficients, the length of each simulation is 200 ns
with an integration time step of 1 fs. The statistical uncertainties in
the computed transport coefficients are obtained by performing 10
independent simulations.

IV. EXPERIMENTAL SETUP
A schematic view of the setup for the measurement of spon-

taneous Rayleigh-Brillouin scattering is shown in Fig. 1. The light
from a narrowband continuous-wave laser is scattered off a gas con-
tained in a temperature-controlled gas cell, with scattered light col-
lected at an angle of 90○. The laser is a frequency-doubled Ti:Sa laser
delivering light at λ = 403 nm, 2 MHz bandwidth, and 400 mW
of output power. The enhancement cavity amplifies the circulating
power delivering a scattering intensity of 4 Watt in the interaction
region.13

The scattering angle (90 ± 0.9)○ is determined by means of
sets of diaphragms and pinholes and checked by using a reference
laser beam. The scattered light is filtered by a diaphragm which
covers an opening angle of 2○, collected by a set of lenses, further
filtered by an extra pinhole (d = 50 μm), and then directed into a
hemispherical scanning Fabry–Perot interferometer, which is used
to resolve the frequency spectrum of the scattered light. The light
is detected using a photomultiplier tube (PMT) which is operated
in the photon-counting mode. All measurements are performed at
room temperature, 297 ± 1 K.

When comparing computed spectra to experimental results, it
is crucial to allow for the instrument function S(f ). As a function
of frequency f, S(f ) is a periodic array of peaks, characterized by

FIG. 1. Schematic diagram of the experimental setup for spontaneous Rayleigh-
Brillouin scattering. The laser beam (blue line) is amplified in an enhancement
cavity to increase the scattering intensity. Scattered light at an angle of 90○ is colli-
mated and directed onto a piezoscannable Fabry–Perot interferometer for spectral
analyses and detected on a photomultiplier tube (PMT).
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two parameters, the free spectral range f FSR, the period of the peaks,
and f w, the width of the peaks. The periodicity owes to the use
of a Frabry-Perot spectrometer in the experiment. The instrument
function is

S( f ) = 1

1 + [ 2 fFSR
πfw

sin( πfffsr
)]

2 . (4)

In the sequel, computed spectra E(f ) = S(ksc, ω/2π) were convolved
with this instrument function and normalized such that the integral
over one free spectral range is unity.

V. RESULTS
Rayleigh-Brillouin light scattering is characterized by the uni-

formity parameter y, which is (up to a constant) the ratio of
the scattering wavelength over the mean free path between colli-
sions, which is equivalent to y = p/(kscv0 ηs), with thermal velocity
v0 = (2kBT/m)1/2, where kB is the Boltzmann constant and m is
the (molecular) mass. For the shear viscosity ηs, we used the exper-
imental value, that from MD was very close. Our experiments and
simulations are in the kinetic regime with y = O(1).

A. Light scattering spectra of argon
To demonstrate that the kinetics generated by MD cor-

rectly produces light scattering spectra, we simulate spectra of
a gas whose atoms do not display internal degrees of freedom
(at our temperature) and whose interaction potentials are well
known.19

High precision argon spectra were measured at ultraviolet
wavelengths (λ = 403 nm, ksc = 2.205 × 107 m−1).25 We use these
spectra as a benchmark in a comparison with MD calculations. The
uniformity parameter is y = 1.15. For these experiments, the param-
eters of the instrument function are f FSR = 7.553 × 109 Hz and
f w = 1.390 × 108 Hz.

Molecular dynamics simulations were performed in a cubic
box with side length L = 2849.6 Å, temperature T = 297 K, and
pressure 2 bars, corresponding to Np = 1.13 × 106 Ar atoms.
The simulations were repeated 100 times, each with a different
initial configuration and each with a total simulation time of
20 ns.

Figure 2(a) shows a simulated spectrum using periodic bound-
aries and compare it to the experimental spectrum. Even with the
minimal box size with side length λsc, the agreement with the experi-
ment is excellent. This demonstrates that our choice of the computa-
tional box, its boundary conditions, and the used averaging time tsim
is adequate. Since periodic boundary conditions impose a restriction
on the scattering wave vector ksc, we repeated the simulation using
reflective boundary conditions where such a restriction no longer
applies. However, Fig. 2(b) demonstrates that the simulated spec-
trum for the reflective boundary conditions strongly disagrees with
the experiment.

At this temperature, the velocity of sound is vs = 320.2 m/s.
Sound with wavelength equal to the scattering wavelength λsc has
frequency vs/λsc = 0.98 GHz. This corresponds to the shoulder in
the spectrum of Fig. 2(a). In case of the reflective boundary condi-
tion, a feature at half this frequency can be seen. This corresponds
to standing acoustic waves in the computation box with wavelength
λsc/2, which is its lowest resonance mode.

FIG. 2. Measured light scattering spectrum of Ar compared to MD simulations. (a)
Using periodic boundary conditions and (b) with reflective boundary conditions.
The full black lines are the experimental results, with positive and negative fre-
quencies overlayed. The blue lines are the MD results. The lower black lines are
the difference between experiments and MD results. All spectra were normalized
to integral ∫ E(f ) df = 1, where the integration runs over one free spectral range. In
(a), the arrow points to the frequency of sound with wavelength equal to the box
size, and in (b), the arrow points to the sound frequency with wavelength equal to
the twice the box size. Notice that due to the periodic instrument function, the high-
frequency tails of the spectra do not return to E(f ) = 0 exactly. (c) Dependence of
the spectrum S(ksc, ω) on the angle α with the x-axis of ksc in the x y-plane. The
random vectors were restricted to this plane, kscz /ksc < 0.1. The two curves with
1, 2 correspond to the frequencies indicated in (b).

In a computational box with reflective boundary conditions,
there is no restriction on the direction of the scattering wave vec-
tor ksc, and the simulated spectrum was averaged over 1024 direc-
tions, randomly selected on the sphere. By picking vectors ksc close
to the x y- plane (kscz/ksc < 0.1) and computing the spectrum for
each of those, the angular dependence of the spectrum shown in
Fig. 2(c) was obtained. It shows preferred directions and is clearly
anisotropic, most so at the frequency corresponding to standing
waves with wavelength λsc/2.

B. Light scattering spectra of CO2

Compared to argon, simulating CO2 spectra is much more
challenging because of the much more complex molecular inter-
action which results in a continuous exchange of rotational and
translational energy. The CO2 spectra, used in a comparison with
MD simulations, were obtained by Gu et al.6. Also these spectra
are registered in the ultraviolet, but with experimental conditions
slightly different from those of argon. With a laser light wavelength
of 366.8 nm, the scattering wavenumber is ksc = 2.423 × 107 m−1

(scattering wavelength λsc = 2.549× 10−7 m). The uniformity param-
eter depends on pressure; it is y = 1.6, 2.5, and 3.3 for pressures 2, 3,
and 4 bars, respectively. The spectral resolution is slightly less than
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that for the experiment performed on Ar, now for CO2 f FSR = 7.440
× 109 Hz and f w = 2.32 × 108 Hz.

Molecular dynamics simulations were done in a minimal box
with size L = 2π/ksc = 2593.98 Å, temperature T = 297 K, and
number of molecules Np = 0.860 × 106, 1.300 × 106, and 1.740
× 106 for pressures 2, 3, and 4 bars, respectively. Simulations were
done for two box sizes. In Figs. 3(a) and 3(b), we compare spec-
tra computed with box side length L = 2593.98 Å (a) with one
twice as large, containing 8 times more molecules. In both cases,
we averaged over Nr = 100 realizations. No significant difference
between the two box sizes is observed. However, both simulated
spectra differ slightly from the experiment. The same type of dis-
crepancy is observed at the larger pressures p = 3, 4 bars in Figs. 3(c)
and 3(d). In this case, an average over only Nr = 20 realizations
was done. The convolution of the MD results with the instru-
ment function Eq. (4) smoothes statistical fluctuations of the com-
puted MD spectra. These fluctuations are largest for the smallest
pressure.

Despite the more complex intermolecular interaction, the sim-
ulated spectra can be compared well to the experiment. We believe
that the agreement can be improved by averaging over more simula-
tions Nr . At the lowest pressure Nr = 100, but at p = 3, and 4 bars, Nr
is a mere 20. The statistical accuracy of the experiment increases with
pressure; the same behavior was found in the simulation. Merely
increasing the number of particles Np by doubling the side length
of the box, as was done in the case of Fig. 3(b), did not improve the
statistical accuracy of MD.

FIG. 3. Measured light scattering spectrum of CO2 compared to MD simula-
tions. The full black lines are the experimental result, with positive and negative
frequencies overlayed. The blue line is the MD results. (a) MD for a box size
L = 2593.98 Å and (b) for a box size twice as large, L = 2 × 2593.98 Å. The
pressure is 2 bars, and averages were taken over Nr = 100 realizations. (c) The
pressure is 3 bars, Nr = 20, (d) p = 4 bars, Nr = 20. Notice that due to the peri-
odic instrument function, the high-frequency tails of the spectrum do not return to
E(f ) = 0 exactly.

C. Bulk viscosity of CO2

The kinetic models of Boley et al.1 and Ref. 2 that were intro-
duced in Sec. I can be used as a means to extract the value of
transport coefficients from experimental data.5,6,26,27 The models
take these transport coefficients as parameters and can be evaluated
extremely quickly as the used eigensystems have only dimension 6
or 7. In fact, this procedure is the only means to obtain a value of the
bulk viscosity ηb at the GHz frequencies of light scattering. We will
now compare ηb to the one computed from MD.

This procedure is illustrated in Fig. 4 for the 6-mode spectral
model1 and the 7-mode model.2 These two models differ in the
number of eigenmodes used in the approximation of the collision
integral1,2 but should otherwise be comparable. Surprisingly, the
6-mode model approximates the experiment closest, except at f = 0.
Incidentally, measuring purely elastic spectra (f = 0) requires very
careful control of unwanted reflections and a completely dust-free
cell. The values of ηb, ηb = 5.6 × 10−6 kg m−1 s−1 (6-mode model)
and ηb = 6.2 × 10−6 kg m−1 s−1 (7-mode model), were determined
in a least-squares fit.

To avoid fitting two unknown transport coefficients to mea-
sured spectra, a high-frequency value for λth was estimated from
the Eucken relation, which expresses λth in the shear viscosity, the
diffusivity D, and the heat capacity Cint of internal motion,

λth =
5
2
η Ct + ρD Cint, (5)

with Ct = 3/2 R being the heat capacity of kinetic motion, D = 0.57
× 10−5m2 s−1 being the self-diffusion coefficient,28 and R being the
gas constant. A high-frequency value of λth results from allowing for
rotations only in Cint, which for the linear CO2 molecule becomes

FIG. 4. Measured light scattering spectrum of CO2 compared to two statistical
models. Full (black) lines: experiment and blue lines: model. The lower lines are
the difference between the experiment and model. (a) Comparison to the 6-mode
model1 and (b) comparison to the 7-mode model.2 The experimental conditions
are as those of Fig. 3. The models need values of the transport coefficients as
input, shear viscosity η = 1.50 × 10−5 kg m−1 s−1 and bulk viscosity ηb = 5.6
× 10−6 kg m−1 s−1 [case (a)], ηb = 6.2 × 10−6 kg m−1 s−1 [case (b)], and
heat capacity of internal motion Cint = 2 R, for rotations only. For η at 296.6 K,
we used the value documented by Boushehri et al.,28 the value of the thermal
conductivity was estimated using an Eucken formula,29 while the values of ηb
were determined from a fit of the two models to the experiment in a least-squares
procedure. The left (f < 0) and right halves of the spectra are shown overlayed. All
spectra were normalized to integral ∫ E(f ) df = 1, where the integration runs over
one free spectral range.
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Cint = 1 R. At temperature T = 296.55 K, the low-frequency value is
λth = 1.651 × 10−2 W m−1 K−1,28 whereas Eq. (5) predicts a high-
frequency value λth = 1.452 × 10−2 W m−1 K−1. It indeed produces
a better fit of the kinetic model, but perhaps accidentally leads to the
same estimate of ηb.

Using a small ensemble of CO2 molecules we computed ηb
using the same intermolecular potentials as before. We find ηb = (4.1
± 0.7) × 10−6 kg m−1 s−1, where the uncertainty interval is twice the
standard deviation. The MD value of the bulk viscosity can be com-
pared well to the experimental values, ηb = 5.6× 10−6 kg m−1 s−1 and
ηb = 6.2 × 10−6 kg m−1 s−1 for the 6- and 7-mode model, respec-
tively. At high frequencies, kinetic models and MD simulations are
consistent, and they both view CO2 as a rigid object, leading to pre-
dictions for light scattering spectra and bulk viscosity that can be
compared well.

The result, shown in Fig. 4, demonstrates that MD for scat-
tered light spectra is completely consistent with models based on
kinetic theory. Molecular dynamics can directly produce such spec-
tra, circumventing the approximation of the Boltzmann collision
integral which is central to these models, but it can also gen-
erate the input for those spectral models. On the other hand,
MD can simulate spectra for situations where no kinetic theory
exists.

VI. CONCLUSION
Through comparison with benchmark experiments, we con-

clude that a minimal computational box with size equal to the
scattering wavelength and periodic boundaries suffices to repro-
duce Rayleigh Brillouin light scattering spectra. MD simulations can
directly express light scattering spectra in parameters of the inter-
molecular potentials. However, the needed computational resources
are large. On the other hand, kinetic models can be evaluated
extremely quickly, but at the expense of empirical values for
the transport coefficients. We have demonstrated the consistency
between these two approaches for CO2, but at high frequencies. The
bulk viscosity of CO2 dramatically depends on frequency: it drops
4 orders of magnitude between 106 and 109 Hz. It is not clear how
to devise kinetic models for phenomena with variable frequency or
multiple time scales. In principle, such frequency dependence can
be modeled with MD by allowing for flexible bonds of the CO2
molecule. Frequency dependence may be explored in light scattering
experiments through variation of the scattering angle and thus vari-
ation of the scattering wavelength λsc. Smaller scattering angles cor-
respond to smaller ksc, larger λsc, and lower frequencies. However, at
large λsc, the number of particles in MD becomes prohibitively large.
Obviously, at these wavelengths, scattered light spectra probe the
continuum and should be described by statistical hydrodynamics.
Molecular dynamics may still play a role by providing the necessary
transport coefficients.
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