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Multiscale Temporal Integrators for Fluctuating Hydrodynamics
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Following on our previous work [S. Delong and B. E. Griffith and E. Vanden-Eijnden and A. Donev,
Phys. Rev. E, 87(3):033302, 2013], we develop temporal integrators for solving Langevin stochas-
tic differential equations that arise in fluctuating hydrodynamics. Our simple predictor-corrector
schemes add fluctuations to standard second-order deterministic solvers in a way that maintains
second-order weak accuracy for linearized fluctuating hydrodynamics. We construct a general class
of schemes and recommend two specific schemes: an explicit midpoint method, and an implicit
trapezoidal method. We also construct predictor-corrector methods for integrating the overdamped
limit of systems of equations with a fast and slow variable in the limit of infinite separation of the
fast and slow timescales. We propose using random finite differences to approximate some of the
stochastic drift terms that arise because of the kinetic multiplicative noise in the limiting dynamics.
We illustrate our integrators on two applications involving the development of giant nonequilibrium
concentration fluctuations in diffusively-mixing fluids. We first study the development of giant fluc-
tuations in recent experiments performed in microgravity using an overdamped integrator. We then
include the effects of gravity, and find that we also need to include the effects of fluid inertia, which
affects the dynamics of the concentration fluctuations greatly at small wavenumbers.

I. INTRODUCTION AND BACKGROUND

Fluctuating Hydrodynamics (FHD) accounts for stochastic effects arising at mesoscopic and macroscopic scales
because of the discrete nature of fluids at microscopic scales [IH3]. In FHD, spatially-extended Langevin equations
are constructed by including stochastic flux terms in the classical Navier-Stokes-Fourier equations of fluid dynamics
and related conservation laws. It is widely appreciated that thermal fluctuations are important in flows at micro and
nano scales; even more importantly, hydrodynamic fluctuations span the whole range of scales from the microscopic to
the macroscopic and need to be consistently included in all levels of description [4H7]. While the original formulation
of fluctuating hydrodynamics was for compressible single-component fluids [I], the methodology can be extended to
other systems such as fluid mixtures [3], chemically reactive systems [§], magnetic materials [9], and others [I0]. The
structure of the equations of fluctuating hydrodynamics can be, to some extent, justified on the basis of the Mori-
Zwanzig formalism [I1], [12]. The basic idea is to add a stochastic flur corresponding to each dissipative (irreversible,
diffusive) flux, leading to a continuum Langevin model that ensures detailed balance with respect to a suitable Einstein
or Gibbs-Boltzmann equilibrium distribution [13].

After spatial discretization (truncation) of the stochastic partial differential equations (SPDEs) of FHD, one obtains
a large-scale system of stochastic ordinary differential equations (SODEs) that has the familiar structure of Langevin
equations common in statistical mechanics. The spatial discretization must be performed with specific attention to
preserving fluctuation-dissipation balance [I4]; alternatively, one can directly construct discrete Langevin equations
with the proper structure from the underlying microscopic dynamics by using the theory of coarse-graining [12| [15].
In this paper, continuing on our previous work [14], we are concerned with temporal integration of the Langevin
systems that arise in fluctuating hydrodynamics and other mesoscopic models. In [I4], we constructed several simple
predictor-corrector (two-step) schemes for Langevin equations and applied them to the incompressible fluctuating
hydrodynamics equations coupled with an advection-diffusion equation for a scalar concentration field. The main
feature of these schemes is that they allow one to treat some terms implicitly (e.g., mass or momentum diffusion), and
treat others explicitly (e.g, advection). Furthermore, the schemes presented in [14] are second-order weakly accurate
for nonlinear SODEs with constant additive noise, while also achieving, in certain cases, third-order accuracy for the
static correlation functions (static structure factors in fluctuating hydrodynamics).

In practical applications, however, several difficulties arise that require the development of novel temporal integration
schemes. The first complication in FHD is the appearance of multiplicative noise. In the context of SPDEs, such
multiplicative noise is often purely formal and cannot be interpreted mathematically in continuum formulations unless
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the nonlinear terms are regularized [7, [16], or suitable renormalization terms are added [I7]. In most cases, a precise
formulation of the multiplicative noise terms is not known and the importance of various stochastic drift terms arising
due to the multiplicative nature of the noise have not been explored. A precise mathematical interpretation can,
however, be given to the equations of linearized FHD (LFHD), which are in fact the most common model used in the
literature [3]. The LFHD equations can in some cases be derived rigorously from the microscopic dynamics as a form
of central limit theorem for the Gaussian fluctuations around the deterministic hydrodynamic equations, which are
themselves a form of law of large numbers for the macroscopic observables [10, [I8H2T]. One can, at least formally,
obtain the LFHD equations from the nonlinear FHD equations by expanding to leading order in the magnitude of the
stochastic forcing terms (more precisely, the inverse of the coarse-graining length scale).

Such linearization of nonlinear FHD equations leads to a system of two equations, the usual nonlinear deterministic
equation, and a linear (additive-noise) stochastic differential equation (SDE) for the Gaussian fluctuations around the
mean. A naive application of the temporal integrators in [14] would require first solving the deterministic equation,
itself a nontrivial problem except in the simplest of cases, and then solving a linear SDE with a time-dependent
but additive noise of magnitude determined by the deterministic solution. Here we demonstrate that with some
simple modifications the predictor-corrector integrators from [I4] can accomplish these two steps together without
ever explicitly writing the LFHD equations. Specifically, here we construct schemes that numerically linearize the
equations around a numerically-determined deterministic solution. Our analysis shows how to achieve second-order
weak accuracy for the LFHD equations by choosing where to evaluate the amplitude of the stochastic forcing terms.
In certain cases, the resulting integrators will also be first-order weakly accurate for the (discrete or regularized)
nonlinear FHD equations. For nonlinear Langevin equations with multiplicative noise, in general, it is difficult to
construct integrators of weak order higher than one. Second-order weak Runge-Kutta (derivative-free) schemes have
been constructed [22] for systems of SODEs, however, using these types of methods in the contexts of SPDEs is non
trivial.

A second difficulty that often arises in FHD is the appearance of large separation of time scales between the different
hydrodynamic variables. In incompressible FHD, velocity fluctuations are the most rapid, since flows at small scales are
typically viscous-dominated and momentum diffuses much faster than does mass. As the dynamics of interest is usually
the slow dynamics of the concentration field or discrete particles advected by the velocity fluctuations, specialized
multiscale temporal integrators are required to avoid the need to use small time step sizes that resolve the fast
dynamics. This can be accomplished by analytically performing adiabatic mode elimination and eliminating the fast
variable from the description to obtain a limiting or overdamped equation for the slow variables, and then numerically
integrating the limiting dynamics. In this work we develop predictor-corrector schemes that in essence numerically
take the overdamped limit of a two-scale (fast-slow) system of SODEs in which the fast variable enters linearly. Our
predictor-corrector schemes are applicable to a broad range of two-scale Langevin equations that frequently arise in
practice in a variety of contexts. Their key feature is that they obtain all of the stochastic drift terms numerically
without requiring derivatives. This makes it relatively easy to take a code that integrates the original fast-slow inertial
dynamics using a (semi-)implicit method, and to convert it into a code that integrates the overdamped dynamics.
Furthermore, the schemes we construct here are second-order weakly accurate for the linearized overdamped equations.
In order to facilitate the integration of our methods in existing codes our algorithms make use of the components
already required to integrate the original fast-slow equations without making use of the large-separation of scales.
The result is a new algorithm that reuses the base code but can take a time step several orders of magnitude larger.

In this work we demonstrate that simple predictor-corrector methods can address the difficulties discussed above
with a minimal amount of effort on the part of the user. Specifically, we develop simple predictor-corrector schemes for
temporal integration of Langevin SDEs that arise in fluctuating hydrodynamics and accomplish the following design
goals:

1. They reuse the same computational components already available in standard computational fluid dynamics
(CFD) solvers, such as linear solvers for viscosity or diffusion, advection schemes, etc.

. In the deterministic context they are second-order accurate and relatively standard.
. For nonlinear but additive noise SDEs they are second-order weakly accurate [14].
. They numerically linearize the FHD equations and solve the LFHD equations weakly to second-order.

. For LFHD, they give higher-order accurate static correlations (static structure factors) at steady state [14].
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. They can be used to integrate two-scale fast-slow systems in the overdamped limit, preserving all of the above
properties but now referring to the limiting dynamics.

7. In the general nonlinear multiplicative-noise case, they are weakly first-order accurate and do not require any
derivative information.



Some of us have previously made use of some of the temporal integrators described here in more specialized works.
In [23] we constructed temporal integrators for the equations of Brownian Dynamics, which is a multiplicative-noise
overdamped SDE. These overdamped Langevin equations result when one eliminates the fast velocity degrees of
freedom from a system of equations for the motion of particles immersed in a fluctuating Stokes fluid. In [7] we
solved a related overdamped SPDE for the concentration of the immersed particles [I6] using the techniques detailed
here. In [24] we apply our methods to the low Mach number equations of FHD. In this work we present the temporal
integrators used in this prior work in greater generality, with the hope that they will be useful for other Langevin
equations. We also explain the analysis required to study the order of weak accuracy of the schemes, making it easier
for other researchers to further generalize our methods or to apply them in specific contexts.

The remainder of this section discusses Langevin equations and a specific example thereof: the equations of fluc-
tuating hydrodynamics. In section [[I] we introduce schemes that are second order weakly accurate for the linearized
(weak noise limit) Langevin equations. Section m studies systems of equations with a fast and slow variable and
proposes schemes which perform adiabatic elimination of the fast variable numerically. Section [[V] outlines specific
versions of our schemes applied to a system of passive tracers advected by a fluctuating fluid, and in section [V} we
use our temporal integration methods to simulate diffusive mixing in binary liquid mixtures. Finally, section [V]] gives
our concluding thoughts and remarks.

A. Generic Langevin equations

As discussed in more detail in our previous work [I4], we consider temporal integrators for a class of generic Langevin
equations for the coarse-grained variables x (t) [25],
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where W(t) denotes white noise, the formal time derivative of a collection of independent Brownian motions, and
an Ito interpretation is assumed. Here U (x) is the thermodynamic driving potential, such as an externally-applied
conservative potential or a coarse-grained free energy. We will typically suppress the explicit dependence on & and write
the mobility operator as N = N (x), and assume that the noise operator M 1 (z) obeys the fluctuation-dissipation
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1
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where star denotes an adjoint. This ensures that the dynamics (1)) is (under suitable assumptions) ergodic with respect
to the Gibbs-Boltzmann distribution

Pula) =27 exp |- 3)

where Z is a normalization constant. In the notation we have chosen, in component form (0 - N), = 9;N;;, where
repeated indices are implicitly summed throughout this paper. Please note that this is different from the less-standard
notation we used in our previous paper [14], where the drift term is written as (kgT) 05 - N*.

The last term in is an additional “stochastic” or “thermal” drift term, as can be seen from the fact that it
is proportional to kgT. This term contains information about the noise and therefore depends on the particular
interpretation of the stochastic integral. The thermal drift term, however, also contains information about the anti-
symmetric part of the generator IN that is unrelated to the stochastic noise term. If the skew-adjoint component
L= % (N* — N) is divergence-free, d, - L = 0, the associated dynamics is incompressible in phase space [26] and the
stochastic drift term disappears if one uses the kinetic interpretation [27] of the stochastic integral, denoted with the
stochastic product ¢,
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In the case when IN = M is self-adjoint, L = 0, the kinetic SDE corresponds to a Fokker-Planck equation for the
evolution of the probability distribution P (x,t) for observing the state x at time ¢,

where we note that the term in square brackets vanishes when P = P,.



B. Overdamped Langevin equation

As a simple but illustrative example of a Langevin equation that our methods can be applied to we consider the
Langevin equation with position-dependent friction tensor = (),

moww = F (x) — v (x) v+ /2kpT~ (x) W (1)
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where x(t) is the position of a particle diffusing under the influence of an external force F(x) = —0,U(x), v(t) is
the particle velocity, and m is its mass. It is well-known that in the low-inertia limit m — 0, the velocity can be
eliminated as a fast degree of freedom to obtain the overdamped Langevin equation [28] [29]

dx =~"1 () F () + V2kpT~ 2 ()W (1) + (kpT) 05 -7 (), (7)

which is of the form with a self-adjoint mobility N = M = v~ ! and with M 3 = 'y_% being a matrix square
root or a Cholesky factor of v~!. Even though the overdamped equation strictly only applies in the limit of infinite
separation of time scales, it will be a very good approximation so long as there still remains a large separation of time
scales between the fast velocity and the slow position.

1. Fizxman Scheme

In this paper we construct predictor-corrector algorithms that integrate the overdamped equation by instead
directly discretizing the inertial equation @ without the inertial term O,v. By carefully constructing the corrector
stage we will obtain the correct stochastic or thermal drift term in @ For the simple Langevin equation @ a
trapezoidal integrator goes from time step n to time step n + 1 via the two stages,

2kgT 1
Pt =g + v" At (predictor) (8)
prtigpatt et J2EBT gy
At
n p,n+1
"t =g <U+;> At (corrector), 9)

where superscripts denote the point at which a given quantity is evaluated, for example, 4?71 = ~ (ch*”“), and
W™ is a collection of independent and identically distributed (i.i.d.) standard normal random variables sampled
independently at each time step. This predictor-corrector method is only first-order accurate for the multiplicative-
noise case. When one is interested in linearized equations (e.g., a particle trapped by a harmonic potential to remain
close to a stable minimum of the potential) the predictor-corrector schemes we construct in sectionm are second-order
weakly accurate. It is not hard to show that the scheme @D is equivalent to the well-known Fixman integrator for
[30].
Note that the final Fixman update can be written in the form
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where the mobility M = 4. The first line is seen as an application of the (second-order) explicit trapezoidal rule
for the deterministic drift terms and the Euler-Maryama method for the stochastic terms, while the second line gives
the thermal drift term At (kpT) 0 - M (x) in expectation, as we explain next.

2. Random Finite Difference

A key feature of the Fixman method is that it requires access to the action of both v~! and 'y%, or equivalently,

~ and '7_%. This is a great disadvantage in cases when only the action of the mobility M = v~! and its factor M 2



are easily computable [23]. An alternative method to obtain the drift term (kgT') O, - M () in expectation is to use
the general relation,
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where Az and Ap are Gaussian variates with mean zero and covariance <A:ciApj> = 0j;. The second line in

the Fixman method 1’ can be seen as an application of 1} with 6 = VAt and Ax = (2kgT M”)% W™ and
1
Ap = (2kpT M")"2 W". The choice Ax = Ap is, however, much simpler to use than the Fixman choice because it

does not require the application of either (M ")% or (M ")_%. Here 0 is a small discretization parameter that can be
taken to be related to At as in the Fixman method, but this is not necessary. One can more appropriately think of
as a “random finite difference” (RFD) with § representing the small spacing for the finite difference, to be taken
as small as possible while avoiding numerical roundoff problems. The advantage of the “random” over a traditional
finite difference is that only a small number of evaluations of the mobility per time step is required. Note that the
subtraction of M () Ap in is necessary in order to control the variance of the RFD estimate.

For the simple Langevin equation @ an RFD approach uses the same predictor as in the Fixman algorithm,
but now with corrector,
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where W' is a collection of independent standard normal variates that are uncorrelated with W". Because the
corrector stage for the velocity evaluates the noise amplitude at the beginning of the time step there are no stochastic
drift terms generated from the term (v” + v”’”“) At/2, and the RFD in the last line of is necessary to generate
the missing drift in expectation.

It is not hard to see that is a Markov chain that is consistent with the Ito overdamped equation @ To
demonstrate consistency we only need to show that to leading order, the first moment of the increment is equal to
the deterministic drift in expectation,
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which follows directly from , and that in expectation the second moment of the increment matches the covariance
of the noise,
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which is trivially true because the random increment in both the predictor and corrector stages is
V2kETAL (M™)2 W™

The two schemes and do not, of course, exhaust all possibilities. For example, in the corrector stage
for velocity we could evaluate the noise amplitude at the predicted value,
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It is not difficult to show, however, that with this choice the term ('u” + vp’"“) At/2 in the corrector stage for
the position would generate an incorrect stochastic drift term for non-scalar problems. Therefore, additional RFD
terms would be required to remove any spurious drift terms and add the correct ones. In this work we construct
several schemes for integrating two-scale systems such as that generate the correct drift terms using random finite
differences, and, furthermore, also obtain second-order weak accuracy for the overdamped equations linearized around
a stable deterministic trajectory. With additional effort, it is also possible to obtain second-order weak accuracy for
the nonlinear overdamped equation by using weak Runge-Kutta schemes of the kind developed in [22], which also rely
on an RFD-like approach to avoid explicit evaluation of derivatives.



C. Fluctuating Hydrodynamics

As a motivating example of a fluctuating hydrodynamic system of equations to which our methods will be applied,
we study a model of diffusion of tagged (labeled) molecules in a liquid or of colloidal particles suspended in a fluid. A
detailed mesoscopic model for diffusion in liquids has been described by some of us in previous work [7, [16]; here we
only summarize some key points to give a specific setting for the discussion to follow. The hydrodynamic fluctuations
of the fluid velocity v (r,t) will be modeled via the incompressible fluctuating Navier-Stokes equation, V - v = 0, and

p(Ov+v-Vo)+Vr=nVv+ V. (WW) — Bpecg, (13)

and appropriate boundary conditions. Here p is the fluid density, n = pv the shear viscosity, and T the temperature, all
assumed to be constant throughout the domain, and 7 (7, ¢) is the mechanical pressure. The last term in this equation
models the effects of gravity using a Boussinesq constant density approximation, with g being the gravitational
acceleration, and [ the solutal expansion coefficient. The concentration of diffusing particles is given by the mass
fraction c¢(r,t) = (m/p)n(r,t), where n is the number density and m is the mass of the tracer particles. The
stochastic momentum flux is modeled via a white-noise symmetric tensor field W (r,t) with covariance chosen to
obey a fluctuation-dissipation principle [3}, [13],

Wi (r, t)Wia (', 1)) = (0ir0j1 + 0udjn) 6(t — t')d(r — r').

Note that because the noise is additive in there is no difference between an Ito and a Stratonovich interpretation
of the stochastic term. For technical reasons, in this work we will drop the nonlinear advective term v - Vv and
consider the time-dependent fluctuating Stokes equation; this is a good approximation since this term only plays an
important role at very large scales.

For our purposes, we will model the evolution of the concentration ¢ (7,t) via a fluctuating advection-diffusion Ito
equation [16] B1],

de+u-Ve=xVe+ V- (\/ch) ) (14)

where W, (7,t) denotes a white-noise vector field. Here x¢ is a bare or molecular diffusion coeflicient, and the
concentration is advected by the random field

u(r,t) :/a(r,r’)v(r',t)dr' =0 %, (15)

where o is a smoothing kernel that filters out features at scales below a microscopic (molecular) scale o, and * denotes
convolution. It is important here that w is also divergence-free, V - u = 0. Formally, one often writes the advective
term in (14) as v- Ve (this corresponds to o (r,7') = 6 (r — r’)) but this only makes sense if one truncates the velocity
equation (13) at some ultraviolet cutoff wave number kpax ~ o~ !; this kind of implicit smoothing kernel is applied by
the finite-volume spatial discretization we employ [14], with the grid spacing playing the role of o. Additional filtering
may also be implemented in the finite-volume schemes, as described in Appendix B in [32]. The system of equations
(L3}f14) is a useful model, for example, for the study of giant concentration fluctuations in low-density polymer [6] or
nanocolloidal suspensions [33], or in binary fluid mixtures in the presence of a modest temperature gradient [34].

It can be shown that the coupled velocity-concentration system (13lf14]) can formally be written as an infinite-
dimensional system of the form with a physically-sensible coarse-grained energy functional

Ul () Ol =5 [y drsp [ etr)(rg) drs (eaT) [ @) (o (8n@) 1) ar. (0)

where n = pc/m is the number density of the diffusing particles, and A is a fixed length-scale (e.g., the thermal
de Broglie wavelength). A specific form of the mobilty operator can also be written, see for example Refs. [14] for
the advective terms and Ref. [16] for the diffusive and stochastic terms. Numerical methods for integrating systems
such (13i14) as have been discussed in Refs. [14] [32], B5]. In particular, after spatial discretization of the system of
SPDEs (|13]]14)) one obtains a system of SODEs of the generic Langevin form . We note that the last term in ,
which contains the free energy density of an ideal gas with number density ¢ (7), is quite formal and poses notable
mathematical (and numerical) difficulties [16]. In this work we will make a Gaussian approximation and use instead
the Gaussian free energy kgT'/ (200) [ ¢* dr [14], where 99 = p~tmcy and ¢y is the average concentration; this change
simplifies the mobility to a constant matrix and the noise term in 1) becomes additive, V - (\/ 2x0%0 Wc), see Section
1AY1




In practice, the physical properties of the fluid, notably, the viscosity and the diffusion coefficient, depend on
the concentration. This is crucial, for example, to model experiments on the development of giant concentration
fluctuations during the diffusive mixing of water and glycerol [36], since the viscosity and diffusion coefficient (by
virtue of the Stokes-Einstein relation) depend very strongly on the concentration. Assuming that the density changes
only weakly with concentration we can use a Boussinesq approximation. This approximation essentially amounts
to assuming that the two fluid components have very similar density so that the fluid density p can be considered
constant; for a generalization that accounts for the fact that density depends on concentration see the low Mach
number formulation in [32]. The fluctuating hydrodynamic equations in the case of variable transport coefficients can
formally be written as

p(Ow+v-Vv)+Vr = V- (n(c)ﬁv+\/2n(c)kBTW> — Bpcg
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where in general the specified temperature T (r,t) may depend on position and time. Here V = V + v7T and
te = Op/Oc is the derivative of the chemical potential of the binary mixture [32]. We have omitted stochastic or thermal
drift terms since these are poorly understood (in fact, mathematically they are ill-defined) and not important in the
linearized dynamics. Note that in the linearized equation there is no distinction between the bare and the effective
diffusion coefficient, so x(¢) denotes the macroscopic diffusion coefficient of the ensemble-averaged concentration [7], [16].
Similarly, in the linearized equations the nonlinear advective terms become a sum of linear terms, and therefore in
we can write v - Ve instead of u - V¢ and still give a precise meaning to the linearized equations.

1. Owerdamped Limit

One of the key difficulties in directly integrating the system is the fact that in liquids momentum diffuses
much more rapidly than does mass, i.e., the dynamics of the velocity is much faster than that of concentration.
We used this fact in [7] to eliminate the fast velocity adiabatically (see Appendix A in [7] for technical details) and
obtained a limiting or overdamped equation for the concentration that takes the form of a Stratonovich SPDE,

die=—-wo Ve+ Bpn ' (Goxcg) - Ve+ xoVie+ V- <\/2X0p—1ch0) , (18)

where ® denotes a Stratonovich dot product, and the advection velocity w (r,t) is white in time, with covariance
proportional to a Green-Kubo integral of the velocity auto-correlation function,

(w(r,t)@w (r',t') =25 (t - t) /000 (u(r,t)@u(r' t+t"))dt" = (19)
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Here G denotes the Green’s function for Stokes flow, and G, denotes G regularized by the smoothing kernel o;
more explicitly, G, * f is a shorthand notation for the smoothed solution of the Stokes equation with unit viscosity:
w, =G, x f if w, =0 *xw and w = G * f solves

Vr = Vw+ f, V-w=0, (21)

along with appropriate boundary conditions.

In this paper we will describe an algorithm that can be used to integrate the overdamped limit with a time
step size several orders of magnitude larger than the time step size required to integrate the original inertial dynamics
(I1314]). The spatial discretization will be the same as for the original system and only the temporal integrator will
change. We first described such a temporal integrator that automatically performs adiabatic mode elimination without
directly discretizing or even writing the limiting dynamics in Appendix B of [7]. Here we generalize this to a broad
class of systems of Langevin SDEs that contain a fast and a slow variable.

2.  Linearized Fluctuating Hydrodynamics

At microscopic scales, the nonlinearity and Stratonovich nature of the advective term w ® Ve in is crucial.
This advection by the rapidly fluctuating random velocity field contributes to the effective diffusion, similar to eddy



diffusivity in turbulent flows. In particular, the ensemble averaged concentration ¢(r,t) = {(c(r,t)) is described by
Fick’s macroscopic law with a renormalized diffusion coefficient

e =V -[(xo+x) Ve = V- (xgV0), (22)

where the fluctuation-induced diffusion tensor x () is given by a Green-Kubo formula and follows a Stokes-Einstein
relation [7]. This enhancement of the diffusion coefficient is mathematically a stochastic drift term that comes from
the divergence of the mobility operator (last term in (1)) when one writes in the Ito formulation [7]. Our temporal
integrators will capture this term using a predictor-corrector algorithm, without explicitly evaluating derivatives.

At mesoscopic length-scales § > ¢ much larger than the molecular, in three dimensions, one expects that the
fluctuations in ¢s = é4d¢, where € = (c) is the solution of the deterministic Fick’s law , are small and approximately
Gaussian (this is a form of a law of large numbers and a central limit theorem for the fluctuations). In particular, a
widely-used model for the fluctuations in the concentration at such scales is linearized fluctuating hydrodynamics [3]
(LFH). In LFH, one first solves the macroscopic deterministic hydrodynamic equations first, and then linearizes the
formal nonlinear fluctuating hydrodynamic equations to leading order in the fluctuations. If we assume that there is
no macroscopic convective motion of the fluid, so that the solution of the deterministic Navier-Stokes equation © = 0
and dv = v, the LFH equations become

e = xea Ve
0 (6c) = —v-Vei+ chfV (6c) + V- (\/2XCHP 1chC) (23)
PO + Vi =nVie+ V- (w/2’l7kBT W) Bp(dc) g

In the first part of this paper we describe how to numerically solve these types of linearized Langevin equations without
solving the deterministic equations first and then explicitly linearizing around them. Specifically, we will construct
temporal integrators that perform the linearization numerically.

Note that in cases when there is a large separation of time scales between the velocity and the concentration one may
perform adiabatic elimination of the velocity; in the linearized setting this simply amounts to dropping the inertial
term pdyv and switching to the time-independent Stokes equation for the velocity. Formally, the linearized limiting
or overdamped equation is

Ohe = xenV’e (24)
00 (3¢) = Bpn™ (G * (3c) g) - Ve + (G420 ThsT W) - Ve
+ Xeffv 60 + A& (\/ 2Xeffp_1mcw )

where G is the Green’s function for steady Stokes flow and G 1 symbolically denotes that the covariance of the
additive-noise term G W is G.

In our previous work [I4] we described several semi-implicit predictor-corrector temporal integrators for the inertial
system , which has time-independent additive noise. In this paper we will describe a simple modification that
allows one to numerically linearize and then integrate, with second-order weak accuracy, the linearization around
the time-dependent solution of the nonlinear deterministic equations. We will also construct a single unified numerical
method that can be used to integrate either the nonlinear (microscopic scales, large noise) or the linearized
(mesoscopic scales, weak noise) overdamped equations. Which equation is appropriate depends sensitively on the
spatial scale of interest, specifically, on the range of wavenumbers whose dynamics needs to be captured accurately.

In this work we will develop temporal integrators suitable also for the more general variable-coefficient equations
(17). Since our temporal integrators will work with the original equations but in the end simulate the correct
overdamped or linearized dynamics, we will never need to explicitly write down the (more complex) overdamped limit
or the linearized system. We simply let the numerical method do that for us.

II. TEMPORAL INTEGRATORS FOR LINEARIZED LANGEVIN EQUATIONS

In this section we consider a relatively general system of Langevin equations for the coarse-grained variable x (¢),

dx

%:f(ac)—i-K(sc)oW(t):H(ac):n+h(a:)+K(9c)<>W(t), (25)



where H (x)x is a term that we may choose to treat semi-implicitly in cases when it is stiff, and h(x) denotes the
remaining terms which are difficult to treat implicitly. In cases when the noise is multiplicative one must choose a
specific interpretation of the stochastic integral, here we have chosen the kinetic product ¢ [27] in agreement with
our motivating equation . The system may arise from a spatial discretization of fluctuating hydrodynamics
SPDEs, but similar equations arise in a variety of contexts.

Our focus will be on developing methods for integrating the system of equations obtained after linearizing (25
around the solution Z(t) of the deterministic system of equations (obtained by simply dropping the noise term),

dz/dt =H (%)% + h(z) (26)
d(5z)/dt =M (z)oz + K ()W (1), (27)

where dx = x — & is the (presumably small) fluctuation around the deterministic dynamics. Here the Jacobian of
f () is denoted with

M(z) = 0. f(z) = H (T) + (0= H (T)) T + 9-h (T),
more specifically, in index notation

Note that the noise in is time-dependent but still additive, and different interpretations of the stochastic integral
are equivalent.

One can more precisely justify the system by assuming that the noise is very weak. In particular, the deter-
ministic equation can be seen as a law of large numbers describing the most probable trajectory in the weak-noise
limit, with the Ornstein-Uhlenbeck equation as a central-limit theorem for the small nearly Gaussian fluctuations
around the average. It is important to note that one must assume here that the deterministic dynamics is stable, that
is, small perturbations do not lead to large deviations of the averages, which is a good assumption far from phase
transitions or bifurcation points. Note, however, that the linearized equations cannot be used to describe rare events
(large deviations) or events that occur on exponentially-long timescales.

The essential difficulty in integrating directly is that the linearization needs to be performed around a time-
dependent state &(t) that is not known a priori but is rather itself the solution of a nonlinear system of equations.
Furthermore, one must calculate the Jacobian M explicitly, and this is often quite tedious since many more terms
appear in the linearization than do in the original nonlinear equations (this is especially true for fluctuating hydro-
dynamics). Instead, we will construct methods that directly work with the original nonlinear equation but with
a noise term that is deliberately made very weak, as some of us first proposed and applied in [35] to a case of a
steady deterministic state. In fact, if the assumption of weak noise used to justify the linearization is actually correct,
the noise does not have to be artificially reduced in magnitude at all and using the actual (physical) value of the
noise amplitude will give indistinguishable results. While it is of course always better to simply integrate the original
nonlinear dynamics in cases where it is known, it is important to emphasize that nonlinear fluctuating hydrodynamics
is very poorly understood and in most cases the nonlinear equations are ill-posed; a notable exception are
and because the nonlinear advective term there was carefully regularized in a physically-relevant manner [7].
By contrast, the linearized equations are well-defined because there are no nonlinear terms and a precise meaning
can be given in the space of (Gaussian) distributions [37]. Another important reason for focusing on the linearized
equations is that while integrating the nonlinear equations to second-order (weakly) is rather nontrivial in the case
of multiplicative noise [22], it is not hard to construct simple second-order integrators for the linearized equations, as
we demonstrate here.

Before we describe methods for solving , we describe how to construct temporal integrators for just ,
assuming that &(t) is known and given to us, and therefore the noise amplitude K (z (t)) = K(t) is only a function
of time.

A. Time-dependent noise

At first, it will not be necessary to assume that the equation for the fluctuations is linear, and we will therefore
consider a more general SDE with time dependent additive noise,

dx

s L(z)x+g(x) + KW (t), (28)
which is a generalization of the constant additive noise equation considered in [14]. Such an equation may arise, for
example, by considering a time-dependent temperature in the fluctuating Navier-Stokes equation . Here W (t)
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denotes a collection of independent white-noise processes, formally identified with the time derivative of a collection
of independent Brownian motions (Wiener processes) B (t), W = dB/ds, g (x) denotes all of the terms handled
explicitly (e.g., advection or external forcing), and the term L(x)x denotes terms that will be handled semi-implicitly
(e.g., diffusion) for stiff systems (large spread in the eigenvalues of L). In general, L (x) may depend on x since
the transport coefficients (e.g., viscosity) may depend on certain state variables (e.g., concentration). Note that the
equation also includes the case where L(x,t) and g(x,t) depend explicitly on time, as can be seen by considering
an expanded system of equations for x — (x,t).

Here we focus on weak integrators that are (at most) second-order accurate. The following is a relatively general
mixed explicit-implicit predictor-corrector scheme for solving that is a slight generalization of the scheme discussed
n [I4]. The first stage in our schemes is a predictor step to estimate & ~ x (nAt + wyAt), where w2 is some chosen
weight (e.g., wy = 1/2 for a midpoint predictor or we = 1 for a full-step predictor), while the corrector stage completes
the step by estimating "1 at time (n + 1)At,

@ =g" + ((wg —wy)L"x" 4+ wlL"w(p)) At + wag" At + Jwo At K"W™!
"t =" + ((1 — w3 —wy —ws)L"x™ + ws L 2 ®) 4 4, L@ g+ 4 w5L"w"+1> At

(1 — we)g"™ +weg®), or
+ At {g (1 - we)a™ + wea®)

n ((1 —w) K" 4 w7K(”)) (\/ngt Wl 4 /(1 — we)At W“) : (29)

where we have denoted K® = K (tn + woAt) and superscripts and decorations denote the point at which a given
quantity is evaluated, for example, LW =1 (ac(p)). Note that this class of semi-implicit schemes requires solving only
linear systems involving the matrix L(x) evaluated at a specific point and kept fixed. In the above discretization,
the standard normal variates W7 correspond to the increment of the underlying Wiener processes B(t) over the time

interval woAt, B (nAt + weAt) — B (nAt) = (ngt)% W7 in law, while the normal variates W7 correspond to the

independent increment over the remainder of the time step, B ((n + 1) At) — B (nAt + waAt) = ((1 — ws) At)% wy
in law. We give two alternative ways to handle the explicit terms in the corrector stage, which give the same order
of accuracy, and, are, in fact, identical if g is linear. Which of the two ways of handling the explicit terms is better
should be tested empirically for strongly nonlinear Langevin equations, as we did in Ref. [I4] using the stochastic
Burgers equation as a model problem.

Different specific values for the w coefficients determine different schemes. The analysis summarized in Appendix
A in [14] is extended in Appendix |§| to account for the time dependence of K, and shows that the scheme is
weakly second order accurate if the weights satisfy

1
W3W2 + WaW2 25
1
w3Wsg + Wy + Wk 25
1
Wa2We 25 (30)
1
wo Wy :5

We present two simple schemes that satisfy these properties next, the first fully explicit, and the second semi-implicit.
While these by no means exhaust all possibilities, they are representative and have several notable advantages for the
case of time-independent noise, as discussed in more detail in [I4].

1. Eaxplicit Midpoint Scheme

A fully explicit midpoint predictor-corrector scheme is obtained for w; =0, we = 1/2, ws = 1, wy = w5 = 0, wg =
]., wy = 1:

1 At At
Pt =g + - (L"a" +g") +/ 5 K"WY

At
a2 =g 4 At (Lp””“%:cp’"*% + gp’"+%> | S K (W W), (31)
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This midpoint scheme has several notable strengths for fluctuating hydrodynamics:

1. Tt is fully explicit and thus quite efficient (but also subject to restrictive stability limits on the time step size for
stiff systems).

2. It is a weakly second-order accurate integrator for (28).
3. It is third-order accurate for static structure factors (static correlations) for time-independent additive noise in

the linearized setting [I4], that is, for the equation

‘C%:Lm+KW(t), (32)

with constant L and K.

It is also possible to construct an explicit trapezoidal scheme that only uses a single random increment per time
step, wy = 0, wy = 1, wg = 1/2, wg = ws = 0,wg = 1/2, wy = 1/2, but for fluctuating hydrodynamics the explicit
midpoint integrator is preferred because it gives third-order accurate static correlations.

2. Implicit Trapezoidal Integrator

We obtain a semi-implicit trapezoidal predictor-corrector scheme for wy = 1/2, wy = 1, wg = ws = 0, wy =
1/2, wg =1/2, wy =1/2:

At
b = @t L (" e Atg” o+ VALKTW

VAL
(gn +gp,n+1) + ? (Kn + Kp,nJrl) Wn (33)

At

mn+1 $n+g (ann+Lp,n+1wn+1) + 5

2

This scheme has the following advantages:

1. It only requires solving two linear systems with the coeflicient matrix I — (At/2) L, which is quite standard in
computational fluid dynamics and can be done efficiently using multigrid techniques.

2. It is a weakly second-order accurate integrator for .
3. It is stable and gives the ezact static correlations for for any time step size At [14].

The alternative handling of the explicit term leads to the corrector stage,

" + Pt N VAL
2 2

wn-‘rl = " + % (ann + Lp,n+1mn+1) + Atg ( (Kn +Kp,n+1) an (34)

which has the same advantages as , but may behave differently for strongly nonlinear equations.

3. Multiplicative noise

The scheme with the conditions is a second-order weak integrator for the additive-noise equation (28)).
With a simple addition of a random finite difference (RFD) term in the corrector, see Section the scheme ([29)
can be turned into a first-order weak integrator for the nonlinear kinetic SDE

dx
= = L(x)x +g(z) + K(z,t) o W (). (35)
Namely, if we interpret K ) = K (az(p), t, + waAt) as the noise amplitude evaluated at the predictor, the integrator

is consistent with a Stratonovich interpretation of the noise. If we want the integrator to be consistent with the
kinetic interpretation, we need to add a missing piece of the stochastic drift term,

%aw (KK*) = % (0.K): K* + %K (05 - K*).
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The first term on the right hand side in index notation reads (0;K;x) Kji and is the only drift term that appears if a
Stratonovich interpretation of the noise is adopted. To obtain the second term, we need to add to the corrected ™!
the following RFD increment,

At
28

—~n

Azt = 2k (K* (m" + 517[7”) _K* (:I:")) w', (36)

where W' is a collection of i.i.d. standard normal increments generated independently of W™,

B. Linearization around complex deterministic flows

We now turn our attention to temporal integrators for the linearized system (26}27). The key difference with
is that we do not assume that &(t) is known, rather, it is also obtained by the numerical method. Our approach will
be to pretend we are integrating the nonlinear equation but using very weak noise, so that we will effectively be
integrating the linearized equation. Our goal will be to construct schemes that are second-order weakly accurate for
the linearized system (26]27)). For steady states, that is, when the deterministic or background state & is independent
of time, the linearized equation is of the form with the identification @ = dx and K (t) = K (x,t), along
with

L=H (z)=const. and g(z)=[(0H (Z)) T+ 0.h (T)|x (37)

as the part of the linear operator treated implicitly and explicitly, respectively. We would like to construct one
fully explicit integrator that for steady states becomes equivalent to the explicit midpoint scheme (31f), and one
semi-implicit integrator that for steady states becomes equivalent to the implicit trapezoidal scheme (33). In this
way, we obtain simple schemes that inherit all of the important strengths of the explicit trapezoidal and implicit
midpoint schemes in describing fluctuations around a steady state, while also performing numerical linearization and
maintaining second-order weak accuracy for time-dependent problems.

1.  Eaxplicit schemes

Let us first consider fully explicit schemes, for which the analysis is considerably easier. A simple predictor-corrector
update for the nonlinear equation reads

xP) =x" + wy At £ 4 Jwy At K"W (predictor) (38)
"t =" + ((1 —ws) f" + w3f(p)> At

+ ((1 —w)K" + w7K<p>) (\/ngt W+ /(1 — wy)At Wg) (corrector).

If we now split the variables into deterministic and fluctuating components,

z® = z® 4 5@
"t = "t 4 et (39)

and expand the predictor and corrector stages to first order in the fluctuations (i.e., linearize both stages in d=®) and
dz"*1), we obtain that for weak fluctuations is effectively applying the same explicit scheme to the linearized
system . The analysis summarized in Appendixshows that the scheme (|38)) is a second-order weakly accurate
integrator for if wows = 1/2 and wowy = 1/2. Examples of second-order fully explicit schemes include the
explicit midpoint scheme, obtained for wy = 1/2, w3 = 1, wy = 1, and the explicit trapezoidal scheme, obtained for
we = 1, wg = 1/2, wy = 1/2. Note that at steady state the explicit midpoint scheme becomes equivalent to applying

directly to .
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2. Semi-implicit schemes

We now consider applying the relatively general predictor-corrector scheme to , with the identification
L (z) = H () and g(x) = h(x), which gives the semi-implicit scheme
P =" + ((wg —wy)H" 2" + le"w(p)> At + woh" At + MK"W?
"t =2 + ((1 —ws —wy — ws)H"&" + ws HP 2P 4w, HP " 4 w5H"w"+1> At
(

+
_ n (»)
{ ( 1 —wg)h™ + weh ) At, or (40)

h((1 — we)z" + wez'?)) At
v ((1 —w)) K"+ w7K(p)> (x/szt W 4+ /(1 — ws)At Wg) .

If we substitute in and linearize both stages, we obtain that for weak noise the same scheme (but without
the noise terms) is applied to the deterministic component,

zP) =g" + ((w2 —w ) H"Z" + wlﬁ"a—;“’)) At +woh" At
gt =z + ((1 —wy —wy —ws)H"Z" + wgﬁ(p):i(p) + w4f_I(p):E"+1 + w5P_In.’E"+1) At
+ ((1 —we)h" + wGi_l(p)) Ator h ((1 — we)ZT" + wei(p)) At. (41)
while for the fluctuating component, in index notation,
52 =6a + (wo —wi) (HE + (9;HLL) 77) §27 At (42)
+ (w1 (akH;;) £§p)5xl(€n) + wlﬁijéxg-p)) At
+wy (95hi) 627 At + \/wa At KW
Sx Tt =5l + [(1—ws —ws —ws) (HZ; + (8;Hj},) 73) + ws (0;Hj},) :i:“] dxf At (43)
o+ ws (B + (0,80 ) ) + wi (0, A ) 27| sl e
+ (w4Hi(f) + w5}_IZ) 6$?+1At
(1 — we)(Oph)dap + w6(8k}_zz(-p))5x§f)> At, or
6k7L§w) ((1 — wg)oxY + wﬁém,(f)) At

+ (= wn) K+ wr KDY (Vo At W™ + /(T = wg)AEW?™),

where decorations and superscripts indicate where the derivatives are evaluated, for example, 5‘JLEP ) = Orh; (ﬁz(p)),

and 5'1@711('“}) is evaluated at (1 — wg)Z™ + weZ®). The analysis summarized in Appendix [B|shows that this scheme is
a second-order weakly accurate integrator for (26}27)) if the conditions hold.

This analysis leads us to the important conclusion that the same schemes can be used not only to integrate
time-dependent Langevin equations but also to numerically linearize , and integrate the equations (26}27)) to
second order weakly. In particular, for fully explicit schemes we recommend the midpoint scheme , and for implicit
schemes we recommend the implicit trapezoidal scheme (33)), with the identification L (x) = H () and g(x) = h(x).
Depending on the interpretation of the noise, the same integrators may also be first-order weak integrators for the
nonlinear equation , in particular, this is the case for Stratonovich noise. For kinetic noise, the RFD term
can be added to the corrector to obtain the required stochastic drift terms.

III. FAST-SLOW SYSTEMS

In this section we consider a generic finite-dimensional Langevin equation of the form in the case when there
are two variables, « + (x,y), where £ € R" is the slow (relevant) variable and y € R is a fast variable. We focus
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on a rather general form of such a fast-slow Langevin system,

O | A e B[ 0.U A 0 W, (t) 0, A B
[aty]__{elB* 620] [@U}—’— QkBT[ 0 ey | |w, | TET) | T, B | =

— N () [ gzg ] +(265T)% M (2) W(t) + (kpT) 05 - N (), (44)

where € is a parameter that controls the separation of time scales between the slow and fast variables, ¢ = 1 in

the original (inertial) dynamics. Here the linear operators A (x) > 0, B (x) and C (x) = 0 depend only on the

slow variable , and Ay (@) and C (x) satisfy the fluctuation-dissipation balance condition , A%A*% = A and

C 1 C"% = C. The Langevin equation with position-dependent friction is an example of this kind of system with
2

the identification y = /mv, U (z,y) = U (z) + y?/2,e=y/m, A=0, B= -1, C =~.
We will assume that the coarse-grained free energy U (x,vy) is separable and quadratic in the fast variable,

U () = Us (2) + Uy () = Us (@) + 3 (y— 9 (@) ¥ (@) (5~ 5 (@), (45)
so that the equilibrium distribution (invariant measure) of y for fized x is Gaussian with mean gy (z) and covariance
v (a:)f1 that may depend on the slow variable. In particular, in the model equation the fast variable enters only
linearly (but the slow variable enters nonlinearly); this greatly simplifies the limiting dynamics [38] as e — 0. In the
more general case one cannot write a single SDE for the slow variable x that describes all aspects of the dynamics.
Instead, depending on the type of observable and the time scale one is interested in, different equations arise in the
limit.

As € — 0 there is an infinite separation of time scales between & and y, and we can perform adiabatic elimination
of the fast variable [38]. The resulting overdamped dynamics is expected to be a good approximation to the original
dynamics, € = 1. In the limit € — 0, it can be shown [28] [39] [40] (for a review see also the book [29]) that the limiting
or overdamped dynamics for x is

615213

—(A+ BC'B") 0,F + /25T (A o Wa + BC'Cy o W) (46)

~(A+BC™'B") 0,F + /2T (AyW, + BCT'C W, ) + (ksT) 0, - (A+ BC™'B*),

and is time-reversible with respect to the equilibrium distribution ~ exp (—F (x) /kpT). Here the symbol ¢ denotes
the kinetic stochastic interpretation [27]. For future reference, we note that the last thermal drift in can be
expanded using the chain rule,

8- (BC™'B*) =9, (BC™'): B* + BC™' (8, - BY), (47)
and similarly,

O A =0 - (A%A*%) — 8, (A%> AT+ A, (aw-A*%),

1N 1
where the first term on the right hand side in index notation reads (@Afk) A7y, and is the only drift term that would

have appeared if the overdamped dynamics used a Stratonovich interpretation.
Here F () is the free energy in the slow variables, and can be obtained from the marginal distribution

o (1) (28 o (481 o C251).

giving the relationship

kT

F(x)=U, (w)—i—?ln\'l'(:cﬂ

Note that one can evaluate the derivative of the determinant using Jacobi’s formula,

OpF = 0,U, + kBTT (T : 0, (x)), (48)
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where colon denotes a double contraction, (\11_1 : (’“)w\Il) e = \Il;jlak‘llij. One can construct a random finite difference
approach (see Section [I B 2) to evaluate this term in expectation, using the identity

U (@) (0 (@) = im < ([@7 (@) (¥ (W) — W ()] W), (19)
where W is a collection of i.i.d. standard normal variables. This only requires a routine for evaluating the trace
@' W once per time step, which is likely nontrivial in practice. However, the RFD avoids computing derivatives
and is certainly more efficient than computing ¥~ : 8, ¥ using finite differences to evaluate the gradient 9, %, since
this requires evaluating a trace for each slow variable. In this work we do not study models where ¥ (x) depends on
the slow variable further, and henceforth F' (x) = U,, ().

We now present two temporal integrators for solving . The first scheme can be seen as an application of the
explicit midpoint scheme to the overdamped equation , and, aside from some of the stochastic drift terms,
consists of applying the explicit midpoint scheme to the original system setting d;y = 0. Similarly, we also
present an implicit trapezoidal scheme applied to the overdamped equation . In the explicit midpoint scheme
we use a random finite difference (RFD) approach to handle several of the stochastic drift terms, as in , and in
the implicit trapezoidal scheme we show how one can use a Fixman-like approach for one of the drift terms, as in @

In the general nonlinear setting, the schemes presented in this section are only first-order weakly accurate. They
are deterministically second-order accurate. With care, the schemes can be second-order weak integrators for the
linearized limiting dynamics, as we explained in Section [[l Note that the thermal drift terms play no role in the
linearized overdamped dynamics because they are proportional to the small noise variance, and only terms of order
one half in the noise variance are kept in the linearization. In order to achieve second-order accuracy the schemes
below require solving three linear systems involving C' per time step. In cases when first-order accuracy is sufficient,
one can avoid the linear solve in the RFD term; this can save significant computer time in cases when computing
the action of C™! is the dominant cost. Furthermore, in the case of constant C, one can re-use the predictor’s
deterministic increment in the corrector for a first order scheme requiring only one linear solve. In this case, the role
of the corrector stage is simply to obtain all of the required stochastic drift terms [23].

Of course, the trapezoidal and the midpoint schemes we presented here do not exhaust all possibilities; they are
representative of a broad class of schemes that uses the original dynamics to approximate the overdamped dynamics.
By combining the techniques we described here one can construct various schemes tailored to particular problems. In
each specific application, various terms may vanish, and a different approach may be more efficient, more stable, or
simpler to implement, as we illustrate in Section [[V] on several applications in fluctuating hydrodynamics.

A. Explicit Midpoint Scheme

In the explicit midpoint scheme, the predictor is an Euler-Maruyama step to the midpoint of the time step,

[(ww;_zn)/(m) [ 5 e [ewb o] arm [V o) [Wi] @

In terms of just «, the predictor step above is equivalent to an Euler-Maruyama half-step for the limiting equation,
without the stochastic drift terms,
pn+i _ _n At —1 p*\" n n n,1 -1 " n,1

2""*E = o" — =2 (A+ BCT'BY)" (0,F)" + VkeTAt AYW 3" + \/kpT AL (BC c%) Wl (51)
In practical implementation, however, we first solve a linear system for y and then take an Euler-Maryama step for «
using the obtained solution for y. This makes it very easy to convert a semi-implicit code for simulating the original
dynamics to simulate the overdamped dynamics, using a much larger time step size than possible for the original
inertial dynamics. Note, however, that a solver for linear systems involving C' must be implemented and applied each
time step; this will in general significantly increase the cost of an overdamped step compared to a fully ezplicit scheme
for the original dynamics. In practice, however, the extreme stiffness in the original dynamics will force us to use a
semi-implicit scheme even for the original dynamics (for example, most fluid dynamics codes treat viscosity, or, more
generally, diffusion, semi-implicitly), and the required linear solvers will already be available.

1.  First Order Method

If first-order weak accuracy is sufficient, we can reuse the same noise amplitude in the corrector stage as in the
predictor stage, and include RFD terms to capture the stochastic drift terms,
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(z"*! —m) /At}

0 g]wz [ @) (s (@) ]Wé (52)

[kgT [Ay 0 1" [wi!4wo?

At [ 0 Cy| [Wpliwp?
kT | A (2 +0W") - A "
0 | B (a") - (-’c" + 6Wn) '

Nl

_|_

Note that here we can re-use the same random numbers W for both stochastic drift terms, but this is not necessary.

The corrector step includes random finite differences to capture the stochastic drift terms (kpT)0, - A and
(kgT) BC™ (8, - B*), as we did in . The remaining drift term (kgT)d, (BC™') : B* is obtained from the
predictor step in the spirit of Runge-Kutta schemes, as can be confimed by a Taylor series analysis (see Appendix
for further details). To see this, note that the stochastic increment in P! involving WZ’l is

n
Azt = /AtkpT (BCT'Cy) Wi,
In the corrector, we have the stochastic increment
c - ntg n n n,
Azt = (BC™H)""? \/AtkpT Ct (Wit + Wi?).

If we expand (BC'_l)p’nJr1 to first-order around x"”, we see that Az contains a term ~ 9, (BC’_l)n AxP (C’I WZ’l),
2

more precisely, in index notation, the i-th component of the additional term is
1
VAtkpTo (BC™Y), AafCERW[" = (kpT) At & (BC™Y) BinCLC3, 02 witwyt,

evaluated at time step n, where 9y = 9/0z,. Upon taking expectation values, <W,f’1WZ§/71> = 0p,p, we obtain the
required drift term O, (BC_I) : B* in , since

& (BC™Y),, Bin O CE, (C%)jk =0 (BC™),, Biw 6jm = 0k (BC™Y),, By (53)

2. Second Order Method

If we want to obtain second-order weak accuracy for the linearized overdamped dynamics, we should evaluate the
noise in the corrector at the predicted midpoint value, as in the explicit midpoint algorithm . This is however
only consistent with a Stratonovich interpretation of the noise in the overdamped dynamics and is not consistent with
the kinetic interpretation we seek. In order to be consistent with a kinetic interpretation, we need to add RFD terms
to capture the correct stochastic drift terms (see Appendix ,

el S (-5 [ Y )

n+g
L fReT A0 [WZ’H—W;’T
n4+i n,1l n,2
Ao o Lwytewy

knT A%L (A*% (m" W, ) A* (z ”)) —~—n
Nl B (muavT/’j; B* (") A
kT .

[N

0
T s [Cé (m" +6 (BC’lC%YWZ) —c (az”)]
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where WZ and f/[v/g are independently-generated random vectors. As we show in Appendix the scheme is
weakly first-order accurate in general, while also achieving second order weak accuracy for the linearized overdamped
dynamics. In [23] we successfully used the scheme to integrate the equations of Brownian Dynamics, which
result when one eliminates the fast velocity degrees of freedom from a system of equations for the motion of particles
immersed in a fluctuating Stokes fluid.

The midpoint scheme is a second-order weak integrator for the linearized overdamped equations. This is
because it can be seen as an application of the explicit midpoint scheme to the limiting dynamics , which
we concluded in Section [[TB| to be a second-order integrator for linearized Langevin equations. This shows the
importance of carefully selecting where to evaluate the noise amplitude in the corrector stage in the nonlinear setting,
and balancing this with RFD terms to ensure consistency with the nonlinear equations. In the case of constant C,
one can omit the last line in , similarly, if A is constant one can omit the corresponding RFD term. Furthermore,
in some cases, such as the specific example studied in Section [[V] there is no difference between a Stratonovich or a
kinetic interpretation of the limiting dynamics and one can use the corrector without the RFD terms on the last

two lines of .

B. Implicit Trapezoidal Scheme

In this section we explain how the implicit trapezoidal scheme can be used to simulate the overdamped dynamics
. We will assume that

A(x) 0zF (x)=L(x)x

and treat this term semi-implicitly. All remaining terms, including the stochastic drift term (BC_lB*) Oy F', which
arises due to the elimination of the fast variable, will be handled explicitly.

The predictor step consists of taking an overdamped step for y, which simply amounts to deleting the term 9,y in
, followed by an implicit trapezoidal step for . Symbolically,

[ P (v T [ @

Note that here we have omitted all thermal drift terms; we will rely on the corrector to obtain those. The corrector
step consists of solving the following linear system for z"*! and y? "1,

(vt —a) JAt] [ Ax/At (56)
0 = | Ay/At
3 (Lrar + L et 4 5 (BR)" (yrrtt —gpnth) 4 5 (BE)" (v —9") |
— (B*0, F)P" ! 4 (C®)PH (ypntl — et

where the stochastic increments Az and Ay are given in .

The stochastic increments Az and Ay need to be carefully constructed in order to obtain the correct drift terms,
and can be approximated in one of two ways. For the case when A is invertible, we can use a Fixman like approach
to obtain the drift term (kpT') 0 - A in the corrector step, just as we illustrated for the simple Langevin equation in

®@.

Ax/At] _ [2hsT [4(A"+armh) (a70ay)" 0 | [w 57
Ay/At| — VAt 0 cr | LWy
kT 0 —n
+ 2= B*(m”)—B*(w"Jréw‘)]W'

The scheme (56lf57)) is only first-order weakly accurate even for the linearized overdamped dynamics.
If we want to obtain second-order weak accuracy for the linearized overdamped dynamics, we should evaluate the
noise in the corrector at the predicted value, as in the implicit trapezoidal algorithm . In this case we need to
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capture the remaining terms with an RFD approach, as we did in 7

Az/at] _ [2ksT | & (A7 +A") 0 wr s
Ay/ar | N ar 0 ool | | W (58)

@) | —n

ksT Ag (A*% (w" +(5ﬁ72) - A .

*
1
b= 2

5 | 2(B* (2" +0W)) - B* (@)
0 o
_% [ (20% (:n" ) (Bc—lc%)n ﬁ?g) —c (a:”)) ] We-

Note that the computation of (B c'c 1 ) Wg involves solving a linear system involving C' and will thus, generally,

significantly increase the computational effort per time step. In the case of constant A or C, one can omit the
corresponding RFD terms to simplify the scheme. For a Stratonovich interpretation of the limiting dynamics, one
simply omits the last two terms of .

IV. FLUCTUATING HYDRODYNAMICS: TRACER DIFFUSION

In this section we apply the techniques we developed in this work to the fluctuating hydrodynamics problems
described in Section [C] In the example considered here many of the stochastic drift terms present in the more
general case are not present. In [23] we presented a numerical method for performing Brownian dynamics for particles
suspended in a fluid, based on treating the fluid velocity as a fast degree of freedom compared to the positions of the
particles. That example includes the majority of the stochastic drift terms that appear in a general setting, except
that C is constant, and employs our midpoint scheme for overdamped dynamics essentially in its full generality.

We model the diffusion of a concentration field that is passively advected by the randomly fluctuating fluid velocity,
as we first discussed in Section [[C] In the nonlinear overdamped setting, the methods presented here can be used to
model diffusion of labeled or tracer particles in liquids over a broad range of length scales, as we did in Ref. [7]. In
the linearized setting, the same methods can be used to study the spatio-temporal spectrum of Gaussian fluctuations
around steady or dynamic deterministic flows [3], as we first did in Ref. [35] for a steady state and extend in this work
to a dynamic setting in Section [V'A] In Section [V B] we present an application of the methods developed here to study
the dynamic structure factors in binary fluid mixtures subjected to a small temperature gradient, in the presence of
gravity and confinement [34].

We consider the velocity-concentration system in a simplified setting in which the noise in the concentration
equation is additive and we omit the nonlinear term v - Vo,

v = P (Z/VQ’U + V20 WwkgTV - W — ﬂcg) , (59)

dic = =V - (ev) + 0V + V- (V2xoho W)
where v =n/p and ¥y = p_lmco7 where m is the mass of the tracer particles and cq is a reference concentration. For
simplicity we have replaced u = o x v by v, assuming that the filtering is done by an implicit truncation of the SPDE
at small scales; this is naturally performed in the finite-volume discretizations of this system described in [14]. Note
that for incompressible v we have V - (cv) = v - Ve, In the constraint V - v = 0 is enforced by the Helmholtz
projection operator P =1 — G (l)g)f1 D, where D = V- denotes the divergence operator and G = V the gradient
operator with the appropriate boundary conditions taken into account.

The coupled velocity-concentration system can be written as an infinite-dimensional system of the form
with the identification v = y as the (potentially) fast variable and ¢ = x as the slow variable. We have a quadratic
(Gaussian) coarse-grained energy functional that includes a contribution due to the (excess) gravitational potential
energy of the tracer particles of excess mass (over the solvent) of Sm,

Ulv (), c()] :g/UQ(r) dr—l—ﬁp/c(r)(r-g) dr—l—% & (r) dr, (60)

which corresponds to g=v = 0, ¥(x) = pI/2 a multiple of the identity, and quadratic U (x) =
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(200) " kgT [ ¢ (r) dr. The mobility ! and noise operators can be taken to be

_ (k‘BT)il X0190V2 —p‘lv -cP

A B}[ ey ply(Pvzp)}

NeOl= | B 6
and

M

[c()] = [‘%é 61005 ] _ { \/XoﬂoékBTV- \/p_il(;rpv } 7

where differential operators act on everything to their right and we note that only the operator B [c ()] is a functional of
the slow variable c. The diagonal blocks of the mobility operator N generate momentum and (bare) mass diffusion and
the corresponding noise terms. The upper right block of IN generates the advective term —v - V¢ in the concentration
equation, while the lower left block of N generates the gravity term in the velocity equation,

1
2

kgT
299

2

—p 1 PcV (p/)’ (r-g)+ c) = —BPcg—p 'PV <62> = —fPcg,
where we used the fact that projection eliminates pure gradients. This last property allows for a key simplification,
namely, the stochastic drift term involving 9 - B* = 9. - B* [¢ (+)] can be omitted, and there is no difference between
a kinetic and a Stratonovich interpretation of the overdamped dynamics [7]. We take advantage of these properties in
the algorithms presented next. It is important to note that these simplifying properties are also valid after (careful)
spatial discretization of the SPDEs [14]. Also note that spatially-discretized white noise acquires an additional factor
of AV~2, where AV is the volume of the grid cells [14].

Note that a more complete but formal calculation [16] using the true ideal gas entropy functional would set
A = xom/ (pkpT) V - ¢V, where all differential operators act to their right, and obtain multiplicative noise as well
as an additional barodiffusion term in the concentration equation,

die=—V - (cv) + V- [XO (vwﬁmgc)] +V.(\/ch). (61)

kgT

The barodiffusion term is only important in the presence of very high gravitational energies such as in ultracentrifuges,
and we will neglect it here and use instead.

A. Inertial Equations

For the full inertial dynamics , applying our predictor-corrector methods would require treating the diffusion of
both momentum and mass with the same scheme, i.e., both would need to treated implicitly or both treated explicitly.
Similarly, if a semi-implicit method is used, two linear solves would be required, one for the predictor and one for the
corrector stage. However, we can take specific advantage of the structure of and use a split approach, in which we
handle concentration and velocity differently, for example, we can treat viscosity implicitly (since velocity is a faster
variable) and treat mass diffusion explicitly (since concentration is a slower variable). In Algorithm [I| we present
an optimized split scheme for integrating , which only requires a single fluid solve per time step. Note that this
scheme can be made second-order accurate deterministically for the fully nonlinear Navier-Stokes equation by using a
time-lagged (multi-step) scheme for the advective term pv- Vv = pV - (v ® v). Here we treat concentration implicitly
but an explicit treatment is also possible. In Section [VB] we use Algorithm [I] to study the difference between the
inertial and overdamped dynamics for a problem involving a fluid sample subjected to a concentration gradient, in
the presence of gravity.

The analysis presented in this work does not directly apply to split schemes and confirming second-order weak
accuracy requires custom analysis. Empirical order of accuracy tests can also be used but note that these can be
misleading since error terms that dominate for very small time step sizes may be negligible for time step sizes of
interests. For very small At, statistical errors are often much larger than the truncation errors, making empirical
convergence studies computationally infeasible.

1 Note that the advective part of the mobility operator we use here is slightly different from that in [14] because here we use the conservative
V - (cv) rather than the advective form v - Ve, as required for momentum conservation in the presence of gravity.
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Algorithm 1 Split integrator for the inertial dynamics , as implemented in the IBAMR software framework [41].

n+1
)

1. In the predictor step for concentration, solve for c”

cpntl e 5 [ 4 Pt 2x0%0
— = " . V" vel—— V. wo.
Al v Vet xo ( 2 + NN

2. Solve the time-dependent Stokes or Navier-Stokes system for ™! and 7r"+%,

n+l _ n nad a1 n+1 n 2 k T " n p,n+1
pvv+p(v.w)+;+w+;_wz(v+v)+Vl< el ) s (T

2
Vv .o"h =0,

1
The nonlinear advective term (v - V'u)"Jr§ can be omitted in the Stokes limit, or approximated to second-order accuracy
using an Adams-Bashforth approach.

3. Correct the concentration by solving

cn+1 — " ,Un+1 +vn " +cp,n+l 5 & _|_Cn+1 \/m N
A (f) v (f) X0V <T) AN ALIE

For completeness, in Algorithmwe apply our implicit trapezoidal integrator to the variable-coefficient inertial
equations ; this integrator requires two concentration and two velocity (Stokes) linear solves per time step. Our
analysis shows that this is a second-order weak integrator for the linearized inertial equations. We do not use
this integrator in this work because a constant-coefficient incompressible approximation is appropriate in the (passive
tracer) applications we study here. Note that for incompressible v the conservative and advective forms are equivalent,
V - (e¢v) = v- V; in the numerical schemes it is preferred to use the conservative form to ensure strict conservation of
mass and momentum even when imposing the divergence-free constraint on the velocity only to some finite threshold.
Note that the nonlinear advective terms can alternatively be handled using a midpoint rule following . For

example, [(C’U)n + (cv)”" | /2 can be replaced by

ch +cp,n+1 " +Up,n+1
(=) ()

without affecting the order of accuracy.

B. Overdamped Equations
The overdamped limit of is the Stratonovich SPDE [7]

Oic = 5p77_1 (G*cg) -Ve+ m (G%W) ® Ve (62)

+ xoV%c+ V- (\/QXWWC) ,

where the notation is explained in Section[[C1] In Algorithm [3]we give a temporal integrator for this equation, which
we first proposed in Appendix B of Ref. [7]. This algorithm can be seen as an application of the implicit trapezoidal
method to , with the identifications

L=xV? and glc()]=Bm ' (Gxcg)- Ve,
and

K[c()] oW (t) = Vo ks (GyW) @ Vet V- (Vaxoly W)

Note that the advective term in the corrector stage can alternatively be treated using an explicit trapezoidal rule, as
in , without affecting the formal order of accuracy of the scheme.
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Algorithm 2 Unsplit implicit trapezoidal temporal integrator for the variable-coefficient inertial equations .

1. In the predictor step for concentration, solve for ¢?"+1,

Cp,n+1 _ Cn

At

2(xp~tpc')" kT

AtAV Wel

=-V-(cv)" + %V (V)] 4V \/

and solve (independently) the variable-coefficient Stokes system for v»"*! and 77"tz [42],

p,n+l . n

v v
At

P

+ VAP = V- (v w)" — fpc" g

. ﬁ = .n = .p,n+1 QU"kBT n
\% [2 (Vo" 4+ Vo )ﬂ/TMV w

v Pt = .

Jr

2. Correct the concentration by solving,

n+1l _ cn

At

¢ — _1 . n p,n+1 l . n n p,n+1 n+1
= 5V [(cv)" + (cv) }+2V X"V +x V'

1 2 (Xp—luc—l)n kT \/2 (Xp,1'u;1)p,n+1 kT .
A \/ AIAV * AIAV Wel,

and correct the velocity by solving (independently) the the variable-coefficient Stokes system for »"*! and s [42],

n+l _ n
pl TV pvat: = Py [(v@v)" + (vev)"" ] - be (" +c"") g
At 2 2
+ %V (nnvvn +np,n+lvvn+l) +
1 20" kpT \/an’v”“kBT "
3V K\/AtAV Voaar | W
v.-o"tt = 0.

Algorithm [3|is weakly first-order accurate for the nonlinear overdamped dynamics, and second-order accurate for
the linearized overdamped dynamics . Therefore, this method “kills two birds with one stone” and can be used
for either strong (nonlinear) [7] or weak (linearized) noise settings. In Section we use Algorithm [3[ to study the
dynamics of the development of giant concentration fluctuations in the absence of gravity.

V. GIANT CONCENTRATION FLUCTUATIONS

In this section we apply our temporal integrators to the study of diffusive mixing in binary liquid mixtures in the
presence of a temperature gradient and gravity. The equations for the velocity v (r,t) and mass concentration ¢ (r,t)
for a mixture of two fluids can be approximated as

pdyv + Vi =nV3v 4V - <\/2nkBTO W) — pBcg (63)
V.-v=0
Oc+v-Ve=xV - (Vec+c(l—¢)SrVT), (64)

where W denotes white-noise stochastic forcing for the thermal fluctuations and g is gravity. Here we have ignored
the stochastic forcing term V - (\/ 2x0% WC), which is responsible for equilibrium fluctuations in the concentration,
since our focus will be on the much larger nonequilibrium fluctuations induced by the coupling to the velocity equation
via the advective term v - V. The shear viscosity 7 = vp, mass diffusion coefficient y, solutal expansion coefficient
B, and Soret coefficient S, are assumed to be given material constants independent of concentration. Furthermore,
the density p is taken to be constant in a Boussinesq approximation. Temperature fluctuations are not considered in
a large Lewis number (very fast temperature dynamics) approximation [43]. We assume that the applied temperature
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Algorithm 3 Implicit trapezoidal integrator for the limiting (overdamped) equation 7 as implemented in the
IBAMR software framework [41].

1. In the predictor stage, solve the steady Stokes equation with random forcing,

27] kBT
AtAV

Vi =gV + V- < W") — pBc"g
Vv .-v"=0.

2. Do a predictor step for by solving for ¢?"*1,

p,n+l . n n p,n+1
S = —v" V" +x0V? (76 te )-‘rV- < 2xo% W?)

At 2 AtAV

3. Solve the corrector steady Stokes equation

ntl 2 il . 2nksT . B " 4 Pt
V't = (V) v (\/ NN G 2 g

Vo™t

[N

=0.

Note that the same random stress is used here as in the predictor, so that if there is no gravity, we can set vt =,
In general if an iterative solver is used the solution from the predictor v™ should be used as an initial guess to speed up
the convergence.

4. Take a corrector step for concentration to compute ¢"**,

cn+1 _.n

" gl e 4 Pt 5 (" 4t . 2x0%0 n
N V( 3 TxoV 2 TV \Vanr e -

gradient VT is weak and approximate T = T = const. In principle there is no difficulty in making the temperature
be spatially-dependent, however, our simplifying approximation is justified because the typical relative temperature
difference across the sample is not large.

These equations are extremely difficult to integrate numerically for large Schmidt number, S, = v/x > 1, if one
wants to get dynamics correctly. Therefore, we actually take a limit of the above equations S, — oo and integrate the
resulting dynamics numerically. In a linearized setting, ¢ = ¢ + dc and v = dv, the overdamped equations are written
in [43] as a large Schmidt and large Lewis number approximation to the complete system of equations,

Vi =V £ V- (\/277;:3% w) —pB(dc) g (65)
V-v=0
d; (6¢) +v - h =xV? (J¢),

where h = V¢ is the concentration gradient imposed by the applied temperature gradient. Theoretical analysis is
based on the simplified linearized equations under the assumption that the appplied gradient h is constant and
weak. The theory predicts the steady-state spectrum of the concentration fluctuations at wave number k to be [43]

S (k) = ((5e(0) (5ek) ") = Wk‘iki)pﬁw 2, (66)

where L and || denote the perpendicular and parallel component relative to gravity, respectively. The characteristic k4
power-law divergence of the spectrum at large wavenumbers is a signature of long-ranged nonequilibrium fluctuations
and leads to a dramatic increase in the magnitude and correlation length of the fluctuations compared to systems
in thermodynamic equilibrum; this effect has been termed giant fluctuations [4, [6]. The expression shows that
fluctuations at wavenumbers below the critical (rollover) wave number k} = gpSh)/ (nx) are suppressed by gravity.
Henceforth we will assume that the gradient is parallel to gravity, h) = h.

For the dynamics of vertically-averaged concentration, i.e., for k = 0, k. = k, the linearization predicts an
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exponential time correlation function

S (k,t) = <(&(k,t)) ((fc(k,o))*> = S(k)e VT (67)

ke
1 — . 68
+(5) (63)
The relaxation has a minimum at k = k. with value 7! = 2yk2. For smaller wavenumbers 7 becomes the smallest
time scale and limits the stability of the simulations. As we discuss in Section [VB] at small wavenumbers the
separation of time scales used to justify the overdamped limit fails and the fluid inertia has to be taken into account.

In the absence of gravity, however, as we discuss in Section [VA] the separation of time scales is uniform across all
length scales and the overdamped limit can be used.

with decay time

= sz

A. Giant Fluctuations in Microgravity

In this section we perform computer simulations of diffusive mixing in microgravity, recently studied aboard a
satellite in orbit around the Earth during the GRADFLEX experiment [6]. The experimental configuration consists
of a dilute solution of polystyrene in toluene with average concentration ¥y = 0.018, confined between two parallel
transparent plates that are a distance H = lmm apart. A temperature gradient V' = AT/H is imposed along the
y axes via the plates at time ¢ = 0. At long times, the weak temperature gradient leads to a strong concentration
gradient Ve = ¢Sp VT due to the Soret effect, giving rise to an exponential steady-state concentration profile ¢(y).
Quantitative shadowgraphy is used to observe and measure the strength of the fluctuations in the concentration
around ¢ via the change in the refraction index. Some of us already modeled the steady-state fluctuations in the
GRADFLEX experiment using the inertial equations in previous work [35]. Here we extend this study to also
model the dynamics of the concentration fluctuations following the time when the temperature gradient is first applied
(to a uniform sample), before the steady state is reached. In future work we will compare our numerical results to
experimental measurements.

In the actual experiments reported in Ref. [6], concentration diffusion is much slower than momentum diffusion,
corresponding to Schmidt number S. = v/x ~ 3 - 103. This level of stiffness makes direct simulation of the temporal
dynamics of the fluctuations infeasible, as long averaging is needed to obtain accurate steady-state spectra, especially
for small wavenumbers. In order to bypass this problem, in our previous work [35] we artificially increased x and
decreased v to reduce the Schmidt number, while keeping the product yv fixed. This is exactly the scaling in which
one can formally derive the limiting overdamped dynamics (18)) [7], and from we see that the static structure
factor depends only on the product xyv when v > y. In fact, artificially decreasing the Schmidt number while keeping
xV fixed, and rescaling time appropriately, can be seen as an instance of the seamless multiscale method presented in
Ref. [44]. Here we take the overdamped limit and solve the limiting equations numerically, thus completely avoiding
the stiffness issue. This allows us to take a much larger time step size, related to the time scale of mass diffusion,
rather than the fast momentum diffusion.

For the GRADLEX experiments we can assume ¢ < 1 and thus ¢(1 — ¢) & ¢ to make the Soret term linear in
concentration and treat the Soret flux as advection by a Soret velocity vs = —xSr VT, to obtain the concentration
equation employed in our numerical method,

e+ V- (c(v—xSrVT)) = xV2ec. (69)

We integrate the overdamped limit of for ¢ = 0 in time using Algorithm The spatial discretization and
the physical parameters are essentially identical to those used in incompressible simulations in our previous work, see
Section V in [35]. An important improvement is that we now handle both the Soret term and the boundary condition
for concentration implicitly, thus ensuring strict conservation of the total solutal mass. The domain is periodic in the
directions parallel to the boundaries. At the top and bottom boundaries a no-flux boundary condition is imposed
for the concentration, and a no-slip boundary condition is imposed for velocity. The observed light intensity, once
corrected for the optical transfer function of the equipment, is proportional to the intensity of the fluctuations in the
concentration averaged along the gradient,

H
cy(x,z;t) = H_l/ c(x,y, z; t)dy,
0
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Figure 1: (Color online) (Left) Time evolution of the static structure factor S(k;t) in the GRADFLEX experiment [6]. The
steady-state spectrum, studied in more detail in Section V in [35], is also shown, and compared to the simple quasi-periodic
theory . At smaller wavenumbers the steady-state fluctuations are damped due to confinement effects. (Right) Static
structure factor S(k) of concentration fluctuations in a binary liquid mixture subjected to a steady temperature gradient [34].
In order to account for spatial discretization artifacts, on the z axes we show the modified wave number sin (kAz/2) / (Az/2)
[35]. The theory is shown for comparison.

and this is the main quantity of interest in our simulations. What is actually measured experimentally is the static
structure factor, which is the Fourier transform dc; of the concentration fluctuations averaged along the gradient

direction,
§ okt = {(5es) (5er) ).

Because of the increase in the time step afforded by the use of the overdamped integrator, we are able here to perform
fully three-dimensional simulations on a domain of dimensions (4 x 1 x 4) mm, discretized on a 256 x 64 x 256 grid
with uniform grid spacing Az = 1/64mm. Here the thickness of the sample is H = 1 mm and corresponds to the
experimental setup, and the lateral extend is set to L = 4mm. The structure factors S (ky, k.;t) were averaged
radially to obtain S (k;t), where k = \/k2 + k2. Note that in this case it is possible to obtain the same results
using two-dimensional simulations (k, = 0) because of the symmetries of the linearized equations, nevertheless,
we chose to obtain three-dimensional results directly comparable to experiments. The key physical parameters are
p=0.858g/cm?, x = 1.97- 10~ %cm?/s, v = 6.07 - 1073 cm? /s, Ty = 300K, Sz = 0.06486 K~*, and the temperature
difference is AT = 17.4K. Additional details of the experimental setup and parameters are given in Ref. [6]. The time
step size was At ~ 10s, corresponding to a diffusive Courant number YAt/Axz? ~ 8, and the results were averaged
over 32 simulations. To obtain the static structure factor at steady state, we used a time step size that was twice
larger, and averaged over 32 runs of length 140,000s, skipping the initial 14,000s in the analysis.

In the left panel of Fig. [1| we show the static structure factor as a function of time, along with the steady state
asymptotic value. We observe that it takes a long time, on the time scale of the macroscopic diffusive mixing, to
actually establish the steady state. This is in contrast to experiments performed in gravity, where gravity accelerates
the dynamics of the concentration fluctuations at the smaller wavenumbers, as seen in . This was used in Refs.
[36L [45] to construct a simple but approximate theory for the time evolution of the static structure factor during free
diffusive mixing of two miscible liquids. Such a simple theory cannot be developed in microgravity because there is no
separation of time scales between the dynamics of the mean and the dynamics of the fluctuations around the mean,
and computer simulations become indispensable.

B. Giant Fluctuations in Earth Gravity

In this section we consider giant fluctuations in the presence of gravity. We model the experiments used in Ref. [34]
to measure the Soret and diffusion coefficients in binary mixtures using a setup similar to that in the GRADFLEX
experiment described in the previous section. A notable difference is that the average concentration ¥y ~ 0.5 is much
larger than in the GRADFLEX setup, and only a small relative concentration difference is induced by an applied
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modest temperature gradient. We therefore approximate ¢ (1 — ¢) &~ 9 (1 — ) in , giving a constant mass Soret
flux. In this example, because we want to accurately resolve the decay of the time correlation functions over several
orders of magnitude, we perform two dimensional simulations. As we already explained, there is no difference between
two and three dimensional simulations because of the simple one-dimensional geometry of the deterministic solution
3]

By linearizing the inertial dynamics (63}64])) and taking a spatio-temporal Fourier transform we can obtain an ap-
proximate theory for the spatio-temporal correlation functions for the concentration fluctuations. This straightforward
analysis predicts that the static factor S (k) continues to follow if v > x, but the time correlation function, unlike
the overdamped result , is found to be a sum of two modes

1 T2

S(k,£) = So exp (—f) + (S (k) — So) exp (—t> , (70)

where we omit the long formula for Sy and just quote the relaxation times

1 1
-1 _ 2 2
71/2—5(1/4-)()]6 :tg\/k‘l(z/—x) —48gh.

In the limit v/x — oo, we get the diffusive relaxation time if we use the minus sign, 7, L'~ yk2, and for the plus
sign we get the viscous relaxation time

_ Bgh
7t = vk? [1 k| vk (71)

where v = n/p.
Note however that the relaxation times become complex-valued for

4 T 3 1
kp 5 ( ﬁgh) - (45) ' kc = \/ESL ikcu
14

v2

indicating the appearance of propagative rather than diffusive modes for small wavenumbers. Because of the fourth root
power, for realistic values of S, ~ 10%, propagative modes appear at wavenumbers that are, in principle, observable in
experiments via very low-angle light scattering and shadowgraph techniques, although, to our knowledge, experimental
observation of propagative modes has only been reported for temperature fluctuations [46]. This shows that there is a
qualitative difference between the inertial and overdamped dynamics in this example. This comes because of the lack
of separation between the relaxation times associated with mass (7, ) and momentum diffusion (7,) for wavenumbers
k < kp. In order to obtain accurate results over the whole range of wavenumbers observed in experiments, we need to
account for the fluid inertia and integrate the system in time using Algorithm . For comparison we also numerically
take the overdamped limit and use Algorithm for the temporal integration.

In our simulations we use a grid of 128 x 128 cells, with grid spacing Az = Ay = 1/128cm. This corresponds to
thickness of the sample of H = L = lem. The physical parameters correspond to the THN-C12 mixture studied in
[34], p = 0.8407g/cm?, x = 6.21 - 10 %cm?/s, v = 1.78 - 10~2cm? /s, Ty = 300K, Sy = 9.5- 103K}, § = 0.27,
g = 981cm/s?, and the temperature difference across the sample is AT = 40K. To obtain the time-correlation
functions we analyze a single run corresponding to 3,125s of physical time, skipping the initial 625s. The time
step used in both the inertial and overdamped integrators is At = 5 - 1073s, giving a viscous Courant number
vAt/Ax? = 1.5. This means that the viscous dynamics is well-resolved by this small time step and there is no real
benefit from using the overdamped equations. A larger time step cannot be used here even in the overdamped limit
because the relaxation time (68 for the smallest wave number k ~ 6.28cm ™! is 7 = 0.025s, and therefore resolving
the dynamics of the concentration requires a rather small time step.

In the right panel of Fig. [1] we show numerical results for the static structure factor S(k), while in Fig. [2| we
show results for the dynamic structure factor S(k,t). While the static factor shows no difference between the inertial
and overdamped integrators, the dynamic factor clearly shows the appearance of oscillations (propagative modes)
for the smallest wavenumbers when inertia is accounted for. For comparison, in Fig. we also plot the theory
(70). We see a qualitative but not a quantitative agreement between the numerical results and the theory. This
mismatch can be attributed to the effects of confinement by the two no-sip boundaries, which is not taken into
account in the simple quasi-periodic theory used to derive . This effect becomes stronger the smaller the value of
the dimensionless product kH is. Constructing analytical theories in the presence of confinement and inertial effects
is quite challenging and computer simulations are required to study these effects, which we will explore in more detail
in future publications.
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Figure 2: (Color online) Time correlation functions S(k,t) of concentration fluctuations for concentration fluctuations in a
binary liquid mixture subjected to a temperature gradient [34], for the first few wavenumbers (listed in the legend in cmfl),
Solid lines are obtained using the inertial equations, while dashed lines of the same color are obtained using the overdamped
approximation. For the smallest two wavenumbers clear oscillations are observed indicating the appearance of propagative
modes. These are not captured correctly in the overdamped approximation, and are only qualitatively described by the simple
theory , shown with dashed-dotted lines.

VI. CONCLUSIONS

Continuing on our previous work [I4], we constructed a general class of mixed explicit-implicit predictor-corrector
schemes for integrating Langevin equations, and recommended two specific schemes that we previously proposed in
[14] in the context of additive-noise Langevin equations. The first is a fully explicit midpoint rule, and the second
is a semi-implicit scheme in which some of the terms are treated using an implicit trapezoidal rule and the rest are
treated using an explicit trapezoidal rule. Here we showed how to add stochastic forcing terms to these schemes that
ensure the following key properties: the schemes are second-order weakly accurate for linearized Langevin equations,
and they are weakly first-order accurate for multiplicative kinetic noise. In particular, we discussed how to obtain
all of the required stochastic drift terms without evaluating derivatives, using random finite differences that give the
required stochastic drift in expectation.

The key idea in our approach was to discretize the original nonlinear Langevin equations with sufficiently weak
noise, and let the algorithm do the linearization for us, without us having to even write the linearized equations
explicitly. This has numerous advantages over the alternative approach of splitting the variables into a deterministic
mean plus fluctuations and then linearizing the equations manually. Firstly, the linearization needs to be done around
an unknown time-dependent solution of the deterministic equations, which must itself be computed numerically in
general. Secondly, the linearized equations typically have many more terms than the nonlinear equations, and do not
obey conservation laws, leading to violation of conservation for the overall solution (mean+fluctuations). Lastly, our
algorithms can, with care, also be used to integrate genuinely nonlinear Langevin equations, and thus numerically
access the importance of terms neglected by linearization [7), [47]. Integrating the linearized equations to second-order
weak accuracy proved to be relatively simple. Essentially, all that is required is to evaluate the noise amplitude in the
corrector step at the correct value for the time-dependent deterministic solution, e.g., at the midpoint or end-point
of the time step. In the general nonlinear setting, by contrast, obtaining second-order accuracy with derivative-free
schemes is rather nontrivial [22].
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We also proposed predictor-corrector schemes for integrating systems of Langevin equations containing a fast and
a slow variable, in the limit of infinite separation of time scales. We limited our attention here to the simple but
common case of the fast variable entering only linearly; the general case is much more subtle [38]. Our predictor-
corrector schemes discretize the original equations but without the time derivative term in the equation for the fast
variable, giving an effective integrator for the overdamped equations without ever explicitly even writing the limiting
dynamics. One way to think about our integrators is as applying a backward Fuler method to the fast variable, since
this method finds a steady state solution of the fast variable in the limit when the time step size is much larger than
the internal time scale of the fast variable. An essential difficulty in the construction of integrators for the nonlinear
overdamped equations is capturing the stochastic drift terms that arise due to the kinetic interpretation of the noise.
We accomplished this goal by using a combination of implicit and explicit random finite differences.

The integrators proposed here handle fast-slow systems by taking the limit of infinite separation of variables to
eliminate the fast variable. Such an asymptotic limit is often a good approximation, as we illustrated in the past when
modeling diffusion in liquids [7], and also here by modeling the development of giant fluctuations in microgravity during
the GRADFLEX experiment [6]. However, we also studied here the dynamics of giant fluctuations in Earth gravity
and found that the assumption of uniform separation of time scales between the fast velocity and slow concentration
fails in practice for sufficiently small wavenumbers. In this paper, we resorted to integrating the original (inertial)
equations using a sufficiently small time step. It remains an important challenge for the future to develop uniformly
accurate temporal integrators that remain weakly first-order accurate even when there is incomplete separation of
time scales, while still allowing the use of large time step sizes, on the time scale of the slow variable. Such integrators
must likely rely on the linearity of the equation and exponential integrators [A8-50] for the fast variable. The key
difficulty, which we hope to address in future work, is to correctly capture the effects of the fast velocity on the slow
concentration that arise due to the nonlinear advective term v - Ve [7].
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Appendix
Appendix A: Accuracy for time dependent noise

In this appendix, we show that the scheme successfully captures the time dependence of K in the equation
to second order. The general theory of weak accuracy for stochastic integrators is well-established and reviewed,
for example, in Section 2.2 of [5I]. The key result is that, under certain assumptions, second-order weak accuracy
is achieved if the first 5 moments of the numerical increment Az” = z"*t! — £ match the moments of the true
increment @ (nAt + At) —  (nAt) with error no greater than O (At?). The time dependence of the noise amplitude
only adds one additional term (beyond constant noise) that a second-order integrator must account for, which we find
from the expansion

" K (s)dB(s) = K (t) /t " aB(s) + K (1) /t s ) dB(s) (A1)

tn n n

tn+1 _ 2
+ 82K (t,) / % dB(s) + O (At7/2) .
tn

Here OK indicates a time derivative of K, and likewise 82K indicates a second derivative in time. The first term
in the second line is order At®/? and mean zero, so it will not affect second order weak accuracy. Likewise, terms
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which arise from the time dependence of K in the Taylor expansion of the deterministic part of are all order
greater than two and a half and mean zero. Therefore, the only additional expression which must be accounted for in
the temporal integrator is the second term on the first line of equation . When matching increments for second
order weak accuracy, this term appears only in the second moment of the increment, and only in the cross term with

K(tn) [ dB(s),

E [(®(tns1) — (tn)) (@(tns1) — 2(tn))"] =... + (OK)K* + K(0K)*) %tz +0(At?) (A2)

where the terms that are present in the constant-noise case already appear in (16) in [14] and are denoted with ellipses.
In order to maintain second order weak accuracy, the additional term involving K in (A2) is matched in the
temporal integrator by the way in which the noise is evaluated in the corrector step of ,

e gt =y ((1 —wr)K" + w7K(p)) (\/ngt W+ (1 — wy)At W"’2> , (A3)

where deterministic terms are denoted by elipses. Taylor expanding K () in 1) gives the following two terms,
"t gt = A2 K (\/wg W™l 4+ /1T = ws W"’Q)
+ At3/2w2w78K (\/’UJQ wnl + 1 —ws Wn’2> + O(At5/2). (A4)

The terms on the right hand side create the correct cross term in the second moment of the increment as long as
wowy = 1/2. Therefore, scheme is second order weakly accurate even for time-dependent additive noise.

Appendix B: Second-order weak integrators for linearized fluctuating hydrodynamics

Here we show that the scheme is second order accurate for the linearized equations (26]27). For the scheme to
be weakly second order accurate, we need the difference between the first five moments of the discrete and continuous
increments for the composite variable (Z(t), dz(t)) to be O (At?) [51]. The scheme for the mean is deterministic
and standard Taylor series analysis shows that it is second-order accurate. Furthermore, because & is deterministic,
there are no cross-correlations between increments of & and dx, and therefore moments that involve both variables
are guaranteed to match to the same order as the increments in dx.

In order to examine the moments of the increment in dx, let us re-write equation in differential and index
notation,

d(dx;) =M, (Z (t)) dxj dt + K5 (T (t)) dB; (t), (B1)
where as before M,; = H;; + 0;(H;i)ZTr + 0;(hi), giving
Ok (M) = Ok (Hyj) + Ok (Hi) Z; + 0 (Hix) + Oji (hy)
Using the deterministic equation
dZy/dt = HZ; + hy,

it can be shown that over a time interval At = t"*1 — ¢, the random variable dx; has the following continuous
increment,

tntt
At? dz At?
+ 78k (Mij) 0x; (dtk> + 5 i M0y

tn+1 tn+1

+8k (Kz]) <d;_:> l (S—t)dBj(S)-i-Minjk /ts dBk(T') dS+O(At5/2)

tn

where in this equation and in the following, dZy /dt, as well as M, H, K, and h and their derivatives, are all evaluated
at the beginning of the time step.
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In order to compare this to the discrete increment, we need to perform a Taylor expansion of every term in equation
that is not already evaluated at Z". These expansions never need to include terms of higher order than At3/2,
considering that all terms in are already at least order At'/? (any term that is O(At*/?) is mean zero and thus
irrelevant). Additionally, the only term to be expanded which is order At!/2 before expansion is the stochastic term

wr K} (\/ngt le’n + /(1 —wy)At Wf’"), which depends only on the deterministic variable Z. Thus an expansion

of K fj to order At3/2 only includes first order terms. All other terms in to be expanded are of order At or greater

before expansion, so in fact we only need to consider first order expansions for all quantities evaluated at &P or "1
in the discrete increment.

For éx, we expand the update (42}l43)) to first order, substitute the result in the corrector update , and Taylor
expand terms involving M, H, K, and h evaluated at a point other than ™ to first order. Note that both options for
the handling of the explicit term in yield the same increment to second order. After performing these expansions
and collecting some terms, we get the final discrete increment to second order,

A ((Sl'l) = (SJ?;H_l — 5.%? =At Mijéa;j + Atl/QKij (\/wQle —+ 4/ (1 - wg)WJQ)
+ At (Hpm @ + hi) X (B3)
((waws + wawa) (Or(Hij) + Okj (Hit)T1) + wowedi; (hs) + (waws + wa + ws) 0;(Hik))
+ At? ((w2w3 + wy + U)5) Hij + (U)Q’Ll}g + w2w4) 8j (Hil)i'l + U)gwgaj(hi)) Mjkéxk
+ At3/2w21U78k(Kij) (Hklfl + hk) (\/’wg le + vV 1-— wo WJQ)
+ At3/2 ((wg + wy + ’LU5) A/ W Wkl =+ (w4 + w5) V1—wy sz) Hinjk
+ At3/2 (’LU3 + ’LU4) /W 8k(Hij)53kKleVll
+ AL 2wg /w3 0k (hi) Kt W + O(A/?),
where we have omitted bars since all quantities and derivatives are evaluated at ™.
The first moment includes only the deterministic terms, and making use of the relations (30) confirms that they
match the continuous increment with error O(A#3). The second moment is more complicated due to the cross
correlations that arise from the stochastic terms, but after some algebra and again making use of , we see that

the increments match to the correct order. The third moment only contains the second order products of the first
two terms in the right hand side of (B3). The fourth moment contains only the fourth moment of the lowest order

stochastic term, K; <\/w2Ath1 +/(1 = wg)Ath). The fifth moment is zero for both increments. All of these

moments match with error no greater than order At?, and hence the scheme is second order accurate.

Appendix C: Kinetic noise in fast-slow system

In this section, we show that the schemes and 58) from section produce the correct thermal
drift arising from the kinetic interpretation of the overdamped limit (46)). It is useful to consider the drift split into
the following pieces,

[893 . (A + BcilB*)] = 6j (AU + Bikck_llle) :6j (A?kA]%k> + 6]' (BlkC’k_ll) le + Bika_llaj (le) s (Cl)

i

where we have rewritten A% = A%and Cc:=C 1 in order to simplify the notation. The first term on the right hand
side of equation (C1]) can be split into

11 1 1 1 1
9; (Akafk) =0, (Afk) A;k + Aj.0; (A;k) ) (C2)
and the second term on the right hand side of equation (Cl|) can be rewritten as
11
9; (BixCiy') Bjt =0; (BiCiy') Bjnbu = 0; (BaCly') B; (Cr?plcﬁmcﬁn) (C3)

1 1 1 1
=0; (BiCi'Ch) BinCrt Cim = BuCig 0 (Ci ) BinCig Com-
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Making use of relations gives the following form of the entire drift
9; (Aij + BiCpy' Bji) = (6]- (Ai%k) Aj%k +0; (Bikc,;llcéJ BjnCy, p%m) (C4)
+ (4305 (43,) + BiCi'0; (Bj) — BirCii 05 (Cit, ) BinCinf i)
The first line of equation is generated by the evaluation of the noise in the corrector step, and the second line

will be approximated using RFD terms.
Both the implicit trapezoidal and explicit midpoint schemes have the following noise term in the corrector step,

et — = kT At ((1 —wr)AZ" + mAf,f) (\/@W,ﬁ’l’z n mwg’“)
+ ViTAL (1= wr) (BuC O, )+ wr (BaClCR,) ) (VWi + VI= e W), (C5)

which after Taylor expanding operators evaluated at the predictor to O (\/ At) and taking expectation with respect
to W¥ and WY, becomes

(e al) =+ (2wawr) AtkpT (0 (Afk) A%+ 0, (BikC,;fCl%m) BjuCl céq) +O(AR).  (C6)

(2

The term on the right-hand side of (C6) thus gives the first line of the drift (C4]) when wow; = 1/2.
The RFD terms from both schemes give the following additional increment in x,

A T 1 1 —~ 1 —~
x?“ -zl =...+ %Aﬁk (A;k(a:” + W) — Aj?k(w")) WJA
AtkgT = =
+ =2 (BuCR)! (Bul@” +0W) = Bu(a")) Wi, (c7)
- % (BaCi) (G, (2 +0BCTICHWE) —  (a7)) WS (C8)

where all terms except for the RFD term have been omitted for this analysis. Expanding terms not evaluated at ™
~ A ~C
to O(6?%) in 1) and taking expectation with respect to W and W gives
1 1 1 1
(@it =) =+ At (ksT) (44,05 (43,) + BuCR'd; (Byr) = BixCig 05 (Cih,) BinCol Cim )

K2

which corresponds to the drift term in the second line of equation (C4]). Together, the RFD terms in (C7)) and the
noise terms in (C5|) create the entire thermal drift from , demonstrating that our schemes are first order accurate
for the fully nonlinear kinetic equations.
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