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Abstract. Diffusion and thermal diffusion processes in a liquid mixture are accompanied by long-range
non-equilibrium fluctuations, whose amplitude is orders of magnitude larger than that of equilibrium
fluctuations. The mean square amplitude of the non-equilibrium fluctuations presents a scale-free power
law behavior ¢~* as a function of the wave vector ¢, but the divergence of the amplitude of the fluctuations
at small wave vectors is prevented by the presence of gravity. In microgravity conditions the non-equilibrium
fluctuations are fully developed and span all the available length scales up to the macroscopic size of the
systems in the direction parallel to the applied gradient. Available theoretical models are based on linearized
hydrodynamics and provide an adequate description of the statics and dynamics of the fluctuations in the
presence of small temperature/concentration gradients and under stationary or quasi-stationary conditions.
We describe a project aimed at the investigation of Non-EquilibriUm Fluctuations during DIffusion in
compleX liquids (NEUF-DIX). The focus of the project is on the investigation of the non-equilibrium
fluctuations in complex liquids, trying to tackle several challenging problems that emerged during the latest
years, such as the theoretical predictions of Casimir-like forces induced by non-equilibrium fluctuations; the
understanding of the non-equilibrium fluctuations in multi-component mixtures including a polymer, both
in relation to the transport coefficients and to their behavior close to a glass transition; the understanding
of the non-equilibrium fluctuations in concentrated colloidal suspensions, a problem closely related with
the detection of Casimir forces; and the investigation of the onset of fluctuations during transient diffusion.
We envision to parallel these experiments with state of the art multi-scale simulations.
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1 Introduction

A binary liquid mixture at equilibrium undergoes local
concentration fluctuations determined by the thermal ag-
itation of the molecules. Under these conditions the av-
erage concentration is a global variable (it does not de-
pend on space or time), while the fluctuations are local.
A great deal of attention has been focused on that sim-
pler case for many decades [1-4]. Nowadays, equilibrium
fluctuations are understood as a sort of white noise, i.e.
fluctuations of all wavelengths have similar intensity, and
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they are responsible for phenomena like scattering of light
by a homogeneous fluid. Things change abruptly if a fluid
comes close to an equilibrium critical point. In the vicinity
of a second order phase transition, the fluctuation spec-
trum gets coloured and fluctuations start to become long
ranged. Their intensity is typically larger for small wave
vectors and actually they cannot be considered anymore a
local property of the fluid. A large amount of research was
performed in this area in the 1970s/1980s [5] but many
interesting issues remain still open. For instance, it was
known from long time [6] that long-ranged equilibrium
fluctuations close to a critical point cause a very interest-
ing phenomenon referred to as the critical Casimir effect.



However, its existence has been experimentally verified
only quite recently [7].

During the past twenty years, however, the interest of
science moved towards the complex phenomenology of non
- equilibrium fluctuations (NEFs), beginning with their
first theoretical prediction [8,9] for simple liquids under
the action of a temperature gradient, and the recognition
of their important role in all diffusive processes [4]. Lin-
earized fluctuating hydrodynamics provides a satisfactory
description of NEF's in binary liquid mixtures [10,11], that
found experimental confirmation in several experiments,
both on Earth [12-19] and in microgravity [20-22]. How-
ever, theory and experiments refer only to ideal conditions
as for example stationary states, small gradients, and di-
luted systems. In recent years a number of theories [23-28]
and some preliminary experiments [29-31] have indicated
the importance of a deeper understanding of NEF's in more
general cases.

In this paper we will present a project to investigate
Non-EquilibriUm Fluctuations during DIffusion in com-
pleX liquids (NEUF-DIX Project) in the absence of grav-
ity. The aim is to perform experiments in conditions that
cannot be easily tackled by theoretical models, such as
transient diffusion, concentrated samples, multi-component
mixtures and large gradients. The focus of the project is on
the investigation of non-equilibrium fluctuations in com-
plex liquids, because of the rich phenomenology that can
be attained by tuning the interactions in such systems.
Since gravity quenches long-wavelength non-equilibrium
fluctuations, we stress the potential interest in performing
this kind of experiments under microgravity conditions in
order to fully exploit the scale-free behavior of the fluctu-
ations.

The goal of the project is to deal with several challeng-
ing problems that emerged during the latest years, such
as:

i) the theoretical prediction of Casimir-like forces in-
duced by non-equilibrium fluctuations [23,24,26,27];
ii) the understanding of the non-equilibrium fluctuations
in multi-component mixtures, in relation to the trans-
port coefficients [32,33];
the understanding of the non-equilibrium fluctuations
in polymer solutions, in relation to their behavior
close to a glass transition [34,35];
the understanding of the non-equilibrium fluctuations
in concentrated colloidal suspensions [36,37,31], a prob-
lem closely related with the detection of Casimir forces;
the investigation of the onset of fluctuations during
transient diffusion [21].

iii)

iv)

v)

These experiments will be accompanied by state of the art
multi-scale simulations [38,39].

We propose to utilize a single versatile shadowgraph
apparatus similar to the one built for the GRADFLEX-
mixture experiment, flown successfully in 2007 on-board
the Russian satellite FOTON M3 [40,20,41,22]. This in-
strument is able to acquire images of refractive index fluc-
tuations in a liquid sample subjected to a thermal stress.
In fact, imposing an external temperature gradient is the
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easiest and technically simpler way of maintaining a non-
equilibrium steady state in a liquid, although in many in-
stances on ground, this is not possible due to convection.

In the next paragraphs we review the present under-
standings in the field of NEFs, and we report the most
interesting recent theoretical and experimental results, en-
lightening the open questions and the experimental needs.
We will briefly outline how the NEUF-DIX project aims
at reaching a fundamental understanding of NEFs, and
bridge the gap towards practical applications through the
development of diagnostic tools aimed at the measure-
ment of thermophysical properties from non-equilibrium
fluctuations.

2 Non equilibrium fluctuations

In the presence of a macroscopic gradient (of concentra-
tion or temperature), the thermodynamic variables ex-
hibit non equilibrium fluctuations that are drastically dif-
ferent from equilibrium ones [8-11,4]. First, the intensity
of NEF's is strongly enhanced compared with the equilib-
rium ones. This enhancement can be as large as several
orders of magnitude, depending on the accessible wave
numbers and is only affected by the gravity force [42,16,
43] and by the finite size of the sample [44,20,30,25]. The
strong influence of gravity is apparent from Fig. 1, com-
paring the fluctuations on Earth and in Space during the
diffusion of a polymer solution of polystyrene in toluene
[20]. A second important feature of non-equilibrium fluc-
tuations is that they are always long-ranged, whatever the
distance from critical conditions.

The statistical analysis of non-equilibrium fluctuations
shows that their mean square amplitude exhibits a ¢—%
power law behavior, while at small wave-vectors gravity
makes it saturate at a constant value [4,45]:

(lse@))

Here <|Jc\2> is the mean square amplitude of equi-
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librium concentration fluctuations, ¢ is the concentration
of the mixture, V¢, is the concentration gradient deter-
mined by barodiffusion on Earth, and gro is the roll-
off wave-vector marking the transition between the two
regimes:

D (2)

(7))
drO =

where g is the acceleration of gravity, v the kinematic
viscosity, D the diffusion coefficient and g the solutal
expansion coefficient. In the absence of gravity the only
physical effect preventing the divergence of the amplitude
of fluctuations at small wave-vectors is the finite size of
the sample. The relaxation of the fluctuations occurs by
diffusion at large wave-vectors, while it is determined by
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Fig. 1. False color maps of non-equilibrium concentration fluc-
tuations during a diffusion process taking place on Earth (left)
and in Space (right). The side of each image is about 4mm in
real space. Image courtesy of ESA/GRADFLEX Team [20]

buoyancy at smaller wave-vectors. The corresponding re-
laxation time also exhibits a crossover in correspondence

to dRO:
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A true understanding of the physics behind nonequili-
brium fluctuations has only gradually developed in the last
couple of decades. NEFs are closely related to the trans-
port properties of the fluid [46,32,47,48]. This is why from
the analysis of NEFs one can determine simultaneously
all transport coeflicients [32,49]. These properties control
the physico-chemical processes taking place inside the sys-
tem and, hence, the observation of NEFs is particularly
well-suited to probe the competition between the differ-
ent mechanisms (diffusion, buoyancy, confinement...) con-
tributing to the dynamics of the system [30]. In this sense
one can think at nonequilibrium fluctuations as a probe
to investigate the fluid behavior. In a single shot mea-
surement one can obtain a wealth of information about
the system. This is particularly true for complex fluids,
where additional features and physical mechanisms may
be present, such as particles of different size, colloidal in-
teractions, glass transitions, and so on. Non-equilibrium
fluctuations are also the seed of convective motions in the
presence of gravity [43]. Investigating them in micrograv-
ity can thus unveil the mechanism behind the onset of
convection without the masking effect of convection itself.

m(q) = 3)

3 The NEUF-DIX project

The aim of the NEUF-DIX project is the investigation
of non-equilibrium fluctuations associated to diffusion in
complex liquids. The objectives of the project involve both
the fundamental understanding of non-equilibrium fluctu-
ations and the development of diagnostic tools based on
the fluctuations (Fig. 2). So far, theoretical models able
to describe the properties of non-equilibrium fluctuations
have been developed only for ideal conditions like steady
states, small gradients, and high dilutions [4]. Several ex-
periments have shown the desirability of a deeper under-
standing of non-equilibrium fluctuations under non-ideal

conditions, such as large concentrations, large gradients
and time dependent processes [34,37,21,31]. The available
theoretical models rely mostly on linearized hydrodynam-
ics, but several recent theoretical works have shown the
importance of second order terms, which give rise to non-
linear effects such as the non-equilibrium Casimir Forces
[23,24,26,27,6]. Beyond their relevance in several natu-
ral and technological processes, complex liquids represent
the ideal system to investigate non-equilibrium fluctua-
tions, due to the opportunity of tuning the microscopic
size of the system and the range of the interaction, to-
gether with the typical diffusive timescales [17,18,36,37,
20,21,31]. One of best tools to investigate complex liquids
is represented by light scattering. Recently, several near
field scattering techniques have been developed [50-53],
which represent rugged and reliable alternatives to more
traditional far-field light scattering techniques [54]. These
near field techniques are able to operate at the small wave
vectors required for the investigation of non-equilibrium
fluctuations and have been recently used effectively in the
GRADFLEX [40,20-22] and SODI-COLLOID [55,56] ex-
periments performed under microgravity conditions.

The fact that the amplitude and relaxation time of
non-equilibrium fluctuations depend on the Soret and dif-
fusion coefficient has recently suggested the opportunity of
using the fluctuations to achieve a rapid assessment of the
transport coefficients of a multicomponent liquid mixture
[32,57,22]. Therefore, a further goal of the NEUF-DIX
project is the development and refinement of diagnostic
tools based on non-equilibrium fluctuations to character-
ize the thermo-physical properties of complex liquid mix-
tures.

The NEUF-DIX project is strongly based on the im-
portant results coming from recent experiments and the-
oretical models, which fit the general concept of project:
non-equilibrium concentration fluctuations in complex lig-
uids under non-ideal conditions. These recent works present
several aspects that need to be further investigated and
that might find an answer through ad hoc comparative ex-
periments. Due to the strong amplification or quenching
effect determined by gravity on long wavelength fluctua-
tions [42,15,16,45,18,19,43,30], these experiments would
greatly benefit from microgravity conditions.

3.1 Casimir forces in equilibrium and out of equilibrium

When fluctuations are spatially long-ranged their inten-
sity is affected by the presence of boundaries. Likewise,
the presence of such long-ranged fluctuations affects the
boundaries, inducing forces on them. These effects are
generically known as Casimir forces, because they were
originally described by Casimir for fluctuations in the elec-
tromagnetic field [58]. When a fluid or a fluid mixture
are in global thermodynamic equilibrium, fluctuations are
only long-ranged in the close vicinity of the respective crit-
ical points. Hence, since the beginning of the studies on
critical phenomena, it was predicted the existence of crit-
ical Casimir forces when a fluid is close to an equilibrium
critical point [6]. However, fluctuation-induced forces are
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Fig. 2. Overall conceptual scheme of the Neuf-dix space
project. The project aims at investigating both the funda-
mental and applicative features of non-equilibrium fluctuations
during diffusion processes occurring under non-ideal conditions

quite feeble and it took a long time to experimentally ver-
ify, beyond any doubt, the existence of these fluctuation-
induced forces [7,59]. The experimental study of equilib-
rium critical Casimir forces has expanded notably in latter
years, including space research [55] where have been used
to tune colloid aggregation in the SODI-COLLOID exper-
iment, without studying the fluctuations themselves.

In parallel to these developments in equilibrium fluc-
tuations, it has by now been well established that ther-
mal fluctuations in fluids in non-equilibrium steady states
are anomalously large and very long ranged [8,9,4]. The
most studied case is a quiescent binary mixture in which
the presence of a uniform temperature gradient induces
a steady concentration gradient V¢ through the Soret ef-
fect. The intensity of NE fluctuations is given in that case
by Eq. 1 that, in the absence of gravity, diverges as ¢—*
when ¢ — 0. Correspondingly, in real space, the correla-
tion length encompasses the whole spatial extension of the
system [60]. Note that this is a generic result, not limited
to the close vicinity of a critical point as is the case for
equilibrium fluctuations.

As a consequence of this long-ranged nature of non-
equilibrium fluctuations, recent theoretical research pre-
dicted the existence of a novel, yet unobserved, nonequilib-
rium Casimir effect that should be much more intense than
the equilibrium critical one [23,24]. A detailed theoretical
evaluation of this novel NE Casimir force is complicated
by the non-existence of an out of equilibrium free energy,
and by the necessity of accounting for realistic boundary
conditions. The first difficulty is overcome by evaluating
a fluctuation-induced density profile by expanding up to
second order in the fluctuations, and later computing a
Casimir pressure by using mass conservation [27], the final
result being proportional to the mean-square NE fluctu-
ations [23,24]. Incorporation of boundary conditions im-
plies modifications to autocorrelations like those of Eq. 1,
allowing them to be inverted to real space and to compute
profiles of mean-square fluctuations in concentration or
temperature meaningfully. As an example of these calcu-
lations, Fig. 3 shows the real-space mean-square NE con-
centration fluctuations, corresponding to Eq. 1 in micro-
gravity conditions, once realistic boundary conditions are
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Fig. 3. Normalized mean-square value of the concentration
fluctuations as a function of the (dimensionless) distance to
the bounding plates z € [—0.5,0.5]. The arrows indicate the
average value in the layer, from which the corresponding NE
Casimir pressure is evaluated.

implemented [25]. As explained above, the corresponding
NE Casimir pressure is evaluated from the average value
in the layer, indicated by arrows in the same Fig. 3.

It is obvious that a key open scientific question is the
experimental verification of the existence and intensity of
this novel non-equilibrium Casimir effect that is so far un-
available. The space shadowgraph apparatus we envision
is ideal for performing such an analysis. The most likely
method for detecting the presence of fluctuation-induced
forces would be by using colloidal particles as probes. In
this respect, microgravity conditions are essential to mini-
mize gravitational sedimentation, a mechanism that com-
petes with (and masks) the non-equilibrium Casimir force.

We finalize this section by noting that it seems rea-
sonable, as a first step towards the experimental verifica-
tion of NE Casimir forces, to complete previous studies of
critical Casimir forces in microgravity [55], focusing this
time on the investigation of these equilibrium fluctuation-
induced forces rather than on their effects.

3.2 Complex fluids

As a consequence of a large amount of theoretical and ex-
perimental work, many aspects of the behaviour of non-
equilibrium fluctuations in binary liquid mixtures are cur-
rently well understood [4]. Most systems encountered in
nature and technology are, however, truly multicompo-
nent and/or contain a significant number of constituents
of different molecular weight and size. Examples of these
complex fluids are crude oil reservoirs, solutions of elec-
trolytes and polyelectrolytes, solutions of polydisperse poly-
mers, stabilized colloidal dispersions, and biological sys-
tems — to mention only a few. The experimental inves-
tigation of NEF in complex fluids has been rather lim-
ited and focused mostly onto dilute polymer solutions [17,
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20-22] and dilute colloidal suspensions [36,37]. Only very
recently experimentalists became interested in dense col-
loidal suspensions [31], a promising experimental field, al-
most unexplored also from the theoretical point of view.
In fact, the only available theory for concentration NEF
in a dense colloid was published in 1994 by Schmitz [61]
and much can be done in this respect with new approaches
such as for instance Dynamic Density Functional Theory
[38]. More recent is also the interest for ternary binary
mixtures, driven and inspired by the international DCMIX
project of ESA and Roscosmos [62,63]. Since both the ex-
perimental and theoretical difficulties increase consider-
ably with the number of constituents, ternary systems are
a natural choice for the next step beyond binaries: they
already show characteristic features of truly multicompo-
nent systems, such as cross diffusion, diffusion barriers or
osmotic diffusion. On the other hand, they are still acces-
sible in well-designed experiments and the number of in-
dependent diffusion coefficients stays manageable, albeit
it increases from one to foursix n compared to binaries
[64-66]. The investigation of ternary mixtures including
a polymer is also very interesting for large polymer con-
centration close to the glass transition, where the effect
of the entanglement and of the slowing down of the dy-
namics is expected to severely affect the properties of non-
equilibrium fluctuations.

3.2.1 Non-equilibrium fluctuations in a ternary mixture
including a polymer

The first empirical investigation on ternary mixtures in
microgravity conditions has been provided by the experi-
ments performed during the SCCO mission on-board the
Russian FOTON M3 in 2007 [67-70,49] and the DCMIX
#1 campaign on-board the ISS in 2011 [62]. One of the
outputs of these first experiments was that obtaining all
the values of the mass diffusion coefficient matrix is quite
difficult for mixtures of three similar molecules due to the
fact that the two eigenvalues of the matrix are quite sim-
ilar. Under these conditions it is thus difficult to sepa-
rate the two eigenvalues and, in turn, almost impossi-
ble to get the cross-diffusion terms, i.e. the off-diagonal
coefficients. Consequently, one ideal system for studying
ternary mixtures is a mixture including at least one com-
ponent with rather different molecular weight, like a mix-
ture of Polystyrene (PS) dissolved in a binary mixture as
a solvent, like the toluene/n-hexane one. In this case the
two eigenvalues of the mass diffusion coefficient matrix are
well separated and they can be quite well distinguished.
For non-equilibrium fluctuations in a ternary mixture the-
ory is currently available only for microgravity [33]. A fur-
ther extension of the theory to the presence of gravity will
be published on another paper on this same issue [71]. The
theory will also need including the effect of confinement,
even if analytical solutions cannot be obtained as in the
case of binary mixtures [30].

One sample of PS/toluene/n-hexane has been selected
for the future DCMIX #4 mission. As stated, the choice of
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Fig. 4. Experimental decay times of NEF's in a ternary mixture
of Polystyrene-toluene-hexane stressed by a temperature gra-
dient. Three distinct time decays are clearly observable. Here
71 corresponds to the fastest mode, a thermal one; 72 to the
intermediate one, the concentration mode for the two liquid
components; and 73 corresponds to the slowest mode, the con-
centration mode for the Polystyrene in the binary solvent. De-
tails of this preliminary measurement are provided in another
paper on this same issue. Dashed lines represent theoretical
relaxation times.

a mixture of a polymer plus two molecular liquids is dic-
tated by the need of having more distinguishable (more
different) eigenvalues of the mass diffusion matrix (see
Fig.4). For the NEUF-DIX project we plan to take ad-
vantage of the recording and storage of large data-sets to
perform an improved statistical analysis (Bayesian infer-
ence, see Sect. 3.2.3). The combination with a Monte Carlo
model based on computational fluctuating hydrodynamics
[39] will allow extracting a full probability distribution of
the transport coefficients of the mixture, instead of just
error bars. This kind of analysis maximizes the use of ex-
perimental information without throwing away data by
replacing high-dimensional data sets with fitted curves.
Moreover the SODI diagnostics used for DCMIX only al-
lows observing the concentration profiles inside the fluid
slab, therefore detecting only the mass diffusion and Soret
coefficients of the ternary mixture. By investigating NEFs
we have demonstrated to have direct access to all the phys-
ical phenomena involved in the diffusive processes (mass
diffusion, Soret, thermal diffusivity coefficients and viscos-
ity [32,49]), therefore we will get more insight in the dif-
fusion and thermodiffusion processes in a ternary system.
Microgravity conditions are essential for the measurement
of transport coefficients to suppress spurious effects gen-
erated by convective motions induced by temperature and
concentration gradients on Earth.



6 Baaske et al.: The NEUF-DIX Space Project

10'g — T 7 400

thermodiffusion coefficient
10°f -0~ O G W & BOeE-Bywe .G, O
E g,

300

o.
T

4.75 kg/mol
10.3 kg/mol
101 kg/mol
96.4 kg/mol (Zhang et al.)

T /K

Omee@

L
S,
T

D; /107 em’s 'K

200

[ glass transition temperature

-4 1 L Lol L Lol L Ll
100,001 0.01 01 1100

Clg cm®
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polystyrene in toluene according to Ref. [72]. The legends give
the molar mass of the polymer. Ther literature data of Zhang
et al. are from Ref. [73].

3.2.2 Glass transition in a ternary mixture including a
polymer

The viscosity of a polymer solution and the values of cer-
tain diffusion coefficients can be tuned over an extremely
wide range by comparatively minor modifications, such as
changes of the concentration and/or the molar mass of
the polymer. The underlying mechanisms and their con-
sequences shall briefly be discussed in the following.

In a multicomponent mixture with a high glass tran-
sition temperature difference between the individual com-
ponents, the glass transition of the mixture can be ap-
proached not only along the temperature but also along
one of the composition axes. In a solution of a polymer
(e.g. polystyrene) in a mixed solvent (e.g. toluene and ben-
zene), the composition of the solvent can be varied without
significantly affect the local friction and the macroscopic
shear viscosity. An increase of the polymer concentration
and/or an increase of the chain length, however, increases
the macroscopic shear viscosity due to chain entanglement
already in the semidilute regime, where the microscopic
friction acting on the length scale of a polymer segment
still retains its dilute solution value [74]. A further increase
of the polymer concentration eventually leads to an in-
crease of the glass transition temperature T}, and, thus,
brings the system closer to the glass phase. This results in
a dramatic increase of the local friction coefficient, which,
in turn, enslaves and slows-down all subsequent diffusive
and viscoelastic dynamics of the system.

tio between electronic thermal and electrical conductivity,
known as the the Wiedeman-Franz law [75].

The slowing-down of diffusive transport by the glass
transition is in sharp contrast to the critical slowing-down
near a consolute critical point, where the Soret coefficient
diverges whereas the thermodiffusion coefficient remains
unaffected [76]. One goal of the NEUF-DIX project is
to investigate how glass transition and chain entangle-
ment affect non-equilibrium temperature and concentra-
tion fluctuations.

3.2.3 Dense colloidal suspensions

Ref. [31] offers an example of the possible surprises that
may arise from the study of NEF in dense colloidal sus-
pensions, where non-local and memory effects are present.
The authors developed a novel sample cell, based on lig-
uid bridging, that allowed them to study the giant con-
centration NE fluctuations arising when a dense aqueous
colloidal suspension is let diffuse into an overlying layer
of pure water under isothermal conditions. Using a thin
sample layer is quite important. In fact, the time con-
stant characterizing isothermal diffusion is of order L?/D,
where L is the sample thickness and D is the diffusion
coefficient of the colloidal particles. Being D rather small
for typical colloids, the only way to keep the experimen-
tal times reasonable is to use thin samples. The newly
developed cell allowed us to perform measurements with
a sample thickness L = 1lmm. The concentration fluctua-
tions were characterized by means of Differential Dynamic
Microscopy (DDM) [77,78], a near field scattering method
[54,79] based on a commercial microscope that was used
to obtain both static and dynamic scattering information
on the suspension i.e. both the amplitude and correla-
tion time of the concentration fluctuations as a function
of their wave vector ¢ and of the time ¢4 elapsed from the
beginning of diffusion.

While the static scattering results were found to be in
good agreement with theory, the dynamics was found to
be more complex than expected. In agreement with theo-
retical predictions, the authors found that in the wave-
vector range where the NE fluctuations dominate over
the equilibrium fluctuations, relaxation occurred by buoy-
ancy for small wave-vectors, while for larger wave vectors
fluctuations were found to relax diffusively with a diffu-
sion coefficient Dy (Fig. 6). However, for even larger ¢, in
the regime where equilibrium scattering is recovered, the
concentration fluctuations exhibited a diffusive relaxation
with diffusion coefficient Dy > D;. Even more surpris-

The slowing-down when the glass transition is approachedingly, a monotonic increase of D; (about 15%), was ob-

affects both the isothermal Fickian and the thermodiffu-
sion coeflicients. As already shown for a polymer in a sin-
gle solvent, both D and Dp decay by many orders of mag-
nitude at high polymer concentration (Fig. 5). However,
local friction cancels out in the Soret coefficient, which
nicely follows the concentration scaling predicted by the
blob model [34,35]. This cancellation of friction resem-
bles the situation observed in metals for the constant ra-

served during diffusion in contrast with a monotonic de-
crease of Dy (about 17%). The decrease of Dy was found
to be justified by the varying concentration of the sample
during diffusion. By contrast, the increase of Dy remained
unexplained and open to further investigation. Observing
two different diffusion constants in this kind of experiment
is especially surprising because the experiments were con-
ducted in the hydrodynamic range, a situation in which
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Fig. 6. Correlation time of the fast relaxation mode of con-
centration fluctuations in a diffusing non-equilibrium colloidal
suspension as a function of the scattering wave-vector g, mea-
sured at approximately 700 s after the beginning of diffusion.
The continuous line is the best fit of the low-q data with the-
ory, which provides an estimate for the roll-off wave-vector ¢,
and for the diffusion coefficient D;. The dashed line is a fit of
the high-q data with 7(q) = (ngQ)il, where Dy > D;.

the sample should behave effectively as a molecular binary
mixture.

Future experiments could take advantage of larger col-
loidal particles. This will allow highlighting differences
with ordinary liquid mixtures in the structure and dy-
namics of non-equilibrium fluctuations. The use of con-
centrated suspensions will allow to explore regimes cur-
rently not available to analytic theoretical models and
to highlight the role of interactions between the particles
and possibly that of the Casimir forces induced by non-
equilibrium fluctuations. On Earth, the non-equilibrium
fluctuations are strongly affected by the effect of gravity,
which also gives rise to the sedimentation of the particles.
Under microgravity conditions the absence of the effects
of buoyancy would allow achieving a better characteri-
zation of the transition between the two diffusive regimes
described above. Moreover, an improve in the understand-
ing of the non-equilibrium fluctuations in colloidal systems
in space could also shed new light on the crystallization
of colloids, which is known to be strongly affected by the
presence of gravity [80]. Therefore, a microgravity environ-
ment is not only beneficial, but strictly needed to perform
such experiments.

3.3 Transient fluctuations in thermodiffusion
separation

So far non-equilibrium fluctuations have been investigated
mostly at steady-state or during quasi-stationary processes
[45], such as free diffusion [16,18,19,31]. A key open ques-
tion is represented by the behavior of the fluctuations dur-
ing the transient leading to the development of a macro-
scopic concentration gradient in a binary liquid mixture.

T T
. t‘=245s(exp)
int) =370s (exp)
(=545 (exp)
1=795s (exp)

t=13455 (exp) |

- steady state (exp)|
++ Theory

t=5455 (sim) -~
P

Sk) (cm’)

/r'=’3705(sim)
P -
16| / P

Fig. 7. Time evolution of the structure factor of non-
equilibrium concentration fluctuations during the approach to
steady state under microgravity conditions. Small symbols: ex-
perimental data; dashed lines: simulations; dots: exact theory
23]

Recent simulations [21] investigated the development of
non-equilibrium fluctuations induced by the Soret effect
in a solution of a polystyrene polymer in toluene under
microgravity. The conditions mirrored those found in the
GRADFLEX space experiment [20]. The sample was ini-
tially kept at a constant temperature. A temperature gra-
dient was then suddenly applied to it to induce a mass
flow through the Soret effect. This mass flow determined
the gradual development of a concentration gradient in-
side the sample. This kind of configuration is extremely
interesting, because the slow development of the macro-
scopic profile inside the sample allows to investigate the
birth of non-equilibrium concentration fluctuations. Sim-
ulations showed that the mean squared amplitude S(q)
of the fluctuations as a function of wave vector exhibits
the traditional power law behavior with exponent -4 at
large wave vectors. However, at intermediate wave vec-
tors S(q) exhibits a peak. Quite interestingly, the time
evolution of this peak is characterized by a spinodal-like
growth of the fluctuations [81-83], which has been con-
firmed only partially by the GRADFLEX experimental
data (Fig. 7) [20,21]. Future experiments will require a
better statistical characterization of the transient state.
This can be achieved both by iterating the experiment
and by using a suspension of large colloidal particles or
polymer to slow down the kinetics sufficiently to allow the
investigation of the slow development of a concentration
gradient induced by thermophoresis. On Earth, the pres-
ence of gravity quenches the long wave length fluctuations
and inhibits completely the dynamic scaling of the fluctu-
ations. Such inhibition would be avoided in microgravity,
where the finite-size effects would acquire importance [44,
20,21,25].

3.4 Numerical Simulations of Nonequilibrium
Fluctuation Experiments

The theoretical analysis of nonequilibrium thermal fluc-
tuations uses fluctuating hydrodynamics (FHD) [4]. The
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basic idea in FHD is to add stochastic fluxes to the familiar
deterministic partial differential equations (PDEs) of fluid
dynamics, giving a system of stochastic PDEs (SPDEs).
In order to solve these complicated SPDEs, one first lin-
earizes the equations around the solution of the deter-
ministic equations, and then solves the resulting linear
SPDEs using (generalized) Fourier transform techniques,
as illustrated on a number of relevant examples in the
book [4]. This analytical approach is quite cumbersome
and is only feasible if a number of additional approxima-
tions are made, many of which fail in the experiments
discussed in this paper. Firstly, the deterministic state is
taken to be time independent; this only applies to the
study of nonequilibrium steady states (NESS) and not to
transient phenomena. Secondly, the transport coefficients
in the equations are assumed to be constant; this only ap-
plies to weak gradients and nearly homogeneous states.
Thirdly, boundary conditions are often simplified or ig-
nored all together because of the analytical complexity of
constructing a suitable (Fourier-like) basis that respects
the boundary conditions; this only works for wavelengths
that are much smaller than the sample thickness. Fourthly,
in order to simplify the analysis terms are often omitted,
for example, inertia may be ignored or cross-coupling be-
tween temperature and concentration fluctuations may be
neglected; this misses a number of relevant phenomena
such as propagative (inertial) modes. Fifthly, nonlinear
terms are ignored, even in the deterministic equations, and
nonlinearities in the fluctuations are completely omitted
in the framework of linearized fluctuating hydrodynam-
ics; this fails at small scales [46,84,85], and close to NE
transitions like the convection threshold.

An alternative approach that can, in principle, remove
all five approximations discussed above, is to use computer
simulations to solve the equations of FHD with realis-
tic boundary conditions, transient flows, state-dependent
coefficients, large gradients, and including all nonlinear
terms. Over the past decade, there has been a concerted
effort to develop the required algorithms and computer
codes and to apply them to the analysis of recent exper-
iments. Developing numerical solvers for the SPDEs of
FHD consists of two steps: discretizing the equations in
space by using a spatial grid of cells to obtain a system
of SPDEs, best done using finite volume methods [86-
88], and then discretizing the resulting equations in time
[87—89]. One of the key benefits of discretizing the original
nonlinear SPDEs is that, if the fluctuations are small (cells
are large and contain many molecules), the code will per-
form the linearization around the deterministic solution
automatically without requiring any extra work [89]. Sim-
ilarly, if the fluctuations are not small (cells are small and
contain few molecules), the renormalization of the deter-
ministic equations by the fluctuations will automatically
be done by the code [85].

Simulations of experiments closely related to the ones
described in this paper have already been carried out with
notable success. The earliest work focused on the giant
concentration fluctuations measured at steady state [87,
90] and during the transient [21] of the GRADFLEX ex-

periment. This confirmed the applicability of FHD as a
model of transient giant fluctuations, a test not possible
before due to the difficulty of analytical calculations. Fur-
ther work regarded fluctuations in the highly heteroge-
neous diffusive mixing of water and glycerol [91], the ef-
fect of confinement on the dynamics of fluctuations in a
binary mixture [30], or the impact of giant fluctuations
on the initial development of a doubly-diffusive gravita-
tional instability in a ternary mixture [92,93]. The com-
putational algorithms have further been extended to study
giant nonequilibrium fluctuations in the presence of sur-
face tension [94], chemical reactions [95], as well as electro-
static effects for electrolyte solutions [96]; the predictions
made by the simulations have yet to be confirmed exper-
imentally.

Computer simulations have a number of advantages as
described above, however, it should be noted that they
have a number of shortcomings as well. The most im-
portant one is the limitation on the range of space and
time scales that can be covered due to finite computa-
tional resources, especially in three-dimensional simula-
tions and in cases where several distinct physical processes
operate at different scales. Solving the FHD equations nu-
merically therefore requires the development of multiscale
techniques, which is nontrivial in the presence of fluctua-
tions [89,85]. The second limitation is that, the computer
algorithms simulate a stochastic process and therefore a
Monte Carlo algorithm is required to average over the fluc-
tuations and obtain ensemble averages; this requires very
long runs to obtain a large number of samples and reduce
the statistical error bars in the computed averages.

The fact that the simulations generate samples of the
stochastic process that is expected to mimic the real ex-
periments is also an advantage of computer simulations,
that has unfortunately mot been exploited up to now.
Namely, one can incorporate in the simulations a model
of all of the sources of noise in the experiments, includ-
ing intrinsic (thermal) fluctuations, measurement errors,
external noise, etc. Once this is done, the simulations be-
come a complete model of the experiments and can be
compared to the experiments directly. This is unlike the
traditional method which first processes the experimental
results to remove noise and average over samples, and then
fit the data with theoretical predictions in order to extract
parameters [32], and compare those fitted values, rather
than the directly measured stochastic samples, to theory,
simulations or other experimental measurements. Instead,
we propose that Bayesian inference can be used with the
simulations acting as a stochastic sampler of the possible
experimental outcomes, combined with actual experimen-
tal measurements, in order to extract complete posterior
distributions of the relevant physical parameters. This will
inform the experimentalist which parameters can actually
be inferred with sufficient confidence from the measure-
ments and allow for a meaningful quantitative comparison
to alternative measurements of the same physical prop-
erties. We note that such an ambitious inverse inference
program requires two challenging feats: storing a lot of raw
experimental data (instead of just averages), and doing a
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Fig. 8. Conceptual setup of near field scattering diagnostics.
The interference fringes between the scattered light and the
transmitted beam are collected by a detector in the near field.
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large number of simulations to obtain sufficient sampling
of the posterior distribution. This puts such an effort in
the increasingly important and rapidly developing field of
Big Data (data science).

3.5 Experimental technique

The ideal experimental techniques to study fluctuations
in transparent dielectric samples at the mesoscopic scale
are low angle scattering techniques. Local density inho-
mogeneities dp(z) are associated to local variations of re-
fractive index dn(z) = (On/0p)dp(x) that scatter the im-
pinging light in the surrounding space. The intensity of
the scattered light at an angle 6 in the far field, is pro-
portional to the mean square amplitude of density fluctu-
ations < 6p(q)? > as a function of the transferred wave
vector ¢ = 4w /A sin(0/2) [97,98]. The undoubted advan-
tage of these techniques is that they allow to make a direct
measurement of the statistical properties of a sample. In
fact the dp(x) density distribution may be decomposed in
normal modes, and in far field each mode is associated
with a plane wave propagating in a well defined direc-
tion, whose intensity can be easily measured with a light
detector. When density variations occur on large spatial
scale, as in the case of fluctuations, the light scattered at
small angles is affected by the presence of the transmitted
beam. Removing the transmitted beam makes the optical
alignment a very delicate task [99-101]. Besides, absolute
light scattering measurements are extremely difficult, as
the scattered intensity is relative to that of the incident
beam, but the two are measured by different sensors.

In order to overcome these difficulties, heterodyne near
field techniques are the most promising ones. The scat-
tered pattern collected at small distances from the sample
allows to recover the structure factor of the sample [50—
52,102,77]. The basic idea is that the transmitted beam
and the scattered light are collected on the same detector
measuring their interference pattern, as shown in Fig. 8.

In this case, the intensity measured by the sensor is
given by

I(q) X |EO +Es|2 = (EO +Es)(E0 +Es)* =

|Eo|? + 2Re(EoEY) + | Es|* ~ |Eo|* 4+ 2Re(EoEX)  (4)

FE being the amplitude of the incident field and E the
scattered field, with |E;|? << |Ep|?. The main advantages
of these techniques are [54]:

i) high sensitivity: signal proportional to the scattered
field

ii) self referencing: absolute measurement

simple optical alignment

simultaneous static and dynamic measurements.

This heterodyne scheme has been the basis of various ex-
perimental techniques, both static and dynamic, such as
Near Field Scattering [52], Shadowgraph [102, 53], Schlieren
[103,53] and Differential Dynamic Microscopy [77]. All the
mentioned techniques can be used either for static mea-
surements or for dynamic ones by means of the Differential
Dynamic Algorithm [104,77] possibly by taking advantage
of the calculus power of modern Graphic Processor Units
[105,106]. In particular the shadowgraph diagnostics allow
to reach very small wave vectors by using an extremely
simple optical setup and it’s probably the most promising
candidate for the integration into existing space facilities.

4 Conclusions

The project we propose is in-line with the strategic ob-
jectives of research in Europe. Since a better comprehen-
sion of the physics behind equilibrium fluctuations leads
to several practical applications summarized above, it is
foreseeable that a deeper understanding of NEFs will also
pave the way to technical developments benefitting the
society. In fact, the fundamental understanding of non-
equilibrium fluctuations will pave the way for the devel-
opment of innovative technological solutions for the rapid
and non-invasive characterization of fluids out-of equilib-
rium, which could represent an important innovative tool
in solving health and environmental issues.
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