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LDG Methods for Reaction-diffusion Systems with Application of Krylov
Implicit Integration Factor Methods

Na An*, Chaobao Huang and Xijun Yu

Abstract. In this paper, we present an efficient fully-discrete local discontinuous
Galerkin (LDG) method for nonlinear reaction-diffusion systems, which are often used
as mathematical models for many physical and biological applications. We can derive
numerical approximations not only for solutions but also for their gradients at the same
time, while most of methods derive numerical solutions only. And due to the strict
time-step restriction (At = O(h?

min

)) of explicit schemes for stability, we introduce the
implicit integration factor (IIF) method based on Krylov subspace approximation, in
which the time step can be taken as At = O(hmin). Moreover, the method allows us to
compute element by element and avoid solving a global system of nonlinear algebraic
equations as the standard implicit schemes do, which can reduce the computational
cost greatly. Numerical experiments about the reaction-diffusion equations with ex-
act solutions and the well-studied Schnakenberg system are conducted to illustrate

the accuracy, capability and advantages of the method.

1. Introduction

Mathematical models for many physical and biological applications are of the following

form

ou
(1.1) 5 = BAu + F(u),

where u € R? represents a group of physical or biological species, B = (’6;)“ 50” ) is the
diffusion constant matrix, F(u) describes the chemical or biological reactions and A is
the Laplacian operator. Let Q@ C R? be an open, bounded domain and the system is
defined on Q x [0,7]. Turing-type models |30] are the typical examples, which include
the Schnakenberg model [28|, the chloride-iodide-malonic acid reactive model [19], the
Gierer-Meinhardt model [9], the Gray-Scott model [11] and so on.

In order to obtain accurate numerical solutions to the nonlinear reaction-diffusion

system ([1.1)), which are usually highly stiff, many numerical schemes have been studied.
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These include the finite difference methods, spectral methods and finite element methods.
Due to the complex shapes of actual problems, the system are often defined on
irregular geometrical domains. However, the extension of the finite difference or spectral
methods to complicated and irregular domains is not at all trivial. On the contrary, finite
element methods on unstructured meshes are powerful means for handling the complicated
domain geometries [17]. In the references [13}22,261]29], continuous Galerkin (CG) finite

element methods were used to solve the reaction-diffusion systems on complex domains.

Recently, discontinuous Galerkin (DG) methods have attracted more attention since
they possess several advantages: the flexibility for easy hp-adaptivity including changes
of approximation orders between adjacent elements and allowing the existence of hanging
nodes, the compactness and efficient parallel implementation. The Cheng-Shu DG method
proposed in [6] was used to solve the system in both [33] with the application of Strang
type symmetrical operator splitting technique and [5] with Krylov implicit integration
factor (IIF) method for temporal discretization. And Zhang et al. |[32] introduced the direct
discontinuous Galerkin (DDG) method proposed in [21] to discrete the space-derivative
of the system . However, the above two kinds of DG methods both only derived the

numerical solutions.

While the gradients of solutions are usually very important in practical problems, for
example, the fluxes in fluid flow. And it is expected to derive the numerical approxima-
tions for both solutions and their gradients at the same time. So, in this paper, we choose
to pursue another kind of DG method, the local discontinuous Galerkin (LDG) method.
The LDG method is a generalization of the DG method which was designed for solving hy-
perbolic conservation laws containing only first order spatial derivatives in [25]. The LDG
method aims at solving equations containing higher than first order spatial derivatives. It
was proposed by Cockburn and Shu [8] to solve a convection-diffusion equation containing
a second order spatial derivative, motivated by the successful numerical experiments of
Bassi and Rebay [1] for the compressible Navier-Stokes equations. And the reason why it
is called local DG methods is illustrated in [8]: It is to emphasize the difference between
this method which uses discontinuous finite elements for space discretizations with the so-
called DG method for parabolic problems introduced by Jamet [15] which has approximate
solution discontinuous only in time, not in space. The LDG method need to rewrite the
equations with higher order derivatives as a first order system by introducing an auxiliary
variable (gradient), which can be locally solved in terms of the original variable (solution)
at element level. By a careful choice of the rewriting, nonlinear stability can be obtained
even without slope limiters, just like the DG method in the purely hyperbolic case [16].
The analysis of the LDG method can be see in [8,/31], which shows sub-optimal O(h*) L?

error estimates for general triangulations and piecewise polynomials of degree k. However,
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in the DG method, approximations of the derivatives of the discontinuous approximate
solution are not obtained directly and need to use a projection into suitable finite elements
spaces. The projection requires the inversion of global mass matrices, which in [3,/4] are
“lumped” in order to maintain the high parallelizability of the method. And the mass
lumping needed to enforce the full parallelizability of the method could cause a degrada-
tion of the formal order of accuracy if polynomials of higher than one degree were used.
But it is not the case for the LDG method, in which the original idea of the DG method
is applied to both the solution and its gradient that are now independent unknowns. And

the resulting LDG method is a highly parallelizable method with high-order accuracy.

The temporal discretization can be carried out using the following schemes: explicit,
semi-implicit, implicit-explicit schemes, the exponential time-differencing scheme [18] and
more recently the Krylov IIF method [5] which is based on the IIF method [24]. How-
ever, considering of the the large number of degrees of freedom caused by LDG spatial
discretization which introduces another auxiliary variable, the computational cost can be
significant for implicit methods which needs to solve a global system of nonlinear equa-
tions. It is known to all that, like any other DG methods, with an appropriate temporal
discretization such as the explicit schemes and ITF schemes, the LDG discrete formulation
can be solved element by element at every time step. But explicit methods require a se-
vere time-step restriction (At = O(h2;,)). In this paper we adopt the Krylov IIF method
which is an ITF method based on Krylov subspace approximations. Using the ITF method
to discretize time can relax the time-step to At = O(hmpin) and maintain the property
of LDG method that the resulting algebraic system can be solved element by element.
However, by applying the IIF method, we need to evaluate the product of the matrix
exponential and a vector. And the Krylov subspace method can approximate it efficiently.
Therefore, we adopt the Krylov IIF method for temporal discretization. Recently, the
semi-implicit spectral deferred correction method is proposed in [12], by using which can

achieve the same effect as the ITF method, and we will study it in the future.

The rest of this paper is organized as follows. In Section 2], we present the LDG formu-
lation for spacial discretization, eliminate the auxiliary variable q; at the element level,
and then apply the Krylov IIF methods to discretize the resulting ordinary differential
equations (ODEs) which has only u; as unknown. In Section [3) numerical experiments
are conducted to confirm that the method has its advantages and is efficient for not only the
linear and nonlinear test equations with exact solutions but also for the reaction-diffusion

systems, for example, the classic Schnakenberg model.
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2. The LDG formulation and application of Krylov IIF methods

In this section, we take the scalar case of (|1.1) as an example to illustrate the process of
combining LDG methods with Krylov IIF schemes to solve the nonlinear reaction-diffusion

systems.

2.1. The LDG methods for spatial discretization

For the sake of simplicity and convenience, in the following analysis, we consider the scalar

case of ([L.1)):

(2.1) Ou = fAu + F(u),
ot
and now B = f is a diffusion constant. We take the boundary condition as
(2.2) W:g.n in 9 x (0,T)
n

with an appropriate initial condition
U(l‘,y,O) = UO(x7y) in Q7

where n is the outward unit normal to 0€2. The numerical formulation for the scalar case
can be straight forwardly extended to solve the system case component by component.
To develop a LDG formulation, we first rewrite the problem ([2.1)) as a system of first

order differential equations

ou
— —V.-q=F(u).
5~V a=Fu)

Let T;, = { K} be aregular triangulation of Q with h = max{hg | hx is the diameter of
K,V K € Ty} the mesh size. &, denotes the collection of all edges in 7j,. & and 82 are

the sets of interior edges and boundary edges, respectively.

q—BVu:O,

To obtain the weak formulation, we multiply the above two equations by arbitrary,
smooth test functions w, v, respectively, integrate over each element K € 7Tj, and apply

divergence and Green’s theorems to obtain

/q-wdx—i—/uv'(ﬁw)dx—/ upw -ng ds =0,
K K oK

%vdx—i-/ q-Vvdx—/ q-ndes:/ F(u)vdx,
K Ot K oK K

where ng is the outward unite normal to 0K. Note that the above equations are well

defined for any functions (q,u) and (w,v) in W x V, where

W = {w e (L*(Q)? :w|g € (HY(K))* VK € T},
V={veL*Q):vlg € H(K),YK € T,}.
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Define the finite element space as follows:

Vi = {vp, € L*(Q) : up|x € PHK),VK € Tp},
Wy, = {wy, € (L*(Q))? : wy|x € (PY(K))2 VK €T},

where P!(K) denotes the linear polynomials on K. Then the LDG formulation can be
defined as: finding (qp,up) € Wy, x Vi, such that, for (wp,v,) € Wy, x Vj, and K € T,

/qh-whdx—i—/uhv‘(ﬂwh)dx—/ upfwy, -ngds =0,
K K oK

auhvhdx—{—/ qh‘Vvhdx—/
K Ot K K

(2.3)
@-nthdSZ/ F(up)vp dx,
K

where the quantities u;, and qy, are the so-called numerical fluxes and chosen as [2],
Ve €&, unle={un}+Ci2-[up] and aple = {an} — Ci1[up] — Crz[an].

The stability parameter C1; > 0 and is taken to be O(h_!) to enhance the accuracy of the
LDG method. The auxiliary vector parameter Cio are generally chosen as Ci2-n. = O(1)
on each edge e. The choice of these two parameters is stated in the reference [2}7]. We shall
emphasize here that the jump [-] and the mean value {-} take the standard definitions
in discontinuous Galerkin methods, that is, if we assume e = 0K; N 9Ka, then [v] and [w]

on e are defined by
[v] =viny 4+ vong, [W] = Wi -nj + W3 - ny,

the mean value { -} are defined by

{0} = %(vl Fua), fw)= %(w1 +wy),

where (v;, w;) are the traces of (v,w) on e from the interior of K;, i = 1,2 and n; is the
outward unit normal to 0K;.

The boundary conditions are imposed through the following definition of the
numerical fluxes

Veeé’g, Uple =up and  qple = 8-

By use of basis functions, we can express qy = (qh,z, hy) and uy as

3 3
qdn, = qu,i¢i = (DTQa [ = x,Y, Up = Zul¢l = @Tﬁ’
=1 i=1

where ® = (¢, 2, ¢3)7 are basis functions, @ = (g1, @2, @3)7, | = 2,y and U =

(u1,u2,u3)” are degrees of freedom.
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By the similar means as shown on p. 117 and p. 134 in [20], we derive that, for an

interior element K,

</K o7 dx) q+ (/K V(Bp)oT dx> - (/BK B3+ 012)<I><I>Tnds> a

_ ( - ﬁ(% — 012)(1)(1)6\73)11 dS) ﬁ(NB) =0,

T ou T _ 1 T _
</K P dx) n + (/K(ng)gb dx) q-— (/(‘91((2 — C12)0® nds> q
oK oK

_< C119P ds) u(NB)—/ F(up)® dx,
0K K

C11 0" ds> a

where n = ng and n = (ng,ny) to simplify notations; q = (q, qy) and subscript (N B)
denotes the quantities belonging to the adjacent elements, see Figure We also use the
relations that C'1s = Cq3 - n and n gy = —n.

{ BB

" (NB,3)_(NB,2)

(NB,1)_(NB,1)
(NB,3)_(NB,3)

K

(NB,2)_(NB,2)

/1) NB3)

£ NB2) (NB3) NB2L(NB1)

Figure 2.1: The sketch of triangular element K and its neighbor elements.

By calculation, we have the final matrix equation for the interior element K,

00 0 ()t M 0 H;\ (9 3 0 0 Hyy Az
00 off@:|+|o ™M m||g|[+D |0 o H||g
00 M/ \ @), J. 3, o) \w) T\l T Gu
0 0 Hp) (@ 0
+Z 0 0 Hy B dy =101,
= JeBi JyBi GuBi u Su
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where (@); = 0u/0t denotes time derivative and the matrices are calculated as follows:
for myn=1,2,3,

A(Bom) / Obm
H mn — / ¢n dX, J mn — 7@5” dX, | = x,vy,
: x Ol l Ol
M, = / ¢m¢n dX, Su,m = / F(Uh)d)m dX,
K K
Gugoun = / Cirbmon dx, GuBosmn = — / Curbm () (v dx, i = 1,2,3,
(0K); (BK);

H s,mn = */ (2 + C12)Bomdnnuids, Hipimn = */ (3 — C12)Bdm(dn) (v B,iymu ds,
(OK); (0K);

Jl,i,mn = _/ (% - 012)¢m¢nnl ds, Jl,B,i,mn = _/ (% + 012)¢m(¢n)(NB7i)nl ds,
(OK); (0K);

with 0K = U?:1(8K )i, (0K); denoting the common edge between the element K and its
adjacent element K;. The notation Hj ,,, denotes the (mth row, nth column) element of
the matrix Hj, and Hj g ; mp is the (mth row, nth column) element of the matrix Hj p ;.
The meanings of other notations are the same.

In our numerical experiments, the above integrations are carried out by numerical
integration formulas. For the integrations on the element K, we employ the numerical

integration formula with midpoints at three edges of the triangular element

/ ¢pdx ~ ‘13('(¢M1 + Gty + A )
K

where ¢pr,, Gy, G, are values of midpoints at three edges of the element K and |K|
is the area of K. Its algebraic accuracy is 2, which is precise for quadratic polynomials,
linear polynomials and constants. For the integrations on the edge 0K, we employ the
Gauss-Legendre quadrature formula with three Gauss points, whose algebraic accuracy
is 5.

The above derivation is aimed at interior elements, where we assume that K is an
interior element. Now, we consider the boundary elements. If K is an boundary element,
there exists at least one boundary edge. If the edge (OK); sharing by K and K; is a
boundary edge, that is to say, K; does not exist, then the above matrices related to the
edge (OK); can have some differences and be more simple. We only need to insert the
numerical fluxes on boundary edges instead of the numerical fluxes on interior edges into
(2.3). Then, by the same way as that derived the matrices for the interior edges, we can
derive the matrices for the boundary edge (0K);,

Tt =0, Guionn =00 Higomn == [ Budumids, 1=y,
(0K)i
where we assume that the problem has the no-flux boundary condition. In addition, for
an boundary edge (0K);, the quantities Gy, g, H; g, Ji,5,i, | = x,y, do not exist and are

not needed.
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To facilitate computations, we rewrite the above matrix form into two separate matrix

equations
M 0) (&) (H.+H ~ [ Hep. °
(2.4) + Y lu+ T usa = -
0o M/ \q, H, + Hy i=1 \Hy.B,i °
Ji 3
ME 4 Guii 4+ Z Gu,B,iﬁ(NB,i) + (Je +Ix)qz + (Jy + Jy)ay
=1
(2.5) 3
+3 > Tupi(@) (v = Sus

i=1l=z,y

where we use the notifications

3 3 3 3 3
Hy = ZH:c,z, Hy = ZHy,i; Gy = ZGu,ia Ix = Zaﬂz,ia Jy = Zaﬂy,i-
i=1 =1 i—1 i=1 i=1

If the degrees of freedom are taken as the values of midpoints at three edges of K,
then M ~ @]I with | K| the area of the element K and I the unit matrix. S, ~ @F(ﬁ)

F(u1)
with F(T) = <F(u;) > At this moment, (2.4)) can be rewritten as, VK € Tp,
F(u3)

3
_ 3 I a

(2.6) 1:1

3 - o
dy = _ﬁ ((Hy + Hy)u + ZHy,B,iu(NB,iJ '
i=1

which is an advantage of LDG method that the auxiliary variable can be expressed by
original variable locally.

As a special case of ([2.6)), for the adjacent elements K;, i = 1,2, 3, we have

3
— 3 i NBii NBi)—
(@) (vpa) = — K (ENED + B Py a g + > H 5 Wy s,
) =1
3 - (NBi) S (VB
@)z =~y | E 0+ B s + ) Hy g UBi v, |
A ]:1

where (NB,i), i = 1,2,3, denote the quantities belonging to K’s adjacent elements K,
see Figure Similarly, (NB,i)nB,j), j = 1,2,3, denote the adjacent elements K;; of
K, respectively. And WNBi)yp, = U when i = j.

Substituting the above equations and (2.6) into (2.5)), we derive a system including
original variable only,

- 3 3 3
du 3 _ = _ = —
(2.7) &K Nu + g Niunp,) + E E NG UNBi)wp, | +F@),
=1 i=1 j=1
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where

N=Gy— 3 ((Je +Ix)(H, + Hx) + (J, + Jy)(H, + Hy)),

K|
— 3
N; = Gu,B,i — m ((Jm + JX)Hac,B,i + (w]]y + JY)H%B,Z')
3 ; NBii ; NB.i
K <Jx,B,i(H§NB’ VB P 4 3y (NP 4 HY ))> ’
5 3 (NBi) (N B.i)

2.2. IIF methods based on Krylov subspace approximation for time discretization

Assembling (2.7 over all of the elements in 7p, we derive the global system of ODEs,
dU  — —
(2.8) — = AU + F(U),
dt
where U = (uf,uj,...,upy )?, F(U) = (F(w)",F(u)’,...,F(un,)?)?, u; is the de-
grees of freedom on element Kj;, j = 1,2,..., N, and here N, denotes the number of
triangular elements. The 3N, x 3N, global matrix A is sparse and formulated element by
element according to (2.7)). Each element K € 7T}, contributes to the global matrix A with
no more than ten nonzero 3 x 3 block matrices at three corresponding rows.

Then we apply the second order IIF scheme proposed in [24] for the time evolution in
the ODE system ([2.8)) and obtain the full discrete form

-n -n At -—n At ——1)
(2.9) T = ehnt <U +5 F(U )> + 5 F(U 1,

where n is the time level, t41 = t, + At and U = Ultn).

Now, we given the specific process to derive the above second order IIF scheme. First,
multiplying by the integrating factor e *, we integrate the equation over one time
step from t,, to t, 1 = t, + At to get

At
Ultnsr) = Uty )ehAl 4 ehdt / e ATR(T (b, + 7)) dr.
0
To construct a scheme of second order truncation, we define U as the numerical solu-
tion for U(t,) and approximate g(7) = e A"F(U(t, + 7)) with a first order Lagrange
=n

polynomial Li(7) with interpolation points at t,+1, t,, i.e., g(0) = F(U"), g(At) =
e‘AAtF(ﬁnH), then the second order approximation to g(7) is

_1
At

=N 1 —AAt L =N
_ 2 _ <7<
F(U") + 5, (e FU" -~ F(U )) rn, 0<7 <AL

Li(7) (F(ﬁ”)(m )+ e—MtF(ﬁ”“)T)
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Now the above equation can be discretized as
==n+1 =N At
U™ = AT 4 / Li(r)dr
0
with

/ > Ly(7)dr = F(U")At + % (e’AAtF(ﬁnH) - F(ﬁ”))
0

At LA

F(U ) : n+1).

e—AAtF(ﬁ

So we obtain the second order discrete scheme is of the form (2.9).
In the full discrete form (2.9)), when we compute ﬁnﬂ, the vector Q = eAAt(ﬁn +

%F(ﬁn)) is a known quantity related to the earlier time level and can be computed

AAL

in advance. Although the matrix A is sparse, the exponential matrix e is dense.

Computing e*2t directly is not practical. And here, we do not need the the exponential

AAL jtself, but only the product of the matrix exponential and the vector U +

matrix e
%F(ﬁn). So the Krylov subspace approximation shown in [5] is applied to evaluate it,
which is a good choice in terms of both accuracy and efficiency.

Therefore, the nonlinear system at 1 is decoupled from the diffusion with a simple

form

—n+ At =N
U =Q+ S F(U .

which can be solved element by element. And the N, 3 x 3 systems are independent of

each other with every system of the same structure. Then we only need to solve the local

algebraic system on every element Kj;, j = 1,2,..., N,
—n+1\ __
R(U;"™) =0
with
n+1 n+1 At n+1
Uj1 = Q-1+ 2 F(uj,1 )
=n+1 _ n+1 =n+1y _ n+1 At n+1
Wt =gyt | R = — Q32— S F@W3) |
n+1 n+1 At n+1
Uj3 — Q3113 — TF(uj,g )

where Q3(j—1)4m, m = 1,2, 3, are the [3(j—1)+m|th elements of the vector Q, respectively.

An iterative method such as the Newton method can be applied to implement for the

above system. In the iterations to compute ﬁ’;“

t, as the initial guess. And the threshold value for judging Newton iteration can be set

we use the numerical value u” at time

small enough and we take 107! in the numerical examples.
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3. Numerical experiments

In this section, numerical experiments are presented to demonstrate the validity and ac-
curacy of the LDG method with Krylov IIF schemes for solving the reaction-diffusion
systems on two-dimensional triangular meshes. First, we give two test examples with
exact solutions to manifest the convergence accuracy of the method. Then we apply the
method to a two reaction-diffusion system. And numerical results agree well with those in
other references. In addition, we derive the gradients of solutions at the same time, which
is not available in other methods.

All of the numerical examples considered in this section are subject to no-flux bound-
ary conditions. The triangular partitions used here are Delaunay partitions got from

EasyMesh. And the auxiliary parameters in the numerical fluxes are taken as

C
Cn = e

Cio - n. = %sign(nd +ne2), Vee€edKNE,

where h, is the length of edge e, C > 01is the penalization parameter and set to be C=1
in the following computation. n. = (ne1, ne2) is the outward unit normal vector of K on
e. The time step size is taken as At = O(hmin) instead of At = O(h2, ), where Ay, is
the length of the minimum edge in the triangular partition. And the dimension of the
Krylov subspace, which was used when implement the Krylov algorithm, is chosen to be

the same 25 for all the following numerical examples.

3.1. Numerical examples with exact solutions

In this subsection, we consider the linear and nonlinear parabolic problems defined on the
unit square domain € = [0, 1]2. The simulation is carried up to ¢ = 2.0 at which the errors

in L?-norm and L*™-norm are measured for both solutions and the gradients of solutions.

Example 3.1. We consider the linear reaction-diffusion problem defined by (2.1 with
B =1, Flu) = f(z,y,t) — u. The initial condition and right-hand side f(x,y,t) are

determined by the following exact solution
u(zx,y,t) = exp(—t) cos(mx) cos(my).

We use LDG method for spatial discretization on various triangular meshes with the
second order Krylov ITF temporal discretization to solve this example. And the time step
size is taken as At = 0.05 * hyin. CPU time, errors and order of accuracy for the method
are presented in Table We can see that numerical solutions possess the optimal

approximation results in both L?-norm and L°°-norm for the exact solution

lu = unllo = O(R?),  llu—unllc = O(h?),



738 Na An, Chaobao Huang and Xijun Yu

where the two norms are defined by

1/2
fu=wlo= | Y [ (w07~ un(oy ) dody |
KeT, 'K
o= e = oo (o Juto . 7) = (o)1)
which are approximated by
1/2
Hu_uhHO ~ Z (u(xKvyKaT)_uh(xKayKvT)>2‘K| )
KeTn

lu — uploo = Inax \u(zr,yr, T) — un(zr, yr, T)|

with (zx,yx) and |K| the barycenter and area of the element K respectively.

N. CPU(s) | error |lerror|p  Order |lerror|oc  Order
44 0.08 | u—wup 3.1624E-3 - 6.4101E-3 -

150 0.17 8.4925E-4 1.7733 2.0087E-3 1.5651

596 7.37 2.1449E-4 24124 5.6723E-4 2.2167

2388 53.98 5.3074E-5 1.6864 1.5677E-4 1.5528

9502  403.28 1.2932E-5 2.1290 4.1637E-5 1.9990

37930 3362.80 3.2233E-6 2.0088 1.1111E-5 1.9101
q—qp 1.6782E-2 - 3.1025E-2 -

7.2733E-3  1.1277 1.5119E-2 0.9695
3.4847E-3  1.2899 8.0486E-3 1.1053
1.6869E-3 0.8760 3.0903E-3 1.1558
8.3527E-4 1.0598 1.5482E-3 1.0421
4.2083E-4 0.9912 7.8215E-4 0.9873

Table 3.1: Numerical results for Example at t = 2.0 discretized in time by the second
order Krylov ITF method.

And the numerical approximation for the gradients have the suboptimal-order conver-

gence accuracy in L%-norm and L*-norm

la —axnllo = O(h), [ld—anllew = O(h),
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where these two norms are approximated by
2 1/2

la—anlo~< Y [ D ailzk.yx. T) — anilwr,yx, T) | |K]| :
KeT, \i=zy

ld — dnllec & max <max lgi(vr,yK, T) — th(xKayK»T”)
KeT, \i=z,y

with q = (¢x, qy), An = (qha» Gny)- Here, T' is the final time we have calculated and 7' = 2
in the numerical experiments.

The numerical results are consistent with the priori error analysis for the LDG method

in [2].

N. CPU(s) | error |lerror|p  Order |lerror|oe  Order

44 12.68 | u—up 2.2154E-3 - 4.3794E-3 -
150 140.47 6.5091E-4 1.6520 1.4343E-3 1.5056
596  2408.69 1.7345E-4 2.3184 4.3966E-4 2.0728
2388 34535.88 4.3241E-5 1.6773 1.1163E-4 1.6553

a-qy 1.5516E-2 -  3.1418E-2 -
7.0270E-3 1.0684 1.4929E-2 1.0036
3.4099E-3 1.2676 8.0136E-3 1.0907
1.6826E-3 0.8529 3.1344E-3 1.1335

Table 3.2: Numerical results for Example at t = 2.0 discretized in time by the second
order Runge-Kutta method.

Then we come to verify, compared with the explicit-LDG method, the ITF-LDG method
can shorten the calculation time greatly. We discretized this example by the LDG method
in space and the second order explicit Runge-Kutta method in time. Now, the time step
size is taken to be At = 0.01 x hfmn, where the CFL number 0.01 is the largest value to
remain stable. And we present the numerical results and CPU times cost in Table
where we only calculate to the fourth grid partition with 2388 elements because the cost
time has been long. The data in Tables and show that these two methods both
derive the expected accuracy in space. Compared the CPU times in these two tables, we
can observe that the IIF-LDG method indeed improves the calculation efficiency and the

smaller the grid size, the more obvious the advantage.
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Example 3.2. Consider the nonlinear reaction-diffusion problem defined by with
B =1, F(u) = f(z,y,t) — u?. The initial condition and f(z,y,t) are chosen such that the
exact solution is also the form as the linear case.

First, we apply the LDG method and the second order Krylov ITF method to discretized
this problem in space and in time respectively, where the time step size is taken as At =
0.05 * Apyin- Numerical results at ¢ = 2.0 are given in Table from which we can observe
that, by using LDG method for spacial discretization, we derived the expected accuracy
orders in both L?-norm and L>-norm as the linear case above: second-order convergency

for the solution u and first-order convergency for the gradient q.

N. CPU(s) | error |lerror|p  Order |lerror|oc  Order
44 0.14 | v —wup 6.2293E-3 - 1.1794E-2 -

150 0.17 1.6289E-3 1.8092 3.1322E-3 1.7883

596 3.50 4.0714E-4 2.4306 8.2647E-4 2.3356

2388 63.39 1.0115E-4 1.6815 2.1224E-4 1.6415

9502  577.36 2.4315E-5 2.1493 5.3059E-5 2.0902

37930 4563.48 6.0484E-6 2.0117 1.3710E-5 1.9567
a-q, 1.7074E-2 -  3.1008E-2 -

7.3242E-3 1.1416 1.5231E-2 0.9589
3.4912E-3 1.2989 8.0777E-3 1.1118
1.6887E-3 0.8770 3.0933E-3 1.1590
8.3244E-4 1.0665 1.5635E-3 1.0288
4.2086E-4 0.9862 7.8224E-4 1.0013

Table 3.3: Numerical results for Example at t = 2.0 discretized in time by the second
order Krylov ITF method.

Then we solve this example with the second order explicit Runge-Kutta method for
temporal discretization. The time step size is taken as At = 0.01 * h?nin, and here 0.01
is the largest value to remain stable. Numerical results and CPU times cost are given in
Table[3.4] where we only calculate to the fourth grid partition with 2388 elements also since
the cost time has been long. The errors and order of accuracy in Table are basically
the same as Table [3.3] However, the CPU times are much bigger, which demonstrates
that the IIF-LDG method can improve the calculation efficiency greatly compared with

the explicit-LDG method.
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N. CPU(s) | error |lerror|p  Order |lerror|oe  Order
44 10.89 | uw —wup  2.2236E-3 - 4.3858E-3 -

150 120.23 6.5389E-4 1.6509 1.4408E-3 1.5015

596  3102.86 1.7426E-4 2.3182 4.4077E-4 2.0763

2388 45712.23 4.3442E-5 1.6774 1.1172E-4 1.6573
q—qn 1.5551E-2 - 3.1384E-2 -

7.0328E-3 1.0703 1.4937E-2 1.0015

3.4106E-3 1.2686 8.0166E-3 1.0909

1.6827E-3 0.8531 3.1347E-3 1.1338

Table 3.4: Numerical results for Example at t = 2.0 discretized in time by the second
order Runge-Kutta method.

We should point out that, although the CPU time in Tables 3.1 and [3.3]is respectively
larger than that in Tables 6 and 8 of [5], we derive the approximations for the gradients

at the same time here.

3.2. Application to a morphogenesis problem

In this subsection, we apply LDG method with Krylov IIF schemes to solve the Schnaken-
berg system.

Example 3.3. The Schnakenberg system proposed by Schnakenberg [28], which was used
to model the spatial distribution of the morphogen, e.g., the distribution of calcium in the
hairs of the whorl in Acetabularia [10], is also a classical example applied to test numerical
methods for reaction-diffusion equations, such as [14,22,23/27,|32,33]. In non-dimensional

form the system is written as

Gu_ 2 ov . 9
a—ﬁuAuﬂLH(a—tH-u v), T = ByAv + k(b — uv).

Following the setup in [14], we take the initial conditions as

(3.1)

b
(a+0)2

(3.2) w(z,y,0)=a-+b+103exp (—100((z — %)2 + (y — %)2)) , v(z,y,0) =

with the parameters x = 100, a = 0.1305, b = 0.7695, 5, = 0.05, 5, = 1.

In the computation, we take the time step size as At = 0.01 % hy;n. First, we compute
the problem (3.1)(3.2) on the square domain = [0,1]?, which is divided into 14836
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triangular elements, see Figure (a). And the other three pictures in Figure are
respectively the numerical approximations of w at ¢ = 0.5, ¢ = 1.0 and ¢ = 2.0, which
agree well with those in [32,33]. Here, we do not show the numerical solutions of v because
they have the similar pattern with those of u. Moreover, we derive the approximations of
q = B, Vu and p = 3, Vv at the same time, which is not available by other methods. The

two components of the numerical approximation for q are plotted in Figure [3.2

(¢)t=1.0 (d) t=2.0

Figure 3.1: The time evolution of the numerical solution uj on the square domain.
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(e) y-direction component gp,, at t = 1.0

Figure 3.2: The two components of the

domain.

0.6
X

(d) y-direction component gy, at ¢ = 0.5

(f) y-direction component g, at t = 2.0

numerical approximation for q on the square
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Then we compute the system on the circular domain Q = {(z,%) | (z — 0.5)> + (y —
0.5)2 < 0.5%}. And we use the Delaunay partitions with 16698 triangular elements, see
Figure [3.3|(a). The numerical solutions uy at t = 0.5, t = 1.0 and ¢ = 2.0 are presented in

Figure [3.3|b-d). And they also agree well with those in [32,[33]. In addition, Figure
shows the two components of the numerical approximation for q.

(c)t=1.0

Figure 3.3: The time evolution of the numerical solution u; on the circular domain.
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4. Conclusions

In this paper, we have developed the LDG method, coupled with the Krylov IIF time
discretization, for nonlinear reaction-diffusion systems. We choose the values of midpoints
at three edges of the triangular element as the degrees of freedom, which can simplify the
form of the discrete system when we apply the Gauss numerical integration formula with
midpoints at its three edges to approximate the integral on a triangular element. By using
the LDG method for spacial discretization, we derive not only the numerical solutions but
also the numerical approximations for the gradients at the same time. However, the DG
method is designed for solving equations containing only first order spatial derivatives
and the approximations of the gradients are not obtained directly which need to use a
projection into suitable finite elements spaces. Furthermore, the important property of
LDG method that the computation can proceed element by element can also be remained,
which benefits from applying the IIF method for temporal discretization. And It also
relaxes the strict time-step restriction that is necessary for explicit schemes. In addition,
the Krylov subspace approximation is applied to efficiently compute the product of the
matrix exponential and a vector, which is produced from IIF temporal discretization.
Direct numerical simulations on two test equations with exact solutions, as well as the
morphogenesis systems from developmental biology, show that the method is efficient,
accurate and possesses its advantages. What is more, by comparing the CPU times to
implement the first two examples with the second order Krylov ITF method and the second
order explicit Runge-Kutta method, we verify that the Krylov IIF method, coupled with

LDG method, can shorten the calculation time greatly.
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