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

QING CHENGT AND JIE SHENT

Abstract. In the second part of this series, we use the Lagrange multiplier approach proposed
in the first part [Comput. Methods Appl. Mech. Engr., 391 (2022), 114585] to construct efficient and
accurate bound and/or mass preserving schemes for a class of semilinear 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 and 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 [7], 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 [7] to construct bound preserving schemes for a class of
nonlinear PDEs in the following form:

(1.1) ug + Lu+N(u) =0

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

There exists an extensive literature devoted to constructing positivity /bound pre-
serving schemes for (1.1). We refer to the first part of this series [7] (and the references
therein) for a summary of existing approaches for constructing positivity /bound pre-
serving 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, [14, 8, 9, 13, 24, 32, 23, 22] and the review paper
in [15] for a up-to-date summary in this regard). Another popular strategy is to use a
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convex splitting approach to construct positivity/bound preserving schemes (cf., for
instance, [6, 12, 11]).
Consider a generic spatial discretization of (1.1):

(1.2) Opun + Luup + Np(un) =0,

where wuy is in a certain finite dimensional approximation space X, and L; is a
certain approximation of £. 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 u, 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 dis-
crete 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:

Ovup, + Lpup + Ny (up) = Mg (up),

1.3
(1.3) A >0, g(up) >0, Apg(up) =0.

The second equation in (1.3) represents the well-known KKT conditions [20, 17, 19, 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. [30]). As in
[7], we shall use a different approach which decouples the computation of the Lagrange
multiplier A, from that of uj, leading to a much more efficient algorithm.

We recall that for positivity preserving, we simply use g(up) = wuyp, in the above
formulation. However, for bound preserving, the nonlinear nature of g(up) 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 turn enable us to obtain optimal error estimates for both semilinear 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 [7], and furthermore, thanks to the bound preserving property, they allow
us to prove a more precise stability result (see Theorem 3.2) and to establish rigorous
error estimates for a class of semilinear 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 cutoff approach [25] as a special case. Therefore, our presentation provides
an alternative interpretation of the cutoff approach and allows us to construct new
cutoff 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 [26].

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
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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 ap-
proach 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 ¥, be a set of mesh points or collocation points in Q. 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 nonessential) boundary condition is
prescribed.

We assume that (1.3) is satisfied pointwise as follows:

afuh(z?t) + Lpup, +-/\[h(uh) = )\h(z, t)g'(uh) Vz € ¥y,

1) An(z,t) >0, g(un(z,t)) >0, Mp(z,t)g(up(z,t)) =0 Vz € Xy,

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

Denote 0t the time step and t" = ndt for n = 0,1,2,..., %, 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 IMEX, to find an
intermediate solution fLZH which is usually not bound preserving; then we introduce
a Lagrange multiplier )\Zﬂ(z) to determine a bound preserving uZH, which is a
correction to ﬁZH. 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 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 kth-order
bound preserving schemes for (2.1) based on the backward difference formula for the
time derivative and Adams—Bashforth extrapolation by using a predictor-corrector
approach.

In order to describe the scheme, we define a sequence {ay} with a slight abuse of
notation. For any function v, we use Ag(v™) and Bg_1(v"™) to denote two operators
depending on (v",...,v" " **+1) as follows:
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k=1

(2.2) a1 =1, Ai(v")=v", By(v")=0;
k=2:

(2:3) Qg = ; Ay (V™) = 20" — lvn—1’ By(v") = v";
k=3

(2.4) az = %, Az(v™) = 30" — gv”_l + %v”_2,

By(v") = 20™ — "1,
The formula for k = 4, 5,6 can be derived similarly with Taylor expansions.
We assume that uj,j =0,1,...,k — 1 are properly initialized. Then we take the

following steps.
Step 1 (predictor). Solve @)™ from

apiy ™ (z) — Ap(uf(2))
(2.5) St
Vz € Eh.

+ Lyt (2) + Nau(Br(uiy(2)) = Be-1(Arg' (u(2)))

Step 2 (corrector). Solve u} ™' and A}'*! from

ap(ut(z) — antt
) WU CL BT E) i (2)g i (2) - BV (2)g (wh (2))),

(2:60) g(uf () > 0. N+ (2) > 0, A (2)g(uf T (2)) = 0 Yz € 5

The second step can be solved pointwise as follows. We denote

(2.7) 77h+1 = _OTkBk—l()\hgl(uh))

(2.6a

and rewrite (2.6a) as

on(uy ™ (2) = (@ (2) + T (2)))

- = N () (2)).
We find from the above and (2.6b) that
(2.8)

(@ (z) + 0y (2),0) i a<apT(z) +apti(2) <b,

a—(ﬂZ“(Z)-ﬁ-nZ“(Z)) lf ﬂn+1(z) + n+1(z) <a
(up ™ (2), (=) = ’ Tg'(a) h U <a,

b— (@t (2)+n" T (= . -n n

(b, (@ %;(:)h (%)) if thrl(z) +77h+1(z) > b,

Vz € Xp.

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

On the other hand, if we replace Bi_1(A}g'(u})) in the above scheme by zero,
then it is easy to see that the second step is equivalent to the simple cutoff approach,
which is a first-order approximation to (2.1). However, it is easy to see that the
error in maximum norm by the cutoff approach is smaller than the error by the
corresponding semi-implicit scheme; therefore, the cutoff approach is also a kth-order
(in time) approximation plus the spatial discretization error to (1.1).
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2.2. Mass conservation. A drawback of the schemes (2.5)—(2.6) is that it does
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

Oékﬂ2+1(z) B Ak(uZ(z)) n+1 n
29 = + LT (=) + Na(Bu(uh(2))

— Bii(N(2)g/(u}(2))) + Bror (&) ¥z € S

We introduce another Lagrange multiplier §"+1

mass conservation.
Step 2 (corrector). Solve (uj ™', Art?)

in the second step to enforce the

from

n+1( ) o an+1

(210&) ak(uh 5 h (Z)) :)\n+1( ) ( n+1( ))

— B 1(AR(2)g (up(2))) + 7 — Broa (&) Vz € 5y,
(2.10b) APt(2) >0, g(uptt(2)) > 0, \fTH(=z)g(u) T (2)) =0 Vz ey,
(2.10c) (upt 1), = (uf, 1),

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

1)
(2.11) it = a{( BB (€0) — Broa (AR (u])

and rewrite (2.10a) as

@ un+1 _ ﬂn-&-l n+1
S Gl C Rl LA C R alC) VTR

Hence, assuming §Z+1 is known, we find from the above and (2.10b) that

(2.13)
(@ (=) + ;" (=) ,0) if a<ay™(z)+nt(z) <
a— un+1 2)+ n+1 . n n
@) =4 (@ it @t(z) +npti(z) < a,
b— n+l n+1 . ~n n
(b» & 624{: it aptt(z)+nptt(z) > b
Vz € Xp.
It remains to determine f"“.

Denote
Tn(€) = {z € Ty : @ (2) + 6t < a},
(2.14) P (E) ={2 €D a<ayt(z)+ 6t < b},
S0 (€) = {2 € D+ At (z) + 5t€ > b}
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Then, thanks to (2.13), the discrete mass conservation (2.10c) can be rewritten as

(2.15)
Z (i ZH( )+5t77n+1> + Z bw, + Z aw, = (up,1)n.
ZG“Eb(ﬁhH) ZGEZZL(WZH) G“Eh(ﬁhH)
Setting
Go(n) = Y (@™ (z)+otpw.+ > bw.+ Y aw. — (uf, 1),
(2.16) EAC) €T} (n) €93 ()

Fo(€) = G, (ji(& B - B“(Amumn) ,

we find from the above and (2.15) that &*" is a solution to the nonlinear algebraic
equation Fy,(§) = 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:

Fo(&r) (& — k1)
Fn(gk) - Fn(gk—l).

Since 52“ is an approximation to zero, we can choose £, = 0 and & = O(6t). In all
our experiments, (2.17) converges in a few iterations so that the cost is negligible.
Once &' is known, we can update (u} ™', \}™!) with (2.13).

(2.17) Eet1 =&k —

Remark 2.2. Tt is usually very difficult to construct mass conserved IMEX schemes
using the simple cutoff approach. However, replacing By_1(A}(2)g' (u(2))) in (2.9)-
(2.10) by zero, we obtain a mass conserved kth-order IMEX cutoff scheme. This is
one of the advantages of reformulating the cutoff approach with the operator splitting
approach.

3. Stability results. While the schemes constructed in the last section auto-
matically ensure the L bound for {u}}, it does not imply any bound on the energy
norm (£-,-). 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.

We shall frequently use the following discrete Gronwall lemma [27].

LEMMA 3.1. Let ay, by, cn, and d, be four nonnegative sequences satisfying

m m—1 m—1
am+Tan§TZandn+Tch+C’, m>1,
n=1 n=0 n=0

where C' and T are two positive constants. Then
m m—1 m—1
am—l—TanSexp(TZdn) (Tch—l—C), m > 1.
n=1 n=0 n=0

To fix the idea, we assume that L is a second-order unbounded positive self-adjoint
operator in L?(2) with domain D(£) and that the nonlinear term can be written as
follows:

N(u) = fi(u) + V- fo(u) with f1(0) = f2(0) =0

3.1
(3:-1) and fi, fo are locally Lipchitz semilinear functions.
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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)

[fi(w)] = 1fi(w) = [1(0)] < Crful, |f2(w)] = [fo(u) = 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 func-
tions on ¥;,. We define a discrete inner product on £j, = {2} in :

(3.3) (u,v)p, = Z Bou(z)v(z),

zZEX)

where we require that the weights 5, > 0. We also denote the induced norm by

1

lul| = (u,u)}, and we assume that this norm is equivalent to the L? norm for functions
in X;,. We denote by (Lpup,vp) the bilinear form on X}, x X}, based on the discrete
inner product after suitable integration by part, and we assume that

(3.4) COHVUh||2 S)Ehuh,uh> Yup € Xy,

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
ot 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 schemes with-
out 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 follows.

Step 1 (predictor). Find QZH € X}, such that, for all v, € Xp,,

3urtt — 4wl 4! .
( . hh ’vh> + (Lrap ™ on) + (fr(un), vn)n — (f2(un), Vou)a
h

20t
(3.5) = (Ahg'(up) + & on)n
Step 2 (corrector). Find ™, Apt! €2+ from
3upt(z) — iyt (2))
20t

(3.6a) =N 2)g (up T (2) — AR ()9 (up () + & = & Yz € 5y,
(3.6b) ArtL(2) >0, g(ultl(2)) > 0, NPT (2)g(ultH(2)) =0 Vz €%,
(3.6¢) (up™ Dp = (up, D

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

THEOREM 3.2. 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) (Lrty ™, 1) + (fi(un), Dn — (fa(un), V1), =0,



CONSTRUCTING BOUND PRESERVING SCHEMES 977

then we have

m m — 4 m m
A1 + (1207 = w2+ §5t2||AZ+19’(uh )+ &0
m—1
+20t Y Col| Va2 < O(T)||uf|[* Y1 < m < T/t
n=0

Proof. Choosing vy, = 4dti; " in (3.5), using the assumption (3.4), we obtain
(BapT — duf +uft 2a7 ), 4 46tCo| | VarTt|?
(3.8) + 45t (f1 (2up —up Y, ap ) — 46t (f2(2uy — up ), Vg,
< 48t(NRg' (up) + €5 s
We start by dealing with the first term in (3.8).
(Bt — du) + w2yt = 2(3u) T — 4wl 4+ up T ),
+6(ap T — T A, +23up T — dup T At — ).

(3.9)

For the terms on the right-hand side of (3.9), we have

310 2(3up ™ — du +up ZH) = llup ™12 = Jlup®
(' ) 2n+1 2_ 2 2 n+1_2n n—1)2
+ 12w upl? = l12uh — a7 [y, up +up |
(3.11) 6(ap*t —uph ap ) = 3(llap P — lup P lap T - ap )
and
(3.12)

2(3uZ+1 —duy +uy” ! uZH "H)h

_ 2( n+1 2uh +un 1 ﬂ2+1 n+1)h +4( n+1 _uh’ﬂz+1 n+1)h

= 2+ P T = R A = g G =
The last term in the above needs a special treatment. Using (3.6a) and the fact that
(uptt —ur 1), = 0, we can write
(3.13)
Aup ™ —uy, ap = upt
= _?(thrl —up, AR (up ™) = Mg (uh) + G = &
80t , n n 80t , ., n
= _?(thrl —up Ay () = Mg () — ?( p =y =l )
80t 80t
= _?(UZJA _ uz7)\z+l /(uZJrl))h _ ?(uz _ UZJrl )\n /( ))h =1 + I,
Thanks to A} ™! (2)g(up ! (2)) = 0, we obtain
84t n+1 n+l n+1 n+1
I= =S O ! — ) (a b — 20 ) — ()
85t n+1 n+1 n+1 n
=-3 — (AP —(up ™2 + ab + 2uful T — (a + b)uf)y,
= ?()\h—i_l, (Uh+1 — uh)Q)h - ?()\h+1, (Uh — a)(uh — b))h Z 0,
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where we used the facts that a < u} < band A" > 0. Similarly, we use A7 (2)g(u} (2))
= 0 to derive

80t " ,
Iy = S0 (™) () — g
86t n\2 n, nt+l n+1
= SO~ ) + a4 20— o D)
80t v n s 1 n\2 n+1 n+1
= ?( e (U =) ) — (A, (up™ —a)(u™ = b))p >0,

where we used again the facts that A} > 0 and a < UZ'+1 < b. We derive from the
last two inequalities that

(3.14)
80t n+1

A = g = s = =S = A ) = Mg (i) > 0.

Combining the above inequalities in (3.9), we find

(3.15)
Bap ™t —duy +up ™ 20y ) n > lup P = il 4 120 = upl® = ([2uh - TP

+3(1Ja P = lup THP) + 2llap =g
Next, we rewrite (3.6a) as
(316)  Bup™t = 20tAT g (") + ) = 3T — 206N (up) + €7)-

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

4
Bl 2 — 4t N () + 6+ ORI () + 2
(3.17) A
= 3llap P — 46t Mg () + €0 + 301N (up) + 1P,

Note that we can interpret (3.5) pointwise as

ﬂn‘f‘l — 4y un—l
(3.18) e 42ngz)+ s (z)+cha2“(z)+/\/h(2uz( 2) — ' (2))

= M (2)g'(up(2)) + & Yz € T,
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where Nh is defined by (Nh(uh), Uh)h = (fl (Uh), vh)h - (fg(uh), Vllh)h. Summing
up (3.18) and (3.6a), we obtain

u T (2) — du?(2) + u? Nz
(3.19) B () 42’515 )i ( )+Lh~”+1( ) + N (2ull (2) — ul ™~ (2))

=N 2)g (uy T (2) + &1 Yz € By

Taking the discrete inner product of (3.19) with 1 on both sides, using (3.6¢) and
(3.7), we obtain

(3.20) Mg (up ™) + &7 D =0,

which implies that

(3.21) it _ _OnTg ) D OR a4 b— 23,
" €2 |€2] ’

where |Q := (1,1), = Xzex, 82 > 0.
It remains to show that the second term of (3.17) is nonnegative. Using the fact
that At (2)g(uy ™! (2)) = 0, we have
o 45t( n+1 )\n+1 /(uz-&-l) + é-n—i-l)
= 45O g () — gt — 401 (1),

46t
= —45t(A\ T ab — (up ), + @(Ag“,a b= 2ul ) (u T 1),
n 2 n n
— A8t )\n+1 _ (un+1 _ (uh 17 1)h> +<(uh+1v 1)h . a) ((thrlv 1)h . b) .
RN @ @ @ )
Since a < uZH < b, we have
WY (D
(3.22) ( —a) (R ) <o,
1€ 1€

which, together with )\ZH > 0, implies that
(323) 745t( n+1 >‘Z+1 /( n+1) +§n+1) Z O

Then, summing up (3.8) with (3.17) and using (3.14), (3.15), and (3.23), after drop-
ping some unnecessary terms, we obtain

A PP = dlfupl? + 1205 = P = l12u) — w72+ 2@t - et
(3.24)  + 55152(”)\2+1 9 (™) + G2 = 1N g (ui) + E711%) + 40tCo | Vay T2
< —48t(fr(2uy, —up~ b, ag“)h + 46t(f2(2up — uZ_ ), VﬁZ‘H)h.
Using (3.4), the two terms on the right-hand side above can be bounded as follows:
A0 f2 (27, — ), ) = 40ty (20 — ), T — )
+48t(f(2uf, —up ™), up
< 2llap*t —up | + 207087 2uf — up T
+20t(CF | 2ul, — up 2 + up TP

(3.25)



980 QING CHENG AND JIE SHEN

Similarly, we have

— ~ 1M ~ 7 25t n n—
48t(fo(2ufy — up ™), Vi) < 26tCol VAR * + Fo [l f2(2uf — w7
(3.26) 0

. 206tC3
< 281Co |V P+ =52 20t — P

C
Combining (3.24), (3.25), and (3.26), we obtain
T o

+ §5t2(|l)\z+1g'(uz+l) &P 1IN (u) + E117)

+ 26t Co| V|

< O6t)|2uf — uf ™ 2 4 26tjuf TH? Wn > 1.

(3.27)

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

Il = llupll? + 6t (1A (up) + €x11* = [IARg (uh) + ERII*) + 26t Co|| Va ||

3.28
(3:28) < C8t[|2ul ||* + 26t ||uz |2

Finally summing up (3.28) with (3.27) from n =1 to n = m — 1, we obtain

m—1

_ 4 .
A P+ 20 — R + SORINT () + G0 + 260 S Col| Vi P
n=1
m—1
< |2, — up|* + 4lluf |1 + Cot Y {l12uf; — up 7+ up ™Y
n=0

Applying the discrete Gronwall (lemma 3.1) and using (3.28), we arrive at the desired
result. O

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 Q = (—1,1)% (d = 1,2, 3).

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

(4.1) X =Hj(Q), Xn={ve€Py:vlsg =0}
We define the projection operator Iy : X — Xy by

(4.2) (V(v —TInv),Voy) =0Yv € X, vy € Xn,
and recall that for any r > 1, we have [4]

(4.3) o — Tnovllge <N |vllgr Yoe H(Q)NX, (s=0,1),
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where || - ||z denotes the usual norm in H"(€2).

Let Ly be the Legendre polynomial of degree N and {xj }o<k<n be the roots of
(1—2?) Ly (z), i.e., the Legendre-Gauss—Lobatto points. We set Xy = {z) }1<k<n—1
and Xn = {zrfo<k<n ifd = 1, Xy = {(z1, i) h<ki<v—1 and Xn = {(vk, i) fo<k,i<n
lf d = 2, and ZN = {(-Tk7xi7xj)}1§k,i,jSN—l and ZN = {(.Z‘k,l‘i,l‘j)}ogk,i’jgjv lf
d = 3. We define the interpolation operator Iy : C(Q) — Py by (Inu)(z) = u(z) for
all z € Xy. Then, we also have [4]

(4.4) o — Invllge < NS"|jollge 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 [28]

(un,on)N = (un,vN) Yun -vn € Pan_i,

(4.5) : 5
lon]l® < (vnv,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 kth-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
[18] with a hybrid spectral discretization: find uT]{,H € Xy such that for all n > 1,

(4.6)
(a’mz) ) ) e (v?»a’ﬁl(z) iy (z) vox)

ot 4
3 n 1 n—1
+ | N §uN(z) — 53Uy () ),on | =0 Yun € Xy,
and find w7, A% such that

(4.7
W 2) — a2 n n
N ( )& N ( ):)\NH(Z)Q/(UNH(Z)) Vz € X,

)\T&H(z) >0, g(uxfﬂ(z)) >0, )\%ﬂ(z)g(uﬁfﬂ(z)) =0 VzeXy.

For n = 0, we replace N (3uly(2) — 2uly ' (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)
et = u(t™) — Tyu(t™th), et = Dyu(™™) —uyt, eyttt = Tyu(E™ ™) —ajyt.
Then, we have
(4.9) w(t™) —utt = et eyt w(t ) — Ayt = et 4 eyt
Let th = két, thtz = F(tFH + %) and unts = “nﬂ%un We denote

KnJr% _ é717\4[+1 — éT]if

N 5t

TR = A (u(tn+%) -

u(t" ) + u(tm 1)
)
u(t™ ) —u(t")

2 )
ntd 1 1
TR ey - (‘;’u(t”) . 2u(t”_1)) .

(4.10)
1
RyT2 = gu(t7) —
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THEOREM 4.1. Let @', w'y™, Nt be the solution of (4.6)~(4.7). Given T >
0, for some I > 1, assuming (3.1)—(3.2), and the exact solution of (1.1) u(x,t) €
C%([0,T), H*(Q)) N C*([0, T), H(2)) N C3([0,T], L?(Q)), then we have the following
error estimate:

m—1

m m 5t m ~1m n n
lu(t™) = w1 + LIV (u(t™) = ag)|* + ot DI (IR
n=1
m—1 T
+ 6t Z [V (u(™™) — @t ™) —ay D2 <COt* + N2 v2<m < 5
n=1
Proof. We derive from (1.1) and (4.2) that
(411) (Gtu,vN)N + (VHNU, V’UN) + (N(U),UN) = E(UN) Yoy € Xn,
where
(4.12) e(vy) = (Oru,vn) N — (Opu, ).
We find from (4.5), the definition of Iy, and (4.3)—(4.4) that
(4.13)
le(on)] = [(ur, vn) N = (ue, vn)| = [(we = Ty 1w, vn) N + (1w — ug, 0N )|
= |(Inur — Hn-1ug, vn) N + (Hv—1up — ug, on)|
< BIHvur = Ty —yue ]| + [Ty v — we]) on |
< 3l nup — wel + 4lluy — Tn—yue|))Jon || < ON"'jon]| Von € Py
Subtracting (4.11) from scheme (4.6), we obtain
~n+1 An ~n+1 ~n—1
En  — €y e +eéy
(F o)+ (T )
3 1
(4.14) + (N(u(t"Jré)) -N <2u7]{, — 2u7\,—1> ,UN)
= (~KN"on) = (BY 7 on) = (T3 ow) + e(ow).
We also derive from (4.7) that
~n+1 _ zn+1
(4.15) o (2) ~ S G
where it = —AUTg/ (uith). Denoting QnN+% = N(u(t"tz2)) — N(EIyu(t") —

iyu(t"1)), we have
n+i 3 n 1 n—1 _ n+3
N(U(t 2))*-/\/ §UN7§UN » UN *( N 7UN)

e (w7 (Grwuter) = it ) = v (G ) o )
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Then (4.14) can be written as

~n+1 An ~n+1 ~n—1

— 3

v —°N eN,UN + VieN ten ,Voy
ot N 4

(4.17) n (/\/' (gHNu(t") ~ ;szu(t"_l)) -N <;UTK¢ - ;%(rl) ,UN)

. n+3 3 n+3 n+3
__(KN 7UN)_(RN 7UN)_(TN 7UN)_( N 7UN)+€(UN)'

Taking vy = 265té%"" in (4.17), we obtain

1 1 1
(@ —en, 28 Yy + (RN 2 + Ky 2 + T 2, 26te%™)

~n+1 ~n—1
3en
N

ten V’é”[i/:i’l)

+ 20t (V 1

(4.18) 5 .

+ (N STyu(t™) — =TIyu™ ) ) =N | Sul — suf ), 20te
2 2 2 2

QT2 25ten Yy = 26te(enH).

For the first term in (4.18), we have

(4.19) (Ex"" — en, 265 v = e IR — IR IRy + lley™ — exlliy

We rewrite (4.15) as

(4.20) entl(z) = dtshtl(z) = etl(z) Vze Ty

and take the discrete inner product of (4.20) with itself to get

(4.21) st 1% + 025 13 — 264(ER s = e 1%

On the other hand,

~n+1 ~n—1
e+ ey

4
(VR + ), VER e )

26t (v ,vag;“) = %{5(%7&1, Vet — (veyt ver

Combining the above equations, we obtain

(4.22)
lex™ % = ek lix + llen™™ = eXlli + ot lsi 1% — 26t(ex™, s ™)

ot ~n ~n ~n— ~n— ~n ~n— ~n ~n—
+ 1{5(V6N+1’8N+1) — (Ve L Vey ) + (V(ey™ + ey ). ViEert + ey )}
1 1 ntl 1 3 1
= (RUPE KR LR QU ogentl) - (N <2HNu(t") - 2HNu(t”—l))
3 n 1 n—1 ~n+1 ~n—+1
-N JUN ~ FUN ,20teNT ) + 20te(ey ).

We now bound the terms on the right-hand side as follows.
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Firstly, considering the final term in (4.22), using (4.13), we obtain
20te(en™) < 205tN~ l||~"+1|| < 2CStN et — en || + 2C5tN e ||

< 8C%5tPN~2 4 = \F”“ em||? + dtf|en||? + C2otN 2,

Thanks to the KKT condition A% > 0 and a < Hyu(t"') < b, we find

— 20t(e s N
25t — Tu(t™ ), A g () + 264, ()
= =25t — (w2 + ab + 2 pu(t" Ut — (a + b)TIyu(t" ™))y
=25t (Mvu(™h) — w2
— 20t(NT (Mpu(t™™) — a) (M u(™h) — b))y > 0.

On the other hand, since M(u) = fi1(u) + V - fo(u) with (3.1) and (3.2), we have
§ n 1 n—1 _ § n 1 ~n+1
(N(QHNu(t ) 2HNu(t )) N<2UN 5 U > 26té >
1 1
(4.23) <f1 ( Myu(t") — 1N Nu(t" 1)) fi ( uy — FUN u” 1) ,26té’](,+1>
n 1 n—1 1 ~n+1

— fg §HNu(t ) - §HNu(t ) f2 N 5 26tV .

The terms on the right-hand side of (4.23) can be bounded as follows:

(4.24)
1 n—1 3 n 1 ~n+1
f1 HNu( " — fHNu(t )| - f1 SUN §“N ,20te
3 N n—1| ~n+1
<2010t (5% - feN |, e

3 1 3 1
= 20,0t <| en — iéﬁ, Lt — ”) + 2016t <| en — ié}, ! é?\,)

Lo, B L 3., 1.,
< IR - 1P+ sCRar S - 5 P+ uot 1k 1P + 15k - 5ok )
Similarly,
1 n—1 3 n 1 ~n+1
f2 2HNU( ") - §HNU(15 )) — fa SUN ~ U ,20tVe
(4.25)

1 1

3
< 26t02(|feN - N 1, verntt) < 5tw~"+1||2 + 35tC22||§é§{, — 2



CONSTRUCTING BOUND PRESERVING SCHEMES 985
It remains to deal with the first term on the right-hand side of (4.22):

— 26t (RN + Tt et

— _20U(Ry T+ TR e - A")—25t( RyTE 4 TRtE en)
(4.26)

< A2 RyTE |2 4 4682 TR |2 + ||~"+1 &?
n+3 n+i ~n
+St(|Ry 212+ T8 212 + llex)?)
and
(4.27)
gntl _en
— 25t(K T eyt = 20t (N 5 N,é?v“>

= =2((1 = Iy) (u(t™*) —u(t™)), e — ef +ex)
< 2/((1 = Tn) (u(t™™) —u(t™)), e = R+ 2/((1 = Ty) (u(t") — u(t")), ey )]

gntt
< 86t (T — T )uq (8)]1%dt + < IIN”Jr1 exl?
tn
gntt
+ (T = T )ue (8)]1%dt + 6t[|eR 1%
t'n,
and
(4.28)

(@ 2te”) = (A3 - N (i) - St ) 2stes
= (Wtutet) = a7 (Guter) - gutn ) 2o
# ( (Bute) = Guter ) = (Bwater) - Jiiyute ) ) s )
For the first term in right-hand side of (4.28), we have
(Wt - v (Sum - Jute) ) 2avep
a2 = (At - i (Gue - Jue) s
- (At = o (Bute) - Jute ) 2ve)

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

Suli) - §u<t"1>> 72&&%“) < Ci(y | 26t

(e - (3
(4.30) _ QC 5t(|Jn+2 |, entt —éen) + 2015t(|JX,+%I,éR/)

n l A n l
H”‘“ R |I? + 40282 Ty 2|2 + Sty (|Ek 1 + 1T 2 |12)
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and
(4.31)
1 1 n 1 ~
(fg(u(t"+2)) — fo (gu(t") — 2u(t"_1)> ,25tVé"N+1) < 02(|JN+2 |, 26t Ve

n+i 1 -
< BSOS TN P + 5ot VeRTI

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

(N (Zu(t”) - ;W"U) -N <ZHNU(t") - ;HNu(tn1)> ,25té§‘\,+1>

3

(4.32) . 1
=G ('267V B 2671@_”’2&@7\7“) +Co <|2é’fv - 26’&‘1|725Né’&“> .

For the first term in the right-hand side of (4.32), using assumption (4.3), we have
3, 1_,._ n
Cy (|26N — 58N 1|,25teN+1>
3 1 3 1
<2016t | |seh — —en M, entt — ey ) 42016t | |sen — et én
2 2 2 2
1
< CStN—2 gué"N“ — NI+ C18t)|en 2.
For the second term in the right-hand side of (4.32), we have

1
Ca <|‘;’é’;v - Qéx‘1|,25tv(§7v+1>

1 3 1
< S0t Ve ? + 30t C3 | e — sen P
3 2 2
1
g5t||w;V+1||2 + COtN~2,
Combining the above relations into (4.22) and using (4.5), we arrive at

(4.33)
NG N n ot ~n ~n ~n— ~n—
"M 1% = eR I3 + ot sy IRy + T {(VeR™, VeR™) — (Ve ', Ve )

‘3 1An—1 ?

+(V(En™ + e ™), vEn™ +env )} < (8CE5t? + 16t + 36tC3) SN = 5eN

+3(Cy + 1)3t|[eR 1% + (4682 + 6t) || Ry 2|2 + (466> + 6t) | T 2|2
1 tn-f—l
+ (4C36t% 4 6tCy + 351&()22)|\J}§+§ 1> + 86t/ (I =TIy )ue (t)]|*dt
tn
tn+1

+ (I = T )y (2)]|2dt + (C? + 2C + 8C%65t)5tN =2 ¥n > 1.

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

(4.34)

m—1 m—1
5 n ot ~ ot ~m— ~n ~n—
leR IR + 082 D> sy I3 + L IVERIP + L IVERT 1P + 0t D V(e +ex I
n=1 n=1

. ot ot .
< X1 + SNV + T Ivek 2

2
n ~n—1

m—1
+> {(8012&2 + C1t + 361C3) || Sék — ek
n=0

’ 3 1

+3(Ch + D3RI + (4667 + 6t) [ RA'F |2 + (466 + 61) | T ¥ |

1 T
+(4C268% + 6tCy + 36tC2)||Jn 2 ||2} + 86t/ (I = TIn )ue(t)]|2dt
0
T
+ / (I — Ty )ug (8)||2dt + (C* 4 2C + 8C%5t) TN 2,
0

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

tn+1

T 1
|10 =T ®Rar < O il e TR <080 [l

tn
tn+1 tn+1

+1
JuelPat, BAHIP < 08 [ usalat

tn

v < oo [

tn

Finally, applying the discrete Gronwall lemmas (Lemma 3.1) to the above after drop-
ping some unnecessary positive terms, using the norm equivalence (4.5) and the tri-
angular inequality, we obtain the desired result. a

Remark 4.2. By following exactly the same procedure, we can also derive a sim-
ilar 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 con-
structed 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]
1
(5.1) up — Au + 6—2u(u2 -1)=0

with homogeneous Dirichlet, homogeneous Neumann, or periodic boundary condition
and where € 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 wg is in
[—1, 1], the solution of the Allen—Cahn equation (5.1) will stay within the range [—1, 1].
Setting £ = —A 4+ % and N(u) = f1(u) = Fu(u? — 1) — %, a second-order scheme
based on the modified Crank—Nicholson for (5.1) is

Q- 3 1 3, 1
“ “ + L (4’12”_‘—1 + an—l) +N (Un - Qu"_1> = )\ngl(un)

2
(5:2) ot 4 2
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and

n+1l _ ,an+1 1

u n n n n
5 T g ) - g (),
A >0, g(u"t) >0, A Tg(unth) =0,

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

antl —yn 3 1 3 1
54 Z T 4o Zgrtl gy Zgnt Sut — 1) =0
(5.4) T <4u + +N U — U
and
unJrl _ ﬂnJrl " N
(5.5) TR AT

A0, g(uh) 2 0, AFlg(u ) = 0.

Since f1(u) = 0 and fa(u) is certainly locally Lipschitz and satisfies (3.1)—(3.4),
results which are similar to those in Theorems 3.2 and 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:

up =V - (M(u)Vp),

(5.6) 9
p=—€eAu+1In(l+u) —In(l —u) —byu,

where p is the chemical potential and M (u) = 1 — u? > 0 is the mobility function.
0o, € 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

(5.7) w=V- <M(u)v§§>

with the total free energy

2
(5.8) E(u) = / (1 +u)n(l +u) + (1 —uw)n(l —u) — %ou2 + 65|Vu|2d:1:.
Q

With a given initial condition |lug||r~ < 1 —+ for a constant v € (0,1), due to the
singular logarithmic potential, the solution of Cahn—Hilliard equation (5.6) is expected
to remain in the range (—1+ 6,1 —¢) for some § € (0,1) [10, 16]. 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:

(5.9)
3ﬂ‘n+1 —4u" + unil n n— n n n
%t V(M2 — YT A (),

ptt = — AW FIn(1 4 2u™ — w1 — In(1 — 2u” + u" ) — G (2u™ — um )
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and

untl — 3t .
(5.10) 25t = AT ) = A (),

AL >0, g(u"th) >0, A" g(u" ) =0,

where g(u) = (u+1—0)(1 — 6 — u). Notice that g(u) = (u+1—-0)(1—0—u) >0is
equivalent to -1+ <u<1-—94.

The system (5.6) also preserves mass. Indeed, integrating the first equation in
(5.6) over €, we obtain 9; [, udz = 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) = fo(u) = In(1 +u) —In(1 —
u)—6ou is locally Lipschitz for u € (—1, 1) and satisfies (3.1)—(3.4), a similar procedure
can be used to derive a stability result which is similar to Theorem 3.2. 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 equa-
tion:

(5.11) Opu = 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 described in [5, 29]. 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:

SF
(5.12) Ou = 0, <u(1 — u)@mau> ,

with E(u) being the entropy functional

2

(5.13) E(u) = /Q (“;u +ulog(u) + (1 —u)log(1 — u)) da.

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, letting Lu = —0,,u and N (u) =
Oy f2(u) = 0z(—2u(l—u)), a second-order version of (2.5)—(2.6) for (5.11) is as follows:

(5.14)
3 n+1 _ Ay n—1
: Qgt Ty = Op(x(2u™ —u™ N (1 — 2u™ +u™ ) + 9pu" ) + A (u™)
and
3antt — 3gntt %
(5.15) 2t AL (@) — A (u),

)\n+1 > 0, g(un+1) > 0, )\n+1g(un+1) — 0’

where g(u) = u(1 — u).
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We observe that the Fokker—Plank equation (5.11) with no flux or periodic bound-
ary conditions conserves mass, i.e., Oy fQ udx = 0. The above scheme can be easily
modified to be mass conserving as follows:

(5.16)
3 n+1 — 4y n—1
U 2(1;% +u _ am(x(Zu” _ un—l)(l — o+ un—l) + amun—H) =+ )\ng/(un)
and
3untl — 3gntt " " "
(5.17) s N W) AT (W)

A= 0, g(uh) = 0, A"Tlg(u ) = 0, (u 1) = (u 1),

It is clear that fo(u) = —zu(l — u) is locally Lipschitz and satisfies (3.1)—(3.2)
with fi(u) = 0. Therefore, a similar result as in Theorem 3.2 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 ex-
periments to validate the proposed bound preserving schemes. For the examples
presented below, if not specified, by default 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

(6.1) u(z,y,0) = tanh <1_ \/(17—7T)2—|—(y—ﬂ')2) .

V2e

We use 1282 uniform collocation points in [0,27]%, i.e., n = {zj5 = (ijra %);j,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 computed by (5.2)—(5.3) with a very small time step 6t = 107%. We observe
from Table 1 that the scheme (5.2)—(5.3) (resp., its first-order version) achieves a
second-order (resp., first-order) convergence rate in time. The scheme (5.4)—(5.5) only
achieves first-order convergence in time. We plot in Figure 1 the profile of numerical
solution u and the Lagrange multiplier A at 7' = 0.001.

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

ot || First-order version | Order | (5.2)—(5.3) | Order | (5.4)—(5.5) | Order
of (5.2)-(5.3)
4x107° 4.89E(—3) — 3.56(—4) — 1.36 E(—3) —
2x 107 2.47E(—3) 0.98 | 9.50E(—5) | 1.90 | 6.76E(—4) | 1.01
Ix10°0 1.24E(—3) 099 | 2.31E(—5) | 2.04 | 3.24E(—4) | 1.06
5% 100 6.22E(—4) 0.99 | 5.84E(—6) | 1.98 | L44E(-4) | 1.17
25 x 100 311E(—4) 100 | 1.25E(—6) | 2.22 | 5.43E(—5) | 1.40
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Fic. 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,

TABLE 2
Accuracy test for approzimations to (1.1): The L™ errors at t = 0.01 with €2 = 0.001.

ot | (5.2)—(5.3) | Order | (5.4)—(5.5) | Order
4x107° | 1.05E(—4) — 1.05E(—4) —
2x 1075 | 4.25E(=5) | 1.30 | 4.25E(-5) | 1.30
1x10~° | 1.00E(=5) | 2.08 | 1.00E(=5) | 2.08
5x 107% | 2.76E(—6) | 1.86 | 2.76E(—6) | 1.86
2.5x107% | 6.29E(-7) | 213 [ 6.29E(-7) | 2.13

We then consider these schemes as approximations of (1.1) and use the refer-
ence 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 ac-
curacy between the scheme (5.2)—(5.3) and its cutoff 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 is consistent with the error estimates in
Theorem 4.1.

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

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

1—%@—WP+@r%MﬂP>

V2e

1 - @ 1y 37/a)
+ tanh ( e > + 1.

u(zx,y,0) = tanh <
(6.2)

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

un+1 —um

(6.3) =

3 n+1 1 n—1 3 n 1 n—11\ _
+£<4u + U >+N<2u 5 )—
with time step dt = 8 x 10~* and 1282 Fourier modes.

In Figure 2, we plot the numerical solution v at 7' = 0.08 and 7" = 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
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(a) wat T =0.08 by (6.3). (b) u at T = 0.08 by (5.4)- (¢) X at T =0.08.
(5.5).

(d) wat T =0.4 by (6.3). (e) uat T=0.4 (5.4)-(5.5). (f)y Xat T =0.4.

Fic. 2. (a) and (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).

1 o . ' [~ ‘Semi-lmplic‘:it

1,005 io2 ‘ﬂﬂ “ + Bound-Preserving

01 s JUM LT AT Au;

AT
E -1.02 : %0'98 ‘ ‘
£ Eo.96

-1.025

-1.03 0.94

10350 k- 0.92

104 01 02 . 03 0.4 05 % 0.1 0.2 . 03 0.4 - 7;5

Fic. 3. Ewvolution 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).

A by the bound preserving scheme (5.4)—(5.5) is also shown in Figure 2. In Figure 3,
we plot the evolution of max{u} and min{u} by both schemes.

6.2. Porous medium equation. For our bound preserving schemes, the L>
stability is guaranteed without any time step restriction; we shall test the performance
of our bound preserving schemes in accuracy for a porous medium equation [31] with
larger time steps. We consider the porous medium equation which takes on the form

(6.4) uy = Au™ = mV - (u™ V)



CONSTRUCTING BOUND PRESERVING SCHEMES 993

0 0.2 0.4 0.6 0.8 1 1.2 [} 0.2 0.4 0.6 0.8 1 1.2
Time Time

FIG. 4. L? errors with different time steps for porous medium equation (6.4) using a second-
order bound preserving scheme.

with Dirichlet or Neumann boundary conditions. m > 1 is a physical parameter. For
the predictor step, we construct the following scheme:

31~Ln+1 — 4um +un—l n *\m— ~n n n
(6.5) 557 =mV - (") TIVET) 4 At (u"),

where
" — o™l ifu” > e
(6.6) ut = ) e
W lf u<u .
The correction step can be constructed as (5.15).
The exact solution of the porous medium equation (6.4) in the Barenblatt form
[31] is
m—1 x? )ﬁ

1
(6.7) u(z,t) = — (c et

tg

where fi = max{f,0}, a = #H’ C=1,and to =t + 1.

We consider the Dirichlet boundary condition and use the Legendre spectral
method [28] with N = 128 spectral collocations in domain [—5,5]. The initial con-
dition is set to be u’(z) = u(w,t)|;=¢ in (6.7). In Figure 4, we depict L? errors for
porous medium equation (6.4) with m = 2 using various time steps. It is observed
that time steps 6¢ = 1072,1073,10™* can be allowed to obtain good accuracy. If time
step 6t = 10~ is chosen, the error will be extremely large, but the bound preserving
scheme is still stable.

6.3. Cahn—Hilliard equation. We now consider the Cahn—Hilliard equation
(5.6) with the initial condition

(6.8) uo(x,y) = 0.2+ 0.05rand(z, y),

where function rand(x,y) is a uniformed distributed random function with values in
(—1,1). We set 8 = 5 and € = 0.1 and use §t = 10~° with 1282 Fourier modes in
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-

0.8
=== max(u) without bound-preserving
0.6 ==min(u) without bound-preserving
===max(u) bound-preserving
0.4 == min(u) bound-preserving

o
S

max(u) and min(u)
)
N o

I
-y

FiG. 5. The evolution of max; ; u?,j and min;_; u?,j with respect to time computed by the scheme
(6.9) up to t =~ .025 and by the scheme (5.9)—(5.10) up to t = 0.1.

s ST

15 g

i, Slinss-
rs=se iy (a3

MESE NGRS

(a) t = 0.001

(c) t =0.05 (d) t=0.1

Fi1G. 6. Numerical solutions of the Cahn—Hilliard equation at t = 0.001,0.02,0.05,0.1 computed
by the scheme (5.9)—(5.10).

(0,27)2. We first use the following semi-implicit scheme:
(6.9)

W v - T,

p = — AT HIn(1 4 2u™ — w1 —In(1 = 2u™ +u™ ) — Gp(2u™ — um )

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 6 = 0.01 to compute up
to t = 0.1 and plot in Figure 5 the evolution of max,ex, u"(z) and mineyx, u"*1(2)
by the scheme (6.9) up to ¢t &~ .025, and by the scheme (5.9)—(5.10) up to ¢t = 0.1. In
Figure 6, we plot the numerical solutions at various times which depict the coarsening
process.

6.4. 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

2—1)2
(—2m,2m) with the initial condition u(z,0) = —e~ ot using three second-order
schemes: a usual semi-implicit scheme
3un+1 _ 4un + ,un—l
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0.8

0.8

0.7
0.6

0.6
305 0.4

0.4
0.2

0.3

0.2
0

0.1
0 -0.2

-6 4 2 [} 2 4 6 -6 4 2 [} 2 4 6

(a) By the bound-preserving scheme.

(b) By the semi-implicit scheme.

10 ¥10° 0.14
+ Without positivity preserving 0.12
8 — Positivity preserving
0.1
6
0.08
El
£4 =
E 0.06
2
0.04
hd ‘F 0.02
-2 o ‘
0 0.2 0.4 0.6 0.8 1 -6 -4 -2 0 2 4 6
Time x

(¢) Evolutions of minimum values (d) X at t=0.01

Fic. 7. (a)—(b): Numerical solutions computed with 32 Fourier modes plotted on the 256
uniform grids using (5.14)—(5.15) and (6.10). (c): Evolutions of minimal values using (5.14)—(5.15)
and (6.10). (d): Lagrange multiplier lambda at t = 0.01 using (5.14)—(5.15).

the bound preserving scheme (5.14)—(5.15); and the mass conservative, bound pre-
serving scheme (5.16)—(5.17).

In Figure 7, we plot the numerical results using the semi-implicit scheme (6.10)
and the bound preserving scheme (5.14)—(5.15) with 32 Fourier modes and 6t = 10~%.
We observe that while the two numerical solutions look very similar, the minimum
value by the semi-implicit scheme (6.10) does become negative in a short period at
the beginning, while the numerical solutions by (5.14)—(5.15) remain in [0, 1].

In Figure 8, 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 dt = 10~%. We observe that (5.14)—(5.15) cannot 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 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 semilinear and quasi-linear parabolic equations
using the Lagrange multiplier approach.
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0.560512
0.9
0.56051 T i
* Positivity and mass conservation 0.8
+ Positivity and without mass conservation -
0.560508 0.7
0.6
- 0.560506
8 505
=
0.560504 0.4
0.560502 03
0.2
0.5605
0.1
0.560498 0
) 0.2 0.4 0.6 0.8 1 -6 -4 -2 0 2 4 6
Time x
(a) Evolution of mass b) Solution profiles: u at t =
0.01,0.1,0.4.

45

Iteration numbers
w
W o

N
o

] 0.2 0.4 0.6 0.8 1
Time

(c) Iteration number

F1G. 8. (a): Ewvolution of mass by (5.14)—(5.15) and (5.16)—(5.17). (b): Solution profiles by
(5.16)~(5.17). (c): Iteration numbers for solving €1 at each time step of (5.16)—(5.17).

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 kth-
order approximation in time for both (2.1) and (1.1). In particular, (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 cutoff scheme which is a kth-order approx-
imation in time for (1.1) but only a first-order approximation in time for (2.1).
Thus, our presentation provided an alternative interpretation of the cutoff approach
and, moreover, allowed us to construct new cutoff IMEX schemes with mass
conservation.

We also established some stability results involving norms with derivatives un-
der 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
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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 equa-
tions [21].
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