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Abstract

A second order accurate (in time) numerical scheme is proposed and analyzed for the Poisson—
Nernst-Planck equation (PNP) system, reformulated as a non-constant mobility H ! gradient
flow in the Energetic Variational Approach (EnVarA). The centered finite difference is taken
as the spatial discretization. Meanwhile, the highly nonlinear and singular nature of the log-
arithmic energy potentials has always been the essential difficulty to design a second order
accurate scheme in time, while preserving the variational energetic structures. The mobility
function is updated with a second order accurate extrapolation formula, for the sake of unique
solvability. A modified Crank—Nicolson scheme is used to approximate the logarithmic term,
so that its inner product with the discrete temporal derivative exactly gives the corresponding
nonlinear energy difference; henceforth the energy stability is ensured for the logarithmic
part. In addition, nonlinear artificial regularization terms are added in the numerical scheme,
so that the positivity-preserving property could be theoretically proved, with the help of the
singularity associated with the logarithmic function. Furthermore, an optimal rate conver-
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gence analysis is provided in this paper, in which the higher order asymptotic expansion for
the numerical solution, the rough error estimate and refined error estimate techniques have
to be included to accomplish such an analysis. This work combines the following theoretical
properties for a second order accurate numerical scheme for the PNP system: (i) second order
accuracy in both time and space, (ii) unique solvability and positivity, (iii) energy stability,
and (iv) optimal rate convergence. A few numerical results are also presented.

Keywords Poisson—-Nernst—Planck (PNP) system - Second order accuracy - Positivity
preserving - Energy stability - Optimal rate convergence analysis - Rough error estimate and

refined estimate

Mathematics Subject Classification 35K35 - 35K55 - 65M06 - 65M12

1 Introduction

The Poisson—Nernst—Planck (PNP) system for the charge dynamics of zg : zg electrolytes is
formulated as

20€0

9n = Dpin — 220V (D), (1.1)
kpBo
20€0
dp=D,Ap+ 20y (D,pVe), 12
0 =DpAp+ o (DppVe) (12)
—eAd = zoeg(p —n) + p7, (1.3)

where n and p are the concentrations of negatively and positively charged ions, and ¢ is
the electric potential. In this model, kg, 6y, €, 20, €p stand for the Boltzmann constant, the
absolute temperature, the dielectric coefficient, valence of ions, the charge of an electron,
respectively; the parameters D, and D, are diffusion/mobility coefficients. The periodic
boundary conditions are assumed in this paper, for simplicity of presentation, though the
presented analysis could be extended to more complicated, more physical boundary condi-
tions, such as the homogeneous Neumann one. Furthermore, the source term pf is assumed
to vanish everywhere, i.e., ,of = 0. An extension to a non-homogeneous source term is
straightforward. See the related works [4, 5, 18, 21, 22, 27, 29, 30, 33-35, 37-39, 42] for
more detailed descriptions of this physical model.

In particular, the Energetic Variational Approach (EnVarA) [19] for the PNP system has
attracted more and more attentions, since the PDE system is formulated as a gradient flow
with respect to a certain free energy. This framework has provided great convenience in the
structure preserving analysis, at both the PDE and numerical levels. In fact, the dimensionless
dynamical equations of the PNP system could be rewritten as (see the detailed derivation in

[32])

dn=V-(Vn—nVe), (1.4)
%p=DV-(Vp+pV9), (1.5)
—A¢p =p—n. (1.6)

The corresponding dimensionless energy is given by

1
Ep) = [ (ntnn+ pinp)dx+ 5in = plEy . 17)
Q
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under the assumption that n — p is of mean zero, and the H ~! horm is defined via

1Al =V P (Foour = (f. (—0)7'g) = ((=n)"f.g),

for f and g with mean zero .

In turn, the PNP system (1.4)-(1.6) as the following conserved H -1 gradient flow, with
non-constant mobility function:

dn=V-mVu,), 8p=DV-(pVpup), (1.8)
Up = 8,,E:1nn+1—+—(—A)_l(n—p):lnn—l—l—¢, (1.9)
pp=8,E=Inp+1+(=A)""p—n)=Inp+1+¢, (1.10)

where the electric potential is defined as ¢ = ( —A)( p — n). A careful calculation implies
that the energy dissipation law becomes d; E = — fQ [n IV,u,ll2 +Dp |V,up|2} dx <0.

There have been extensive numerical works for the PNP system, while most existing works
have focused on first-order-accurate (in time) algorithms. Second order and even higher order
numerical schemes turn out to be a very important subject, due to their ability to capture more
refined structures in long-time simulation. On the other hand, a theoretical analysis for the
second order numerical scheme has always been very challenging, in particular in terms of
the positivity-preserving analysis (the PDE solution preserves this property at a point-wise
level, in the sense that n, p > 0), the energy stability estimate, as well as the optimal rate
convergence analysis. In particular, the highly nonlinear and singular nature of the logarithmic
energy potentials has always been the essential difficulty to design a second order accurate
scheme that is able to preserve the variational energetic structures. Some existing works have
reported one or two theoretical properties in the structure-preserving for the corresponding
numerical method, while no existing second order numerical scheme has been proved to
satisfy all three theoretical properties.

In this paper, we propose and analyze a second order accurate numerical scheme, which
preserves all three important theoretical features. First of all, the numerical scheme has to
be based on the variational structure of the PNP system, so that a theoretical justification
of energy stability is hopeful. In the temporal discretization, a modified Crank—Nicolson
approximation is taken, so that all the terms in the PDE system are evaluated at the mid-
point time instant #”+'"2, The mobility function is explicitly updated in the scheme, with
an explicit second order extrapolation formula. The advantage of this choice is to enforce
the strictly elliptic nature of the operator associated with the temporal derivative part in the
H~! gradient flow, so that the unique solvability analysis could go through. Meanwhile, a
direct application of Crank—Nicolson approximation to the logarithmic terms (for n and p)
would lead to a serious difficulty in theoretical justification of the energy stability. Instead,

a modified Crank—Nicolson approximation to the logarithmic term is proposed, in the form
F(uml—l )7F(le)
of —=——

um+1_ym

(with u either the component n or p). This approximation may seem

singular at the first glance, as ™t s ™ while a more careful observation reveals its

analytic property as ! — 4™ — 0, and a singularity will not appear even if u”+! = ™.
Furthermore, the advantage of this approximation is associated with the fact that, its inner
product with the discrete temporal derivative exactly gives the corresponding nonlinear energy
difference; henceforth the energy stability is ensured for the logarithmic part. In addition,
nonlinear artificial regularization terms, in the form of Az(In A"t — Inn™), At(In pmt! —
In p™), are added in the numerical scheme, so that the positivity-preserving property could be
theoretically proved, with the help of the singularity associated with the logarithmic function;
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also see the related works [8, 15, 16] for the Cahn—Hilliard model with Flory—Huggins energy
potential.

Moreover, an optimal rate convergence analysis turns out to be another challenging issue
for the PNP system, due to its non-constant mobility nature, as well as the highly nonlinear
and singular properties of the logarithmic terms. The only existing convergence analysis work
for a second order numerical scheme could be found in [13], in which the estimate has been
based on the perfect Laplacian operator structure for z and p, instead of the H~! gradient flow
structure. To overcome this subtle difficulty, many highly non-standard techniques have to be
introduced, due to the nonlinear parabolic coefficients. The higher order asymptotic analysis
of the numerical solution, up to the fourth order temporal accuracy and spatial accuracy,
has to be performed with a careful linearization expansion. Such a higher order asymptotic
expansion enables one to obtain a rough error estimate, so that to the LZO bound for n and p
could be derived, as well as their discrete temporal derivatives. With these bounds at hand,
the corresponding inner product between the discrete temporal derivative of the numerical
error function and the numerical error associated with the chemical potential becomes a
discrete derivative of certain nonlinear, non-negative functional in terms of the numerical
error functions, combined with some numerical perturbation terms. As a result, all the key
difficulties in the nonlinear analysis of the second order scheme will be overcome, and the
discrete Gronwall inequality could be applied to obtain the desired result of optimal rate
convergence analysis. To our knowledge, this scheme will be the first work to combine three
theoretical properties for any second order numerical scheme for the PNP system: unique
solvability/positivity-preserving, energy stability, and optimal rate convergence analysis.

The rest of the article is organized as follows. In Sect.2 we propose the fully discrete
numerical scheme. The detailed proof for the positivity-preserving property of the numerical
solution, as well as the energy stability analysis, are provided in Sect.3. The optimal rate
convergence analysis is presented in Sect. 4. Some numerical results are provided in Sect. 5.
Finally, the concluding remarks are given in Sect. 6.

2 The Second Order Accurate Numerical Scheme
2.1 The Finite Difference Spatial Discretization

The standard centered finite difference spatial approximation is applied. We present the
numerical approximation on the computational domain = (0, 1)? with a periodic boundary
condition, and Ax = Ay = Az = h = % with N € N to be the spatial mesh resolution
throughout this work. In particular, f; ;x stands for the numerical value of f at the cell
centered mesh points ((z + %)h, (j + %)h, (k + %)h), and we denote Cper as

Coer - = {(fij )| fijk = fivan. j+BNktyns Vi, j. ko, By € Z},

with the discrete periodic boundary condition imposed. In turn, the discrete average and dif-
ference operators are evaluated at (i +1/2, j, k), (i, j+1/2, k) and (i, j, k+1/2), respectively:

1 1

Ax fivipjk = 5 (fistjk + fijk) . Dxfigipjk == A (fixrjk = firjk) -
1 1

Ay fijvipg = 5 (fi,j+1,k + fi,j,k) v Dy fijvipk = A (fi,j+1,k - fi,j,k),
1 1

A fij k1 = 5 (fijks1 + fijk) Dzfirjikgip = A (fijks1 — fijk) -
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Conversely, the corresponding operators at the staggered mesh points are defined as follows:

1 1
axfijp = 5 <fi)fi-l/2,j,k + fix—l/z,j,k> o de = n (ffil/z,j,k - fix—l/z,j,k) )

1 1
y oo ¥ ¥ y o y ¥
ylijk =5 <fi,j+l/z.k + i,j—l/z.k)’ dyfijx = n ( i j+2k i.j—l/z,k)’
1 1
afiji = 2 <fiz.j.k+l/2 + fiz.j.k—l/2> o Sy = n ( Lk T fiz,j,k—1/2> :
In turn, for a scalar cell-centered function g and a vector function f = ( A f Z)T, with

f*, f¥ and f* evaluated at (i + 1/2, j, k), (i, Jj+ 12, k), (i, j ok + 1/2), respectively, the
discrete divergence is defined as

Vi (gf)l-,j,k =dc(Acg- f); Ty (Ayg 1), e (Acg - 7); - 2D

In particular, if f = V¢ = (Dxd), D,¢, Dzd>)T for certain scalar grid function ¢, the
corresponding divergence becomes

Vi - (gvhqﬁ)i’j’k = dy(Axg - Dx9); j i +dy (Ayg : D)"d))i,j,k +d. (Ag- Dz¢)i,j,k )

(2.2)
(Ah(b)i_j’k = V- (Vhfp)i_j’k =dy (Dxfp)i,j,k + dy (Dy‘p)i,j,k +d; (Dz¢)i_j,k -
(2.3)
The discrete L% inner product associated norm are defined as
N 1
(fogda:=h D fijkgijk Ifla=(f.Fla)® Y[ &€ Cpr
i,j k=1
S 3 — _ 7. m -
The mean zero space is introduced as Cper 1= | f € Cper |O = f = o Ziyj‘k:l Sijkt-

-

Similarly, for two vector grid functions f = (f*. . fZ)T, g=(g". 8. gZ)T—with =~
(g"), fY(g"), [* (g°)defined at the edge grid points (i +1/2, j, k), (i, j+1/2, k), (i, j, k+1/2),
respectively—the corresponding discrete inner product is defined as

[F&] =]+ e 8], + L 7],
where
[ 8 ] =lac(F78) 1), [£7. 87]y = (as (f767). 1), [f7, €], == ae (69, ).

We say such functions are in £, and in &Epe, if periodic boundary conditions are enforced.
In addition to the discrete || - [l norm, the discrete maximum (L3°) norm is defined as
| flloo := maxi<; j k<N |f,-,j,k | Moreover, the discrete th and H}% norms are introduced as

IV 15 := [V f Vo f1=[Dxf. Da flx + [Dy f. Dy f], + [D:f, D2 f],.
I = 1B+ UV S5, WS = 11 + AR F15.

Summation by parts formulas are recalled in the following lemma; the detailed proof could
be found in [25, 46, 51, 52], et cetera.
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Lemma 2.1 [25, 46, 51, 52] For any ¥, ¢, g € Cper, and any f € Eper, the following sum-
mation by parts formulae are valid:

(0.9 F) == [Viw. ] i Vhe @Vag) =~ [Vav.gVal. 24
where gV € Eper is defined via
LeVhdl, = AxgDid. LgVadl, = AygDyd. LgVadl. = AzgD:,

Forany ¢ € Coper and a positive (at a point-wise level) grid function g, the weighed discrete

norm is defined as
_ —1
el = /(e £5' @), 2.5)

where i = Lg_l (@) € (f’pcr is the unique solution that solves
Le(W) i= =V - (gVa¥) = ¢. (2.6)

In the simplified case that g = 1, it is obvious that L£¢ () = —Ap, and the discrete Hh_1
norm is introduced as [lg[—1., = /(¢. (—=An) "' (p)).

Lemma 2.2 ([8]) Suppose that ¢*, ¢ € Cper, with ¢* — § € Cper, satisfy 0 < @ j k. ¢ jk =
My, forall1 <i,j,k < N, where Mj, > O may depend on h. There is a constant Co > 0,
which depends only upon Q, such that

(=A@ — ¢l < CoMp. 2.7)

Lemma2.3 ([8]) Suppose that ¢1, @2 € Cper, With ¢ — @2 € éper. Assume that
lotlloos l@2ll0 < My, where My, > 0 may depend upon h, and g € Cyer satisfies g > go
(at a point-wise level), for some constant go > 0 that is independent of h. Then we have the
Jollowing estimate:

lezt @i —on)| = cigg'n, 28)
where C1 > 0 depends only upon My, and Q.
2.2 The Proposed Second Order Numerical Scheme

The point-wise m(?bility fggctions are given by (M1)i jx = ;. k,.(M;’,’)[J, ¢ = Dpl"ipe
In turn, the following mobility function at the face-centered mesh points are introduced:

) 3 1 1/2
( Z1+1/2)i+l/2.j,k = <(AX(§M:!n B EM’T l)i+'/2.j,k)2 * At6) ’
) 3 T ) 1/2
( Z1+1/2)i.j+1/2,k = <(A)’(§le B EM:? l)f-j+1/2,k) + AtG) '
) 3 T 12
( ;;1+1/2)f.,j,k+1/2 = ((Az(EM;? B EMZ' 1)i,j,1<+l/z)2 + Ar6> ' e

with similar definitions for M™. Such a choice ensures the point-wise positivity of the
numerical mobility functions, which will be useful in the unique solvability analysis presented
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in the next section. In turn, we propose the following second order accurate scheme: given
n™, gL p", p’”’l € Cper, find nmtl p”"H € Cper such that

m+1 _ .m .
- N =V (M) (2.10)
pm+1 —p" v m+1/2 m-+1/2
At = V/’l : (M[) vhu’p ) ) (211)
+1 m+1 m m m+1
m+1/2 n"lnn —n"lnn —1(, m+1)2 m+1/2
n = s p— — 1+ Atln T + (—=Ap) (n —-p ),
2.12)
m+1 In m+1l _ . m In p™ m+1
l;}l+l/2 — p f’n+1 f:l p 1+ Afln p — + (_Ah)—l (pm+1/2 _ nm-)-l/z),
p - P p
(2.13)
where

a2 — %(nm+l +nm) and pm+l/2 _ %(pm+l + pm).

3 Positivity-Preserving Analysis and Energy Stability Estimate

To facilitate the theoretical analysis, we define F (x) = x In x, and the following three smooth
functions are introduced:

Glx) = w, x>0, forafixeda > 0,
X —a
GO (x) ::/ Glrydr :/ Wdt, (3.1)

F'(x)(x —a) — (F(x) — F(a))

G2(x) == (GY)"(x) = (GL) (v) = a2

The following preliminary estimate will be used in the later analysis; its proof is based on
direct calculations. The details are left to interested readers.

Lemma 3.1 Suppose that a > 0 is fixed. Then the following hold:

Gg(x) >0, for any x > 0;
Gg (x) is a convex function of x in the domain [0, 00);
(G}l)’(x) = %,for some & between a and x;

L=

Since G(ll (x) is an increasing function of x, we have G; (x) < G}1 (a) =Ina+1, for any
O<x <a.

The unconditional positivity-preserving and unique solvability properties may now be
established.

. 1 1 . —1 m—1

Theorem 3.1 Given n™, n"~', p™, p"~" € Cper, with 0 < n;’fj‘k, n?’fj‘k, p;’fj‘k, e

1 <i,j,k < N, and n" — p™, nml - p”"l € Cper, there exists a unique solution
2 . .

(n"""l, p”"H) € [Cper] to the numerical scheme (2.10)—(2.13), with 0 < nlmj'}(, plm/"',i,

1<i,j k<Nandn"t! — pmtl ¢ Cuper.
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Proof Using an induction style argument, we assume that n¥ = p¥ = By > 0, for any
k > 0. In addition, two auxiliary variables are introduced, vk = pk — Bo and ,ok = pk — Bo,
k = m, m—1, to simplify the notations in the later analysis. A careful calculation reveals that,
the numerical solution of (2.10)—(2.13) is equivalent to the minimization of the following
discrete energy functional:

1
2 2
B = (=12 ="k )
Ay e

1
+ At(((v + Bo) In(v + Bo) + (0 + Bo) In(p + Bo), 1)) +7lv - oI
+(Gom (v + o). 1)+ (GO (p + o). 1) + (v + Bo. 1) + (o + Bo. £}).
1 _ 1 _
f,{” =5(— Ap) l(nm —p") = Atlnn", Iy = E( —Ap) I(p’" —n™) = Atln p™,
(3.2)

over the admissible set

o e ..
An :={(v,p)e[cper] |0 < vk + o pijk+ Po < My, 151,],k§N},

_ Bl
= folsl

My (3.3)

It is clear that J;"(n, p) is a strictly convex function over Aj,. The primary aim is to prove

that there exists a minimizer of J;" (n, p) over fih.
For the convenience of the analysis, the following closed domain is defined:

o o 2 ..
Aps = {(v, p) € [Cpcr] | 8 < vijk—+Bo pijk+Bo<My—8, 1<i, jk< N},
5> 0. (3.4)

Of course, Ay, s is a compact set in the hyperplane H := {(v, p) | 7 = 5 = 0}. As a result,
there exists a (not necessarily unique) minimizer of J;" (v, p) over A h.s- The rest work of the
positivity analysis is focused on the proof that, such a minimizer could not occur at one of
the boundary points of A°/175, provided § is sufficiently small.

A contradiction argument is applied. We suppose the contrary, that the minimizer of
J;" (v, p) occurs at a boundary point of z&h‘s. Without loss of generality, the minimizer is
assumed to be (Ui*,j,k’ p;j’k), with Ui*o,jo,ko ~+ Bo = 8, at a grid point (ig, jo, ko). On the other
hand, we also assume that the maximum value of v* is attained at the grid point (i1, ji, k1).

Because of the mass conservation identity, v* = 0, we see that vi*l = 0.

The following directional derivative is calculated, for any ¥ € Cuper:
* 1 - *
ds ' (v + 59, 0")|_y = ~ (L “l,”f“’z (v =", ¢> + At (In (v + Bo) . V)
1 - * * *
+ AT =07 )+ G (0 + Bo). V) + (7 9.
As a special example, we pick the direction ¥ € éper, such that

Vi, jk = 8i,ig8j, joOkko — 8i,ir8j,ji Ok ki s
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where & ¢ is the Kronecker delta function. A careful calculation reveals that
1 * * *
hids J,’,"(v +sv. 0 )|5=0 = At(ln (UioJo-ko + ﬂo) —1In (vlrlsjlskl + ﬂo))
1 A 1 A
+ 5( —Ap) (V-0 ),'O,jo,ko - 5(_ Ap) (v —p )il,jl,kl

+ E(ﬁ_}ﬁ’“/z (v — Vm)io,jo,ko - E_ulzprl/z (v - vm)il,jl,kl)

M M
+ Gon (Vi oty + B0) = Gan (V] x, + o)
i joko = it (-5

Because of the following facts
N ok = Vi joko T B0 =38 and ni ;= .+ Bo > Po,
we immediately get
In (v oo+ Bo) —In (Vi 4, + Fo) <In %. (3.6)
For the third and fourth terms appearing in (3.5), an application of Lemma 2.2 gives
— (= (v = p%)

—2CoMy, = (=Ap) (v = p¥) <2CoMy,. (3.7)

i0, jo.ko i, ji.ki —

For the fifth and sixth terms appearing in (3.5), an application of Lemma 2.3 leads to

-2, My 'R < E;;lw(v* —Vio joko — E;;lw (" =" gk < 2CMG YR
(3.8)

Next, we look at the seventh and eighth terms. Since G le (x) is an increasing function of x
(for a fixed a > 0), as given by Lemma 3.1, the following inequalities are valid:

1 1 1 (m)
Gn'"("i*o,jo.ko +h0) =G =Gy (”?S,jo,ko) =1In n?{i,,-o,ko +1=<D;,

1 * 1 (m)
G (vi1,j1,k1 + /30) > (Gnm (/30)),.1‘1.1.](1 > _D2m ’

(3.9)

for some positive constants D,.(m) ,i = 1,2, since both Innj? . and (Gl (Bo)iy jy iy are
dependent only upon n™. Similarly, the last two terms appearing in (3.5) are given functions,
only dependent on n™ and p™, so that the following estimate is available:

LE < DY (Mg oke — (ST judy < 2DY, (3.10)

for some positive constant Dém). Therefore, a substitution of (3.6)—(3.10) into (3.5) results
in
1
n?

8
< Atln 0 +2CoMy, + 20 MG AT T2 £ D 4 DYV 2D 3.11)
0

dy J" O + sy, p)]

To simplify the notation, the following quantity is introduced

Do == 2CoM, +2C1M61At—lh—l/2 + Dfm) + Dém) +2D§m)’
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which is a constant for fixed At and £, though it may become singular as At, h — 0. Of
course, for any fixed At and &, we are able to choose 6 > 0 sufficiently small so that

)
Atln — + Dg < 0. (3.12)
Bo

Consequently, the following observation is made: for § > 0 sufficiently small,
dg J}' 0" + 59, p*)| _y < 0. (3.13)

As aresult, this inequality implies a contradiction to the assumption that J;" has a minimum
at (v*, p*), since the directional derivative is negative in a direction pointing into the interior
of Ajs.

Similar arguments could be applied to prove that the global minimum of J;" (v, p) over
Ay s could not possibly occur at a boundary point satisfying ,oi*0 oke T B0 =38, if § is
sufficiently small.

A combination of these facts leads to the conclusion that the global minimum of J;" (v, p)
over Ah,g could only possibly occur at an interior point, for 6 > 0 sufficiently small. Mean-
while, J;" (v, p) is a smooth function, as long as v+ o and p 4 B are positive at a point-wise
level. Therefore, there must be a solution (v; j x, 0i,j k) € Ah‘g (provided that 6 is small
enough), so that

L2
ds i+ 59, p+58)|, g =0, YW 9) € [Goer] - (3.14)

In fact, this equation is equivalent to the numerical solution of (2.10)-(2.13), because the
variational derivatives of J;"(v, p) exactly give the numerical scheme. As a result, there
exists a numerical solution to (2.10)—(2.13), over the compact domain A[Ns c Ap, with
point-wise positive values for n+!, p+!_The existence of a positive numerical solution is
demonstrated.

The uniqueness analysis for the numerical solution (2.10)—(2.13) (over fih) is a direct
consequence of the strict convexity of J;" (v, p) (in terms of v and p). This finishes the proof
of Theorem 3.1. O

Remark 3.1 The modified Crank—Nicolson approximation to the nonlinear logarithmic terms,
namely G, (n™*!) and Glljm (p"*t1), makes its inner product with n”+1 — ™ pmtl _ pm
exactly the difference of the logarithmic energies between two consecutive time steps. This
fact will greatly facilitate the energy stability analysis, as we will see in the next section.
Meanwhile, it is observed that, the proposed nonlinear approximation terms do not indicate
a singularity as n”"*! — 0 or p”*! — 0. Such a feature leads to a difficulty of a theoretical
justification for the positivity-preserving property. To overcome this difficulty, a nonlinear
regularization term, in the form of Ar(Inn™*! —Inn™), At(In p™+! — In p™), are added
in the numerical scheme. Although this artificial regularization term is of order O(Ar?),
a singularity is available as n*! — 0 or p”*! — 0, and such a singularity has played
an important role in the theoretical justification of the positivity-preserving property for the
proposed numerical scheme (2.10)—(2.13).

The discrete energy functional is defined via

1
Ey(n, p) == (nlnn+ plnp, 1) + 5||n — p||2—1,h- (3.15)
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Theorem 3.2 For the numerical solution (2.10)—(2.13), the following energy dissipation is
valid:

Eh(nn‘l"rl’ pm+l) +R S Eh(nm, pm,)’ (316)
where

R = Ar ([ ;;1+ /zv1un1+ 12 V/,,um+ /2] + [MZ’JFVZV,MZIJr /27 th;;:w/z]) > 0.

Consequently, E,(n™, p™) < Ej (no, po) < C, forallm € N, where Co > 0 is a constant
independent of h and At.

Proof A discrete inner product of (2.10) with ,um+ 2 ,and of (2.11) with ,uZlJrl/ ’ yields

(n’"“ —n", u§?+1/2> + <1D’"+1 p" M?+1/2>
+ A ([ M2 VR |+ [ KGOy ) = o0,
(3.17)
Meanwhile, the following equalities and inequalities are valid:
("t — 0™, Gl (0" T)) = (0" ™t 1) — (0" Inn™, 1), (3.18)
(= pm, G,‘,m (P ) =(p" I p ) = (p" g7 1), (B19)

(nm+1 —n", (_Ah)fl(nm—kl/z _ pm+1/2)> + (pm+l _ pm’ (_Ah)fl(pm+1/2 _ nm+1/2)>

1 2 2
= <“nm+1 . pm+lH—l,h . ”nm - “—l,h> ’

(3.20)
(™ pm In ™t ing™y >0, (3.21)
(Pt = p™ In p™ ! —1n p™) >0. (3.22)

Consequently, a substitution of (3.18)—(3.22) into (3.17) gives (3.16), so that an energy
stability is proved. Meanwhile, a consistency argument implies that, there is a constant
Cy > 0, independent of & and At, so that Ep(n°, po) < (C»; the details are left to the
interested reader. This finishes the proof of Theorem 3.2. O

Remark 3.2 The modified Crank—Nicolson approximation to the logarithmic nonlinear term,

. F m+1Y)_ Fu™ . . .
in the form of M (with u either the component  or p), has played an essential role
ym+l_ym

in the energy stability analysis. This approximation may seem singular at the first glance, as
u"*t! — ™ while a more careful observation reveals its analytic property as u” ! — ™ —
0, and a singularity will not appear even if #”+! = ; in fact, such a difference quotient
function has an exact value of In u + 1 if ! = y™ = u. Furthermore, the advantage of this
approximation is associated with the fact that, its inner product with the discrete temporal
derivative exactly gives the corresponding nonlinear energy difference; henceforth the energy
stability is ensured for the logarithmic part. Such a modified Crank—Nicolson approximation
has been successfully applied to various gradient flows, such as the polynomial approximation
of the Cahn—Hilliard equation [7, 9, 11, 12, 25, 26], phase field crystal [2, 3, 14, 28], epitaxial
thin film growth [6, 43], etc. Meanwhile, all these existing works have been focused on the
polynomial pattern of the energy potential, while a logarithmic function is involved in the
proposed scheme.
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4 Optimal Rate Convergence Analysis

Let (N, P, @) be the exact PDE solution for the non-dimensional PNP system (1.4)—(1.6).
The following regularity assumption is made for the exact solution:

per per

N.P e R = HO (0, T; Cpur(®)) N H (0. 73 Cp () N L (0,75 Clr(@) . (1)

In addition, the following separation property is assumed for the exact solution, for the
convenience of the analysis:

N >¢€p, P >e¢€p, forsomeey >0, ata point-wise level. 4.2)

In fact, this property has been established for the two-dimensional Cahn—Hilliard flow with
logarithmic Flory—Huggins energy potential; see the related works [1, 10, 20, 36]. A similar
separation property is also expected for the PNP system.

To facilitate the error analysis, we also introduce the Fourier projection of the exact solution
asNy(-,1) :==PyN(-,1),Pn(-, 1) :=PnP(-, 1), with the projection into BX | the space of
trigonometric polynomials of degree to K (N = 2K + 1). The standard projection estimate
is recalled as

”NN — N”LOO(O,T;H" < Chzjk”N”LOO(O’T;Hf)v “PN - P||L°°(0,T;Hk)
< Ch 1PNl oo co.7: 16 4.3)

forany £ € Nwith0 < k < ¢, (N,P) € L®(0,T, H[f'cr(Q)). Of course, this Fourier
projection estimate does not automatically ensure the positivity of the ion concentration
variables; meanwhile, a similar phase separation estimate, Ny > %60, Py > %eo, would
be available by taking /4 sufficiently small (corresponding to a large N). For simplicity of
notation, we denote N%y = Ny (-, 1), P§, = Py (-, 1), with #,, = m - At. Moreover, the
fact that (N, Py) € BX leads to the mass conservative identity at the discrete level:

— 1 1

NZT=— | NyC,tm)dx=— | NyC.tm_)dx=N""'" VmeN,

N |Q|<£2 NG ty) dx |Q|/;z NCotmo1) dx N m @.4)
PT(} = P’](’,_l, Vm € N, (similar analysis).

Meanwhile, the discrete mass conservative identity for the numerical solution (2.10)—(2.11)
is also straightforward:

nm =pm=1 pm = pm=1= vm eN. 4.5)

Of course, the mass conservative projection could be applied to the initial data:
(%) jx = PuNyn (-, t = 0) := Ny (pi, pj, pr, t = 0),
(PN jk = PuPn(- 1t =0) := Py (pi, pj, pr. t = 0).

For the exact electric potential ®, we denote its Fourier projection as ® . In turn, the error
grid functions are defined as

(4.6)

ey = PNy —n", eZ’ = PPy — p", eg' =Py — 9", YmeN. (47

The above derivations indicate that J = eT’} = 0, for any m € N. As a result, the discrete
norm || - [y, is well defined for both e} and ¢}]. The optimal rate convergence result is
stated in the following theorem.
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Theorem 4.1 Given initial data N(-,t = 0),P(-,t = 0) € Cper(Q), suppose the exact
solution for the PNP system (1.4)—(1.5) is of regularity class R. Then, provided At and h are

sufficiently small, and under the linear refinement requirement A1h < At < Ayh, we have
eyl + el + el < C(Ar + 42, 4.8)

for all positive integers m, such that t,, = mAt < T, where C, A, and A, are constants
independent of At and h.

4.1 Higher Order Consistency Analysis

A direct substitution of the project solution (N, P ) into the numerical scheme (2.10)—(2.13)
gives the second order accuracy in both time and space. However, this leading local truncation
error will not be sufficient to recover an L}° bound of the discrete temporal derivative of
the numerical solution, which is needed in the nonlinear convergence analysis. To overcome
this subtle difficulty, we have to apply a higher order consistency estimate via a perturbation
analysis. This technique has been reported for a wide class of nonlinear PDEs, such as
incompressible fluid flow [40, 41, 44, 45, 47, 49, 50], various gradient models [3, 23, 24,
31], the porous medium equation based on the energetic variational approach [17], nonlinear
wave equation [48], et cetera. Such a higher order consistency result is stated below, and the
detailed proof will be provided in Appendix A.

Proposition 4.1 Given the exact solution (N, P) forthe PNP system (1.4)—(1.6) and its Fourier
projection (Ny, Pn). There exist auxiliary fields, Nas.1, Nar2, Np.1, Par1, Par2, Pn1, s0
that the following

N = Ny + Py (AP N1 + APNag o + 7PNy 1),
P=Py+ Prn(APar1 + APPAo +h2Py 1), 4.9)

satisfies the numerical scheme up to a higher O (At* + h*) consistency:

N ~ _
Nm+At_ N —v,- ((%Nm o %Nmfl> (G,{‘m (NVIH—I) + <7 Ah) (Nm+l/2 _ ﬁm+l/2>>

P’”HAit—P’" =V- ((%ﬁm _ %ﬁnzfl)vh <Gém (ﬁm+1> + ( _ Ah)fl (Ism+1/2 _ N”H'l/z))
+At<ln prtl _1n P”')) +nt, @i

where || T, ot /2||2, ||Tm+ /7||2 < C(At* + h*). The constructed functions, Nar.1, Nar2,
N1, Par1, Pas2, Pr 1, depend solely on the exact solution (N, P), and their derivatives
are bounded.

1. The following mass conservative identities and zero-mean property for the local trunca-
tion error are available:

EN, PP =P nk=n0 pk=p0 Vik=>o0, (4.12)

1 0 —= = 5
NG p)dx= — | R0dx=n0, Pk=p0, Vk>0, (413)
1€2] Jo
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t’il’l1+l/2 _ Zt+1/2 _ 0 Vo > 0. (4'14)

2. A similar phase separation property is valid for the constructed (N, |3) :
N>ep P>el fores>0. (4.15)

3. Adiscrete W' bound for the constructed profile (N, IS), as well as its discrete temporal
derivative, is available:

IN[loo < C*, [P0 < C*, IViNFlloo < C*, [IV4P¥loo < C*, VK =0, (4.16)

IN = Rl < C*ar, [P =Pl < C* AL VA =0, @.17)

Remark 4.1 Because of the phase separation property (4.15) for the constructed functions
(N, f’), combined with their regularity in time, we conclude that, an explicit extrapolation
formula in the mobility function in (4.10)—(4.11), with coefficients % —% at time instants
", t"™~L respectively, must give a positive mobility concentration values, which stand for a
numerical approximation at time instant #”*+"/2_ In turn, a positive regularization (as in (2.9))
could be avoided in the consistency analysis.

4.2 A Rough Error Estimate

A direct analysis for the error function defined in (4.7) would not give the desired bound.
Instead, alternate numerical error functions are introduced:

m= PN =, B =P — P @ = (= AT (P =), YmeN.
(4.18)

Of course, the advantage of this error function is associated with its higher order accuracy,
implied by the higher order consistency estimate (4.10)—(4.11). Similarly, the discrete norm
I - l_1.n is well defined for the error grid function (7™, p™), for any m > 0, because of
the fact that 7" = ﬁ = 0 (given by (4.12)—(4.13)). Moreover, the following average error
functions at the intermediate time instant "2 is also introduced, for the convenience of
the notation:

- L. - - -

nm+l/2 — E(nm+l + nm), pm+l/2 ( m+l ),

¢ = (—AR) (~m+1/2 ~m+1/2), (4.19)
< 3 1 < 3 1

pmAl2 . Zem _ Zsm—1 Sm+l/2 [ L ~m—1

Subtracting the numerical solution (2.10)—(2.13) from the consistency equations (4.10)—
(4.11) gives

ﬁm+l ~m

At_ no_ v, - (ﬁm+l/zvhﬁz1+'/2 + ﬁm+1/2vhvgl+'/2> l.,;”'f‘l/z’ (4.20)
ﬁm+l _ ﬁm , .
" -V, (me+l/2V /1m+/ + Dﬁm+1/7v Vm+ /2> + .(L'H‘ /2’ 4.21)
where
'am-}-l/z _ Grlxpn( m+l) _ Grll’“ (nm+l) + (_ Ah)—l(ﬁn1+1/2 _ ﬁm+l/2)
+Ar(In N+ — In ™ — I N" + Inn™), (4.22)
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Vit = gL (N (= Ag)TH R — ) A (In R — i R,

N”l
(4.23)
’azz+‘/2 _ Gém (F3m+1) _ GII,m (pm+1) + ( _ Ah)—l(ﬁm+l/2 _ ;im+1/2)
+Ar(In P+ —In p"™+ —1nP" + In p™), (4.24)
VZl+1/2 _ Gém (|3m+1) + (_ Ah)_l (§m+l/2 _ ﬂm+1/2) + At(ln pmtl _qn ISm).
(4.25)

A discrete W 1> bound could be assumed for V' 2 and V,’,"+]/ 2, due to the fact that they

only depend on the exact solution and the constructed profiles:

+1 +1
vt vyt

IIW,Leo <C* (4.26)

h

”W’:«OCa

In addition, the following a-priori assumption is made, so that the nonlinear analysis could
be accomplished by an induction argument:

1N, 1552 < At % + BT, k=m,m—1. 4.27)

This a-priori assumption will be recovered by the optimal rate convergence analysis at the
next time step, as will be demonstrated later. As a consequence, an application of inverse
inequality gives an £°° bound for the numerical error function at the previous time steps:

Clila _ C(Ar? +h7)
3 3
~k 15 s
Cli#l _ carf +a)
A n3

9 9 9
< C(At* +h%) < —,

IA

7% [l oo
) (4.28)
< C(A1F +h¥) < %0

~k
17" lloo =

for k = m, m — 1, and the linear refinement constraint ;2 < At < Axh has been used.
In turn, with the help of the regularity assumption (4.16), an £°° bound for the numerical
solution could be derived at the previous time steps:

I7¥ o0 <IN*llog + 1175l < C3 := C* + 1, 29
1P oo <IIPlloo + 175100 < C3, k=m,m — 1.

Meanwhile, a combination of the £°° estimate (4.28) for the numerical error function and the
separation estimate (4.15) results in a similar separation property for the numerical solution
at the previous time steps:

k< Nk ~k 3€d m < Bk ~f 3¢5
n" >N —|n IIwZ? and p" >P" —|p IIwZ?, k=m,m—1.

(4.30)
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Subsequently, at the intermediate time instant ”+"2, the following estimates could be
derived:

3.0 1. 1. . . L
EN’” - EN’”_] = E(N’"Jrl +N™) 4+ 0(Ar?), since N — 28" + N"~! = 0(Ar?),

1. . . .
E(N”“H +N™) =N@E" ) + 0(Aar?), N@"2) > e, (by (4.15)),

3.0 1.
so that N" — EN’”‘I > €) + O(AP),

3 |
15" = 3 Heo <C(ALT +h1), (by (4.28)), (4.31)
ﬁm+l/z — énm _ l m—1 _ %Nm _ lﬂm—l (éﬁm _ 1 ~m—l)
2 2 2 2 2 2
g [s 6*
=5+ 0@t —o(arf +ri) = 2,
3 1 ex
prt = Ep’" - Ep’"_l > ?0, (similar analysis).

In other words, the phase separation property for the average mobility functions, 7i+"2,
P+, has also been established, and this property will be useful in the later analysis.

In particular, the phase separation bound (4.31) reveals that, a positive regularization (2.9)
could also be avoided for the numerical solution, provided that the a-priori error esti-
mates (4.27) are valid in the previous time steps. As a result, both the numerical mobility
function and the mobility error function have been correctly represented in the error evolu-
tionary system (4.20)—(4.25).

Before proceeding into the error estimate, a very rough bound control of the nonlinear
error inner products, namely, (7" +!, GL (Nm+1) — GL, (™) and (p"*!, G} (Pmtly —

)ﬂ Plll
G[l,,,,( p" 1Y), is necessary. A preliminary estimate is stated in the following lemma; the
detailed proof will be provided in Appendix B.

Lemma 4.1 The regularity requirement (4.16), and phase separation (4.15) assumptions
are made for the constructed approximate solution (N P) as well as the a-priori assump-
tion (4.27) for the numerical solution at the previous time steps. In addition, we define the
Sfollowing sets:

A= gz 20w} Ay ={G g0 Pl =207 +1) L @32)

and denote K := ||, K}, := [Ap|, the number of grid points in A, and A p, respectively.
Then we have a rough bound control of the following nonlinear inner products:

(@ G, (N = G ()

N 1 ~
+ At In N — g™t — (In N = Ina™)) > EC*K,TIP — Call™ |13,
(4.33)

( ~m+1 Gém(Pm-‘rl)_Gl (pnl+l))

~ ~ 1 ~
+ At(P"T P —In p™ ! — (InP” — Inp™)) > 5C*I(,ﬁh?’ — Gy P13,

in which Cy is a constant only dependent on € and C*, independent of At and h. In addition,
if Ki =0 and K, » =0, i.e, both A, and A, are empty sets, we have an improved bound
control
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(~m+l Grl\‘m(Nm+l) _ Gl (nm+1))

+ A[(( ~m+1 ,In Nm+l 1nnm+1) _ (ﬁm+l, In Nm _ 1nnm)) > CvsnﬁWhLl”% _ 64”;1,"”%,

(pm+l G}l)m(P"H_]) _ G]l)m(pM+1)) (4.34)

+ A P I p" ) — (57 P — I p™)) = Cs )53 - Call 57,
in which Cs stands for another constant only dependent on €§ and C*.
The following proposition states the rough error estimate result.

Proposition 4.2 For the numerical error evolutionary system (4.20)—(4.25), we make the

regularity assumption (4.26) for the constructed profiles V' + ’ VZH_I/ * as well as the a-

priori assumption (4.27) for the numerical solution at the previous time steps. Then we have
a rough error estimate

1A 4+ 15" 2 < AP 4 13 (4.35)

Proof A discrete inner product with (4.20), (4.21) by & ~m+ Y ’, [LZIJF 2 , respectively, results in

L((ﬁm+l

At
“m+ ~m+1 ~m+1 Cm4 m+1/2 ~m+1/2
(((nm 1/z)vh:un /2, Vhikn /2) + D(( " l/z)vhﬂ 2 Vhﬂp / ))

U o ] )
= (@ ) + (L ) L )

_ (((ﬁnl+l/2)vhvr'l,1+l/2a Vhﬁ:l"'i‘l/z) + D((VWH-I/’)V Vm+l/2 Vhﬁr;+l/2)). (4.36)

~ 1 ~ -~ 1
antRy 4 (B )

’

The separation estimate (4.31) for the average mobility functions, 7" +"2, pm+'/2

following inequalities:

implies the

v ~ ~ ) ~ 1
() Vain ™, Vi ) = °I|V1u§1’+/2||2,

(4.37)
() ity ity ) = Dy

13-

Meanwhile, the following estimate is available, based on the fact that the local truncation
error terms are mean-free, as given by (4.14):

1 - 1 ) 2 1 . 1
(a2 ) < e 19 < S ||r,§”+/2|| L g€l I,
1y —mal 1 1 1 1
(e m Py < e P, - ||Vhl/«m+/2||2< H ”‘+/2||21h+8Deo||vh iy,
(4.38)
The terms (n™ MZH 2 )y and (p™, [LZH_ v 2) could be bounded in a straightforward way:
~m ~m+1/2 ~ ~m+1/2 ~m 2 1 ~m+1/2
@™ iRy < @ = WA T2 < S "1 + <€ A Vi T3,
eOAt ’ 8

1
sm ~m+ ~ ~m+ ~m+
B TPy < 1 IV < 15" 121 + g Des At Vaity 13,

~ DejAt
(4.39)
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The last two terms on the right hand side of (4.36) could be analyzed in a similar way:

o +1 ~m+ +1 o ~m+1
—(" YV Y < 1V P e - 1G ) L - 1iT l

v 1/2 ~m+1/2
<CHim TR, - ||vhun ll2

2CH? . -
<2E ez ] geolvi antey3, @40
0
. y 1 el 2(C*)D . y 1 ol
DYV v ity < < =" I3 + g DefIVait hyassFS
0

Therefore, a substitution of (4.37)—(4.40) into (4.36) yields

~ ~ 1 ~ - 1 €} ~m4+ ~m4+
<n'"+',u;"+/2>+<p’"+1,u’,?’+/2>+§°m(||vhu:? /2||2+D||vh mERI3)

~m 2 m+1/2 m+1/2
[ R P12, ||

15" 12 5 1215

<
- *At De *At
+2(CH% () At 13+ DY “’"+V°II ). (4.41)

On the other hand, the detailed expansion in (4.22) gives

<ﬁm+l7 ,a;”+1/2) (~m+l Grl\‘m(Nm+l) G’lﬂ” (nm+1)) + (ﬁm+l, (—Ah)_l(ﬁ’n+1/2 _ p~m+1/2))

+ At((n'"“, In Nm—H —In nm+l> _ (ﬁm—H’ In Nm —In nm))
1
= SCHKG = Calli™ 3+ L (AT @R ), 442)

in which the rough bound control (4.33) (in Lemma 4. 1) has been applied. A similar inequality

could be derived for (p™! [L'"+1/ ’):

~ ~ l ~ ~ — ~ 2 ~
BT = SO KR = Call G+ (B (AT G — ).

p 2
(4.43)
Meanwhile, we make the following observation:
(i, (—Ahr‘(ﬁm*‘ﬁ =)+ (P (AT G =)
_ (( A~ (~m+l m+1+ﬁm "), i ~m+1 ﬁmH) (4.44)
> i(n”"*‘ PN = A = B

Then we conclude that

~m+1/2 ~m+l1

~ ~ 1
(i Ry R,

1 5 . 1 . -
zEC*(K;:+K;)h3 Ca(lA™ 13 + 11 p '"”2)‘1””'"‘ M. (445)
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For the right hand side of (4.41), the following estimates could be derived, with the help of
a-priori assumption (4.27):

2 2 C 13 13
1 ~m 2 1 ~m 2 < ~m 2 ~m 2 < C(At? h3 ,
(eaAt + ) ™=y, + (7D56At + ) (72 A egAt(”n Iz +11p"12) < C( +h7)
ZAT 1 2At 1/2
P12 4 e R < CAP + AR,
€5 De;

2C"2(e) AL 1E < CAr(lim 2 + 12 < C(ArT + T,
2CH2) T DAL PG < CAtT +h ),

15 15
i = 5 = C (A 4T,

A s < 5 s 1
Gl 3+ 15"1%) < € (a% +n7). 2l

(4.46)

in which the inequality that || f||—1,, < C| f]l2, as well as the linear refinement constraint
A1h < At < Xh, have been repeatedly applied. Its combination with (4.41) leads to

1 * * *\7,3 L B
SCHK + Kph® < C(Atz +hz). 4.47)

IfKy>1lork ; > 1, this inequality will make a contradiction, provided that Ar and & are
sufficiently small. Therefore, we conclude that K’ = 0 and K Z =0,i.e.,both A, and A, are
empty sets, so that we are able to apply an improved bound control (4.34) (in Lemma 4.1).
In turn, an improved estimate becomes available:

~ ~m+1 ~ ~ ~ ~ ~ ~ ~ ~
@ ) P ) = EsARTE 15 IR — CalA™ 13+ 15713)

1 } (4.48)
L A =
Its combination with (4.46) and (4.41) reveals that
5™ I3 + 15113 = € (ar 447 ),
(4.49)

17"y + 15" 2 < € (Ar? + h?) < A+ 13,

under the linear refinement requirement A1h < At < Ayh, with ¢ dependent on the phys-
ical parameters. This inequality are exactly the rough error estimate (4.35). The proof of
Proposition 4.2 is complete. O

Based on the rough error estimate (4.35), an application of 3-D inverse inequality yields

CAIA™ o + 15"+ 112)
h3
under the same linear refinement requirement, provided that At and & are sufficiently small.

Its combination with (4.15), the separation property for the constructed approximate solution,
leads to a similar property for the numerical solution at time step ¢!

[ 1%

17" oo + 17" oo < < C(At

*
+hi) < %0 (4.50)

* * * *

Dot s+ DG oad Teprtse LG @S

This || - ||cc bound will play a very important role in the refined error estimate. In addition,
the following bound for the discrete temporal derivative of the numerical solution is also
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available:

7 = i oo < 17" oo + 177 lloo < (€ + D(ALT +R2) < Ar, (by (4.28), (4.50),
Nm+l _ Nm < C*At, by (4.17

I lloo < - (AY( s (4.52)
" — "o < IN"H = N oo + [T — ™ |loe < (C* + DAL,

1P = p" oo < (C* + DAL, (using similar analysis).

4.3 A Refined Error Estimate

Before proceeding into the refined error estimate, the following preliminary results are
needed. For simplicity of presentation, the detailed proof will be provided in Appendix C.

Lemma4.2 Under the a-priori || - ||oo estimate (4.29), (4.30) for the numerical solution at
the previous time steps and the rough | - ||« estimates (4.51), (4.52) for the one at the next
time step, we have

; wo [ (,\»+§)2+2(>-+;)2 B (H%)ﬁz(yf;)z B (,(75)22(#%)2 _(.\ff;)ﬁz(k%)2
= 20 — 20 — 20 20
ol (x,y) ors e e e +e .
(ﬁm-H _ ﬁm’ G:Q,” (Nm+l) _ G,llm (nm+l)>
l 1 ~m 1 ~m m ~m
> 5(<W’ (i +‘)2) - <W (i) )) CoAt(JA™ 13 + 13™13), (4.53)
(ﬁnH—l _ ﬁm’ In NnH—l _ lnnm-H _ (lll Nm _ ]nnm)) > C7Al(" ~m+1 "2 + ”;lm"%)’
(4.54)
(ﬁm+l ~m Gém (Pm+l) o G[l7m (pm+l)>
1 1 ~m 1 ~m ~m ~m
2 5 (g 0" = {5 (7)) = Come (1513 + 15 1). (4.55)
(ﬁm+l — 5™ In |Sm+l _ lnpm+l _ (ln f;m _ lnpm)) - C7Al‘(||pm+1||2 + 15 ”%),
(4.56)

in which the constants C¢ and C7 only depend on €}, and C*.

Now we perform the refined error estimate. The inner product equation (4.36), as well as
the estimate (4.37)—(4.38) and (4.40), are still useful. Their combination yields

(ﬁ’"“—ﬁ"’,ﬁZ’+1/2)+(ﬁ"’+‘ LT + 4Ar(llV/,*Z’“lllz+D||Vh”’”+/‘||2)

2At +12
< m /”21

12 — v v
m+/ ”2]/1+2(C*) (60) IA[(” m+]/7”2+D l” m+1/2” )

4.57)

Meanwhile, we have to analyze the temporal stencil inner product in a more precise way. A
detailed expansion in (4.22) and (4.23) gives

(ﬁm-i-l ~m’ﬁ;1”+1/”> +( ~m+1 pm ’a’;l‘p/”)
— (ﬁm+l _ ﬁm’ GNm (NNH-I) Gl (nm+l) ~m+l ~m’ Gém(ﬁm-kl) _ Glpm (pm+1))
+ At — 7 In N It — (in N7 — Inn™)) (4.58)

+ At(p" = 5 P —1n p"t! — (InP™ — In p™))
+ (A =R (AT @ PR+ (P = (AT = ),

@ Springer



Journal of Scientific Computing (2023) 97:23 Page210f35 23

In fact, a careful calculation reveals the following identity for the last term:
(ﬁm+l _ ﬁm (_Ah)fl("'m-}-]/Z _ ﬁm+1/2)) + (ﬁm-H _ p"'m’ (_Ah) (~I11+]/2 ~m+|/2)>
= (@ = pmh — @ = P, (=A@ = ) (4.59)

~m41 ~m+1 ~
= E(Ilner PR = N = B2 )

Its combination with the refined estimates (4.53)—(4.56) (in Lemma 4.2) results in

(@ — i, ﬂ”’*’/2> + (=
>FMH — FM— (Co + CAL(IA™ T + 1™ 13 + 1513 + 15™113),
1 1 - - -
FmEl §(<Nm+1’(nm+l)2> <P —. (12 >+ [am+! — ’"+1||2—1.h)-

(4.60)
Subsequently, a substitution of (4.60) into (4.57) leads to

Frl _ Fm <csAr<||ﬁ’”+‘|\2+||n'”||2+||~’” Y3 1AM A 1™ 13 + 1A I3)

” m+1/2| ” m+1/2

214+ 121

SégC*At(}—WH—l 4+ Fm oy e 1)+ ” m+l/2”2—l,h WH-]/7

0

121 1
(4.61)

with Cg = C¢C7+6(C *)2(66) ~1 4+ 1. Notice that we have applied the following inequalities
in the derivation:

3 1
~m41/22 ~m—1 ~ ~m—1 ~m41/2 ~ ~m—1
||n"’+/||2=||2n’” 3" 13 < 31A™ 13 + A" N3, 1™ 72103 < 315™13 + 15" 13,

1 ~ky2 1 ~k 2 1 ~k\2 1 =k 2 k 1 ~k 2 ~k 2
(20 ) = G013, (5 () = B, sothat 7 = St i3 + 17413
(4.62)

As a result, an application of discrete Gronwall inequality leads to the desired higher order
convergence estimate

Frrl < c(a® + 1%, sothat 7" + 15"l < C(Ar* + 1Y), (4.63)

in which the higher order truncation error accuracy, || 7" !||,, ||11',"+1 2 < C(At* +h*), has
been applied. The refined error estimate is finished.

Recovery of the a-priori assumption (4.27)
With the help of the higher order error estimate (4.63), we conclude that the a-priori
assumption in (4.27) is satisfied at the next time step "+

~ ~ A 15 15
1" o, 15 2 < Co(AF* + %) < AtT + 17, (4.64)

provided At and A are sufficiently small. Consequently, an induction analysis could be
applied, so that the higher order convergence analysis is complete.

As a further result, the convergence estimate (4.8) for the variable (n, p) comes from
a combination of (4.63) with the definition (4.9) of the constructed approximate solution
(N, IE’), as well as the projection estimate (4.3).
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Finally, to derive a convergence estimate for the electric potential variable ¢, we recall
the definition for ¢* in (4.18) and observe the following inequality

16712 < ClARE" 2 < CIA™ = " Il2 < C3(At* + 1Y), C3=CCr (465
This in turn implies that
16" —eg 2 < CHAR@™ — €)ll2 < Ca(Ar® + 1), (4.60)
and
(—A@" =€) = PN (A*Par1 + APPary + P )
— ANt — APNp o — PN + 7 @67

In fact, the discrete elliptic regularity has been applied in (4.65), (4.66), and the truncation
error for ¢ turns out to be r(;” = (=Ap)®Py — (P — N™). Of course, we arrive at

leglle < 16" 12 + 16" = el < C3(Ar* + 1) + Ca(Ar® + 1)
< (Ca+ (AP +h?). (4.68)
This finishes the proof of Theorem 4.1.

5 Numerical Results

An iterative algorithm is proposed to numerically solve the fully nonlinear scheme (2.10)—
(2.13) at each time step. Since the nonlinear scheme is a three-step method, we use the
first-order scheme proposed in [32] to obtain the solution at the first time step. Given n !,
p’”_l, ¢>m_', n™, p™, and ¢, we set the initial guess as pmt10 . — max(2n™ — =l €),
pHL0 = max(2p™ — p™~1 g), and ¢ 10 = 2¢ — ™! where ¢ is a small positive
number. Given the k-th iterate numerical solution n 1.k pm+Lk gm+Lk the first stage of
the (k 4 1)-th iterate is obtained by the following linearized iteration:

. m+1,%
pntLE (At + Atz) V), - (Mrnn+1/2vh (" )) "

nm+Lk
L 1+ 1,k m m+1,k m+1,k m
< m+1/2 mtik , W (Ann™ T —Inn™) n ¢ +¢
+ AtV - <M,, \ <lnn + T m + Atln e — 3 s
+1,%
+1, 2 s m+1/2 " —
P — (At + A1) V), - <M1, Vi <pm+l,k =p"

Lk m m-+1.k m+1.k m
v om+1/2 m4-1.k P'"(lHP'H —1Inp™) 14 ¢ + ¢
+ AtV - <./\/1p Vi <1np - - + Atln pT + 5 s

_ Ah¢m+l.* _ pm+l.* _nm+l.*.

In particular, in the regime that the distance between n*1:f and n™ is within certain small
tolerance, the following approximation is employed to prevent a singular calculation:

n" (In ™1k — In p™) 2"

nmtlLk _ pm ~ nm+Lk + pm :

Next, we obtain nm+l,k+l’ pm+1,k+l’ and ¢m+l,k+l by

(nm+l,k+1’ D

m+1,k+1 ¢m+l,k+l> =, (nm—H,k pm+l,k ¢m+l,k)

+ (1 _ CUr) (nm+l,*’ pm+1,*’ ¢m+1,*) ,
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Table 1 The L% differences and convergence order for p, n, and ¥ at time 7 = 0.5 with Az = 0.1/ in 2D
simulations, where various mesh resolutions are used: 7| = %, hy = ﬁ, h3 = &, hy = %, and h5 = ﬁ

— u=p Order u=n Order u=1y Order
lup, —up,ll2 2.739E-5 - 2.739E-5 - 4.598E-2 -
lupy —upyll2 5.104E—6 1.99 5.104E—6 1.99 9.460E—3 1.85
lupy —unyll2 1.788E—6 2.00 1.788E—6 2.00 3.508E-3 1.86
liny — unyll2 8.280E—7 2.00 8.280E—7 2.00 1.690E—-3 1.86

Table 2 The Lﬁ differences and convergence order for p, n, and ¢ at time 7 = 0.1 with Ar = 0.14 in 3D

simulations, where various mesh resolutions are used: 7} = %, hy = %, h3 = %, hg = %, and hs = %
— u=p Order u=n Order u=1y Order
Nun, — unyli2 2.163E—5 - 2.163E-5 - 1.139E-2 -
Niny — unyll2 1.002E—5 2.00 1.002E—5 2.00 5.367E-3 1.94
Nipy — unyll2 5.440E—6 2.00 5.440E—-6 2.00 2.961E-3 1.93
lupy —upyll2 3.274E-6 2.01 3.274E—-6 2.01 1.809E—-3 1.93

where w, € (0, 1) is a relaxation parameter.

To demonstrate numerical accuracy of the proposed scheme, we perform a series of 2D and
3D numerical tests in computational domains Q = (—1, D2and Q = (=1, 1)3, respectively.
For 2D simulations, the following fixed charge distribution is considered:

100 (_(w;)i(w)z O ) N Gy R e (-\;)ﬁ();)z)'

f — 22 2 2 - 2
ol (x,y)= e 20 —e 20 —e 20 +e 2
o2

For 3D simulations, a similar fixed charge distribution is considered:

p!(x.y.2)

100 B (.v+%)2+()2'+%)2+:2 B (x+%)2+(}'*%)2+:2
= — 20 — 20
o2 (e ¢

B 2

y
2 +e 2

) o2 () (4) e

For simplicity, we take o = 0.5, D = 1, and uniform initial data for concentrations

p(-,0)=0.01 and n(-,0) = 0.01.

To test numerical accuracy, we perform computations with a sequence of uniform mesh
resolutions # with Ar = 0.1Ah. Since the exact solution is not available, we calculate the L%
differences between numerical solutions with consecutive spatial resolutions, /;_1, h; and
hj+1. The convergence order is calculated by

2
In <L ) ||u/xj,]*"hj||oo) 1— 5

A*lup —up o
J j+1 * j—1
1 hj , A _7]12 N for hj,]>hj>hj+|.
n—— jt1
i 1-

Convergence Order ~
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Fig. 1 The evolution of discrete energy Ej,, total mass of p, and the minimum concentration Cyji,

From Table 1, one can see that the L% differences at time 7 = 0.5 decrease robustly as the
mesh refines from 2 = 2—10, %, &, SL, to ﬁ in 2D simulations, predicting an almost perfect
second order convergence rate for both the ionic concentrations and electrostatic potential.
Similarly, for 3D simulations, as the mesh refines from 2| = %, hy = %, hy = 2—15, hy = %,
to hs = %, the L% differences listed in Table 2 reduce in a second-order convergence rate
as well for both the ionic concentrations and electrostatic potential.

In addition, we perform numerical tests to demonstrate the performance of our numerical
scheme in preserving physical properties at a discrete level. With periodic boundary condi-
tions, the total mass of concentrations over the computational box should be conserved for
each time step. This is perfectly confirmed in the upper panel of the Fig. 1. Also, from the fig-
ure, one can observe that the discrete energy Ej decreases monotonically, as predicted in our
numerical analysis. To explore the positivity-preserving property, we focus on the evolution
of the minimum concentration, i.e., Cmin := Min{Min,‘,j,kn[’."’j,k, Min;,j,kpl’.’fj’k}. As shown
in the lower panel of Fig. 1, the numerical solutions of concentration remain positive all the
time, even though the concentration could be extremely low for 7 > 0.1. Overall, we can
see from the numerical tests that the proposed numerical scheme is capable of maintaining

mass conservation, energy dissipation, and positivity at a discrete level.

6 Concluding Remarks

A second order accurate numerical scheme is proposed and analyzed for the Poisson—Nernst—
Planck (PNP) system, with finite difference spatial approximation. The Energetic Variational
Approach (EnVarA) is taken, so that the PNP system could be reformulated as a non-constant
mobility H~! gradient flow, with singular logarithmic energy potentials involved. In the pro-
posed numerical algorithm, the mobility function is explicitly treated with a second order
accurate extrapolation formula, so that the elliptic nature of the temporal derivative part is
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preserved and the unique solvability could be ensured. A modified Crank—Nicolson approx-
imation is applied to the logarithmic term, in the form of W (with u either the
component n or p). The advantage of this approximation is associated with the fact that,
its inner product with the discrete temporal derivative exactly gives the corresponding non-
linear energy difference; henceforth the energy stability is ensured for the logarithmic part.
In addition, nonlinear artificial regularization terms, in the form of Az(In n"t — Inp™),
At(In p”"H — In p™), have been added in the numerical scheme, so that the positivity-
preserving property could be theoretically justified, with the help of the singularity associated
with the logarithmic function. In addition, an optimal rate convergence analysis is provided
in this work, with many highly non-standard estimates involved. The higher order asymptotic
expansion (up to fourth order temporal accuracy and spatial accuracy) has been performed
with a careful linearization expansion. In turn, we are able to obtain a rough error estimate,
so that to the LZ" bound for n and p could be derived, as well as the temporal derivatives.
With the help of these bounds, the corresponding inner product between the discrete temporal
derivative of the numerical error function and the numerical error associated with the chem-
ical potential becomes a discrete derivative of certain nonlinear, non-negative functional in
terms of the numerical error functions, combined with some numerical perturbation terms.
Finally, the refined error estimate are carried out to accomplish the desired convergence result.
It is the first work to combine the following theoretical properties for numerical scheme to
the PNP system: second order accuracy in both time and space, unique solvability/positivity-
preserving, energy stability and optimal rate convergence analysis. A few numerical results
are also presented in this article, which demonstrates the robustness of the proposed numerical
scheme.
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Appendix A: Proof of Proposition 4.1

In terms of the temporal discretization, the following local truncation error can be derived
by a Taylor expansion in time, combined with the projection estimate (4.3):

Nm+1 — N7 . . . .
N = v (N PV (Gl (NI + (=) (NG = PRT7)

FAr(InNZTE —InN)) + A2 (GO)"™ 4 o(ar) + o (™),

(A1)

Pn}\1/+1 - Pr/('/ pm+1/2 1 m+1 —1 (pm+l/2 m+1/2
N V- (DPYTTV(G %(NP )+ )T P =N

+AH(In PR — 1 PR))) + AZ(GO)"T 4 o(a) + o (™),

N7+ — %N’]\’, - %N’;;—‘, Pt — %P’,@ - %P”;,‘l,
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+i2 1 +1 +12 _ Liomi
Ny = 5(N';; +Ny). Py = 5(P';; +PR). (A2)
with the projection accuracy order mg > 4. In fact, the spatial functions G are smooth
enough in the sense that their derivatives are bounded.
Subsequently, the leading order temporal correction function (Na;,1, Pa;,1) turns out to
be the solution of the following linear equations:

0 0
GO

HNar1 = V- (NA,,lv(ln Ny + (=A) "' (Ny = Py))
+NNV($NA1‘,1 +(=A) " (Nar1 — PAt,l))) -GV, (A.3)
OParL =V - (DPA,,lv(ln Py + (=)' (Px — Ny))
+DPNV($PA,_1 (=D (Pary — NA,,I))) GO, (A4)
In fact, existence of a solution of the above linear and parabolic PDE system is straight-
forward. It depends only on the projection solution (Ny, Py). And also, the derivatives of

(Nat.1,Par 1) in various orders are bounded. In turn, an application of the semi-implicit
discretization to (A.3)—-(A.4) gives

Nﬁﬂ — N 20 (A1 (gl (N2 pmt/
T:V'<NAM V(G (NG) + (= 2) (N7 =PET7)
y 1 . 2 »
ANV Na o+ T NG - PRT)))
N

—(GO)" - ACKTE 1 0(ar), (A5)
Parl — Paci B2 (1 (pmtl —L(pmtl2 _ Nt
T:V'<DPAM V(G (Py™) + (= )T Py 7 =Ny ™))

5m—+1/2 1 m+1/2 —1 pm+1/2 m+1/2
+DPy V(P’"Jr]/z Part +(=&)7 (Px " —N&/ )))
N

_(G;O))m+l/2+At2hg7+l/2+ O(AtB),

m— 1

Nyn+1/2 3 1 —1 Sm+1/2 3
NAr,l = 2 ’Xt,l - ENVZt,l’ PAt,l = 2 X[,l - EPAt,l’
1 1
+1/2 +1 +1/2 +1
Nrgt,l = E(NXM + rgt.l)’ PrZr,l = E(P}Xt,l + rXr,l)' (A.6)

A combinAation of (A.1)-(A.2) and (Ai.S)—(A.6) results in the third order temporal truncation
error for Nj := Ny + AI‘Z'PNNA,‘J, Py =Py + AI‘ZPNPA,‘J:

Nr1n+l — ern 3 jm 1 Qi —1 1 ((m+l —1mtl2 Am+12
~ -V <(§N1 — 5N )V(GNT(Nl )+ =A)THNTTE =PI
+ar(InRy+ = mRy))) + AP (GD)" T + ocart) + o (),
(A7)
IS’I’H_l _ f)’lﬂ 3 P 1 pm—1 1 pm+l —1/pm+12  {m+1/2
1 —t-v (D(E [ PTGy, B + A R R

+Ar (PP = PP))) + AR (GP) + oart) + o (™),
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. 1. - - 1 s 5
Nfln+1/2 _ E(ern+1 + ern)’ Prln+1/2 _ E(P;1n+1 + Prln). (A.8)

In the derivation of (A.7)—(A.8), the following linearized expansions have been applied:

Gl (R = Gl (NEH) + o (R — NG +

\ZEa! +1 3
R N (NP =N + o(ar)

+1
N

1 1
=Gy (NFH) + S (G

1
N N G NAT) £ 0. a)

Nm+l

1 m+1/2 1 1 m 1 +1 2
——N =—(—"-N + - N )+O(At )

+1/2 TAt,1 ( m At,1 N+l At,1 )
N;:l, / 2 NN N;’\l/

in which property (3) of Gl o(*) (as stated in Lemma 3.1) is recalled. The corresponding
expansions for G ! (Pm+1) could be similarly derived, and the technical details are skipped

for the sake of breVlty
Similarly, the next order temporal correction function (N Ar,2, P A,,z) turns out to be the
solution of following linear equations:

Nar2 = V- (Nar2¥ (10 + ()7 (0 )
+N1V(NL1NA”2 + (=8 (Narz = Par2)) = Gy (A0)
3Par2 = V- (DPar2V(InPy + (=A)71 (P — Ny))
+DP1V(P1 Par2+ (=A) "' (Par2 = Nar2))) — G;,l). (A.11)
Again, the solution depends only on the exact solution (N, P), with derivatives of various

orders stay bounded. Of course, an application of the semi-implicit discretization to (A.10)-
(A.11) gives

NX+21 NX/ - 1 1 1
t 1, NUaE 2 1 +1 — m+ 2 Am-+1/2
Moz Mz v (v (Gl (07+1) + (-7 (R 1)
35 L am—1 Ly 1gmt2 | pml
+<§ern - ENT )V(Nm.l,_l/zNAt,Z +(=4) (NAt,Z - PA:,z )))
1
(6" 4 o(ar?), (A.12)
PX:'ZI P’XI.Z —v DF,m+l/2v Gl Pm+1 A" m+1/2 Nm+1/2
AL = ( ar2 Y Ar( )+( )P )
3. 1A 1 m+1/2 — m+1/2 m+1/2
+D( Pm - Epm )V( Am+1/2 Az 2 +(=4) ( N NAz,Z )))
1
~(G)" + o(ar?),
“mtly 3 Lomo1l gm+ip 3 |
NX;,Z =5 Xt,2 - 7Nr£t,2’ PX;,Z =35 Xt,2 - 7Pr£t,2' (A.13)

2 2 2 2
As aresult, a comblnatlon of (A. 10)—(A. 11) and (A.12)~(A.13) ylelds the fourth order tem-
poral truncation error for N2 = Nl + AP PnNar.2, P2 = Pl + AP PnParo:

ern+l - Ng1 3 m 1 m—1 1 m+1 - m+1/2 pm+1/2
S =V ((GN - STV (G, (N + (AT (RGP - P
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+Ar(In R+ —InRg)) + A (GP)" + o(ar) + 0 (™),

(A.14)
f)gl+l _ ﬁgl 3. | 1 11 1Lam+lz Gm+1/2
2 v (DGR - 5P V(GL (YY) + ) B - R

+At(ln [331+1 _In Przn)> + At (G;Z))n1+l/2+ O(AtS) + O(hmo)’

(A.15)

in which similar linearized expansions (as in (A.9)) have been used in the derivation.

In terms of spatial discretization, we construct the spatial correction term (Np, 1, Pp 1) to
improve the spatial accuracy order. The following truncation error estimate for the spatial
discretization is available, by using a straightforward Taylor expansion for the constructed
profile (Nz, }32):

N31+I_Ng1 3am Lo 1 m+1 —1(Rmt12 m-+1/2
BT v (5N - V(G (R - (- (R - B))
+ar(nRg —nRg)) + 2 (HO)" L o(art +4%), (Al6)
[SZH_I — ﬁgl 35 m 1a m—1 1 m+1 —1/pm+1/2 qm-+1/2
2t =V (D(ZP —EP )v,,(GPm(P2 )+ (=AY = NITT))
FAH(InPYH —nPy)) + n2(HD)" £ oAt + 1, (A17)

in which the average operator is taken in a similar form as (2.9). Similarly, the spatially
discrete functions H,EO) JH 1(,0) are smooth enough in the sense that their discrete derivatives
are bounded. Because of the symmetry in the centered finite difference approximation, there
is no O(h? ) truncation error term. In turn, the spatial correction function (N1, Pp,1) is
determined by solving the solution of the following linear PDE system:

9iNp,1 =V - (Nh 1V(In N, + (—A)*l(Nz — ;32))
+N2V(N Ni1+ (=) (Npt — Pr1))) — H, (A.18)
3Pp1 =V - (DPy1V(InPy+ (—A) " (Py — Ny))

v 1
+DP1V(5-Py1 + (=)' (Pray = Ni1))) — HY. (A.19)
2

Again, the solution depends only on the exact solution (N, P), with the divided differences of
various orders stay bounded. An application of a full discretization to (A.18)—(A.19) leads
to

NZhlLl B NZ11 1/ Y Y
) s m-+1/2 1 | 1 1 m+ 2 pm+1/2
= Ve ()95 (R ) + a7 (R - B377))

3 I -1 1 m+1/2 - m+1/2 m+1/2
+<§Ng1 - EN? >V’1<Nm+1/2N +(=4n) ( ~Pha >>>
2

—(HO)"™" oA +1?), (A.20)
P;ZTl - P% _ m+1/2 1 (pm+1 Lpmtlz _ Q)2
L ¥ (DF )50y B + ™ 5 =)
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DCH — 2B

; P o B - P )

pm-+1/2
P2

—(HOY"? + oA +12),

1 3 1 “mal 3 |
N/ =SNG — SN BT = DR — e (A21)
Finally, a combmatlon of (A.18)—(A.19) and (A.20)—(A.21) yields the higher order trunca-
tion error for (N P) as given by (4.10)—(4.11). Of course, the linear expansions have been
extensively utilized.

Moreover, we see that trivial initial data Na, j (-, = 0), Pa; j (-, = 0) = 0 could
be taken (j = 1,2) as in (A.3)-(A.4), (A.10)—(A.11), respectively, as well as (Np,1, Ps.1)
in (A.18)—(A.19). Consequently, using similar arguments as in (4.4)—(4.5), we arrive at the
mass conservatwe identities (4.12), (4.13). Notice that the first step of (4.13) is based on the
fact that N € BX, and the second step comes from the mass conservative property of N at
the continuous level. And also, the mass conservative property of (N, P) is stated in (4.13),
and we conclude that the local truncation error 7,, 7, has a similar property, so that (4.14) is
proved.

Based on the fact that the temporal and spatial correction functions (Na;,j,Pas,;),
(Np.1, Pp.1) are bounded, we recall the separation property (4.2) for the exact solution. In
turn, a similar property (4.15) becomes available for the constructed profile (N, IS), in which
the projection estimate (4.3) has been recalled. Of course, At and / could be taken sufficiently
small so that (4.15) is valid for a modified value €;, such as ;] = ifo-

Furthermore, we recall the fact that the correction functions stay bounded, in terms of
both the spatial and temporal derivatives, since they only depend on (N, Py) and the exact
solution. Therefore, a discrete W > bound for ( N, }3) could be derived asin (4.16), as well asa
bound (4.17) for its discrete temporal derivative. This completes the proof of Proposition 4.1.

Appendix B: Proof of Lemma 4.1

For the nonlinear inner product associated with the artificial regularization, the following
fact is observed:

m—+1 — 1
+1
et

~m+1

Nt , {yfm“)between N+ and "+, (Taylor expansion),

(B.1)

In —lInn

<1n Nm+l In m+1 ;lm+l> < : 1+1) ~m+l, ~m+1> >0,
= =

in which the positivity-preserving property of n”+! and N"+! has been applied. For the
additional term in the artificial regularization part, we have the following estimates:

A 1 N
InN" —Inn" = ( )n ™ between N™ and n™, (Taylor expansion), (B.2)
1 o1y _ 2
FolE max(Nm, e o by @15, @30, (B3)
2 S 2
B e R R i = i A [ L S N e N
£ a =

(B.4)
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For the error term (7" *!, G |£1 . (N7+1y — Gl (n"*1)), we begin with the following decom-
position:

Gll\lm (Nm+1) _ Grlz'” (nm+l) :N£5t111 +N£gm’ NLE™ — G,llm (Nm+l) G”m( m+1)’
Nﬁggl = G’!\]IH‘FI (Nm) Gll\‘m-%—l( nl)’
(B.5)

in which Gl (x) has been introduced in (3.1). For the V. LEY error term, we apply the inter-
mediate value theorem and obtain

N‘Cg - G[l\jm-%—l( ) - G[!\]m-%—l(nm)

. N (B.6)
(G,{WH) (n,(lm))(Nm —n"), 7™ between N"and n™.
Meanwhile, by property (3) in Lemma 3.1, we conclude that
1
(Gll\wﬂ) (nim) = ool £™between N+ !and (™. (B.7)

By the combined fact that, £\ is between N™*+1 and 5™ 1 is between N™ and n™, the
following bound is available

N N 1 1 1 1 2
5,5”’)is between the values of Nt N"and n™, |——| < max (Ai _—, —) <.
S(m) Nm+1" Nm n™ €
n
(B.8)

in which the phase separation properties (4.15), (4.30) have been recalled. Then we arrive at

1
NLEy| = )] i) = | g | 1] < ). B.9
| | = [(GRt) ()] - |2 = 2 = "] (B.9)
Based on this point-wise bound, the following inequahty is available
weey, ity > ——|< N e Z A 1AL (B.10)
0 i,j.k
For the N'LE'" error term, a similar nonlinear analysis could be performed:
Nﬁgrln — ”m (Nm-H) G,l,m (nm+l) — (G”m) (n’(1/71+l))(Nm+l _ nm+l)’
1
(GI )(n,(,m+1)) T S("l+l)betweenn and n(’”H)
s!l
(m+1); Qi+l m+1 1 . 1 1 1
&, is between the values of n™, N and n s > min (A—, — —)
é__y5m+1) Nm+1 pm+l’ pm
(B.11)
This in turn leads to
1 1
~m41 ~m+1)2 n3 ~m41,2
<N£€m ' > < G (") > Z (m+l) Al (B.12)
26, A G

Subsequently, a combination of (B.10) and (B.12) yields
(7.4 1) = 1 (7))
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3 Z ( (m+l)

i,j.k n )z]k
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A = @7 -Iﬁj-’fjf,H). (B.13)

Moreover, its combination with (B.1)—(B.4) indicates that

Nm

(B.14)
)

At< m+1 ,In Nm+1 _ 1nnm+1 _ (ln Nm _ lnnm)> + <~m+l Gl (Nm+l) _ G/ll’” (nm+l)

w3 ~m+12 -1 ~m+1
Z( (m+l) | ljk| _7(60) |nl_]k| In mr
& )i,

ljk
i,j.k

At each fixed grid point (i, j, k), if (i, j, k) is notin A,, i.e.,0 < n’l"j',l( < 2C* + 1, the
following estimates are available:

1 1 1 1 1
nm+l = 2C* +1 Nm+l z 5’ nm. z C* + 1’ (by (4'16)’ (4'29))’
i,j.k i,j.k i,j.k B.15)
P < Lo ) o @®.
so that ————— > min :
1 pu 9 1’ p
(&t ))5,,',1( Nm;rli e Mk 20" +1
In turn, the following inequality is valid for 0 < nl'”;r,i <2C*+1:
1
2 FmL2 ~m+1
o T - *(60) AT AT
&)
3 123 1
Sm+ ~ ~m+
z 2C*—|—l| 71j k| _5(60) In :”j k| In 711 k|
~4cr+2 iyl C8C*+4 Ly
92C  + 1), _,
17( 072 ' il
- 92C* + 1) ia
+12 2
> 8C*+4| ,m] kl 16 (ep) |n,',j‘k| .

At each fixed grid point (i, j, k), if (i, j, k) € A,, ie., n > 2C* + 1, we see that

n’”+,l( > max(N""+! n 7' 1) so that

i,j, ke
ﬁ > min( ni—}—l’ ml_H ! ) = ml_H (B.17)
( n )i,j,k N ik Mjk niqj,k nijk
Meanwhile, since n’";r,l( > N:";r}(, we see that nm;r}( = Nlm;L,l( nlm;L,l( < 0, and the following
fact is observed:
1
C* * r_n-_}—k
N < Cf < ———QC* + 1) < -1
bik = _2C*+1( )—2c*+1
x m+1
|ﬁm+l| |Nm+l m+l| - |nm+l| _ ni,j,k - C*+1 nm+l
i,j.k ljk i,j.k 2C*+1_2C*+1ivj‘k’
1
;.|~m+i| 1 c‘*JrlnrHi_ﬁ:l_i_L
| i Tm+1 i :
T B Te S L TR B B TR
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(B.18)

Subsequently, the following inequality could be derived, for nZ";L ,l( >2C*+ 1:

1
2 FmtL2 —1,~m m+1
W'M}U (Eo) |":/k‘ |z/k|
n i,j.k
1 * 1 *
Z(C +D Fmtl 3 -1 2 i =m+l Z(C +1D 3 - m+1
ziw“ A = 5 AR = (e - 3 A
1
> - |~;"J+,§\>Z(2c*+1)z§c*, (B.19)

ifl which the || - || estimate (4.28) has been applied in the second step, and the fact the
jz(g:j:ll) — 7( 0)_ A2 > 1 has been used in the fourth step.

Consequently, a substltutlon of the point-wise inequalities (B.16), (B.19) into (B.14)
results in the desired estimate (4.33), by taking Cy4 = %?l)(e(’;)_z. The other inequality
in (4.33) could be derived in the same manner; the technical details are skipped for the sake
of brevity.

Finally, if K;; = 0 and K;; = 0, i.e, both A, and A, are empty sets, we see that
inequality (B.16) is valid at every grid points. In turn, a summation in space results in the
improved nonlinear estimate (4.34). This finishes the proof of Lemma 4.1.

Appendix C: Proof of Lemma 4.2

The Taylor expansions (B.6)—(B.8), (B.11) are still valid, which in turn imply that

1 1
1 +1 1 +1 ~m+1 ~
Gl (") = G (W) = NLET + N LEY = 2% A"+ 2 A", (C.1)
n

n
In particular, g,E’”J could be analyzed in a more precise way:

S,E"’)is between the values of N1 N™and n™, so that
max ([&"™ — N (gl — Nm)) (C2)
< IN"FL N 4 |0 — N™| < C*Ar 4 Ar = (C* + 1A,

in which the regularity requirement (4.16) for the constructed profile N, as well as the I lloo
a-priori error estimate for 72", has been applied. A similar error bound could also be derived
for 5,5"’“), with the technical details skipped for the sake of brevity:
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max(|.§,§m+l) _ Nm+1|’ |&.’$m+l) _ le) < |Nm+l _ Nm| + |nm+1 _ Nm-Hl + |nm _ Nm|
< C*At+ At = (C* + 1)At. (C.3)
Then we arrive at the point-wise error bounds:

N — g™+ R — g™
2 )
<(e) ' 2(ed) 2t + DA =M@ s, (CH)

1 1
‘ 2&-}5’") Nm+l + Nm

‘ 1 1

— = = §M(0)At, (similar analysis),
2s’§m+1) Nm+1 o Nm

with MO = 4(6{’)‘)_2 - (C* + 1), and the phase separation estimates (4.30), (4.31), (4.51)
have been applied. As a further consequence, the following inequality could be derived

. 1 1
(ﬁm+l _ ﬁm’ G}\],,, (Nm+l) _ G}tm(nm-‘rl)) — <ﬁm+1 _ ﬁm’ (m+l)ﬁm+l + ) ﬁm>
28, 28,
> <ﬁm+l —am, 1 _ (ﬁm+l +’7ln1)> _ <|ﬁm+l — i, M(O)At(|ﬁm+1| + |’7lm|)>
Nm+1 + Nm
1 ~m+1)2 1 ~m\2 0) ~m+12 ~m 2
= (Nm+l + Nm ’ (n ) > B (Nm+l + Nm ’ (l’l ) > —2M At(”n ”2 * ||I’l ”2)
(C5)
On the other hand, the following estimates are straightforward:
1 1 [NZE N
‘A . ‘: _IN"" L crarae) = MDA,
Nm+1 + Nm 2Nm+1 2Nm+1 (Nm+l + Nm) (C.6)
1 1 . '
| — ——| <MD,

N7+l N 2N
with M = 4C*(e})~2, in which the temporal regularity assumptions (4.17) for the

constructed profile N, as well as the phase separation estimate (4.30), have been applied.
Subsequently, the following inequalities are obvious:

1 1/ 1
e (")) — S D) 2 = MO A,
Nm+1 + Nm 2 Nm+1

1 /1

(7)) = (. (@)} =MD Ar)am 3.
Nm+1 + Nm 2 N™

~ Finally, a combination of (C.5) and (C.7) results in the refined estimate (4.53), by taking

Ce =2MD + M®D . Since both M©® and M only depend on C*, €3 the same dependence

preserves for Cg.

Inequalities (4.54), (4.55), and (4.56) could be derived in a similar manner; the technical
details are skipped for the sake of brevity.

(C7)
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