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A NEW LAGRANGE MULTIPLIER APPROACH FOR CONSTRUCTING
STRUCTURE-PRESERVING SCHEMES, II. BOUND PRESERVING

QING CHENG * AND JIE SHEN'

Abstract. In the second part of this series, we use the Lagrange multiplier approach proposed in the first part
[6] to construct efficient and accurate bound and/or mass preserving schemes for a class of semi-linear and quasi-linear
parabolic equations. We establish stability results under a general setting, and carry out an error analysis for a second-
order bound preserving scheme with a hybrid spectral discretization in space. We apply our approach to several typical
PDEs which preserve bound and/or mass, also present ample numerical results to validate our approach.
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1. Introduction. Solutions of partial differential equations (PDEs) arising from sciences and
engineering applications are often required to be positive or to remain in a bounded interval. It is
beneficial, and often necessary, that their numerical approximations preserve the positivity or bound
at the discrete level. In recent years, a large effort has been devoted to construct bound preserving
schemes for various problems.

In the first part of this series [6], we constructed a class of positivity preserving schemes using a
new Lagrange multiplier approach. A main objective of this paper is to extend the approach in [6]
to construct bound preserving schemes for a class of nonlinear PDEs in the following form:

(1.1) up + Lu+ N(u) =0,

with suitable initial and boundary conditions, where L is a linear or nonlinear non-negative operator
and N (u) is a semi-linear or quasi-linear operator. We assume that the solution of (1.1) is bound
preserving, i.e., a < u(x,0) < b for all € Q, then a < u(ax,t) < b for all (x,¢) € Q x (0,T).

There are a large body of work devoted to construct positivity/bound preserving schemes for
(1.1). We refer to the first part of this series [6] (and the references therein) for a summary of existing
approaches for constructing positivity /bound preserving schemes. In particular, large efforts have
been devoted to construct spatial discretization for (1.1) such that the resulting numerical scheme
satisfies a discrete maximum principle (cf., for instance, [11, 7, 8, 10, 21, 27, 20, 19], and the review
paper in [12] for a up-to-date summary in this regard).

Given a generic spatial discretization of (1.1):

(1.2) Ovun + Lpup + Np(up) = 0,

where uy, is in certain finite dimensional approximation space X and L is a certain approximation
of L. In general, the solution wuy, if it exists, may not be bound preserving. Oftentimes, (1.2) may
not be well posed if the values of wuy go outside of [a,b]. For example, a direct finite elements or
spectral approximation to the Allen-Cahn or Cahn-Hilliard equation with logarithmic potential may
not be well posed. Instead of using special spatial discretizations which satisfy a discrete maximum
principle, we aim to develop a bound preserving approach which can be used for a large class of
spatial discretizations. To preserve positivity, it suffices to introduce a Lagrange multiplier A\;. But
to preserve bound, we need to introduce an additional quadratic function g(u) = (b — u)(u — a), and
consider the following expanded system with a Lagrange multiplier Ap:

Opup + Lypup + Ny (un) = Ang' (un),

1.3
(1.3) A >0, g(up) >0, Apg(up) = 0.
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The second equation in (1.3) represents the well-known KKT conditions [17, 14, 16, 2] for constrained
minimization. The problem (1.3) can be viewed as an approximation to (1.1), it can also be viewed as
a discrete problem without a background PDE, e.g., coming from a discrete constrained minimization
problem.

Existing approaches for (1.3) usually start with an implicit time discretization scheme so that the
nonlinear system at each time step can still be interpreted as a constrained minimization, then apply a
suitable iterative procedure (cf. [26]). As in [6], we shall use a different approach which decouples the
computation of Lagrange multiplier A\, from that of uy, leading to a much more efficient algorithm.

We recall that for positivity preserving, we simply use g(up) = wuy in the above formulation.
However, for bound preserving, the nonlinear nature of g(uy) makes it much harder to prove stability
in norms involving derivatives, and mass conservation whenever is necessary. On the other hand,
since the numerical solutions remain to be bounded by construction, this allows us to derive more
precise stability results, which in turns enable us to obtain optimal error estimates for both semi-
linear and quasi-linear PDEs. More precisely, the bound preserving schemes that we construct based
on the operator splitting approach enjoy all advantages of the positivity preserving schemes in [6],
and furthermore, thanks to the bound preserving property, it allows us to prove a more precise
stability result (see Theorem 3.1) and to establish rigorous error estimates for a class of semi-linear
and quasi-linear dissipative equations (see Theorem 4.1).

We would like to point out that the schemes constructed in this paper include the usual cut-off
approach [22] as a special case. Therefore, our presentation provides an alternative interpretation of
the cur-off approach, and allows us to construct new cut-off implicit-explicit (IMEX) schemes with
mass conservation.

To validate our schemes, we apply our new schemes to a variety of problems with bound preserving
solutions, including the Allen-Cahn [1] and Cahn-Hilliard [3] equations and a class of Fokker-Planck
equations [23].

The remainder of the paper is organized as follows. In Section 2, we construct bound preserving
schemes for general nonlinear systems (1.1) using the Lagrange multiplier approach. For problems
which also conserve mass, we modify our bound preserving schemes so that they also conserve mass.
In Section 3, we restrict ourselves to second-order parabolic type equations, and establish a stability
result for, as an example, the second-order scheme with mass conservation. In Section 4, we consider
a hybrid spectral method as an example to carry out an error analysis for a fully discretized second-
order scheme. In Section 5, we describe applications of our schemes to several typical PDEs with
bound and/or mass preserving properties. In Section 6, we present some numerical simulations to
validate the accuracy and robustness of our schemes. And we conclude with some remarks in the
final section.

2. Bound-preserving schemes. We construct in this section efficient bound preserving schemes
for solving (1.3). The key is to adopt an operator splitting approach in which a standard scheme,
which is not bound preserving, is used in the first step, while in the second step, the solution is made
bound preserving with a simple yet consistent procedure.

We shall first describe a generic spatial discretization with nodal Lagrangian basis functions,
followed by time discretization without and with mass conservation.

Let Xj, be a set of mesh points or collocation points in €. Note that ¥ should not include the
points at the part of the boundary where a Dirichlet (or essential) boundary condition is prescribed,
while it should include the points at the part of the boundary where a Neumann or mixed (or non-
essential) boundary condition is prescribed.

We assume that (1.3) is satisfied point-wisely as follows:

8tuh(z,t) + Lpup —|—Nh(uh) = )\h(z,t)g'(uh), Vz € ¥y,

(2.1) An(z,t) >0, g(up(z,t)) >0, An(z,t)g(un(z,t)) =0, Vz e Xy,

with the Dirichlet boundary condition to be satisfied point-wisely if the original problem includes
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Dirichlet boundary condition at part or all of boundary. The above scheme includes finite difference
schemes, collocation schemes, or Galerkin type spatial discretization with a Lagrangian basis.

Denote dt the time step, and t" = nét for n =0,1,2,--- , 5—Tt where T is the final computational
time. Our schemes consist of two steps: in the first step, we use a generic time discretization, which
can be implicit, explicit or implicit-explicit, to find an intermediate solution 122“ which is usually not
bound preserving; then we introduce a Lagrange multiplier A\}"!(2) to determine a bound preserving
uZH, which is a correction to ﬂZH. We shall first construct bound preserving schemes which do
not necessarily preserve mass, then we introduce a simple modification which allows us to construct
bound preserving schemes which can also preserve mass.

For the sake of clarity, we shall restrict ourselves to constructed schemes based on the implicit-
explicit (IMEX) type time discretization since they are most commonly used for parabolic type
systems. It is straightforward to extend the approach below to schemes based on other types of time
discretization.

2.1. A class of multistep IMEX schemes. We construct below k-th order bound-preserving
schemes for (2.1) based on backward difference formula (BDF) for the time derivative and Adams-
Bashforth extrapolation by using a predictor-corrector approach.

In order to describe the scheme, we define a sequence {oy}, and with a slight abuse of no-
tation. For any function v, we use A (v") and Bj_1(v™) to denote two operators depending on
(o™, - ok F1) as follows:
k=1:

(2.2) ar =1, Ai(v")=0", Bo(v")=0;

11 3
= — A: Yy — n_ _ n—1
(2.4) a3 =& 3(v™) =3v 5V +

By(v™) = 20" — o™ L,

The formula for k£ = 4, 5,6 can be derived similarly with Taylor expansions.
We assume that u7,j =0,1,--- ,k — 1 are properly initialized. Then
Step 1: (Predictor) solve @)™ from

(2.5) ayiy t(z) — Ag(up(2))
ot

+ Lty (2) + Nu(Br(ui(2))) = Br-1(Ahg (uh(2))),  Vz € B

Step 2: (Corrector) solve u} ™" and A} from

ap(u™(z) — (2
(2.60) b @) 20T G i (2)gf () — B W (200 (0 (2),
(2.6b) g(uit(2)) >0, AP (z) >0, APt H(2)g(uf T (2) =0, Yz €Dy,

The second step can be solved point-wisely as follows. We denote
n+1 ot n_r/.n
(2.7) M = _OTkBk—l(/\hg (un)),

and rewrite (2.6a) as

o (uy ™ (2) — (@ (2) + 0 T (2)))

L = A (=) (1 (2).
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We find from the above and (2.6b) that

(2.8)
(@t (z) +n ' (2),0) if a<aytt(z)+nt(z) <b

_(rnAl n+1
(a7a (ay, ngg)l-é-:)h (z))) if ’[LZ+1(Z)+772+1(Z) <a
ag

_(gntt n41 . n n
(b, DB D) gt (z) o () 2
ag

(a1 (=) A (2)) = VR E DN

Remark 2.1. It is obvious that the above scheme is a k-th order approzimation to (2.1). We
would like to point out that it is also a k-th order (in time) approzimation plus the spatial discretization
error to (1.1).

On the other hand, if we replace By_1 (A} ¢’ (u}})) in the above scheme by zero, then it is easy to see
that the second step is equivalent to the simple cut-off approach, which is a first-order approximation

o0 (2.1). However, it is easy to see that the error in mazimum norm by the cut-off approach is smaller
than the error by the corresponding semi-implicit scheme, therefore, the cut-off approach is also a k-th
order (in time) approzimation plus the spatial discretization error to (1.1).

2.2. Mass conservation. A drawback of the schemes (2.5)- (2.6) is that they do not preserve
mass if the exact solution does.

We present below a simple modification which enables mass conservation. More precisely, we
introduce another Lagrange multiplier 5,’;“, which is independent of spatial variables, to enforce the
mass conservation in the second step.

The first step is still exactly the same as (2.5).

Step 1 (predictor): solve @} ! from

iy (2) = A(up(2))
(2.9) 5t

+ Lyt (2) + Nu(Br(uf(2)))
= Bi_1(My (2)g'(up(2))) + Be-1(&h), Yz € Ep.

2+1 in the second step to enforce the mass conserva-

We introduce another Lagrange multiplier
tion.

Step 2 (corrector): solve (u} ™ A1)

from

an(up ! (z) - apt!

B et 2l i 2)

(2.10a) 5

— Br_1 (M (2)g (up () + &7 = Bra(§)), Yz € Ty,
(2.10b) AFH(2) >0, g(up™(2) >0, M (2)g(up ™ (2) =0, Vz e,
(2.10c) (upt 1) = (up, D,

where (-, )y, is a discrete inner product.
In order to solve the above system, we denote

n 6t n n n n
(2.11) nptt = OTk( W = B (&) — Beo1(ARg' (up)),

and rewrite (2.10a) as

o (uy ™ (2) — (@ (2) + 0 T (2)))
ot

(2.12) = XN (2)d (up T (2))
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Hence, assuming £, is known, we find from the above and (2.10b) that

(2.13)

(@t (z) + 't (2),0) if a<ayt(z)+nt(z) <b
—(a" (= ntliy . ~

(ava ( h ( )+77h ( ))) lf n+1(z)+n;z.+1(z) Sa

(™ (), X (2) = 5o o 7R
b— ﬂn+1 2 n+1 2 . -n n
(b, =By it (z) 4 (2) 2 b
g
It remains to determine EZLH.

Denote
(€)= {z € Ty : WTH(2) + 6t€ < al,
(2.14) Y0 (E) ={2 €Ty a <yt (z)+ 5tE < b},
Y0 (&) ={z € Xy apT(2) + ot& > b}

Then, thanks to (2.13), the discrete mass conservation (2.10c) can be rewritten as

(2.15) S @t @) et e+ > bwat Y aw. = (uf, D
z€e} (™) =€) (™) z€e S ()

Setting

Gn(n) = Z (ﬂ2+1(z)+5tn)wz—|— Z bw, + Z aw, — (up, 1),

(2.16) =€} () zex? (n) 2€9%,(n)

Fo(€) = Gn(j—i@ By (&) — Bea (g ().

we find from the above and (2.15) that &' is a solution to the nonlinear algebraic equation F,(£) = 0.
Since F (§) may not exist and is difficult to compute if it exists, instead of the Newton iteration, we
can use the following secant method:

(&) (Er — Ek—1)
(&) — Fu(&k-1)

(2.17) Err1 = &k — ;::

Since fg“ is an approximation to zero, we can choose £y = 0 and & = O(dt). In all our experiments,
(2.17) converges in a few iterations so that the cost is negligible.
Once f;l”l is known, we can update (UZ+1, /\Z‘H) with (2.13).

Remark 2.2. It is usually very difficult to construct mass conserved IMEX schemes using the
simple cut-off approach. However, replacing Br_1 (A1 (2)g'(u(2))) in (2.9)-(2.10) by zero, we obtain
a mass conserved kth-order IMEX cut-off scheme. This is one of the advantages of reformulating the
cut-off approach with the operator splitting approach.

3. Stability results. While the schemes constructed in the last section automatically ensure
the L bound for {u}}, it does not imply any bound on the energy norm < L-,- >. In this section,
we shall use the energy estimates to derive a bound on the energy norm for {u}} as well as a bound
on the Lagrange multiplier.

To fix the idea, we assume that £ is a second-order unbounded positive self-adjoint operator in
L?(Q) with domain D(L), and that the nonlinear term can be written as follows:

N(u) = fi(u) + V- fo(u), with f1(0) = f2(0) =0,
and f1, fo are locally Lipchitz semi-linear functions.
5
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Without loss of generality, we assume that ab < 0. Otherwise, we can always find a constant C' such
that (a + C)(b+ C) < 0 and consider the equation for v = u + C. Since ab < 0, we have 0 € (a,b).
Hence, (3.1) implies in particular

(3-2) [fr()] = [f1(w) = f1(0)] < Culul, [f2(w)] = [f2(w) = f2(0)] < Colu| if a <u<b.

We observe that the nonlinearities in common nonlinear parabolic equations do satisfy (3.1), see in
particular some specific examples given in Section 5.

We shall also interpret the first step of the schemes, (2.5) and (2.9), in a Galerkin formulation.
More precisely, let X; C X be a subspace with Lagrangian basis functions on ;. We define a discrete
inner product on ), = {z} in

(3.3) (wo)n =Y Beulz)o(2),

zZEX,

where we require that the weights 5, > 0. We also denote the induced norm by |Ju|| = (u, u)}%, and we
assume that this norm is equivalent to the L? norm for functions in X;,. We denote by < Lpup, vy, >
the bilinear form on X} x X}, based on the discrete inner product after suitable integration by part,
and we assume that

(3.4) Co||vuh||2 << Lpup,up > Yup € Xp,

with Cy > 0, which is satisfied by many common spatial discretizations. Hereafter, we shall use C
and C; to denote generic positive constants which are independent of §t and h.

We shall only consider a second-order scheme with mass conservation in this section. It is clear
that similar bounds can be derived for second-order scheme without mass conservation, and for the
first-order schemes, but bounds for higher-order schemes are still elusive. For clarity, we rewrite the
second-order version of (2.9)- (2.10) as:

Step 1 (predictor): Find QZH € X}, such that, for Vv, € X},

(3.5)
3yt — dup +up !

( 20t on)nt < Laay T vn > 4+ (fu(un), on)n — (fo(un), Vor)n = (Arg' (up) + &7, vn)ns

Step 2 (corrector): Find uZH, )\ZH, f;}“ from

un+1 _an—i-l
o) ATE BT E) i) gt )~ M () + € - €, vz e,

(3.6b)  At(z) >0, guptl(2)) 2 0, it (2)g(uptl(2)) =0, Vz €Ty,
(3.6c) (w1 = (ull, Dp;

and we assume that @) and uf) are computed with the first-order scheme (2.9)-(2.10) with k = 1.

THEOREM 3.1. We assume (3.1), (3.2) and (3.4). Then, for the scheme (3.5)-(3.6), if the generic
scheme in (2.9) is mass conservative, i.e.,

(3.7) < Loty 1> +(fi(un), a — (f2(un), V1) = 0,

then, we have

4
Al |* + 112up” — =M + SO (i) + 61

m—1
+20t 3 CollVapt 2 < C(D)||uf])?, V1 < m < T/t

n=0
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Proof. Choosing vy, = 4dti; ! in (3.5), using the assumption (3.4), we obtain

(Bt — 4wl +u Tt 2arth)y, + 40tCo || Va2

(38) n— ~n n— ~n ~n
+ 40t (f1(2up, — ujy 1) uh+1)h — 46t(f2(2up — uyy 1)» v“hﬂ)h < 46t(Ah g (up) + g}?vuh+1)h'

We start by dealing with the first term in (3.8).

(Baptt — du +up 200, = 2(3up T — dul + T ),

3.9
( ) +6( n+l Z+1 ~n+1) _’_2(3u7}:+1 4’LL +un 1 ,L~L2+1 Z+1)h’

For the terms on the righthand side of (3.9), we have

310 2(3up ™ — dujy +up ! MZH) = [l TP~ flup |
( : ) 2 n+1 2 2 2 n+1 _2 n n—12,
|20 = |2 = l120f — TP A g, up, 4wy 1%
(3.11) 6(ap Tt —upttap ) = 3@ P — lup TP llag -
and
2(3uz+1 4uh+un 1 ~Z+1 n+1)h
(3.12) —2( P ol T At — ) At = Attt — ),
et = 2 P — = R 4 - -
The last term in the above needs a special treatment. Using (3.6a) and the fact that (u), ntl —up, 1), =
0, we can write
n ~N n 85t n n n n n n
A —uh, B~ = _?(Uh—H —up, A\ () = Mg (up) + € =
86t " n 86t , ., n "
. _ oot h1_ h’hl/ 1 / L — ot L_¢n Ll )
(3.13) (g =, A ) = Mg () — (6 — ) (i — i, 1)
= _?(uh+1 - uh7)‘h+1g/(uh+l))h - ?(uh - Uh+1 )\ (uh))h = Il + 12.

Thanks to A} (2)g(u} ™ (2)) = 0, we obtain

I = 3 (/\h+17 (uh'H up)(a+b—2u +1) g(uh+1))h
85t n+1 n+1 n+1 n

= 3 — (AP —(up ™2 + ab + 2uful T — (a + b)uf)y,

= SO i ) SR (@) — D) 2 0,

where we used the facts that a < u} < b and A\}™" > 0. Similarly, we use A7(z)g(ul(2)) = 0 to
derive

85t n n n
I = 3 — (A%, (up — UZH)QI(U;L) —g(up))n
8575
=- — (A% —(up)? + ab+ 2ujuptt — (a + b)up ),
8t

= = O (™ = ) — O (™ = @) (u ™ = ) > 0,
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where we used again the facts that A} > 0 and a < u”Jrl

that

< b. We derive from the last two inequalities

~M 85t n n
(3.14) Aup™ — up, aptt —up ), = —?(UZH up AP (up ) = Ng (up)n > 0.

Combining the above inequalities in (3.9), we find

(3aag, ™1 = dug 4wy~ 205 )0 > TP = (g 120 = = 2ug - g

(3.15) g i
+3(lap P = My TP+ 20laR =y

Next, we rewrite (3.6a) as
(3.16) Buptt = 20t(Ap g (up ) + 6 = Bapt — 26t (A\rg (up) + &7).

Taking the discrete inner product of each side of the equation (3.16) with itself, dividing by 3, we
obtain

4
3||un+1||2 45t( n+1 >\n+1 /( n+1)+§-n+1) +§(5t2”)\2+1 /( n+1)+§n+1|‘2
(3.17) A
= 3Jlay T — 48t (an ™ Arg (uh) + E)n + g5t2llz\§ig’(uzl) +&rll”.

Note that we can interpret (3.5) pointwisely as
(3.18)

3up 't (z) — dup(2) +up'(2)
20t

where N}, is defined by (N (un),vn)n = (fi(un),ve)n — (f2(up), Vop)p. Summing up (3.18) and
(3.6a), we obtain

L (=) + N (2u](2) — ul "M (2)) = M (2)g (uf(2)) + €] V= € B,

(3.19)
Bup " (2) — dup(z) +up ' (2)
26t

+ Lty (2) + Na(2uj(2) = up = (2) = A\ (2)g (T (2)) + 1, V2 € B
Taking the discrete inner product of (3.19) with 1 on both sides, using (3.6¢) and (3.7), we obtain
(3_20) (/\2-‘:-19/(,”2-&-1) + gn-‘rl )h =0,

which implies that

" 9] 9] ’

where |Q| := (1,1), = Xzex, 02 > 0.
It remains to show that the second term of (3.17) is non negative. Using the fact that A} ™! (2)g(u} ! (2)) =
0, we have

—4(%( n+1 )\2+1 /( n+1)_’_€n+1) 4§t()\n+1 n+lg/(u2+1) g(uZJrl)) _46t§n+1( +1’1)h
= 45t ab — (upth?), + Télwﬂ a+b—2up ), (w1,
+1 1)h (un+1 1)h (un—l-l 1)h
:—45t)\"+1,—u"+1—7(h AL LY (el S A (e L )
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Since a < u} ™' < b, we have

(UZJrlv 1)h (UZJrl’ l)h
(3.22) ( —a)( —b) <0,
1€ €2
which, together with )\ZH > 0, implies that
(3.23) — 45t (up T NI g () €, > 0.

Then, summing up (3.8) with (3.17), and using (3.14), (3.15) and(3.23), after dropping some unnec-
essary terms, we obtain

Al TP = lupl? + 1203 = P = 120) — w72+ 2@t - e
(3.24) + 55752(”)\2+1 9 (up ™) + & = INR g (upy) + §Z|| ) + 46tCo || Vay |
< —48t(f1(2upy —up ), @Rty + 45t (fo(2up — up ), Vagth,.
Using (3.4), the two terms on the righthand side above can be bounded as follows:

(3.25)
46t(f1(2uy, —up~ 1) &Z“)h = 46t(f1(2up, —up~ 1) 112“ ”Jrl)h + 40t(f1(2upy, — up 1) uZH)h
< 2flaptt —upt® + 2076871 2uf — up P
+26t(CF]|2ufy — up = * + lup ™).

Similarly, we have

20t

A8t (f2(2upy — up ™), Vapth), < 26tCol | Vap ™t + o I f2(2uy = up )P

(3.26) 25(:502

< 26tCo| | VaptH1® + < 2(|2up — up 2.
0

Combining (3.24), (3.25) and (3.26), we obtain
Al P = Al + 1120y = wpll* = [[2uy; — w1
(3.27) + §<51ﬁ2(||/\ZJrl 9 (uy ™) + G = IAhg (uh) + €17) + 26t Co | Va1
< O8t)|2uf — w2 4 26t juf %, Y > 1.

For n = 0, we use a first-order scheme, namely (2.9)-(2.10) with & = 1, to compute @ and u} . Using
a similar (but much simplified) procedure as above, we can obtain

1 = llunl® + 6t (IAg' (un) + &al1* = [INag’ (u) + &L11%) + 26t Co | Vi, ||*

3.28
(3.28) < OS] 2uf)|1? + 26t |[ul |-

Finally summing up (3.28) with (3.27) from n =1 to n = m — 1, we obtain
4 m—1
Al 1P + 1205 — =P+ 02N (i) + €717 + 20t Y Coll Vg T2
n=1

m—1

< [12uf, — up|* + 4l > + Cot >~ {l12uf — up P+ flup TP
n=0

Applying the discrete Gronwall lemma, and using (3.28), we arrive at the desired result. |
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4. Error estimate. The error analysis for the second-order scheme (3.5)-(3.6) with a general
spatial discretization is very tedious and may obscure its essential difficulty. Therefore, we shall carry
out a complete error analysis for a second-order bound preserving scheme with a hybrid spectral
discretization that we shall describe below. To further simplify the presentation, we assume £ = —A
with Dirichlet boundary conditions on = (—1,1)4 (d = 1,2, 3).

We now describe some preliminaries for our hybrid spectral discretization. Let Py be the space
of polynomials of degree less than or equals to N in each direction, we set

(4.1) X =Hj(Q), Xy ={vePy:v|sg =0}

We define the projection operator IIy : X — X by

(4.2) (Vv —=IIyv),Voun) =0, Vo € X, vy € Xn,

and recall that for any » > 1, we have [4]

(4.3) lv —Tnvllgs SN |v||lgr, Yoe H(Q)NX, (s=0, 1),

where || - || g~ denote the usual norm in H" ().

Let Ly be the Legendre polynomial of degree N, and {zj }o<r<n be the roots of (1 —x?)L(x),
i.e., the Legendre-Gauss-Lobatto points. We set Xy = {2 }J1<x<n_1 and Sx = {zg }o<r<n if d = 1,
YN = {(@k zi) hi<kicv—1 and Xy = {(zk, i) bo<k,i<n if d = 2 and n = {(zg, 74, 75) hi<kij<n-1
and Xn = {(zk, s, T;) to<k,ij<n if d = 3. We define the interpolation operator Iy : C'(2) — Py by
(Iyu)(z) = u(z) for all z € . Then, we also have [4]

(4.4) o — Invllge < N"|ollge, Vo€ H'(Q)NX, (s=0,1).

Let (-,-)n be the discrete inner product based on the Gauss-Lobatto quadrature, then it is well
known that [24]

(un,on)n = (un,vN) Yun -vn € Pan_1,

(45) 2 2
lon[l® < (vwv,vn)N < (2+1/N)|lon||® Von € Py.

We observe that the bound preserving is enforced at the second step, so the first-step in the bound
preserving schemes can be replaced by any other k-th order scheme. We shall consider a second-order
modified Crank-Nicholson scheme which is easier to analyze. More precisely, we consider the following
modified Crank-Nicholson scheme [15] with a hybrid spectral discretization: find u™" € Xy such
that for all n > 1,

Wt (z) — u(2) 3antt(z) + ay (=)
(4.6) e 3N .

1
+ (N(éu%(z) — gu’gfl(z)),v]v) =0, Yoy € Xp;

,V’UN)

and find u’&+17 )\K,H such that

u(z) — !
(4.7) 5t

z !/ n
) _ oy (2)g it (2)), vz € S,
AL (2) >0, g(ui™(2)) > 0, Nyt (2)g(uyt'(2)) =0, Vz e Sy.

For n = 0, we replace N (3u% (2) — Jul '(2)) in (4.6) by N (u}(2)).
To simplify the notation, we shall use u(t) to denote u(x,t). We denote
(4.8) el = u(t™) — Hyu(t™th), et = Myu(™ ) —uitt, et = Tyu(E™th) — ayt.
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Then, we have

(49) u(tn—H) _ ux{—&-l _ en-i—l s An+1 (tn+1) _ anN—&-l n+1 +é ~n+1

Let tF = két, thtz = L(tF+ 4+ t%) and unts = % We denote

Kn+%:e?\,+1 e
N st
n+1 n—1
Ty = At - 2 ),
(4.10) 4
u(t"*) —u(t")

nt1
Ry = Qu(t"t?) —

n+= 1 3
I =ueth -

2 )
u(t™) - %u(t"_l)).

THEOREM 4.1. Let iy, wt™, Nt be the solution of (4.6)-(4.7). Given T >0, for somel > 1,
assuming (3.1)-(3.2), and the emact solutwn of (1.1) u(z,t) € C%([0, ],HQ(Q))OCl([O,T],Hl(Q))ﬁ
C3([0,T7], L*(9)), then we have the following error estimate:

m m ot m -m ot m— Nm n u™
lu(e™) = ue* + IV (u(t™) = af)” + 1V (™) = DI? + ot Z NG9 (™) IR

+ 5tmz_:11 |V (u(@™ ™) — @it +ut™ ) —ay D <COt* + N2, v2<m< %
Proof. We derive from (1.1) and (4.2) that
(4.11) (Oru,vn)n + (VIInu, Von) + (N (u),vn) = e(vn), Yon € Xy,
where
(4.12) e(vn) = (Opu,vn)N — (Fru, vN).
We find from (4.5), the definition of Iy and (4.3)-(4.4) that
le(on)] = [(u, vn) N = (ue, vn)| = [(we = Ty —1ug, vn )N + N1 — ug, 0N )|

= |(Inuy —Oy_qw, vn) v + 1w — we, )|
Bl nue = Ty —yue || + [Hx 1w — wel)[Jon ||

(Bl nus = well +4llus = My 1wl on | < CN~'low|l,  Von € P

(4.13)

N

A

Subtracting equation (4.11) from scheme (4.6), we obtain

et —en 3entt 4 ent el 3 1o,
(4.14) (NTN N)N+(V%7VUN)+(N(U(1L *2)) _N(ZUN T oUN ), on)
n—&-;

1 1 1
= (K" on) = Ry on) = (T2, o) + €(ow).
We also derive from (4.7) that

~n+1 _ zsn+1
(4.15) (2 )&61" (Z) _ g1 vpewy,

11




nal
where st = —\uTg/ (uh). Denoting QN+2 = N(u(t"2)) — NG yu(t™) — $Tyu(t"1)), we
have

(N (u(t"+)) —Néu?v - %“7&71)7%) — (@ ow)
(4.16) 3 1 3 1
+ (N(§HNu(t") - §HNu(t"_1)) —N(2uN — iu’]ifl) UN)-

Then (4.14) can be written as

~n+1 ~n ~n+1 ~n—1
- 3
(% oN)N - (Vw,vvzv)
3 1 3 1
(4.17) + V(G Tvu(t") = STvu(t"™) = N Gufy = Su ), ow)

n+3 n+= n+ s n+s
= (KT un) = (BT on) — (T 7 on) — Q72 uw) + e(ow).

Taking vy = 26té%" in (4.17), we obtain

(4.18)
il ntld il 3~7L+1 +é’ﬂ—1
(Entt —en, 28 )N+ (Ry 2+ Ky 2 + Ty 2,20tept") +25t(v%,w7¢1)
3 n 1 n—1 3 n 1 ~n+1 n+i ~n+1 ~n+1

+ (N(iﬂNu(t ) — §HNU(t ) —J\/’(iuN 5 T, 20t + QY 2, 26te ) = 260te(t).
For the first term in (4.18), we have
(4.19) (e — R, 28w = len IR — lenIy + llex™ — en i
We rewrite (4.15) as
(4.20) entl(z) = ot (z) = el (z), Vz e Dy,
and take the discrete inner product of (4.20) with itself to get
(4.21) e IR + 082 [si IR — 20t (e, sy = e IR

On the other hand,

~n+1 n—1
25t(VM,Vén+l) _ 7{5(v~n+1 v~n+l) (Vé% 1 V~n 1)

+(VERT! +ex ), vy + ey )k
Combining the above equations, we obtain
| A”“IIN lEx 1% + llex™ — eR IR + ot2llsi I3 — 20t (e, sp )

+ Z{5(Véxﬁ‘1’é7&+1) _ (Vé - V~n 1) (V( ~n+1 + ~§<[ 1),V( n+1 —|—én 1))}
(422) nt+1 n4 1 nil ntl 3 1
_ —(RN+2 —+ KN+2 —|—TN+2 + QN+2725téTIi/'+1) _ (N(inNU(tn) _ §HNu(tn71))

1
—./\/'( uN - iuN ), 26tent) + 20te(et).

We now bound the terms on the righthand side as follows.
12



Firstly, consider the final term in (4.22), using (4.13), we obtain
20te(en) < 206tN~ l||~"+1|| < 2CSENTH|ENT! — en || + 2C5tN e ||
< 8C25PN " 4+ \\~”+1 en|1? + ot ey |)? + C2otN 2,
Thanks to the KKT-condition )\?\,H >0 and a < Hyu(t"t!) < b, we find

—26t (e, sy v = =20t (uiptt — Mvu(t™ ), Xt g (ui™) v + 266 g(un™)) v

= —25t(NyT, = (uth)? + ab + 2y u (" Ut — (a + D) yu(t"™ ) n

= 20t( NG (Myu(™ ) — uith)?) N

— 280N, (Mt — o) (Tyu(t™+1) — b))y > 0.
On the other hand, since N'(u) = fi(u) + V - fa(u) with (3.1) and (3.2), we have

3 1 3 1

3 1 N

(4.23) = (f1(*HNU(tn) - §HNU(tn_1)) fl( UN ~ 5 1), 26teR )
1 1 .

(f2( yu(t") - QHNU(??”_I)) - fz(iuzv SUN b, 26tVeRtt).

The terms on the righthand side of (4.23) can be bounded as follows:

(4.24)
n 1 n—1 3 1 ~n—+1 3 1 n 1| ~n+1
(G Tvu(™) — STvu( ™) — fi(Susy fiuN >26t ) < 20i5t(15e% — en e
1
=2015t(|*é"1v en Tt entt - A")+QC15t(| ~en ' éy)
~n A~ ~n 1An n An
|| 1 eNH2+8015t2H§€N 26N Y2+ Crot(||e N||2+||§€N P
Similarly,
n n—1 3 n 1 ~n+1
125) (f2(5 1_INU(t )—§HNU(t )) = fa(Gu — un h),20tveptt)
4.25
1 1 1
< 26t02(|feN — 3¢ Y, verth) < gétHV'é’](,“HQ +36t022||5é -3¢ H2

It remains to deal with the first term on the righthand side of (4.22).

_25t(Rn+2 +T"+2 ~n+1)——25t(Rn+2+Tn+2,~?\,+1 An)_26t(Rn+2+Tn+2,A7]<[)

(4.26)
n+3 n+3 ~n n+1 n+i ~
<A Ry 2P+ 4687 Ty "2 |1 + || L= el + at(IRY 1P + 1Ty 2 1P + llex 1)
and
1 ~n+1 énN+1 EN  an+tl
—20t(K et = *2&(7 ex )
(427) —2((I — Ty ) (") —u(t™), et — e + €R)

< 2|((1 = Ty) (u(t") — u(t”)),é”+1 — e+ 2|((1 = Ty) (u(t™) — u(t™)), éx)]

tn+l tn+1
<sor [0 - TP+ eyt =P+ [0 - eu)Par + ol
tn tn
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and

(@Q4H 20E3™) = V(™)) ~ N CTlu(t") — STwu(™), 2008%)

(128) = (W) - NGu(r) - Ju ), 20685)
FWCu(E™) — Ju( ) = NCTvu(r") — Slu(t), 25185).

For the first term in right hand side of (4.28), we have

(N (e 5)) = N Gu(e™) — Jul™™)), 20685)
(4.29) = (At 5)) = Fu(Gu(t™) — Jult ), 25183
~ (ot ) — FalGult™) — Jult"™)), 266VE).

Using assumptions (3.1)-(3.2) and Young’s inequality, we have

i 3 n 1 n— ~n n+3z sn
(fr(u(t™"2)) = A(Gu(t") = Su@"™"), 26te}") < Cr (|52, 20ten™)
(4.30) = 2015t(u"+2| sl _en ) 4+ 20, 6t(| T3], en)

1 1
\|~”“ en |2 + AC2612 | T E |2 + SOy (e[| + | TnT 2 [12);
and

1 1 n+1
(ot ) = FaGult™) = Jult" ™), 260V ) < Oa((y ], 2009 )
(4.31)
n+i 1 -
< 3OO TN P + otV

For the second term in right hand side of (4.28), similar with (4.30) and (4.31), we have

(N(gu(t") — %u(t"‘l)) —N(§HNu(t") - 1HNu(t”—l)) 25tentt)

(4.32)

3 1 ~n 1—n7 ~n
< CGi(l5en - 5 1) 26te +1)+02(|7eN 3N Y, 26tventt).

For the first term in the right hand side of (4.32), using assumption (4.3), we have

]- ~n, 1—n ~T An —TL
(|76N - *é’fv H,20teR) < 2015t(|7eN A )+2016t(| N er)

< OOINT 4 Lle — ey I + Crdtleh

For the second term in the right hand side of (4.32), we have

1

1 3
02(\76" géxl\ 26tVentt) < 5t\|v~"+1||2+35t0§||§é 2*;@1”2

< 51t||v~"+1||2 + CStN~2,
14



Combining the above relations into (4.22) and using (4.5), we arrive at

lex I3 — |\6N||N+5t2\|8"“|\zv+ {(V e Ve — (Ve ey

1
+ (VR +ey ), VIERT + ey )} < (8CTat* + Crat +35t02)||* —5en P
wam) IO DO+ (407 + o) BRI 4 (4612 + any Ty
tn+1

T+ (AC268% + 6tCy + 36tC2) T2 + 86t/ (T = Ty Youe (1) 2t

tn+1

+ / (I — Tn)ue(t)||2dt + (C2 + 20 + 8C25t)5tN 2, Vn > 1.
tn

For n = 0, a similar estimate can be easily derived. Summing up (4.33) fromn =1ton =m —1 and
its corresponding inequality at n = 0, we obtain

N n ot ~ ~m— ~n ~n—
lex 13 + ot Z s I3 + ZHWNII2 *IIV 12+ Z V(e +ey HI?
St 5t el 3 1
< JleX |3 + Z||VéN||2 + +Z||Vé}v|\2 + ) _{(8CT6t? + C1t + 36tC3)|| = 5N~ 5eN "2
n=0

4.34 1 ntl
(4.34) 3(Cy + 1)6t||ew]|? + (46t + 6t)HRN+2 % + (46t + 5t>||TN+2 112

1 T
+ (AC258% + 51Cy + 35tC2)|| T |12} + 86t/ (T = Ty g (£)|2dt
0
T
+ / (I — TIn)ug(2)]|2dt + (C* 4 2C + 8C%5t) TN 2,
0

For the term in (4.34) with [ > 0, we have

tn+1

T
— n+i
/0 11 = Tl yue(8)|2dt < ON= gl oo popany; TRt < Cot® / et |2l

tn

tn+1 tn+1

+l +l
172 < o5t / lu| 2t |REH? < o8t / g |
tn tn

Finally, applying the discrete Gronwall’s Lemma to the above, using the norm equivalence (4.5) and
the triangular inequality, we obtain the desired result. |

Remark 4.1. By following exactly the same procedure, we can also derive a similar error estimate
if we use a hybrid Fourier spectral method instead of the hybrid Legendre spectral method.

5. Some typical applications. The bound preserving schemes that we constructed and studied
in previous sections can be applied to a large class of PDEs which are bound preserving. We describe
applications to several typical examples below.

5.1. Allen-Cahn equation. Consider the Allen-Cahn equation [1]
L
(5.1) uy — Au + G—Qu(u —-1)=0,

with homogeneous Dirichlet, homogeneous Neumann or periodic boundary condition, and € is a
positive constant. It is well known that the above equation satisfies the maximum principle, in
particular, if the values of the initial condition ug is in [—1, 1], the solution of the Allen-Cahn equation
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(5.1) will stay within the range [—1,1]. Setting £ = —A+ % and NV (u) = fi(u) = Su(u? —1) — &,
a second-order scheme based on the modified Crank-Nicholson for (5.1) is:

ﬁn+1 —un
ot

1 1
roan i) +N(;u” = U = A" (s

(5.2) :

and

unJrl - an+1 1 n n n n
653 T ) - A (),
)\n+1 2 0, g(un+1) 2 0, )\n+lg(un+1) —_ 0,

where g(u) = (1 +u)(1 — u).
Similarly, we have its cut off version:

~n+1 _ . n 3 1 3 1
(5.4) % +£(Zan+l + Z,an—l) +N(§un _ §un—l) =0;
and
un+l _ an+l
— )\n+1 1/ n+1
(5.5) 5t g'(u"),

AL >0, g(u™Th) >0, A" g(u ) = 0.
Since f1(u) = 0, and fa(u) is certainly locally Lipschitz and satisfies (3.1)- (3.4). Hence, results
which are similar to those in Theorem 3.1 and Theorem 4.1 can be derived for the above schemes.
5.2. Cahn-Hilliard equation with variable mobility. Consider the Cahn-Hilliard equation
[3] with a logarithmic potential:
w = V- (M(u)Vp),

(5.6) )
pw=—cAu+In(l+wu)—In(l—u) —Ou,
where p is the chemical potential and M (u) = 1—u? > 0 is the mobility function. g, € are two positive
constants. u and p are prescribed with homogeneous Neumann or periodic boundary condition. The
Cahn-Hilliard equation (5.6) is a gradient flow which takes on the form

0E
. =V (M -
(57) W=V (M@,
with the total free energy
90 2 62 2
(5.8) Ew = 14+uwhn(l4+u)+1—uln(l—u)— 5 U + 5|VU\ dex.
Q

With a given initial condition ||ug||p= < 1—+ for a constant € (0, 1), due to the singular logarithmic
potential, the solution of Cahn-Hilliard equation (5.6) is expected to remain in the range (—1+4,1—9)
for some 6 € (0,1) [9, 13]. Note that (5.6) is a fourth-order equation written as a system of two coupled
second-order equations, so the approach for constructing bound preserving schemes introduced in
Section 2 can be directly applied to (5.6). For example, the second-order version of (2.5)-(2.6) for
(5.6) is as follows:

3an+1 —du" + un—l n n—1 n+1 n lin

p = — AU FIn(1 4 2u™ —u™ ) — In(1 = 20" +u" ) — O (2u™ — umTh);
16




and

3un+1 - 3,&71-&-1 n n n n
(5.10) 25t = AT ) = A (),

)\n—H Z 0, g(un—H) Z 0’ )\7z+lg(un+1) _ 0’

where g(u) = (u+1—6)(1 —§ — u). Notice that g(u) = (u+1—0)(1 — 3§ —u) > 0 is equivalent to
—-1+6<u<1-4.

The system (5.6) also preserves mass. Indeed, integrate the first equation in (5.6) over Q, we
obtain &; [, ude = 0. As described in Section 2, we can also easily modify the scheme (5.9)-(5.10) to
construct a bound and mass preserving scheme for (5.6).

While the stability results in Section 3 was derived only for a second-order equation for the sake
of simplicity, since the nonlinear term N (u) = fa(u) = In(1+4 u) — In(1 — u) — Oyu is locally Lipschitz
for uw € (—1,1) and satisfies (3.1)-(3.4), a similar procedure can be used to derive a stability result
which is similar to Theorem 3.1. However, the error analysis in Section 4 can not be easily extended
to this case.

5.3. Fokker-Planck equation. Consider the following Fokker-Planck equation
(5.11) O = Oy (zu(l — u) + Ozu),

with no flux or periodic boundary conditions, which models the relaxation of fermion and boson gases
taking on the form [5, 25]. The long time asymptotics of the one dimensional model has been studied
in [5].

The Fokker-Planck equation (5.11) can be interpreted as a gradient flow

OF
(5.12) Ou = Oy (u(l — u)axg)a
with E(u) being the entropy functional
2
(5.13) E(u) = / (%u + ulog(u) + (1 — u)log(1l — u))de.
Q

Hence, the solution of (5.11) is expected to take values in [0, 1].

The approach for constructing bound preserving schemes introduced in Section 2 can be directly
applied to (5.11). For example, let Lu = —0,,u and N (u) = 9, f2(u) = Ox(—zu(l — u)), a second-
order version of (2.5)-(2.6) for (5.11) is as follows:

3un+1 _ 4un + un—l

(5-14) 251 = O (@(2u” —u ) (1 = 20" 4 ) + 0, ) + X7 (u”);
and

3ﬂn+1 B 3ﬂn+1 n n n n
(5.15) — 5 =MW = A (W),

AL >0, g(u™th) >0, A" g(ut) =0,

where g(u) = u(l — u).

We observe that the Fokker-Plank equation (5.11) with no flux or periodic boundary conditions
conserves mass, i.e., O fQ udx = 0. The above scheme can be easily modified to be mass conserving
as follows:

Juntt — 4y + !

(5.16) o5 = 0p(x(2u" — w1 — 2u" +u" 1) + 9, u ) + A"/ (u™),
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and

3un+1 — 3an+1 n n n n n
(517 e e G AU R

A0, g(ut) > 0, A Fg(u ) =0, (u't 1) = (u”,1).
Tt is clear that fo(u) = —zu(l — ) is locally Lipschitz and satisfies (3.1)- (3.2) with fi(u) = 0.
)_

u
Therefore, a similar result as in Theorem 3.1 can be derived for the scheme (5.14)-(5.15) and (5.16
(5.17).

6. Numerical results. In this section, we will present various numerical experiments to validate
the proposed bound preserving schemes. For all examples presented below, we assume periodic
boundary conditions in Q = [0, 27)¢, and use a Fourier-spectral method for spatial approximation.

6.1. Allen-Cahn equation. The first example is the Allen-Cahn equation (5.1).

6.1.1. Accuracy test. We first verify the convergence rate for the scheme (5.2)-(5.3) and its
first-order version for (2.1) in the domain Q = [0, 27]? with the initial condition

Y/ g Vit
6.1 u(zx,y,0) = tanh .
(6.1) (2,9,0) ( e )
We use 1282 uniform collocation points in [0, 272, i.e., ¥ = {z;1 = (;—ﬂ, %);j7 k=0,1,,---,128},

so that the spatial discretization error is negligible compared with the time discretization error. We
shall test their accuracy as approximations of (2.1) and (1.1) respectively.

First, we consider these schemes as approximations of (2.1), and use the reference solution com-
puted by (5.2)-(5.3) with a very small time step 6t = 10~5. We observe from table 1 that the scheme
(5.2)-(5.3) (resp. its first-order version) achieves second-order (resp. first-order) convergence rate in
time. The scheme (5.4)-(5.5) only achieves the first-order convergence in time. We plot in Fig. 1 the
profile of numerical solution » and the Lagrange multiplier A at 7" = 0.001.

ot || BDF1 version of (5.2)-(5.3) | Order | (5.2)-(5.3) | Order | (5.4)-(5.5) | Order
Ix10° 1.80E(—3) — [ 356E(—4) | — | 136BE(-3)| -
2% 107 2.47E(—3) 0.98 | 9.50E(—5) | 1.90 | 6.75E(—4) | L.0L
1x107 1.24E(—3) 0.0 | 2.31E(—5) | 2.04 | 3.245(—4) | 1.06
5x 100 6.22E(—4) 0.99 | 5.84E(—6) | 1.98 | 1.44E(—4) | 1.17
25x10°° 311E(-4) 1.00 | 1.25E(—6) | 2.22 | 5.43E(—5) | 1.40

TABLE 1
Accuracy test for approzimations to (2.1): The L™ errors at t = 0.01 with €2 = 0.001.

ot | (5.2)-(5.3) | Order | (5.4)-(5.5) | Order

4 %1075 | 1.05E(—4) - 1.05E(—4) -
2x 107 | 425E(—5) | 1.30 | 4.25E(-5) | 1.30
1x107° | 1.00E(—5) | 2.08 | 1.00E(—5) | 2.08
5x 1075 | 2.76E(—6) | 1.86 | 2.76E(—6) | 1.86
2.5 x107° | 6.29E(-7) | 2.13 | 6.29E(-7) | 2.13

TABLE 2
Accuracy test for approzimations to (1.1): The L™ errors at t = 0.01 with €2 = 0.001.
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We then consider these schemes as approximations of (1.1), and use the reference solution as
a highly accurate approximation to the original PDE (1.1) which is computed by a standard semi-
implicit scheme with 6t = 1078, We compare the accuracy between the scheme (5.2)-(5.3) and
its cur-off version (5.4)-(5.5). The results are reported in Table 2. We observe that both schemes
have essentially the same accuracy and are second-order in time, which are consistent with the error
estimates in Theorem 4.1.

The results reported in Tables 1 and 2 are consistent with Remark 2.1.

F1G. 1. Numerical solution u and Lagrange multiplier X\ at T = 0.001 computed by scheme (2.5)-(2.6) with k = 2
and 6t = 1076,

6.1.2. Comparison with a usual semi-implicit scheme. We consider the Allen-Cahn equa-
tion with €2 = 0.001 and the initial condition

L- = m T (y—37/2
V2e

1 - =+ (= 31/
V2e

We use the scheme (5.4)-(5.5) and its usual semi-implicit version:

u(x,y,0) = tanh(

)

(6.2)

+ tanh( )+ 1.

n+1 n

u

— 3 1 3 1
(63) u + L(ZunJrl 4 7un71) +N(§un _ 5,unfl) _ O,

ot 4
with time step 6t = 8 x 10~ and 1282 Fourier modes.

In Figure. 2, we plot the numerical solution v at T"= 0.08 and T" = 0.4 using the semi-implicit
scheme (6.3) and the bound-preserving scheme (5.4)-(5.5). It is observed that the numerical solution
by the bound-preserving scheme stays within [—1,1], while that by the semi-implicit scheme (6.3)
violates this property. The Lagrange multiplier A by the bound-preserving scheme (5.4)-(5.5) are also
shown in Figure. 2. In Fig. 3, we plot the evolution of max{u} and min{u} by both schemes.

6.2. Cahn-Hilliard equation. We now consider the Cahn-Hilliard equation (5.6) with the
initial condition
(6.4) uo(x,y) = 0.2+ 0.05rand(z, y),
where function rand(z,y) is a uniformed distributed random function with values in (—1,1). We set

0p =5 and € = 0.1, and use dt = 1075 with 1282 Fourier modes in (0, 27)2. We first use the following
semi-implicit scheme

3un+1 —4u” + un—l n n—1 n+1
(6.5) 25t = V- (M@ —u™ )V,

p = — AU FIn(1 4 2u™ —u™ ) — In(1 = 20" +u" ) — G (2u™ — um Y,
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(a) wat T =0.08 by (6.3).

(d) wat T =0.4 by (6.3). (e) uwat T=0.4 (5.4)-(5.5). (f) Nat T =0.4.

F1G. 2. (a)-(d): Numerical solutions at T = 0.08,0.4 computed by (6.3). (b)-(c) and (e)-(f): numerical solutions
and Lagrange multiplier X\ at T = 0.08,0.4 computed by (5.4)-(5.5).

——Semi-Implicit

m | —+Bound-Preserving

\w MM l T

- Semi-Implicit ‘

——Bound-Preserving ““

s \‘ %0.98 t \
= ‘
E E0.96 ‘ (i
0.94 \
0.92 W
&
-1.04 0.9 : :
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
Time Time

F1G. 3. Evolution of max{u} and min{u} with respect to time for the semi-implicit scheme (6.3) and the bound-
preserving scheme (5.4)-(5.5).

and found that it blows up at ¢ ~ .025 when ||u"||;= > 1 due to the singular potential. We then use
the bound preserving scheme (5.9)-(5.10) with § = 0.01 to compute up to ¢t = 0.1, and plot in Fig. 4
the evolution of max ey, u"(z) and mingeyx, u™ ™1 (2) by the scheme (6.5) up to t ~ .025, and by the
scheme (5.9)-(5.10) up to ¢t = 0.1. In Fig. 5, we plot the numerical solutions at various times which
depict the coarsening process.
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==max(u) without bound-preserving
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==smax(u) bound-preserving
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o

-0.4

0 0.02 0.04 0.06 0.08 0.1

FiG. 4. The evolution of max; ; “?,j and min;_; “?,j with respect to time computed by the scheme (6.5) up to
t = .025, and by the scheme (5.9)-(5.10) up to t = 0.1.

(a) t = 0.001 (b) t =0.02

(d) t=01

F1G. 5. Numerical solutions of Cahn-Hilliard equation at t = 0.001,0.02,0.05,0.1 computed by the scheme (5.9)-
(5.10).

6.3. Fokker-Planck equation. As the final example, we consider the Fokker-Planck equation
(5.11) with periodic boundary condition whose solution remains in [0, 1] and is mass preserving. We
present below simulations of (5.11) on the domain (—2m,27) with the initial condition u(z,0) =

(z=1)2

—e~ 0.4 using three second-order schemes: a usual semi-implicit scheme

3u™t — 4y !

(6.6) 551 = 0p(x(2u™ —u" M) (1 — 2u™ +u™h) + Gpu" ),
the bound-preserving scheme (5.14)-(5.15) and the mass conservative, bound-preserving scheme (5.16)-
(5.17).

In Fig. 6, we plot the numerical results using the semi-implicit scheme (6.6) and the bound-
preserving scheme (5.14)-(5.15) with 32 Fourier modes and dt = 10~%. We observe that while the
two numerical solutions look very similar, the minimum value by the semi-implicit scheme (6.6) does
become negative in a short period at the beginning, while the numerical solutions by (5.14)-(5.15)
remain in [0, 1].

In Fig. 7, we plot the numerical results using the bound-preserving scheme (5.14)-(5.15) and the
mass conservative, bound-preserving scheme (5.16)-(5.17) with 32 Fourier modes and 6t = 10~%. We
observe that (5.14)-(5.15) can not preserve mass, while (5.16)-(5.17) preserves mass exactly. Only a
few iterations are needed to compute the Lagrange multiplier £ at each time step by using the mass
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Fi1G. 6. (a)-(b) :Numerical solutions computed with 32 Fourier modes plotted on the 256 uniform grids using
(5.14)-(5.15) and -(6.6). (c): Ewvolutions of minimal values using (5.14)-(5.15) and -(6.6). (d): Lagrange multiplier
lambda at t = 0.01 using (5.14)-(5.15).

conservative, bound-preserving scheme (5.16)-(5.17) .

7. Concluding remarks. We constructed efficient and accurate bound and/or mass preserving
schemes for a class of semi-linear and quasi-linear parabolic equations using the Lagrange multiplier
approach.

First, we constructed a class of multistep IMEX schemes (2.5)-(2.6) for the semi-discrete problem
(2.1) with a Lagrange multiplier to enforce bound preserving, which is an approximation to the original
PDE (1.1). Hence, the scheme (2.5)- (2.6) is a k-th order approximation in time for both (2.1) and
(1.1). In particular, the (2.5)-(2.6) can be very useful if one is interested in the discrete problem (2.1)
without a background PDE.

Then, we pointed out in Remark 2.1 that by dropping out the term Bj_1(A}g'(u})) in (2.5)
and (2.6), we recover the usual cut-off scheme which is a k-th order approximation in time for (1.1),
but only a first-order approximation in time for (2.1). Thus, our presentation provided an alternative
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Fi1G. 7. (a): Evolution of mass by (5.14)-(5.15) and (5.16)-(5.17). (b): Solution profiles by (5.16)-(5.17). (¢):
Tteration numbers for solving €™t at each time step of (5.16)-(5.17).

interpretation of the cur-off approach, and moreover, allowed us to construct new cut-off implicit-
explicit (IMEX) schemes with mass conservation.

We also established some stability results involving norms with derivatives under a general setting,
and derived optimal error estimates for a second-order bound preserving scheme with a hybrid spectral
discretization in space.

Finally, we applied our approach to several typical PDEs which preserve bound and/or mass, and
presented ample numerical results to validate our approach. The approach presented in this paper is
quite general and can be used to develop bound preserving schemes for other bound preserving PDEs
such as the Keller-Segel equations [18].
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