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Abstract

The main purpose of this paper is to study the stability and error estimates of the
local discontinuous Galerkin (LDG) methods coupled with multi-step implicit-explicit
(IMEX) time discretization schemes, for solving time-dependent incompressible fluid
flows. We will give theoretical analysis for the Oseen equation, and assess the perfor-
mance of the schemes for incompressible Navier-Stokes equations numerically. For the
Oseen equation, using first order IMEX time discretization as an example, we show that
the IMEX-LDG scheme is unconditionally stable for Q. elements on cartesian meshes,
in the sense that the time-step 7 is only required to be bounded from above by a pos-
itive constant independent of the spatial mesh size h. Furthermore, by the aid of the
Stokes projection and an elaborate energy analysis, we obtain the L°(L?) optimal error
estimates for both the velocity and the stress (gradient of velocity), in both space and
time. By the inf-sup argument, we also obtain the L°(L?) optimal error estimates for
the pressure. Numerical experiments are given to validate our main results.

Keywords. local discontinuous Galerkin method, implicit-explicit scheme, incompress-
ible flow, Oseen equation, Navier-Stokes, stability, error estimate.
AMS. 65M12, 656M15, 65M60

1 Introduction

In this paper we study a fully discrete local discontinuous Galerkin (LDG) scheme coupled
with multi-step implicit-explicit (IMEX) time discretization, for solving the following Oseen
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equation
9 _yAu+V-(y®u)+Vp=Ff,
V-u=0, (1.1)
u(z,0) = u’(x)

in Q ¢ R%2. Here © = (z,y), v is the kinematic viscosity, u = (u1,uz) is the velocity,
~ = (71,72) is a given convective velocity field, p is the pressure, and f = (f, f2) is the
source term. Since p is uniquely defined up to an additive constant, we also assume that
fQ pdady = 0. For the simplicity of analysis, we consider periodic boundary conditions,
and assume f = 0 in this paper, and without loss of generality, we assume ~; and - are
positive.

The LDG method was introduced by Cockburn and Shu [9] for convection-diffusion
problems, motivated by the work of Bassi and Rebay [2] for compressible Navier-Stokes
equations. As an extension of discontinuous Galerkin (DG) schemes for hyperbolic conser-
vation laws [10], the LDG scheme can easily handle meshes with hanging nodes, elements
of general shapes and local spaces of different types, thus it is flexible for hp-adaptivity.
Besides, the LDG methods enforce the conservation laws locally and in a conservative way,
and it performs well for problems with shocks, steep gradients, or boundary layers. Owing
to these advantages, LDG methods have been designed to solve incompressible fluid flows,
such as the Stokes system [7], the Oseen equation [6] and Navier-Stokes equations [8]. How-
ever, all these works are for the steady problems. As far as the authors know, only a few
works have been done on LDG methods for time-dependent incompressible flows. Recently,
Wang et al. [18] adopted the characteristic local discontinuous Galerkin methods for time-
dependent impressible Navier-Stokes problems, they used the characteristic method to deal
with the time derivative term and the nonlinear convection term together, and discretized
the remaining terms by the LDG spatial discretization. The unconditional stability of the
first order scheme was presented, but the error analysis was absent.

In [15-17], several Runge-Kutta type implicit-explicit (IMEX) time marching schemes [1]
coupled with the LDG spatial discretization for solving one and two dimensional convection-
diffusion problems have been studied, where the corresponding IMEX-LDG schemes have
shown good stability and accuracy. These schemes have also been applied to the drift-
diffusion model of semiconductor devices in [14]. The advantages of IMEX schemes lie in
that: it can not only overcome the severe time step restriction, compared with the pure
explicit time discretization schemes; but also obtain an elliptic-type algebraic system, which
is easy to solve efficiently by many standard iterative methods. In this paper, we would
like to study the stability and accuracy of the IMEX-LDG schemes for solving the time-
dependent Oseen equations, where the convection term is treated explicitly, and both the
viscosity term and the pressure term are treated implicitly. Since the LDG discretization
for the Stokes system results in a differential algebraic equation (DAE) [13] with index 2,
Runge-Kutta time discretization might reduce the order of accuracy in time for pressure,
hence we consider multi-step IMEX time discretizations, which are developed in [12].

In our LDG schemes, we adopt the equal order polynomials for the velocity, the stress
(gradient of velocity) and the pressure. We will prove that for the Oseen equations, the
corresponding IMEX-LDG schemes are unconditionally stable for Q. elements on cartesian
meshes, in the sense that the time-step 7 is only required to be bounded from above by a
positive constant independent of the spatial mesh size h. Furthermore, by the aid of the



so-called Stokes projection and an elaborate energy analysis, we obtain the L>°(L?) optimal
error estimates for both the velocity and the stress, in both space and time. We also obtain
the optimal error estimates for the pressure in the L>(L?) norm, by the inf-sup argument
and an optimal estimate for the time difference of velocity. These results, especially the
optimal error estimates for pressure, constitute the main highlight of this paper. Since the
proof is quite technical, we only take the first order scheme (i.e, forward Euler in the explicit
discretization and backward Euler in the implicit discretization) as an example to show the
idea.

Another important contribution of this paper lies in that, it is the first time that the
so called Stokes projection associated with the LDG spatial discretization is studied and
adopted to obtain the optimal error estimate, which will consequentially provide a powerful
tool in the analysis for Navier-Stokes problems. Furthermore, it is worth mentioning that,
the numerical flux we consider for the viscosity term and the pressure term are the classical
“alternating” fluxes without any extra penalty terms, this is different from [3,6, 18], where
penalty terms are added to enhance the stability of the scheme. Finally we point out that,
our long-term goal is to study IMEX-LDG methods for the incompressible Navier-Stokes
equations, the analysis of the Oseen problem is just an intermediate step.

The paper is organized as follows. In Section 2 we present the semi-discrete LDG
schemes for the Oseen equation, and give some properties of the LDG schemes. We will
focus on the study of the Stokes projection in Section 3, which plays an important role in
obtaining the optimal error estimates. Sections 4 and 5 are devoted to the stability and
error analysis of the first order fully-discrete IMEX-LDG methods, respectively. In Section
6 we will present numerical results to verify our results. The concluding remarks and a few
technical proofs are given in Section 7 and the Appendix, respectively.

2 The semi-discrete LDG scheme and its properties

Let 0 = v/vVu = /v(Vuy, Vuz) ", then (1.1) can be rewritten as the following equivalent
first-order differential system

%_;»_\\Fﬁv-g+v(v®u)+w=f7

g = +/vVu,

£ = VoV (2.1)
u(z,0) = u’(z).

Here the notations are the same as those in [7]. The gradient of the vector w is a matrix,
with (Vu);; = 0ju;. The divergence of the matrix o is a vector, with (V-g); = Z;-lzl 0;0ij.
v ® w is a matrix whose (7, j)th component is v;u;.

We will define the semi-discrete LDG scheme based on equation (2.1). To this end, we
would like to give the finite element space and some notations firstly.

2.1 Discontinuous finite element space

Let 5, = {K} be a quasi-uniform partition of the domain {2 with rectangular element K,
where h = m}z{ix hx, with hx being the diameter of element K. We denote 'y, as the set of



all element interfaces. Associated with this mesh, we define the discontinuous finite element
space

S, ={c e L*(Q)*?: g|x € QuK)** VK € Q) },
Vi, ={ve L*Q)?: vk € Qu(K)*, VK € Q) },

Qn={qe L*(Q) : qlx € Qu(K), VK € Qp, and /quxdy =0},
which is contained in the following (mesh-dependent) broken Sobolev space ¥ X V' x @
s ={o e AQ??: gli € H'(K)*2, VK €, |,
V= {v € L2(Q)? : v|x € HY(K)?, VK € O, }
Q= {q € L2(Q) : qlx € H'(K), VK € Qp and /quazdy - 0},

respectively. In this paper Qr = Pr ® P denotes the space of tensor product of polynomials
of degree at most k.

2.2 Notations

We use a fixed vector B = (1,1) to uniquely define the left and right elements K and
Kpr which share the same element interface e. Namely, 8- ng,|c > 0 and 8- ng,le < 0,
respectively, where ny is the outward normal of K. Along each side e, there are two
traces for any function p, denoted by p* = (p|ky)le and p~ = (p|x,)le, respectively, and
we denote the jump by [p] = p™ — p~ for scalar functions, [v] = ([v1], [v2]) " for vector-
valued functions, and [r] = ([ri;])2x2 for matrix-valued functions. Besides, we use 0 =
{e C OK,B - nkl. < 0} and 9 = {e C OK,B - nkl|. > 0} to denote the inflow and
outflow sides of element K, respectively. For non-periodic boundary conditions, we denote
0N ={e CcI0,B -n. <0} and 0T = {e C 9N, B - n. > 0} as the inflow and outflow
boundaries, respectively.

In this paper, we will use the standard norms and semi-norms in the Sobolev space for
scalar functions. For any given domain D, we denote by ||w| p the L? norm of w on D. For
any integer s > 0, let H*(D) represent the space equipped with the norm ||-||s, p, in which the
function itself and the derivatives up to the s-th order are all in L?(D). If D = €2, we omit
the subscript 2 for convenience. We define similar norms for vector-valued function u and
matrix-valued function o as ||ul|s p = (Z?:l ||Ui||§7D)1/2, and ||a||s.p = (Z?,j:l ||o—ij||§7D)1/2,
respectively. We also define [|ullr, = (X cr, |w]?)/? and |lo|r, = (Xeer, la]|?)/2. We

denote [[Vv| = (X keq, [Vv||%)/2 for v € V.
In addition, we would like to write

d d
g:r= E 05755, vV-o-n= E ’u,-a,-jnj:g:(v@n).
i,j=1 i,j=1

The symbol C' is used as a generic constant, and ¢ is used to denote an arbitrary small
constant, both C' and € may have different values in different occurrences. The symbol p > 0



is used to represent an inverse constant which appears in the following inverse inequalities

IVl <ph™Hlll, vl < v/uh=oll, (2.2)

Izl < v ph= izl (2.3)

for any functions v € V}, and r € X,.

2.3 The semi-discrete LDG scheme

The LDG scheme for the Oseen equation (2.1) is to find the approximation (g}, up,prn) €
2y, X Vi x @y, such that the following variation forms hold for any element K € € and
any test function (r,v,w) € X; x Vi, X Qp,

0
% ~vdzdy =H(up, v) + Lk (g, v) + Pk (pr, v), (2.4a)
K
/ oy, : rdzdy =K (un, 1), (2.4D)
K
0 = Ok (up, w). (2.4c)
Here
Hi (up,v) = / (v ® up) :V'vdazdy—/ VY ®Up g ds, (2.5a)
K Ok
Lk (op,v) = —\/;[/ gh:Vdedy—/ v-@-ans], (2.5b)
K Ok
Pr(pp,v) = / prV - vdxdy —/ PR - N ds, (2.5¢)
K Ok
ICK(uhaﬂ):_\/;[/ Uh'V-zd:Udy—/ U/h?r'f‘ans}, (2.5d)
K Ok
Ok (up,w) = / uy, - Vw dzdy —/ Up,p - nrwds. (2.5¢)
K K

The “hat” terms are the so-called numerical flux, which are taken as the “alternating”
numerical flux

/\_ — /\_ +

Uh o = U, gp =0y, (2 6)
— ~ 4 .
Up,p = Wy, , Ph =Py, »

for the viscosity and the pressure terms. For the convection term, we can simply take the
upwind numerical flux or the central flux. Since the convection velocity is assumed to be
positive, we simply take the upwind flux

s = (2.7)

The initial condition wp(x,0) can be taken as any approximation of the initial solution
u’(x), for example, the Stokes projection ITpu’(x), which is to be defined in Section 3.



Denote (u,v) =Y [ru-vdady and (o,1) = > [, o : rdedy. Summing (2.4) over
all elements K, we get the global form of the semi-discrete LDG scheme:

(uhtv ’U) = H(uha ’l)) + £(gh7 ’U) + P(pha ’l)), (28&)
(@p,r) = K(un,1), (2.8b)
0 = Q(up,w). (2.8¢)

Here Z(-,-) = Y Ek(,-) for 2 = H,L,P,K,Q. We have now defined the semi-discrete
LDG scheme for the Oseen equation (2.1).

Remark 2.1. Integrating by parts gives rise to the following equivalent forms of (2.5):

Hi (up,v) = — / (v®7~): Vuy, dzdy —|—/ vy ® [up] - nkds, (2.9a)
K e
Li(op,v) =V [/ v-(V-o;,)dedy + /+ v- o] nk ds] , (2.9b)
K %
Pr (pn,v) = —/ v Vppdedy — [ [pn]v-nids, (2.9¢)
K o
Kk (up,r) =+v [/ r: Vuy, dzdy — / [un] -r-nx ds] , (2.9d)
K e
Qx (up,w) = —/ wV - uy, dxdy+/ [un] - nrwds. (2.9¢)
X _

K

2.4 Properties of the LDG spatial discretization

In this subsection, we will give several lemmas to illustrate a few properties of the LDG
spatial discretization. All the properties are trivial generalizations of the two-dimensional
scalar case [17]. We refer the readers to [17] for the proof.

Lemma 2.1. For any uw € V and v € V},, there exists C, = ||y|| independent of w and v
such that

H(v,v) <O0. (2.10)
[H(u,v)| < Cy([[Vul| + v/ ph= | [u]l[n,) o], (2.11)
H(w,v)| < Cyllul|([Vol| + v/ ph~H[v]|n,)- (2.12)
Lemma 2.2. For any p € Q and v € V},, we have
P,0) < P10Vl + Vi T el (213)

Lemma 2.3. For any (r,v,w) € Xj, X Vj, X Qp, we have

L(r,v) + K(v,r) =0, (2.14)
P(w,v) + Q(v,w) = 0. (2.15)



The next lemma illustrates an important relationship between the gradient and the
element interface jump of the numerical solution with the numerical solution of the gradient,
which plays a key role in the stability and error analysis. Along the similar line as the proof
in [17], we can obtain the proof of this lemma, hence it is omitted here.

Lemma 2.4. Assume the pair of functions (up,ap,) € Vi, X ¥y, satisfy (2.8b) for arbitrary
r € X,, then

C
V|| + v/ ph= | [us]lln, < \/—%thHa (2.16)
where C), is a positive constant only depending on the inverse constant fi.

2.5 The inf-sup condition

We would like to begin this subsection by defining a projection Py, following [5]: for any
p € HJ(Q)?, Prp|k € Qi(K) satisfies

| Pap—p)- Vodsdy =0, Vo€ QuE),
K

(2.17)
/(Php —p) -nods =0, YvePy(e), Ve € dy.
There holds the following approximation property [5]
lp = Prpl| + hlp — Pupl + h'/?|lp — Pppllr, <Chllp|1. (2.18)
By (2.18) and the triangle inequality, we can easily get
IPrpl <Clipl- (2.19)

To get the estimate for the pressure, we will resort to the standard inf-sup argument
in the analysis for Stokes problems. Since this argument will be used several times in this
paper, we present the key results in the following lemma.

Lemma 2.5. For arbitrary q € L§(Q) = {v € L*(Q)| : [ov = 0}, there exists w* = w*(q) €
H(Q)?, such that

- / ¢V widady > anllgl?, [l < asllall (2.20)
Q

for some positive constants aq, ao independent of q. And
gl < C [K(Prw*,r) + Q(Prw*,q) + |z]*] , (2.21)
for arbitrary r € ¥;,, where Py, is defined in (2.17).

Proof. The conclusion (2.20) is cited from [11]. Hence we only show (2.21).
On one hand, we have



by the definition of Pj, and Q, (2.9¢) and (2.20), where we have used the fact that w* €
HZ(Q)? is continuous across the element interface.

On the other hand, for arbitrary r € ¥, , it follows from (2.9d) and the continuity of w*
that

K(w*,r) = \/;/ Vw* : rdzdy.
Q

So

K(Ppw*,r) =K(w*,r) — K(w* — Prw*,r) = \/;/ Vw* : rdady
Q

NS

KeQy,

/V('w*—Phw*):[d:ndy—/ [w* —Prw*] - r-ngds|,
K 0

K

where (2.9d) is used in the second line. Thus, by the aid of the Cauchy-Schwarz inequality
and the trace inverse inequality (2.3), we get

IKPrw”, r)] <Vv|whzll + vVv(lw” = Prw*|y + b~ w” = Prw*|n,)|r].-

Then by the approximation property (2.18) we get

* * ! 2 C2a% 2
IKPrw”, r)| <Cllw|1llz] < Cazllglllizl < —llgl” + ——= %,
2 2041
where we have used (2.20) and the Young’s inequality. So
2.2
ary o CPag, o
KPrw*,r) > —— -—= . 2.23
®w*,) = - ol - 2] (2.23)

Hence we obtain (2.21) immediately by adding up (2.22) and (2.23). This completes the
proof of this lemma. O

3 The Stokes projection

In the later error analysis, the Stokes projection plays a salient role in obtaining the L>(L?)
optimal error estimates. The advantage of the Stokes projection lies in that the impact of
pressure errors can be eliminated when estimating the velocity error. However, as far as we
know, the Stokes projection associated with the LDG scheme has not been studied, and the
approximation properties of the Stokes projection are not clear. Hence it is worth taking
the effort to study it rigorously.

In this section, we will give the definition of the Stokes projection firstly, and then show
the existence and uniqueness of the projection, the optimal approximation properties will be
given and proven at the end of this section. To prove the optimal approximation properties,
we need to resort to a series of projections which will be defined in Subsection 3.4. For the
readers who are eager to enter into the stability and error analysis of the schemes, they can
skip Subsections 3.4 and 3.5 for the time being.



3.1 The definition

Let u € V satisfy V-u = 0, ¢ = /vVu and p € @, we define their Stokes projection
(o, Mpu, yp) € X x Vi, x Qy, as follows: for arbitrary (r,v,w) € 3;, x Vj, x @y, there
hold

L(Upo,v) + P(Upp,v) =L(c,v) + P(p,v), (3.1a)
(Ixo,r) = K(Ipu, 1), (3.1b)
Q(ITpu,w) = Q(u, w). (3.1c)

In addition, to ensure the uniqueness of the projection, we let
/(Hhu —u)-ededy =0, for i=1,2, (3.1d)
Q
where e; = (1,0)" and e3 = (0,1)", and

[ = p) dady = . (3.10)

Remark 3.1. The condition (3.1e) holds automatically since the averages of both p and IIp
are 0.

3.2 Existence and uniqueness

Lemma 3.1. The projection defined in (3.1) exists uniquely.

Proof. To show that the Stokes projection exists uniquely, it is enough to show that, if
(g,u,p) = (0,0,0), then the only possible solution of (IIo,IIpu,Il,p) defined in (3.1)
equals (0,0,0). To this end, we consider

0=L(IIxo,v) + P(Ixp,v), (3.2a)
(Hpo, r) = K(Mpu, 1), (3.2b)
0 = Q(IMpu, w). (3.2¢)

Taking (r,v,w) = (Ilo, Hpu, II;p) in (3.2) and adding them together leads to ||II,o* = 0
by Lemma 2.3. Hence II;0 = 0, thus it follows from (3.2b) that

0=K(Mpu,r) = —v Z [/ IMpu - V- rdady — / (Mpu)” -7 ng ds] ) (3.3)
KeQy, K I
By taking r = ITpu ® B, where 8 = (1,1)7, we get

Z [/Kl'lhu'v-(l_[hu@)ﬂ)dwdy—/

(Mpu® B) : (Mpu)” @ nk) ds} =0. (34)
KeQy, Ok

Noting that

/ Ipu - V- Iy ® B) dady = % / (Mpu @ B) : (ITpu @ ng) ds.
K Ok
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Thus (3.4) becomes

) E | (@0 ) () @ m)ds— 5 | (@)@ 8) - () @ ) s

2
KeQy

K K
/8

which is equivalent to

(Mpu)™ © B) : (Thu)” ®@ nk) ds] =0,

K

Z % /[(Hhu)+ -(Mpu)t = 2(pw) ™ - (Mpu)” + (Hpu)” - (Mpu) " |(B - ne)ds

ecl’y,
= > 5 [ Mhul - ()8 m) =0,
ecl’y, €

by the periodic boundary condition, here 3 - n. < 0 for all e € I'y. It implies ITpw is
continuous across each element interface. Hence, from (3.3) and integrating by parts, we
have

>

KeQy

/ VIIpu : rdady — / MMpu] -r-nk ds] = Z / VIIpu : rdzdy = 0. (3.5)
K o Keq, 1K
Choosing r = VIIpu, we get VIIpu = 0 in each element K, which implies that ITpu is a
constant. Then according to the condition (3.1d) we deduce that ITpu = 0.

Along the similar line as above, we can obtain II,p = 0. Thus we have completed the
proof of this lemma. O

3.3 The approximation property

To obtain the optimal approximation properties of the Stokes projection (3.1), we will resort
to the following adjoint Stokes problem similar as that considered in [3,7],

—VvV -5+ Vqg=2A, in Q, (3.6a)
s =+1vVz, in Q, (3.6b)
V.z=0, inQ (3.6¢)

for any given A € L?(Q)?, with the periodic boundary condition and fQ q = 0. In addition,
we assume it satisfies the following elliptic regularity assumption

vlizllz +vVlsli + gl < Cul|All- (3.7)
The approximation property of the Stokes projection is stated as follows.

Lemma 3.2. Assume u € H**2(Q)2, 0 = /uVu € H**1(Q)2*2 and p € H*2(Q) satisfy-
ng fQ p = 0, then there exists a bounding constant C' depending on the regularity of (u,o,p)
and the elliptic regqularity constant C\ defined in (3.7), such that

lu — pul| + [lo — Huo|| + |[p — Mpp|| < CREHL (3.8)

We will prove this lemma in Subsection 3.5.
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3.4 Useful projections

To prove Lemma 3.2, we would like to introduce another series of projections (7, 7h, ) :
XV xQ — X, xV, x @y, corresponding to matrix-valued functions, vector-valued
functions and scalar functions, respectively. To define these projections conveniently, we
would like to represent any rectangular element as K = I; x J;, where I; = (331—% ,az.ﬁé)
and J; = (yj_% ,y#%). In what follows, we will present these useful projections and their
properties.

First we define two projections m and 7, from H(Q,) = {v € L*(Q) : v|x €
HY(K), VK ¢ Qh} onto Wy, = {v € L*(Q) :v|xg € Qu(K), VK € Qh}, following [19]:

/ (mfw — wyvdedy = 0, Vv € Qp_1(K), / (mfw — w)i_% ,Udy =0, Yo € Pr_1(Jj),
K 9

Jj

/I.(W,J[w - w)m_%v dz =0, Yv € Pr_1(;), ﬂ;w(a::%,y;r_%) = w(a:i_%,yj_%), Vivy,
and
/ (m, w—w)vdrdy =0, Vv € Qp_1(K), / (7, w — w)@-_l_%yv dy =0, Yv € Pr_1(J;),
K Jj

/Ii(w,:w - w)x’ﬁ_év dz =0, Yv € Pr_1(L;), ﬂ,:w(:n;_%,y;_%) = w(:nz-_l_%,yj%), ViVvj.

Next we are going to define the projections (7, 7, 73,), based on the projections defined
above and the projection P}, defined in (2.17).

1. For matrix-valued function ¢ = (o1,03) € X, where o1 and o9 are its two column

vectors, we define
mo = (Proy, Pros). (3.9)

2. For vector-valued function u = (uy,uz)" € V, we define

Thu = (1, ur, T u2) (3.10)

3. For scalar function p € ), we define

ThD = T . (3.11)

The following properties of these projections hold:
1. For arbitrary v € V}, we have

Lo — mho,v) =0. (3.12)
2. For arbitrary o € H*(Q)?*2, u € H*(Q)? and p € H*(Q) with s > 1, by the standard

scaling argument [4], along the similar analysis as in [5], we can obtain the following
approximation properties

|l — mnall + hlg — mpaly + hY? g — mualn, < CR™MEFLS) g ]| (3.13a)
|u — wpu| + hlu — wrpuly + hY2|u — wpulln, < CRPEFLSY )|, (3.13b)

lp = 7apll + Blp — wrpls + 2 |lp — mplln, < CR™EEp) (3.13¢)



12

3. From [5], we can also get the following superconvergence properties: suppose u €
H¥*2(0Q)? and p € H*2(Q), then

Pp — 74p,0)] < CH[pllasao]l, (3.14n)
K = e, 1) < OV s ] (3.14b)
1Q(u — mhu, w)| < CHF s (3.14c)

3.5 Proof of Lemma 3.2

For the simplicity of notations, we denote by n = (ﬂo’ NusMp) = (Upo—o, Hpu—u, p—p).
We begin the proof with the following relationship

0=L(n_,v)+ Py, v), (3.15a)
(n,,r) =K1, 1), (3.15b)
0 = Q(Nu, w), (3.15¢)

for any test function (r,v,w) € X;, X Vi, X Q.
Based on the projections defined in Subsection 3.4, we split the error n = (ﬂo,nu,np)
into two parts, namely

N, =0 —Tha + TN, Nu=U— TRU+ Tpu, Tp =P — ThD + Thllp. (3.16)

Thus, to prove Lemma 3.2, the remaining work is to estimate (Mo’ Th T, Th1)p) in & sharp
way, since (3.13) hold. To do that, we will proceed in three steps.

Step 1. First we give the estimate for [|m,n_||. By (3.15) and the division of n (3.16), we
have

—L(mpn ,v) = P(mpnp, v) = L(g — o, v) + P(p — mhp, v), (3.17a)
(mnn_ 1) — K(mhNu, 1) = — (@ — o, 1) + K(u — mpu, 1), (3.17b)
—Q(TpMNu, w) = Q(u — TR, W). (3.17¢c)

Noting the error’s orthogonal property (3.12), taking (r,v,w) = (ma,ﬂhnu,ﬂhnp) in
(3.17), and adding the three equalities together, we obtain

lman_ | = — (¢ — mao, wnn,) + P(p — mhp, ®hM) + K(u — mpu, man_ ) + Q(u — wpu, mh1gp),

where the left hand side is owing to Lemma 2.3. By applying the Cauchy-Schwarz inequality
and the approximation property (3.13a) to the first term on the right hand side, and the
superconvergence properties (3.14) to the remaining three terms, we obtain

lznn, I1* < R (lmpn, ||+ llenmall + )
< e(llmnn, [I* + lmnnall® + llmnmp||?) + CH* 2, (3.18)

for arbitrary € > 0, where the Young’s inequality is used in the last inequality. Thus by
choosing € small enough, we get

Iz, 12 < CH*F2 + e(|lmpmull® + llmanp|1). (3.19)
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Step 2. We would like to estimate |77, in this step. Owing to Lemma 2.5, for mpn, €
L%(Q), there exists v* € H{(Q)? such that [|[v*||; < ag||msny|| and

Imnmpl” < CIC(PRo*, man ) + Q(Pyv*, mamy) + |man, |17], (3.20)

Z

where we choose r = m;7  in (2.21). By using Lemma 2.3, (3.17a) and the error’s orthogonal
property (3.12) successively, we get

Z = — L(mnn , Ppv*) — P(mnnp, Ppo*) = P(p — map, Pro*). (3.21)

Thus, by using the superconvergence property (3.14a), (2.19), (2.20) and the Young’s in-
equality, we have

Z < ChF Y Pypo*|| < ChEFY||o*||, < C()éghk+1||71'h7’}p” < 5H7Th77p\|2 + Ch2F+2, (3.22)
Consequently, we get
lmmpll* < CH***2 4 Cllann |1 < CR**2 4 e(|mnmul? + llmnn,|), (3.23)
by using the estimate (3.19). Hence choosing € small enough gives rise to
lmnmpl* < CR**2 + el mpmal®. (3.24)

Step 3. In this step we will estimate |[7pny||. For arbitrary A € L?(Q)?, let z,s,q be
defined in the adjoint Stokes problem (3.6), then from (3.6) we have

(ThNus A) = (TR, —VVV -5+ V) = —L(3, TpNu) — P(q, ThTw)
=L(7ns — 8, ThNu) — L(TnS, Th1u) + P(Thq — ¢, Thu) — P(Thq, Th1w)
= K(7hnu, Ths) + P(Thq — ¢, Thw) + Q(ThNu, Thq)
=(n,, ™) + K(7hu — u,m5) + P(Thq — ¢, ThTu) + Q(Tht — u, Thq)
—Vi+Va+Va+Vy, (3.25)

where we have used (2.9b), (2.9¢) and the continuity of s and ¢ in the first line, the error’s
orthogonal property (3.12) and Lemma 2.3 in the third line, and the properties (3.17b),
(3.17¢) in the fourth line.

Next we turn to estimate each term on the right hand side of (3.25). Firstly, by using
the Cauchy-Schwarz inequality, the triangle inequality, the approximation property (3.13a)
and the elliptic regularity (3.7) we get

_ CCs 1 ky1
Vil < i, llimas|l < Cllle = mnall + llmun, Dllslh < —= (R + llzan, DIALL (326)

Secondly, due to the superconvergence property (3.14) we have

Vo + Vil <COM M (wllmus|| + lmnall) < CREH (VW Islly + llall) < CCREFHIX]L - (3.27)
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Thirdly, from (3.17b) we can derive that

C
IVrpnull + V ph [ [wanu] o, < \/—%(hk“ + [l |)- (3.28)

The proof of this relationship is similar to but a little more complicated than the proof
for Lemma 2.4, so we only give the idea of the proof and omit the details to save space.
According to (3.17b), we choose suitable test functions r (refer to [17]), then we can get
(3.28) by using the Cauchy-Schwarz inequality for the terms (m,n ,r) and (¢ —mp0, 1), and
the superconvergence property (3.14b) for the term C(u — ITpu, 7).

Hence, a simple application of Lemma 2.2, the approximation property (3.13c), (3.28)
and the elliptic regularity (3.7) yields

Vsl < Climng — all(IVrrmull + v b= [wanu]ln,)
ce.c
ER(RMT |z, DI (3.29)

<Chllalh (B + flwn, [1) < —=+

As a consequence, by taking A = 71, we can derive

I7nnul < C(h/VY+1/vv + DM+ [lmyn ) < CR* 4 ef|mpmal), (3.30)
where ¢ is an arbitrary small value. Thus, if we take € small enough we can get
| 7nn|| < CRFHL (3.31)
As a result, we get
Imampll < CREL, and lman, | < CRFY (3.32)

from (3.24) and (3.19). Consequently, (3.8) follows by the triangle inequality, this completes
the proof of Lemma 3.2. O

4 The fully discrete schemes and their stability analysis

4.1 The fully discrete schemes

In this subsection we would like to present the fully-discrete LDG schemes coupled with
three specific multi-step IMEX time-marching methods up to the third order, which have
been considered in [16] for one-dimensional convection-diffusion equations.

Let {t" = n7})  be the uniform partition of the time interval [0, 7], with time step 7
such that M7 = T. Given u}, we would like to find the numerical solution (us,ps) at the
next time level t"*! by the multi-step IMEX time-marching schemes which were developed
in [12).

First order:
= (up, v) + 7[H(up,v) + L&} v) + Py, v)], (4.1a)

(uptt ), (4.1b)
0= Q(uzﬂ, w), Vn > 0. (4.1c)
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Second order:

3 1
(uz+17 ’U) = (U’Z= ’U) + iTH(U,Z, ’U) §TH(U’Z_17 )
1
+ L v) + yrL(el ! v)
1
+ %ﬂ?(p;#l,v) F P w) Ve, (4.22)
(ah, 1) =K(up,r), ¥n=>0, (4.2b)
0=9(up,w), Vn>0. (4.2¢)
Third order:
n+1 n 23 n 4 n—1 5 n—2
(up ™, v) = (up,v) + ETH(uh,'v) gTH(uh , V) + ETH(uh ,V)
2 n+1 5 n—1 1 n—3
+ gTﬁ(gh+ , V) + ETﬁ(gh , V) ETﬁ(gh , V)
2 n+1 3 n—1 _ i n—3
+ 37'77(ph ,v) + 127'77(ph , V) 127'77(ph ,v), Yn >3, (4.3a)
(ah,r) =K(up, 1), VYn >0, (4.3b)
0=9(up,w), Vn>0. (4.3c)

Remark 4.1. Schemes (4.2) and (4.3), developed in [12], use standard Adams-Bashforth
extrapolation for the explicit part, and a kind of modified Adams-Moulton interpolation
which requires the coefficient at time step ¢"*! to dominate the sum of the absolute values
of the other coefficients. This extra requirement results in a stretched stencil. We consider
this kind of IMEX schemes to ensure the unconditional stability.

4.2  Stability

In this subsection, we take the first order scheme (4.1) as an example, to investigate the sta-
bility of the IMEX-LDG methods for solving Oseen equations. The unconditional stability
will be obtained for the velocity wy, the stress o, = v/vVu;, and the pressure py. Although
the stability results for the second and the third order schemes are a little different from
the stability for the first order scheme, they can be obtained analogously. So we omit the
proofs for higher order schemes to save space, we refer the readers to [16] for more details.

Theorem 4.1. There exists a positive constant 1y independent of h, such that if T < 79,
then the solutions of scheme (4.1) satisfy

[y || < flull,

leill < e lighll,

1 C
Il <€ (Judl + Fluh =l + ). (1.6

where Cy is a positive constant depending on 1/\/v, C is a positive constant independent of
h and T.
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Proof. Step 1: prove (4.4). Taking v = uZH, r= TUZH, w = sz+1 (4.1a), (4.1b)
and (4.1c), respectively, and adding them together, we get

P Sl =P = gl P+ rllop TP = rH (g, Y, (4.7)

LHS RHS

2”uh QHU

where the LHS is obtained by applying Lemma 2.3 and the equality (a —b)a = 3[a* + (a —
b)? — b?] for arbitrary a,b. To bound the RHS, we write it as

RHS = rH(u} ™ uf ™) — rH(uf ™ — uf, upl .
Hence, owing to Lemmas 2.1 and 2.4 we have

RHS < Cyrllup™ — || (Ve ™ + v/ b= [y I, )

< C’YCM Hun-l—l

<= —uplley

C2C?
12 e 1 2
<7ley P + — Tl — gl (4.8)
c2c? 1
where the Young s inequality is used in the last step. As a consequence, if we let —*7 < 3,

ie, T < 2z , then

w ek

1 0
[y, < gl < - < gl (4.9)
Step 2: prove (4.5). Taking v = uZH uy in (4.1a), we get
||u”+1 ul|> = Ry + Ry + Rs,

where

Ry =7H(up, up ' —up) < Cor([[Vup| + v/ ph = [ui] o) up ™ — up]

C,C, Cc2C?
S Erllaqlluy™ = up) < flup™ - uﬁH”%T?HgZHQ (4.10a)
Ry _Tc( Pt — ) = —rK(upt —up ot = —r(gf - o, op )
T
= H b= Sllentt - gkl + —\\Qh\\2, (4.10D)
R3 :7_73( n+1 uz-}-l un) — —TQ( n+1 —u ,pZ+1) 0. (410(3)

In (4.10a) we used Lemmas 2.1 and 2.4, and the Young’s inequality; Lemma 2.3 and (4.1b),
(4.1c) are used in (4.10b) and (4.10c). Thus,

HU"“H2 a o (4.11)

HU

%Qm
tw

~of|? - Tlofl? < 22

The simple use of Gronwall’s inequality leads to (4.5).

Step 3: prove (4.6). With the help of Lemma 2.5, we have, for pZH € L3(12), there exists
u* € H}(Q)? such that |[u*]; < ang"HH and

Ipp 1?2 < CIK(Prur, ot + Q(Pru*, i) +lar ™, (4.12)

S
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where we choose r = ¢! in (2.21). Again owing to Lemma 2.3 and (4.1a) we have

S = — L}, Prut) — P}, Prut)
1
=H(up, Pru*) — ;(uﬁ“ —up,Ppu*) = 51+ Ss. (4.13)
From (2.12) we get

S1 <Gy llup [(IVPru™(| + v/ ph=H[[Pru]|ln,)

<G llupll(lw*lly + v ph=H|[w* = Pru]|n,)
< Cllupllllwls < Canllublllipy ™1 (4.14)

where in the second line we used the property (2.19) and [u*] = 0 across the element
interface, the approximation property (2.18) is used in the third line. A simple application
of the Cauchy-Schwarz inequality and (2.19) yields

1 C CO[Q
So < —llup™ —wplPrutl| < = llup ™ = uplllutl < —=[lup ™ = wplllpp . (4.15)
T T T

As a consequence

1
I+ 1P < © (il + 2™ = i) I+ + Cllg 1 (4.16)
Notice that we have proven [[ul|| < [Ju?| in step 1, and we can also get
luh ™ = | < [y — wpll (4.17)

along the similar procedure as the proof for ||u}|| < [[u?||, due to the linear structure of the
scheme. Hence by applying the Young’s inequality to (4.16) we get

1
I+ 1P < (P + Sl — wdP + i) (418)

Thus we get (4.6) by using (4.5). O

5 FError estimates

To derive the optimal error estimates for the IMEX-LDG schemes introduced in Subsection
4.1, we would like to resort to the Stokes projection, which has been studied in Section 3.
To make the idea clear enough, we only take the first order scheme (4.1) as an example to
present the outline of the proof.

To obtain the optimal error estimates for the first order scheme (4.1), we would like to
assume the exact solution u(x,t) and p(x,t) are smooth enough, for example

u(z,t) € L0, T H**(Q))%, p(w,t) € L=(0, T; H**(Q)), (5.1a)

and
Dfu(zx,t) € L>®(0,T; H*1(Q))?, (5.1b)
for £ = 1,2, where Dfu means the /-th order time derivative of u, and the notation

L>(0,T; H*(S2)) represents the set of functions v such that Jnax, (-, )l £ () < 0.

We give the main results in the following theorem.
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Theorem 5.1. Let (o(x,t),u(x,t),p(xz,t)) be the exact solution of (2.1), satisfying the
smoothness assumption (5.1), and let (o}, uy,py) € X, x Vi x Qp, be the solution of the
first order fully discrete IMEX-LDG schemes (4.1). Then there exists a positive constant
T independent of the spatial size h, such that if T < 19 then

max {[|u(z, ") — uh|| + (@, t") — il + p(x, ) = pil} < C(WHT + 1), (5:2)

where T is the final computing time and the bounding constant C' > 0 is independent of h
and T.

We will prove Theorem 5.1 in the following two subsections.

5.1 Error division and error equation

Denote (o™, u",p") = (o(x,t"),u(x,t"), p(x,t™)). As the standard treatment in the finite
element analysis, we decompose the error e" = (ey, ey, ey) = (¢" — o, u" — uj, p" — pj)

into two parts, namely, €™ = £" — ", where

§" = (§Z,£Z,§;‘) = (ﬁgn —op, pu" —uy, pp" — pp),

5.3
0" = () = (™ — o, Thu® — w, Ty — ), >3
and (II,0", IIpu™, ,p™) is the Stokes projection defined in (3.1).
Thanks to Lemma 3.2 and the linear structure of the Stokes projection, we have
]l + Nl + [l | < CRF, (5.4a)
I — il < CHR (5.4b)

In what follows, we will focus on the estimate for £". To this end, we would like
to establish the error equation firstly. We can verify that the exact solution (o™, u™,p™)
satisfies

(" v) = (U™, v) + T[H(u",v) + L™ v) + P v)] + (¢, v), (5.5a)
(") =K(u = 1), (5.5b)
0 =Q(u"" w), (5.5¢)

with ¢ = O(72). Subtracting (4.1) from (5.5), and by the aid of the property of the Stokes
projection (3.15), we get the error equation of € in the form

(Eut —€uv) = (™ —mg,v) +T[H(ey, v) + LT 0) + PG )] + (¢ v), (5.62)
(€ ) =KE ), (5.6D)
0=9(&M w). (5.6¢)

5.2 Energy estimate for £

Even though the procedure to estimate £ is similar to the stability analysis presented in
Subsection 4.2, we would like to highlight the key technical ingredients. The first one is
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that we use the Stokes projection to eliminate the coupled impact of velocity error and
pressure error, thus making the estimates clean and optimal. The second one is that by
taking suitable test functions, we obtain the optimal error estimate for the stress variable, in
L>(L?) norm rather than in L?(L?) norm. The third one is that the optimal error estimate

for pressure depends on the optimal estimate for HMH which needs to be considered
carefully. Now we display the main conclusion in the following lemma.

Lemma 5.1. There exists a positive constant 1o independent of the spatial size h, such that
if T < 79 then
k
LI+ €20 + 651 < C(h*E + 1), (5.7)

where C' is independent of h and T.
Proof. Step 1: estimate &,. Taking (v,r,w) = ( Z“,Té?“mﬁ}}*l) in (5.6) and adding
them together, we have
1
Hé"“\l2 IIE"Jrl g&ull” - §||£Z||2 +7]lEn 2
(WZH ,rlu7 Z+1) + TH( €u 'Z—l—l) + (Cn7 Z+1) =W+ W+ W37 (58)

which is similar to (4.7). Owing to (2.12) we get

(Wa| < Cyrllenl|(IVEL] + /b=t 1€t I, )- (5.9)

Notice that the pair functions (£7+! 52“) satisfy (5.6b), hence we get the similar result as
Lemma 2.4, i.e,

IVESH T+ v h = [T€ T, < in"“H (5.10)

Thus by the triangle inequality ||el|| < [|€2] + [|me]l, (5.4a) and the Young’s inequality we
have

Wal < =l KD < AP + L + ). (5

A simple use of the Cauchy-Schwarz inequality, the triangle inequality, (5.4b) and the
Young’s inequality yields

W1+ Wal < €| (lne™ — nill + €7D < Clen] + 1Ent™ — exl) (R r + 72)
<er(lgnt — €Ll + CTll€n]® + C(h* 27 + 7%). (5.12)

Consequently, if we choose € small enough and let e < 1, we can get
€217 = 1€al® < CTlIER]® + C(h*F 2 + 7). (5.13)
Then a simple application of the discrete Gronwall’s inequality results in

Igall < C(h* 4+ 7). (5.14)
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n+1
u

Step 2: estimate {_.Taking v = — &, in (5.6a), and along the similar line as the

proof for (4.5), we get

[€ntt — €22 =Ty + To + T + Ty + T5,

where
T :TH(EZJ 'Z+1 Eu) < C T ’vEuH + v pwh= 1” Eu]]”f‘h HEn+1 E’ZH?
C ¢ n n n n n i n
\/—“ TIIE et — gl <ell&nt! —&nll® + #TQHQ,HZ,
T =L & — €0) = —TR(ET — €. 07 = —r(¢ T - et
Tlen n n Then
= —5l& PP - §||§(,Jrl — &1+ S lIE 1%,
T3 —TP( n—i-l’ Z—l—l o EZ) - _ ( n—l—l Eu7pn+1) O,
Ty —(WZH 7711,7 n+1 Eu) (Cn n+1 éu)
scm“%+w)Mﬁ*—am§6M$4—5m2+0m%”¥+7%
and

Ts = — TH(ny, &5t — €4) < CRFTUrl|en™ — &l < ellgn™! — €0)1° + On? 272 (5.15)

The estimate for T5 is not trivial, to explain the details, we notice that

H(N, v Z/ Y ® Ny s Vodady — Z/v]] Y@ ()™ - Meds
= Z/ ¥R (u—mhu) : Vvdxdy—Z/[[v]] YR (u— (mpu)” ) - neds
K VK e Je
+Z/ Y TRy - V’Udl‘dy—Z/[['U]] Y @ (ThNw) ™ - Meds, (5.16)
K VK e Je

for arbitrary v € V},, where n. is the outer normal of edge e which satisfies 3 - n. < 0,
and B = (1,1)" is defined before. Denote the first and the second line on the right hand
side of the above equation as Dy and Do, respectively. From the superconvergence property
(3.14b), we have

|Dy| < ChFY|v|. (5.17)

Integrating by parts we can get
- Z/ (v®7~): Vrpny, dzdy + Z /v Y R [ThNw] - me ds. (5.18)
K K e e

Thus by the aid of the Cauchy-Schwarz inequality and (3.28), (3.32) we have

| Da| < CL(IVrnnull + v/ ph= I [wamu]lln, ) [0

C Cy
S =2 (W, Dol < CRM o], (5.19)
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Consequently, the above estimates give rise to (5.15) by taking v = £n+!

application of the Young’s inequality.
Hence, choosing € small enough and after simple algebraic manipulation, we have

— &, and a simple

11 — IR ]® < OTllen)® + C (R 27+ 72). (5.20)

Thus, we get
€2 < C(RF + 1) (5.21)

directly by a simple use of the discrete Gronwall’s inequality.
Step 3: estimate ,. From the stability analysis for pj; in Section 4, we see that, our

n+l_ . n
estimate for pZH depends on u; see (4.16). Analogously, to estimate £, we need the

1
wtl-gn

following lemma which states the estimate for >*——=.

Lemma 5.2. For arbitrary n > 0, there exists a positive constant 1y independent of h, such

that if T < 19, then
n+1

\|uf_5u\| <O+ 7). (5.22)

We will put the proof of this lemma in the Appendix. Now we are going to obtain the
estimate for §,. Thanks to Lemma 2.5, for S;LH € L3(9), there exists 2* € H}(2)? such
that [|z*]|; < oz2||£g+1|| and

g™ H? < CIC(Prz*, €271) + Q(Prz™, ) +I€2 7], (5.23)

A

where we choose r = §Z+1 in (2.21). By Lemma 2.3 and (5.6a), we get

A= - £(§Z+17 PhZ*) - P(ﬁg—i—l, PhZ*)

n+1l _ ¢n n+l _ ..n n
= - (%E“,th*) + (M,Pi%*) + (%7 Ppz") + H(ey, Prz)
=A1+ Ay + Az + Ay (5.24)

A simple use of the Cauchy-Schwarz inequality gives rise to

n—i—l_én ,rln—l—l_,r)n n
A (R e P LY

<CH 4 7)llzx )l < C(RF + 1) [Ig |
<ellgp P+ C(*F2 4+ 72), (5.25)

where we have used Lemma 5.2, (5.4b) and (2.19) in the second line, and the Young’s
inequality in the third line. Proceeding with the similar procedure as (4.14), we get

| Ag] <CI€LN + I (IVPR2 | + v/ uh=t[[Pr2"]In,)
< O +1)(|2* | + v/ uh Y| [=* — Pzl
SO 4 n)llz" |l < Cas(hMH + 1)
<elg P+ O 4 %), (5.26)
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for arbitrary € > 0. As a consequence, choosing € small enough, and combining the above
estimates, we have
412 2k+2 2 412
167117 < C(R 4+ 77 + 67 (5.27)

Then it follows straightforwardly by using the result of (5.21) that
lep | < O + 7). (5.28)
Combining the above estimates we complete the proof of this lemma. O

Finally, we get (5.2) by Lemma 5.1, (5.4a) and the triangle inequality, thus complete
the proof of Theorem 5.1.

6 Numerical experiments

In this section, we will numerically validate the error accuracy of the fully-discrete IMEX-
LDG schemes introduced in Section 4, for solving the time-dependent Oseen equation (1.1)
and the Navier-Stokes equation

2 _yAu+V-(u®u)+ Vp=0,
Vou=0, (6.1)
u(z,0) = u’(x),

on (z,y) € [—m, ] x [—m, m]. We consider the following three examples, for the first two we
adopt periodic boundary conditions..

Ezample 1. The Oseen equation (1.1) with v = (1,1) T, the source term f = (0, —2e~2"* cos(x+
y)) " and the exact solution

e sinz cosy

u(z,y,t) = ( _e— 2wt cos siny > ) p(z,y,t) = —e 2 sin(z +y).

Ezample 2. The Navier-Stokes equation (6.1) with the exact solution

e~ sinz cosy

_ _ 1 —4vt
aleant) = (C LSO ) plant) = Je cos(2a) + cos(2).

Ezample 3. The Navier-Stokes equation (6.1) in [0, 7] x [0, 7] with the same exact solution
as in Example 2, but the boundary condition for w is given by the exact solution taken
values at the boundary, which is non-periodic.

Remark 6.1. For the Oseen equation (1.1) and Navier-Stokes equation (6.1) with Dirichlet
boundary condition

u’aQ - Ub(CC,t), (62)
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the numerical flux (2.6) should be modified by

. Juw,, eCTy
uh,0|e - b
u,, eClIy

S N e C T\ 00"
Znle = or — % (u;, —up) @n,, eC OVt '
=h h h b e

— u;_52[[ph]]> eCFlf-L
uh7p|8 - b’
Up, eCIy

il = py, ecCIy\ oot
Phle p,, eCont '

where I and T I;L represents the set of all interior edges and boundary edges, respectively.
The unit normal vector n. points outward on the boundary edge e, and 01, d2 > 0 are penalty
parameters. It can be proved that the scheme is still stable, and the corresponding Stokes
projection can be defined and analyzed. We will give the definition of the corresponding
Stokes projection in the Appendix, and prove that it is well-defined. Additional work is
required for the error estimates for non-periodic boundary conditions, which will be left for
future work.

For all the examples, we will test for v = 1,0.1,0.01 and 0.001, on uniform rectangular
meshes. The final computing time is 7" = 1 in all the experiments. We use Qg, Q and
Q2 elements for schemes (4.1), (4.2) and (4.3), respectively. We plot the L? errors for the
velocity |[u — uy||, the stress || — o] and the pressure ||p — pp|| versus the number of
partitions n in the x and y directions in a log-log scale in Figures 1-3, for different viscosity
constants v. In each figure, from the top to bottom are schemes (4.1), (4.2) and (4.3)
respectively, and in each row, from the left to right, v = 1,0.1,0.01,0.001 respectively. The
time step taken in each test is listed in Table 1. The numerical flux in the convection
part is chosen as the upwind numerical flux for Example 1, and as the simple central flux
for Example 2 and Example 3, to avoid possible order reduction due to the change of wind
directions. In addition, for Example 3, we take the penalty parameters §; = 10 and 9 = 0.1
in each test.

Table 1: The time step taken in the experiments.

Example 1 Example 2 Example 3
scheme v 1 0.1 0.01 0.001 1 0.1 0.01  0.001 1 0.1 0.01  0.001
(4.1) h h h 0.5h | 0.5h 0.5k 0.5k 0.1h h h h h
(4.2) h h h h 0.5h 0.5h 0.1k 0.1~ | 0.1h 0.1k 0.1h 0.1h
(4.3) 0.1 0.1~ 0.1 0.1hR | 0.1 0.1k 0.05~ 0.05h | 0.1A 0.1k 0.05h 0.05h

From Figure 1, we observe the optimal error accuracy for velocity, stress and pressure
of the three schemes, for different viscosity constant v. From Figure 2, we can also observe
the optimal error accuracy except the stress in the last picture (in the case v = 0.001 for
the third order scheme (4.3)), which is about 2.7. So we can conclude that for periodic
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Figure 1: L? errors for velocity, stress and pressure for Example 1.

boundary problems, the schemes can achieve optimal order of accuracy in L>(L?) norm
for velocity, stress and pressure. The error of stress may depend on 1//v. From Figure 3,
we observe the optimal error accuracy for velocity in each test. The order of accuracy for
stress and pressure are almost optimal for the first order scheme (4.1). For scheme (4.2),
we observe optimal order of accuracy for pressure, but about half order lower for stress.
For scheme (4.3), about half order is lost for stress and almost optimal error is achieved for
pressure.

Finally, we test for the flow in a confined cavity [0,1] x [0, 1] with boundary conditions
(u,v) = (1,0) on the top, (u,v) = (0,—1) on the right, (u,v) = (—1,0) on the bottom
and (u,v) = (0,1) on the left. We display the streamlines and contours of pressure for
v = 0.001 on 80 x 80 uniform rectangle grids in Figure 4, where we use Q; element as the
spatial discretization and the first order time marching scheme (4.1), the computing time
is T' =1 and the time step is 7 = 0.1h. In this experiment, the penalty parameters are take
as 01 = 10 and 99 = 0.1.
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Figure 2: L? errors for velocity, stress and pressure for Example 2.

7 Concluding remarks

We have studied IMEX time marching methods coupled with the LDG schemes for solving
two dimensional unsteady incompressible Oseen equation with periodic boundary condi-
tions. We showed that the first order IMEX-LDG scheme is unconditionally stable for the
Oseen equations, in the sense that the time-step 7 is only required to be bounded from above
by a positive constant independent of the spatial mesh size h. Furthermore, by the aid of
the so-called Stokes projection and the inf-sup argument, we obtain optimal error estimates
for all the three variables, i.e, the velocity, the stress and the pressure, all in L>°(L?) norm.
Numerical examples are given to verify our main results, not only for the first order scheme,
but also for two specific multi-step IMEX-LDG schemes of second and third order, as well
as for the Navier-Stokes equations. However, for high order multi-step schemes, the optimal
error estimate for pressure is not available in our framework of analysis, which constitutes
our future work. Our schemes also work for non-periodic boundary conditions, stability of
the schemes can be proved, and the corresponding Stokes projection can be well defined.
However, careful study on suitable numerical fluxes at the boundary and other boundary
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Figure 3: L? errors for velocity, stress and pressure for Example 3.

treatment techniques are necessary to ensure optimal error accuracy, which will be left for
our future work. Our next goal also includes the corresponding study for the Navier-Stokes
equations, where the treatment for the nonlinear term would require further work.

8 Appendix
Proof of Lemma 5.2. First, we claim that the lemma holds true for n = 0, i.e,

1€ —

We would like to skip the proof of (8.1) at present, and continue to prove Lemma 5.2 for
general n. From (5.6), we can get

(& —

& < omrtir +72). (8.1)

1,12) + 7[H(er,~

+ (¢ L v), (8.2a)
(8.2b)
(8.2¢)

(Mo — M
K(&n:1),
(&, w).

1 v) + E(g:,v) + P&, v)]

,0)
( 1)
0
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Figure 4: Streamlines (left) and contours of pressure (right) for v = 0.001.

Subtracting (8.2) from (5.6), we get
(Eu™ —&hv) = (& — & o) + (i =2+l o) + (¢F = ¢ )
+r[H(ep —en ™ v) + LET =)+ PG ¢ v)], (8.3a)
(=&t r) =KE — &), (8.3b)
0=9Q(&" — &, w). (8.3¢)
Taking (v,r,w) = (£RT1—¢n 7 (§Z+1_§Z)v T(Ett =) in (8.3), and adding them together,
we obtain
1 1
||€"Jr1 &ull” + §IIEZ+1 26+ &P - L w Pl =P = T+ T, (84)
where
TH(eq —en L& — &), (8.5)
( wtt 277'Z + nu 7 Z—"_l - 'Z) + (Cn - Cn_l ol éu) (86)

Owing to (2.12) and the triangle inequality, we can easily get
T < Cyr(llgy, — &M+ llml — mi D (IER™ — €0l + Vuh = [€n™ — €21In,)

T.
7

C C — n n
< f (g — &u7H I+ RMI) gt — ¢
<7lIE - 1P + Crllgn — &7 + CRPFAR, (8.7)

where (5.4b) and Lemma 2.4 are used in the second line, and the Young’s inequality is used
in the last line.
Besides, it can be proved that |2+ — 202 +n2~1| < ChR*172 and (" — ¢! = O(7?).
Hence
I T,] <CF172 ) lent! - €ull < OTllen™ — &ull* + Cr(r* 272 + 1)
<Crllgs — &7 I+ Crllent — 265 + 7P+ Cr (P 1 7Y (88)
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Thus, from (8.4), (8.7) and (8.8), we obtain
lgat = all* -l - €717 < Ol — &7 1P + Cr(h* 22 7%, (8.9)
if Ot < % So the simple use of the discrete Gronwall’s inequality and (8.1) yields
lga — €ull < O+ 7). (8.10)

Before we complete the proof of Lemma 5.2, we should show (8.1). Assume u% = IT,u’,
where IIj, is the Stokes projection defined in (3.1), so £€2 = 0. Hence it suffices to show
€Ll < C(R*+17 4+ 72). Consider n = 1 in (8.2) and taking v = &L, we get

I1€0l1? + TlIEL P = (me, — mY0 &2) + (CO,Ei)jr TH(ei,Eil- (8.11)
vV Ve

Notice that |[nL—n| < ChR** 17 and ||¢°| < C72. So due to the Cauchy-Schwarz inequality
and the Young’s inequality, we get

Vp <elléull® + Ce(h 7 +72)2, (8.12)

Thanks to the bilinear structure of the operator H(-,-), we have H(el,v) = H(£%,v) —
H(n,v) = —H(nd,v), so along the same line as the estimate for Ty in (5.15) we get

Vel < CR*Ur]j€y || < ell€all® + Ce(hFH7)?, (8.13)

for arbitrary e. Finally, from (8.11), (8.12) and (8.13) we derive
I€all < C(W*F1r 4 77) (8.14)
by choosing ¢ small enough. Till now, we have completed the proof of Lemma 5.2. O

The Stokes projection for the Dirichlet boundary condition. For the convenience
of expression, we denote the corresponding operators £, KC, P, Q for the Dirichlet boundary
conditions with the numerical fluxes (6.3) as L,K,P, Q respectively.

The Stokes projection for the Dirichlet boundary condition problem is defined as

L(Io,v) + P(ILp,v) = L(a,v) + P(p,v), (8.15a)
Iy, r) = K(Mpu, 1), (8.15b)
O(Ipu, w) = Qu, w). (8.15¢)
and
/Q(th —p)dady = 0. (8.15d)

We conclude that the projection defined in (8.15) is also well-defined. To prove it, we
assume the exact solution (o, u,p) = (0,0,0) and the boundary condition u, = 0. Taking
(r,v,w) = (o, pu, p) in (8.15) and adding them together leads to

)
[Hpe|® + El Z /(Hhu -m.)?ds + &y Z /[[th]]st =0

ecoQt eel ¢
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which implies o = 0, IIpu™ - n = 0 on IQT and [Ip] = 0 at the interior element
interfaces. Next taking r = ITpu ® B in (8.15b) we get

1 _ 1
- Z /[[Hhu [Thu](B - ne) + 3 Z (Mpu™ -n.)? - 5 Z (Ipu™ - n.)? =0,
eEFl ecoNt ecoN—

where 3 - n, < 0. Thus IIput -n = 0 on 90~ and [IIpu] = O at the interior element
interfaces, since IIpu™ -n = 0 on 9Q". Then we can get VIIpu = 0 in each element K,
along the similar argument as (3.5). Hence we prove that ITpu = 0.

Since II,o = 0, from (8.15a) we have

= P(Ilp,v) = / VIl,p - vdzdy — Z [Ipp]v~ - neds.
Kth GGF;L

Noting that [II;p] = 0 at the interior element interfaces, we take v = VII;p to get VIIp = 0
in each element K, thus Il;p is continuous and is a constant in 2. Owing to the condition
(8.15d) we get IIp = 0.
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