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1. Introduction

A wide spectrum of applications in biology [1, 2, 3, 4], chemistry [5, 6, 7] and engineering [8, 9] require a deep
understanding of the dynamical evolution of colloidal fluids in thermal baths. The large number of degrees of freedom
and complex interactions between the constituent components of these systems makes them prohibitive to analytical
work and, consequently, we have to resort to computational approaches. Atomistic simulations, such as molecular
dynamics or simulations of macroscopic deterministic-stochastic continuum models, such as Navier-Stokes— Landau-
Lifshitz fluctuating-hydrodynamics [10, 11, 12, 13] are often used to describe simple and complex fluids.

Atomistic simulations can provide an accurate description of the microscopic properties and reveal finer details
on the microscale [14]. But their high computational cost limits their applicability. At the same time, despite drastic
improvements in computational power, atomistic simulations are still only applicable for small fluid volumes. On the
other side, macroscopic continuum simulations are much less computationally expensive, but microscopic information
is averaged out and lost.
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A compromise between atomistic simulations and macroscopic continuum models can be achieved by density-
functional theory (DFT) [15, 16]. DFT is able to retain the microscopic details of a macroscopic system at a com-
putational cost significantly lower than that used in atomistic simulations. Its cornerstone is a density-dependent
Helmbholtz free-energy functional, known as grand potential, which is minimum at equilibrium. This functional en-
capsulates all interactions in the system and external fields. Dynamic DFT (DDFT) is an extension of DFT away from
equilibrium and in its simplest version it states that the dynamic variation of a conserved-order parameter (often the
density) is given by the gradient of a flux with an advective part proportional to the local flow field and a diffusive
part proportional to the gradient of the Helmholtz free-energy functional [17, 18, 19]. (D)DFT has been used success-
fully to study the wetting behaviour of fluids in contact with solid surfaces, including wetting phase transitions and
associated critical phenomena [8, 9, 20, 21, 22, 23, 24, 25] and complex dynamical fluid behaviour [18, 19, 26, 27].

In the presence of inertia, DDFT consists of the following system of equations for the time-evolution of density p
and velocity v fields [13, 18, 19, 28]:

ap(x, 1) + Vi - (m™' p(r, yv(r, 1)) = 0

€lp] (1)
+ Lp(r, )v(r, 1) =
op(r, 1)
where m is the mass of the colloidal particles, E[p] is the free energy functional and I is the friction tensor that
depends on the interactions between the colloidal and bath particles. In the strong damping limit, m~'T' — oo, i.e.
when the relaxation time of the density is much larger than the momentum, the terms V; - (ov ® v) and %V can be
neglected. In this case one can derive the overdamped DDFT from (1) as [13, 29]

_o8lpl. reRe >0,
Sep(r; 1) (2)

0; (p(r, )v(r, 1)) + Vi - (o(r, H)v(r, 1) @ v(r, 1)) + p(r, ) Ve ————

Op(r;t) =V, - [F‘Ip(r; HV;
p(r;0) = po(r),

where &(p) denotes the free energy of the system which here is assumed to have the general form

1
&p) = fR Hp)dr + fR [ V@pdr + 5 f , (W) x p(r)) p(r) dr, 3)

with H(p) describing the dependency of the free energy E(p) on the local density field p, V(r) accounting for the effects
of external potentials and W x p accounting for the inter-particle potential. In the specific case of ideal-gas systems, the
free-energy functional reduces to E[p] = f p (logp — 1) dr, with the typical entropic contribution plogp. However,
adopting a general energy functional allows us to model systems in the presence of various levels of complexity such
as nonlinear diffusion, external potentials and non-local inter-particle interactions. Furthermore, the tensor I'!is also
assumed to be positive definite due to physical constraints and symmetric.

Gradient-flow equations such as (2) have an important property: their free energy &E(p) decreases monotonically
over time [30, 31]. For (2) this can be shown by taking time-derivative of the free energy:

d , ap
S E(@) = f HOL v s LW x Lyp s Lw x prar
V+H @)+ W *p)—dl‘
RY ot
= f (V+H )+ Wxp)V- T pVH (p) + V + W % p))dr 4)
Rd
- f V(V+H )+ Wxp) T pV(V + H (p) + W % p)dr
Rd
= —f pVTI‘*lvdr <0,
Rd

where v can be interpreted as the velocity in the gradient flow (2) and satisfies v= -V (H'(p) + V + W % p).
The structure of (2) is similar to the gradient-flow equations considered in previous works [32, 33, 34, 35, 36, 37,
27, 38], but with the difference that in this work the diffusion parameter I'! is considered, in general, non-constant in
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space and time. For homogeneous diffusion, previous works have proposed several numerical schemes. For instance,
Ref [33] developed a finite-volume scheme for degenerate parabolic equations with a density-dependent mobility.
Carrillo and coworkers have proposed semi-discrete [34] and discrete [35] finite-volume schemes satisfying the decay
of the discrete free energy. Other numerical strategies adopted to solve these kind of equations include finite-element
schemes for nonlinear diffusion equations [32], discontinuous Galerkin [36] and the blob method [39, 40]. It is also
worth mentioning that the overdamped DDFT equation in (2) does not require of well-balanced schemes to preserve
stationary solutions, since there is no balance of sources and convective fluxes. On the contrary, the hydrodynamic
system in (1) relies on well-balanced schemes to accurate evolve long-time solutions leading to stationary states
[41,42,27].

Here we appropriately previous methodologies in the literature by developing a finite-volume scheme to solve
gradient flow equations with non-homogeneous diffusion of the form (2), obtained in the framework of DDFT. The
scheme allows us to study colloidal systems placed in non-homogeneous thermal baths and with a general free-energy
functional accounting for external fields and inter-particle potentials. Specifically, we adopt a first- and second-order
upwind approach for the space discretization in both one- and two-dimensional cases (1D and 2D, respectively).
Moreover, we prove that our scheme satisfies the discrete analogy of the free-energy decay in (4), thanks to the
upwind formulation. We exemplify our scheme through several case studies of systems with underlying thermal baths
characterized by anisotropic, space-dependent and time-dependent properties. The main contributions of this work
can be summarized as follows:

e Developing 1D and 2D finite-volume numerical schemes that preserve the non-negativity of the density if given
CFL conditions are satisfied.

e Offering useful insight into the time evolution of the free energy for gradient flow equations [see for instance
Figures 2(c), 3(c), 4(b), 7(g) and 9(i)]. The (monotonic) decay of the free energy is an important feature of
deterministic gradient flow equations, such as DDFT, and we proved that the proposed schemes ensure a decay
of the discrete free energy functional in 1D and 2D.

e Performing order-of-convergence analyses for both 1st and 2nd order schemes in 1D and 2D by running nu-
merical simulations for a different number of cells (e.g. see Tables 1 and 2).

e Developing a methodology to simulate systems characterized by a range of free-energy functionals with space-
or time-dependent diffusion, modelling relevant physical scenarios.

In Sect. 2, we discuss the numerical methodology of our finite-volume scheme for the 1D and 2D cases, detailing
the construction of the first- and second-order schemes and relevant properties such as the positivity of the density
and decay of the discrete free energy. Subsequently, in Sect. 3 we apply the numerical methodology we developed to
several prototypical systems, including thermal baths with space- and time-dependent properties, emphasising also the
differences in the dynamical evolution between homogeneous and non-homogeneous diffusion. Finally, conclusions
and future developments are offered in Sect. 4.

2. Numerical methods

2.1. 1D scheme

The 1D version of the gradient-flow equation with non-homogeneous diffusion in (2) is
d,p = 0x (T pd. (H'(p) + V + W % p)), (5)

where I'"! can be a positive number or a positive function depending on time ¢, space x and density p. The finite-
volume formulation of (5) follows from dividing the computational domain [0, L] in N cells C; = [x;_1/2, Xj4+12], all
with uniform size Ax = L/N, so that the centre of the cell satisfies x; = (j — 1)Ax/L + Ax/2, j € {1,...,N}. In each
of the cells we define the density cell average p; as

1
piD = fc plxdx.
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Subsequently, one has to integrate equation (5) over each of the cells C; which leads in the usual finite-volume
discretization

dpj _ 1

v —A—X(an/z - Fi_1p), (6)
where Fj. 1/, denote the numerical fluxes. Their evaluation follows an upwind approach inspired by the numerical
scheme of Carrillo and coworkers [34],

Fivip = ’4;+1/2.0j t Uy P )
where the velocity w1/, satisfies
) _ -1 §j+1 ‘fj
Uitz = (F )j+1/2 Ax ®)
and the upwind approach is obtained with
Uiy = max(ujii)2,0), w5, = min(ujii2,0). )

The discretized variation of the free energy &; is taken as

&= AxZ W(x; —x)p1+ H () + V(x;). (10)
1

The evaluation of (F‘l)j+1/2 at the interface x;,1/ is obtained explicitly if ! depends only on x or ¢. Otherwise, if it

_(r-1 -1
= () + T 0p) /2.

The profile in each cell C| is reconstructed as a constant for the first-order scheme, or as a linear function for the
second-order scheme,

depends on p, it is approximated as (F‘l)j

_ pi, xeC, for the first-order scheme,
pj(x) = { ! (11

pj+ (px)j (x—x;), xe€Cj, forthesecond-order scheme,

so that the east and the west values ij. and p}” at the cell interfaces xj,(/> and x;_y/», respectively, are approximated
as

{pf =pj, p;V =p; for the first-order scheme, (12)

pE=p;+ & 5 (005 p?’ =pj— Ayx (ox); for the second-order scheme.

The numerical derivatives (o,); at every cell C; are computed by means of an adaptive procedure which ensures that
the point values (12) are second-order and nonnegative. This procedure initially takes centred apporximations of the
form (px) (p i+l — Pj- 1) /(2Ax). Then, if it happens that p < 0or p < 0, it employs a minmod limiter which
ensures that the reconstructed values are nonnegative as far as the cell averages p; are nonnegative,
Pj+1 = Pj Pj+1 ~Pj-1 epj ~Pj-1 )

Ax ° 2Ax Ax ’

(px); = minmod (0
where
min (Z]7Z27' "), le] > O V.]’
minmod (21,22, ...) = {max (z1,z2,...), ifz;<0 V}
0, otherwise.
The parameter 6 controls the numerical viscosity and it is taken to be 6 = 2.
The no-flux conditions are numerically implemented by taking the numerical flux (7) to be zero at the boundaries,
Fn+1/2 =0forj=1, 13)
Fitl, =0 for j=N,

We conclude the construction of the finite-volume scheme by showing two properties related to the preservation
of positivity for the density and decay of the discrete equivalent to the free energy in (3), defined as

1
Exlp) = sz [V.ipj +H(pj) + EAXZ W./‘—ipipj) : (14)

J
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Theorem 2.1 (Positivity preserving). The semi-discrete finite-volume scheme (6)-(11), discretized in time by the
forward Euler method or a higher-order ODE solver whose time step Af can be expressed as a linear superposition of
several forward Euler steps, preserves the positivity of the cell-averages p; > 0V j if the following CFL condition is
satisfied:

Ax . .
At < — — for the first-order reconstruction in (11);
max_,-{u_,,rl/2 — Ui
Ax .
At < < — for the second-order reconstruction in (11).
2maxv,-{uj+l/2, Ui

Proof. The proof follows the same lines as in [34].
O

Theorem 2.2 (Discrete-energy decay). The semi-discrete finite-volume scheme (6)-(9), coupled with a positivity
preserving reconstruction (11) for p, satisfies the following decay of the discrete free energy (22):

d

—EA() < =IA(1), 15

720 A(D) 5)
where the discrete version of the entropy dissipation results in

2
J+1/2) .
T min(espim). (16)

4172

(D) = sz =

Proof. The proof extends the one in [34] by taking into account the non-homogeneous diffusion I'"!. We begin by
differentiating E, in (22) with respect to time, and subsequently apply the finite-volume scheme (6):

d ]+1/2 ] 1/2
EEAzAij: Vi+H (p ZW, ,p] J = _Ax Zgj

Then, by integrating by parts and applying (7)-(8) one gets:
d u ,+1 2 _
EEA Z(fj fﬁl) j+12 = AXZ (- ( }—+1/2Pj+uj_1/2pj+l)~

Finally, this last expression yields the negative upper bound in (15) with the entropy dissipation defined as in (16). [

2.2. 2D scheme

We proceed to describe the semi-discrete finite-volume formulation for the 2D version of equation (2). Note that
for this 2D case the non-homogeneous diffusion I'!is a 2 x 2 matrix which can depend on x, y, t and p. We assume
that I'"! is symmetric and positive definite, and we denote its components as

_ a b
rlz(b ) (17)

c

We divide the computational domain in rectangular cells C;x = [xj-1/2, Xj+1/2] X [Vk-1/2, Yk+1/2], Which are assumed
to have uniform size Ax Ay so that x;.1/2 — xj_12 = Ax, Vj, and yi11/2 — Y172 = Ay, Vk. In each cell C;; we define
the density cell average as

k() = o(x,y, ) dxdy.
Cjk

1
AxAy
The finite-volume 2D formulation follows from first integrating equation (2) over each of the cells C; ;, and subse-
quently applying the divergence theorem to get:

X X y y
dpj,k _ _Fj+1/2,k - Fj—1/2,k _ Fj,k+1/2 - Fj,k—1/2

dr Ax Ay

(18)
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The numerical fluxes at the boundaries are obtained by an upwind approach as

X _ .+ E - w y _ ot N - S
Friipon = Wik Pk + Wit o P i Fj,k+1/2 = V172 Pk T Vike172 Pk (19)
where the velocities now satisfy

u -4 Eivik =&k b Ejkr1 — Ejk
+1/2k i\ T A | Tk (T )

Eivik =&\ . Einrl —Ejk
A ) |7 )

(20)

Viksl2 = _bj,k+l/2(

due to the dimensional coupling through the non-homogeneous diffusion I'"! in (17). The upwind approach is accom-
plished by

(uj+1/2,k)+ = max (“j+1/2,ka 0), (Mj+1/2,k> = min (“j+1/2,ka 0),

- (21
+ .
(Vj,k+1/2) = max (Vj,k+1/2, 0), (Vj,k+1/2) = min (Vj,k+1/2’ 0)-
The discretized variation of the free energy & is taken as
&k = AxAy Z W(Xj = X1, Y% = Ym) Pim + H () + V(xj, y0). (22)

I,m

The reconstructions of the density at the sides of the cells are denoted as p’fk, pﬂ, p?’ , and p? .- They are computed
by means of a first- or second-order reconstruction of the form '

pfk =0k, p;‘;{ = Pjks for the first-order scheme, 23)
Ph =Pk + 5 (00 P =pik— 5 (o), for the second-order scheme,

for pfk and for p;‘;, and of the form
p?”k =0k pi L = Pk for the first-order scheme, o4

N _ . Ay S _ . _ Ay
P =Pik+ 5 (py)j,k s P TPk TS (py)j,k , for the second-order scheme,

for p%, and for pS,. As with the 1D set up, the slopes are initially computed by means of central-difference approxi-
ik ik P P y P y 1YY

mations satisfying
Pj+lk — Pjk Pjk+1 — Pjk
o= T d )= 25
(oo == ad (o), == (25)
If at any point in the time evolution the reconstructions become negative, we recompute the slopes (o,) j and (py) jx by
means of a monotone nonlinear limiter which ensures nonnegativity. Following Ref. [34], we apply the generalized

mimmod limiters with § € [1,2]:

. Pj+Lk = Pjk Pj+lk —Pj-Lk ,Pjk ~ Pj-1k

R T v v 06
. Pjk+1 = Pjk Pjk+1 = Pjk-1 Pk — Ljk-1

(py)jyk = minmod (9 Ay , Ay ,0 Ay )

The numerical no-flux conditions are implemented by taking the numerical flux (19) to be zero at the boundaries:

F*, =0forj=1,Yk, F? , =0forj=N,Vk,
j+§,k

—5.k
v R . 27)
Fj,k7%20f0rk=1,\7’]; F'j,kJr%:Ofork:N’vJ.

We conclude this subsection by proving the 2D version of the positivity of the density and the decay of the discrete
free energy.
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Theorem 2.3 (Positivity preserving). The 2D semi-discrete finite-volume scheme (18)-(22), coupled with a positiv-
ity preserving reconstruction (23)-(24) for p, and discretized in time by the forward Euler method or a higher-order
ODE solver whose time step At can be expressed as a linear superposition of several forward Euler steps, preserves
the positivity of the cell-averages p;x > 0 ¥{j, k} if the following CFL condition is satisfied:

for the first-order reconstruction in (23)-(24);

+ - + -

u’ —u’ VY -V

. +1/2,k —1/2.k k+1/2 k—1/2

AtSmln,-?j{ j+1/ A i1 + -2 /A Al }
X y

Ax Ay

s for the second-order reconstruction in (23)-(24).
+ - + -
4 max {uj+1/2,k’ ”j+1/2,k} 4 max {Vj,k+1/2’ Vj,k+1/2}

At < min,-,j

Proof. The proof follows the same lines as in [34]. For the second-order scheme it follows that

x x y y
F}H/z,k _F}q/z,k B Fj,k+1/2 _Fj,kl/z]

(t+ A = pi() + At —
/)j,k( + Ar) /)j,l\()+ [ Ax Ay

1/ g W, N, S Ly E - W + E - W
=7 (pj,k TP TP T pj,k) — At Ax (“j+1/2,kpj.k T U kP, T i1 2ukP 1k T Mj—l/Z,kpj,k)

L, N |, - s + N - s
(A_y (V k172070 TV ikr172P5 001 = Vik=172P k=1 = Vjk—1/2P jﬁk)

- At
1 At s (1 A\ (1 A v (1 A
= (Z - A_xu}rﬂﬂ,k)pj,k + (Z * A_xujﬂ/z,k)pj,k + (Z - A_yvj,kﬂ/z)pj,k gt Ay k12 |k

At W At E At _ s At N
- E”_,‘H 24P E”}——l 1206Pj-14k ~ A_yvj,k+1 2P T A_y";k—l /2P jk-1

: : E W N S : -
Since the reconstructed point values Pk > Pjg» Plg» P}y Are nonnegative and ”;41/2,/( >0, Wiipg S 0, v;k+1/2 >0,
Vet S 0, we deduce the CFL condition ensuring p(f + Af) > 0 V j, k. The proof of the first-order CFL condition

can be derived similarly.
O

Remark 2.1 (Diagonalization of I'"' before proving decay of discrete free energy). For the decay of the discrete
free energy it is important to note that a full I'"! matrix (17) where b # 0 produces a dimensional coupling in the
gradient flow (2), since the velocities (20) now contain terms from orthogonal directions. This can be avoided by
performing a diagonalization of the matrix I'"!, which is ensured due to the conditions imposed over it (namely that
it is symmetric and positive definite). To show this we can first diagonalize I'"! as

' =g’

where QQT = Id, and D is a positive diagonal matrix

a 0
p-[5 g
Formally, we can project the gradient operator onto the eigenvectors basis: V= QV,,and V- F = VI F = VI(QTF) =
V. - (QT F). Therefore, the gradient-flow equation in (2) becomes

% - vy (QDQTQve@) - (V) (QDVE —58["]) _v7 (Dve_55[P]),
t op op op

so that (2) can now be written in the eigenvector basis as,

op
o = Ve  (DVep). (28)



8 / Computers and Mathematics with Applications (2020)

The advantage of this formulation is that for (28) the diffusion matrix D is diagonal which then simplifies the velocities
in (20) since b = 0. Following this transformation one can then show the decay of the discrete free energy for (28).
Such discrete energy comes from the general free energy (3) and its 2D version satisfies:

Ex —AxAyZ Vikpix + Hpj) + AxAyZ Wit Pl Pk (29)

Lm

Theorem 2.4 (Decay of discrete free energy). The 2D semi-discrete finite-volume scheme (18)-(22), coupled with
a positivity preserving reconstruction (23)-(24) for p, satisfies the following decay of the discrete free energy (29) for
gradient flows where b = 0 in I'! (17) or previously diagonalized as in (28):

d
d—EA(t) < —IA), (30)
t
where the discrete version of the entropy dissipation results in

2 2
INOERININDY (12 +(vj’k+”2) min (05 Yy P 31)
jk

Ajr1/2.k Cjk+1/2 J-k

Proof. Following the 1D proof in subsection 2.1, the temporal decay of the discrete free energy in (29) yields

X X y y
Fj+1/2,k - Fj—l/Z,k " Fj,k+1/2 - Fj,k—l/Z)

Ax Ay

d
d_[EA(t) = —AxAy Z ik (
Jik
Then, by applying integration by parts with respect to both x and y yields:

Eik =&k oy $ik = Ejunt
—EA(t) = —AXA)’Z [( Ax Fiipx Ay ij+1/2

With b = 0in I'"! (17) and the expressions for the velocities in (20) and the fluxes in (19), it follows that:

u V;

_ J+1/2k + E - w Jk+1/2 (g N - s

_EA(I) —AxAy E [ uJ+1/2,kpj,k + “j+1/2,kpj+1,k) L (Vj,k+1/2pj,k + Vj,k+1/2pj,k+1)
Ajr124k Cik+1)2

2 2
Uuj V;
(/+1/2,k) (/,k+1/2) . E oW N S
< —AxAy E + rmn(pj!k,pjﬂsk,pj’k,pj’kﬂ).
T Aji1/2,k Cjk+1/2 Jik

Thus, the decay of the discrete free energy in (30) is satisfied with a discrete entropy dissipation of the form (31). [

3. Numerical experiments

Here we present various numerical experiments for different test cases. The aim is to show the impact of a variable
coefficient I'"! on the dynamical evolution of the solutions, as opposed to a constant I'™!.

The boundary conditions in all simulations are taken as no-flux and the temporal integrator scheme is the third
order TVD Runge-Kutta method [43]. Notice that the TVD Runge-Kutta is a linear superposition of several forward
Euler steps, and as a result the positivity and decay of discrete free energy still hold.

In subsection 3.1 we present 1D results, including an order-of-convergence study to show the first- and second-
order spatial accuracy of the algorithms developed in section 2. Subsequently, subsection 3.2 deals with 2D relevant
examples.

3.1. 1D case studies

We introduce in (2) nonhomogeneous diffusion functions I'"! which depend on space and time.
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3.1.1. Order of convergence
The aim is to numerically test the convergence of the first- and second-order schemes presented in section 2. For
this purpose we adopt the following model problem:

op 0

Iy
= (F p (l0g(p) + V)), (32)

where V(x) = "2—2 The objective is to show the convergence both for a constant I'"! = 1 and for a non-homogeneous
diffusion with a spatial dependency of the form I'"'(x) = (1 + x/10)7".
The computationnal domain is [-5, 5] and we choose a Gaussian initial condition

M x?
po(x) = s eXP(—F)
with M = 0.1 and o = 0.3.

The order-of-convergence analysis is performed by running the numerical simulation for different number of cells,
each of them being twice the one of the previous simulation. Hence, the cell size Ax is halved after each run. We
take 25, 50, 100, 200 and 400 cells. We then compute the L' error of the numerical solution p,, at the final time of
Iy = 0.1:

€(Ax) = |loax(x,tp) = p"(x, o)l

where p* is an approximate exact solution computed using a rather refined mesh 25600 cells. This is due to the lack
of an explicit solution in time for (32).
Once the errors are computed, the order of convergence is obtained from:

€(Ax)

o(Ax) = log, [—A]
e(%)

Our results for the homogeneous diffusion with I'~! = 1 are depicted in table 1, while the ones for I'"!(x) =
(1 + x/10)" are shown in table 2. They clearly indicate the first- and second-order convergence for the numerical
schemes we developed in section 2.

Table 1: Accuracy test for I'~! = 1 with the first and second-order schemes
Number of First-order Second-order
cells LT error order LT error order
25 6.6799E-04 - 2.1809E-04 -
50 4.5326E-04 0.56 1.5584E-04 0.48
100 2.4109E-04 091 3.1933E-05 2.28
200 1.2539E-04 094 9.2375E-06 1.79

400 6.3969E-05 097 2.5768E-05 1.84

Table 2: Accuracy test for I™!1(x) = (1 + x/ 10)~! with the first and second-order schemes

Number of First-order Second-order
cells LT error order LT error order
25 7.6616E-04 - 2.0353E-04 -
50 2.7646E-04 1.47 1.0347E-04  0.98
100 1.4445E-04 094  3.4502E-05 1.58

200 7A4119E-05 0.96 8.9064E-06  1.95
400 3.7201E-05 0.99 2.3364E-06 193
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(a) (b)
1L.OF —= A FV ¢ =0.16
N FV ¢ = 0.64
...... Ax/4 FV t=1.12
- Exact Solution 1.0 FVt=1.6
= ‘.;\.\\\ Exact t = 0.16
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Fig. 1: (a) Convergence towards the exact solution for (34) at the final computational time ¢ = 1.6sec; (b) Comparison between the finite-volume
(FV) scheme and the exact solution. Parameter values: Mo, =0.5,a=1,b=3,D9 =1, ryg = 0.1, Ax = 0.042 in (a) and Ax = 0.01 in (b).

3.1.2. Nonlinear diffusion equation in a radially symmetric inhomogeneous medium

This example is taken from [44]. Consider the following v-dimensional nonlinear diffusion equation in polar
coordinates:

6p 1 0 19,
R —(r-1p%
ar o Do
I @y p(r, 0)dr = M,
Jo(0,1) = 0,
p(r,1) =0,

(33)
t>0,

r — 09,

t>0,
where r is the radius r = |[x||, D(r, p) = Dor®p” is the diffusion coefficient (0 < a < 2,5 > 0), Jo(7, 1) = —w,

is the diffusive flux. This problem describes the evolution of an initial distribution of a diffusing substance. In [44],
an analytical solution is derived,

v—10p
Dr— ="

1

2-alb
o) = Co(t)[l—(%) ] it r<rp),
0

(34)
otherwise,
where Cy(?) is the solution at the origin r = 0 and satisfies

1

Co(Owy(ri()'1 = M, with [= f s = s29Ybds,
0

and the front position r/(f) follows from

(35)

2- a)b+1(2 —a+ bV)MfoDo(t +1p)
rf(t) = b
bw) B

1
2-a+vb

bwer—(H—vhBh
,  with 0

To

T 2= a2 —a+vb)DoMY,
and B = ,B(ﬁ, ’%‘), where the S-function satisfies:

1
,B(M, V) - f tu—l(l _ t)v—ldt.
0

In the 1D scenario we have that r = |x| , v = 1 and w, = 1. We can then re-formulate the problem as:

dp 0 Do a (p”
or or\"" P\

(36)
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Equation (36) is a particular case of (5) with I'"!(r) = Dor, H'(p) = %, V =0and W = 0. The conditions in (33)
can be considered as Dirichlet (o(r,f) — 0 when r — o0) and Neumann (J-(0,f) = 0). The mass conservation is
ensured due to the nature of the finite-volume schemes.

The results for this example are displayed in Figure 1. Figure 1 (a) depicts the convergence towards the exact
solution (34). We notice how the discontinuous derivative at the front prevents the numerical solution for larger Ax
to approach the exact solution. But as the mesh is refined the numerical solution converges to the exact one. On the
other hand, Figure 1 (b) plots the numerical solution at different times comparing to the exact solution (34). Evidently
the radial diffusion enlarges the compact support of the solution in time making the front advance.

3.1.3. Addition of an external field and a space-dependent diffusion coefficient
The aim of this example is to compare the temporal evolution of a constant and a space-dependent I'"!. For this
we select the following model system:

op 0 (., 0 1

— =—(TTp—(w" +V , 37

- ax( Py (e (x)) (37)
with an external potential satisfying V(x) = )‘74 - % and m = 3 leading to compactly-supported densities. The
simulations are performed on the domain [-3, 3], with Ax = 0.06 and v = 1.48. ! = 1 in the first example and

I 1(x) = xx<0 + 0.5 in the second. The first case is also investigated in [34]. The initial condition for the simulation
is taken as:

,(2
e, M=01, o*>=02.

()= —=

po(x) =

V2no?
The results comparing the constant and the space-dependent I'"! are shown in Figure 2. First, Figure 2 (a) reveals

that for a constant I'"! the solution remains symmetric in time and two compactly-supported peaks are formed in the

steady state due to the shape of the external potential V(x). This agrees with the steady-state solution of equation (37)

for I'"! = 1, which satisfies [34]

E

Clx) - V(x))m‘-'

v

Poo(X) = (
+
with C(x) being in this case piecewise constant due to the initial symmetric density.

Figure 2 (b) plots the time evolution for I'"!(x) = y<o + 0.5. Even though an asymmetric solution is observed
during the temporal evolution, eventually the steady state approaches the case I'"! = 1. It should be noted that
evolution on the left of the domain is faster due to the higher diffusion value of I'"!(x) in that part of the domain.

Finally, in Figure 2 (c) we show how the discrete free energy (22) decreases in time for the two choices of T'™!.
The space-dependent I'™! has a faster time convergence towards the steady state than the constant '™,

3.1.4. Nonlinear diffusion with non local attraction kernel
For this example we compare again the temporal evolution for both a constant and a space-dependent I'"!, as in
the previous example. However, here we adopt the following model:

% = % (F_Ip% (v + W(x) *p)). (38)
This equation models the competition between nonlinear diffusion and non-local attraction. The simulations are
performed on the domain [-3, 3], with Ax = 0.08 and v = 0.5. ! = 1 in the first example and T (%) = yeo + 1
in the second. The first case is also investigated in [34]. The initial condition for the simulation is taken as po(x) =
Xi-15.151/4.

The numerical results for this example are displayed in Figure 3. Figure 3 (a) shows the results for constant I'"!.
We observe that initially two identical bumps are formed but they eventually merge into a single one when reaching
the steady state. We notice that the solution remains symmetric for all times. Figure 3 (b) plots the time evolution
for the space-dependent I'"!. We observe that the dynamics are similar to 3 (a), but here the two bumps are no longer
symmetric. The diffusion coefficient on the left of the domain is larger than that on the right, and as a consequence
the evolution is slower on the right. After a long time we recover the steady state of 3 (a).
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Fig. 2: (a) Numerical Solution with ! = 1, (b) Numerical Solution with I'"!(x) = y,<o + 0.5, (c) Decay of the discrete free energy. Parameters
values: v =148, m=3,V(x) = % - % Ax = 0.06.

Finally, Figure 3 (c) depicts the decay in the discrete free energy computed as in (22). We notice the the faster time
convergence of the solution for the case of space-dependent I'"!. Moreover, for ! = 1 two characteristic intermediate
asymptotic behaviors are observed corresponding to straight lines: the first one corresponds to the merging of the two
bumps, and the second to the formation of a single cluster of mass. For the case of space-dependent I'"! the free
energy has only one intermediate exponential decays, and the overall evolution is faster.

3.1.5. Time-dependent diffusion coefficient T~ (¢)
Here we study the heat equation with a time-dependent diffusion:

o _ 9 (0
2 2 20) o

where the following time-dependent diffusion coefficient I'! is adopted:

1 if cos(2at) > 0.5,

o= .
0 otherwise.

X2 . . .
The initial density for the simulations is po(x) = «/%7677’ the spatial domain is [-3, 3] and Ax = 0.06.
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Fig. 4: Heat equation with a time-dependent diffusion I'"!'. (a) Three-dimensional plot of the numerical solution, (b) Decay of the discrete free

energy.
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The results are shown in Figure 4. We notice a discontinuous time evolution which we explain by decomposing
the evolution into certain time intervals. Consider I a union of intervals I, such that V¢ € I : T’ 1) = 1. The
problem at hand varies according to the time interval. For ¢ € I, =: [, t,+1], the problem the classical heat equation

with the usual diffusion evolution. For ¢ ¢ I, we have a stationary problem: % = 0 V¥t € [taps1,t2p+2]. In this
case p(x,1) = p(x,trp+1) VYt € [t2p41,t2ps2]. The free-energy plot in Figure 4 (b) confirms this discontinuous time

evolution, observing also the free-energy decay in time.

3.2. 2D case studies
Here we present 2D examples. Here I'™! in (2) is a 2 x 2 matrix with space dependency.

3.2.1. T constant matrix and order of convergence
Consider first a constant I'"! matrix, both with a diagonal form and as a full symmetric matrix. We take the
following anisotropic diffusion problem:
0
a—f —V-I'Vp) on Q=[-A AP (40)
An analytical solution of (40) can be obtained by means of 2D Fourier series. Suppose that the solution is periodic
in space for all time. We can write its Fourier expansion as:

p(x,y,1) = Y Cp)e T,
k1l

The Fourier Coeflicients of p satisfy:
s

2
() = ‘(Z) ) @1)

dC
dt
with ax; = (FH7(k, D).k, DT).

2
Therefore Cy(f) = Cy4(0) exp(— (%) ak,,t). The coefficients Cy,(0) are the Fourier coefficients of the initial condition.

To ensure the decrease of the Fourier coefficients, I'"! must be positive definite (ie: ay; > 0 for (k, I) # (0,0)). In this
case, we can approximate p with a truncated Fourier series:

pley, )~ Y Cret® D),
[kl+lI<N

For this example we aim to compare the numerical simulation of (40) with the approximated exact solution from
the truncated Fourier series. This example also serves to validate the order of convergence of the 2D scheme, similarly
as in tables 1 and 2 for the 1D scheme. For this purpose we take the following two I' matrices:

10 0 1 05
Ti= [0 1]’ I2= [0.5 1 }
The reason of choosing these particular examples is to elucidate the effect of I' on the direction and speed of diffusion.
If T is diagonal, the highest diffusion speed corresponds to the largest coefficient of I'"!. In general the difusion
direction is linked to the eigenvectors of I'"'. However, if I is a full matrix, the diffusion direction is given by the
eigenvector associated with the highest eigenvalue. If the two eigenvalues are equal, then heat is diffused along both
eigenvectors directions with the same speed.

The initial density for the simulations is taken as the normalized Gaussian distribution, and the numerical domain
is [6 x 6] with Ax = Ay = 0.2. The results for I'y are displayed in Figure 5, while the ones for I'; are in 6. We notice
that in figure 5 the main diffusion direction is parallel to the horizontal axis, while 6 it is diagonal and aligned with
the eigenvector corresponding to the highest eigenvalue. Evidently the approximate solution and the numerical one
agree fully.

We also perform an order-of-convergence analysis for the simulation with I',. For it we keep the initial density and
numerical domain as described before, while taking the number of cells in the x-direction and y-direction as 25, 50,
100 and 200. The simulations are run until the final time of z; = 0.1, and then we compute the L' error with respect
to the approximate solution via truncated Fourier series evaluated at ¢ = #;. The results for the first- and second-order
schemes in 2D are displayed in table 3, and the order of convergence is indeed the correct one.



/ Computers and Mathematics with Applications (2020) 15

(a)t=0.0 (b)r=0.6 ©)t=25
0.16
0.12 0.08 0.04
0.08
0.04
0.04
0.00 0.00 0.00
z
(d)r=0.0
0.16
0.08
0.12 0.04
0.08
0.04
0.04
0.00 0.00 0.00
r z 1
Fig. 5: Diffusion in (1, 0) direction. (a)-(c) Numerical solution, (d)-(f) approximate (Fourier series) solution.
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Fig. 6: Diffusion in (1,1) direction. (a)-(c) Numerical solution, (d)-(f) approximate (Fourier series) solution.
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Table 3: Accuracy test for I'; with the first- and second-order schemes

Number of First-order Second-order
cells in x and y axis L'error  order LT error order
25 5.7587E-01 - 3.1048E-03 -
50 2.9196E-01 0.89 6.8529E-04 2.18
100 1.4919E-01 0.96 1.6196E-04 2.08
200 8.0392E-02 0.97 3.9546E-05 2.03

3.2.2. Space-dependent diffusion
Here we study the following non-homogenous diffusion problem with I'"! space dependent:
dp

—_— = . -1
5 =V V). (42)

This corresponds to (2) with the choices of V = 0, H'(p) = log(p) and W = 0. For simplicity we choose the following
space-dependent '
o e)(l O
cos| ¥+ g )
which sinusoidally varies in space.

The initial density for the simulations is taken as the normalized Gaussian distribution, and the numerical domain
is [6 X 6] with Ax = Ay = 0.2. The resultsare displayed in Figure 7. Specifically, in Figures 7 (a)-(b)-(c) we plot
the 2D numerical solution, while in Figures 7 (d)-(e)-(f) we depict specific slices of the numerical solution as well as
of I'"! at y = 0. Figures 7 (e)-(f) shows that the slopes of the solution vary following the space-dependency of I'"'.
Eventually p spreads out due to the diffusion.

Finally, in Figure 7 (g) we compare the discrete free energies of the heat equation in (42) with a diffusion coef-
ficient of 50 and the non-homogenous diffusion problem with T'"'(x,y) = 1 + 100| cos( 27” VX2 + yz)l. Evidently, the
decrease of the free energy is faster for the nonhomogenous case.

-1 _ -l 10} _
I =r (x,y)(o 1—1+100

3.2.3. Nonlinear diffusion equation in a radially-symmetric inhomogeneous medium 2D

Here we analyse the 2D extension of the 1D problem in equation (33). The equation was written in polar coordi-
nates, but here we will make use of its Cartesian form for the 2D case. For this purpose one has to apply the following
relationships:

e V-F=12(F,)+ %% with F a vectorial field,
o Vf= ‘;—’:? + %%9 with f a scalar field and 7 = (cos(8), sin(6))”, 8 = (- sin(6), cos())”.
. 10 of . . .
If F and f are independent of 6, then: V- F = — a—(rF )and Vf = a—r. In our case, we suppose that p satisfies this
ror

r
assumption andp = p(r, f). By using the previous formulas, we get another form for (33):

dp
= =V.-(DVp).
£y (DVp)

This equation is very similar to equation (42) in the previous example. Here we choose:
1
FWM=m&%Oﬂ, 43)
and we select the rest of parameters as v = 2, r = /x% + y? and w, = 2x. The initial condition for the simulations is,

po(r) = Co(0) (1 = (/r0)™™)"

where a = 1, b = 3, ro = 0.14 and C((0) satisfies (35) with M, = 0.5. The computational domain is [-1, 1]> with
Ax = Ay = 0.08.
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Fig. 7: (a)-(c) 3D plot of the numerical solution, (d)-(f) Slices of the numerical solution for y = 0, (g) Plot of I''(x,0). Parameter values:
I1(x,y) = 1+ 100 cos( % Va2 +37)|, (T = 1.5), Ax = Ay = 0.2.

In Figures 8 (a)-(b)-(c) we plot the numerical solution obtained from our finite-volume scheme. We can observe
how the compactly-supported density spreads out in time due to diffusion. In Figures 8 (d)-(e)-(f) we present slices at
y = 0 of the numerical and the exact solutions (34) derived in [44].

Evidently the two slices are in good agreement and p spreads out radially over the domain.
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Fig. 8: (a): 3-D plot of the numerical solution, (b): Slices of numerical solution and exact solution for y = 0. Parameter values: a = 1, b = 3,
Dy =0.01, Ax = Ay = 0.08, rp = 0.14, M, = 0.5.

3.2.4. Nonlinear diffusion with nonlocal attraction in 2D
Here we consider the gradient flow in (2) with a non zero attraction kernel W(x,y) = —%e‘xz‘yz:

% =V (T7'pV - (vo" ™' + W(x.y) * p)).

The aim of this example is to compare the dynamical evolution with two different I'"! matrices:

10 0O 1 05
I= [0 1]’ Iz = [0.5 1 }
This choice is motivated by the fact that their eigenvectors have different directions which in turn results in varied
directions of diffusion during the evolution. The space domain taken in the simulations is [—3,3]> meshed with
Ax = Ay = 0.03, and the initial condition satisfies i X[=33p(X, ¥).

Figures 9 (a)-(b)-(c)-(d) depict the evolution with I'y. We observe a similar dynamics to the ones in the 1D example
3.1.4(a). In this case four identical bumps are formed, eventually merging into a single one. The non-local attraction
(convolution) dominates the diffusion during the dynamical evolution, until the steady state is approached, while the
dynamics is symmetric with respect to (0, 0).

Figures 9 (e)-(f)-(g)-(h) show the results with I';. Although the steady state is identical with the case I'y, we
observe the merging of the two groups of peaks is accomplished at two different timescales. This is due to the
different eigenvectors of I'; and I'y. Indeed, in the discrete free-energy plot in Figure 9 (i) we notice that for I'y there
is a a plateau before the merging followed by a drastic decrease of free energy. On the contrary, for I'; we notice
from Figure 9 (i) that there are two distinct decreases of free energy due to the two mergings that take place during
the evolution, as is evident from Figure 9 (c).
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Fig. 9: (a)-(d): 3-D plot of the numerical solution with I'y, (e)-(h): 3-D plot of the numerical solution with I'z, (i): Decay of the discrete free
energy. Parameter values: m = 3, Ax = Ay = 0.05, po(x,y) = % X332 (%, )

4. Conclusions

We have developed an accurate, efficient and robust finite-volume scheme to solve gradient-flow equations with
non-homogeneous properties. The equations are obtained in the framework of DDFT. Our numerical methodology
extends the state-of-art in the finite-volume literature [34] by accounting for spatio-temporal dependence of the friction
tensor I.

We introduce 1D and 2D first- and second-order finite-volume schemes which satisfy the preservation of density
positivity under a certain CFL condition as well as the discrete-energy decay. For both properties we provide proofs
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for our finite-volume schemes. The schemes are constructed in an upwind fashion with a piecewise-constant recon-
struction of the density for the first-order scheme and a linear non-negative reconstruction with minmod limiters for
the second-order one.

The order of the scheme is tested for both homogeneous and non-homogeneous friction tensors demonstrating
first- and second-order spatial convergence. Subsequently, we apply our approach to study several prototypical sys-
tems with thermal baths characterized by anisotropic, space-dependent and time-dependent properties, both in 1D and
2D. The dynamical evolution of density-profile and the decay of the discrete free energy allow us to scrutinise how
the particular spatio-temporal dependency of I affects the dynamical evolution of the numerical solutions. We also
performed several numerical experiments showing non-trivial dynamical evolutions arising from the particular choice
I' which in turn strongly influences the characteristic timescales of the system and decay rates of the discrete free
energy. The schemes presented in this work could be employed in future works to study phenomena such as Turing
patterns formation in non-homogeneous baths [28] and droplet impacts on heterogeneous substrates [45].
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