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Abstract. A new type of low-regularity integrator is proposed for the Navier—Stokes equations.
Unlike the other low-regularity integrators for nonlinear dispersive equations, which are all fully
explicit in time, the proposed method is a semi-implicit exponential method in time in order to
preserve the energy-decay structure of the Navier—Stokes equations. First-order convergence of the
proposed method is established independently of the viscosity coefficient u under weaker regularity
conditions than other existing numerical methods, including the semi-implicit Euler method and
classical exponential integrators. The proposed low-regularity integrator can be extended to full
discretization with either a stabilized finite element method or a spectral collocation method in
space, as illustrated in this article. Numerical results show that the proposed method is much more
accurate than the semi-implicit Euler method in the viscous case p = O(1) and more stable than the
classical exponential integrator in the inviscid case p — 0.
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1. Introduction. This article is concerned with the numerical solution of the
initial and boundary value problem of the incompressible Navier-Stokes (NS) equa-
tions

ou+u-Vu—pAu+Vp=0 in 2 x(0,7],
(1.1) V-u=0 in 2 x (0,7,
u=uwup at 2 x {0}

in a bounded domain 2 C R?, with d € {2, 3}, under appropriate boundary conditions,
where we have used the notation u - Vu := (u - V)u. The well-posedness of the two-
and three-dimensional NS equations was discussed in [7, 14, 17, 19, 23].

The NS equations are the fundamental PDEs describing the motion of incom-
pressible viscous fluids. They are widely used in fluid dynamics to model water and
blood flows, air flow around a wing, and ocean currents. As the exact solution is not
known in most applications, the numerical solution of the NS equations plays a central
role. The development of accurate, stable numerical methods, together with their rig-
orous error analysis, is therefore crucial and of major practical importance to reliably
describe of the NS equations. Driven by the immense spectrum of applications, many
different numerical methods have been proposed for solving the NS equations.
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In the smooth setting, i.e., for smooth solutions and regular initial data, the
numerical approximation of the NS equations is nowadays in large parts well un-
derstood, and sharp rigorous global error estimates could be established; see, e.g.,
[11, 15, 18, 25, 26, 33, 34]. The optimal-order error estimates generally use the vis-
cosity term to control the nonlinear term and therefore contain a viscosity-dependent
constant ¢(1~1) in the error bound in addition to certain Sobolev norms of the exact
solution. Note that in case of large viscosity p ~ 1 the solution of NS is regularized
such that nonsmooth initial data is not a big problem numerically. In particular, the
rigorous error analysis of semi- and full discretizations of the NS equations with H'!
initial data can be found in [12] and [9, 10, 20], respectively. This, however, drastically
changes in the case of small viscosity p < 1, where no smoothing can be expected and
classical viscosity-dependent c(u~1) error bounds explode. Although there are explicit
Runge-Kutta methods for which the stability region includes part of the imaginary
axis, which would be stable in the case ;¢ — 0 under the stepsize condition 7 = o(h),
such methods typically require a much stronger CFL condition 7 = o(h?) when pu
is not close to zero. Error estimates of the numerical methods for the NS equations
without using the viscosity term to bound the nonlinear term (therefore robust for
all range of p) could recently be established for smooth solutions; see, for example,
in [1, 3, 36]. The analysis in these articles shows that the classical finite difference
methods in time, such as the semi-implicit Euler method

M + Up—1- vun - ,UAu'rL + Vpn =0 in 97
(1.2) T
Vo, =0 in 0

and the backward differentiation formulae, typically requires the solution to satisfy
u € L>=(0,T; H2(2)?%) and dyu € L2(0,T; L?(2)?) for first-order convergence in time
and space (when the error constants do not depend on the viscosity), where d denotes
the dimension of space. The condition dyu € L%(0,T; L*(Q)?) actually requires u €
L%(0,T; H*(Q)9) for the solution of the NS equations, as one time derivative of the
solution is related to two spatial derivatives of the solution. As a result, the classical
finite difference methods in time require

uwe H*0,T; L2(Q)%) N L2(0, T; H*(Q)?) — L*°(0,T; H*(Q)%)

for first-order convergence in time and space. The analysis in the current paper
further shows that the classical exponential integrators for the NS equations, such as
the exponential Euler method,

tn
(1.3) Up = €Ay, —/ e(t’"_s)”APX(un,l -Vup—1)ds for n>1,

tn—1

where A = PxA denotes the Stokes operator (with Px being the projection onto
the divergence-free subspace), would also require u € L (0, T'; H3(Q)4) for first-order
convergence in time (if we require the error bound to be independent of the viscosity).
The objective of this article is to develop a new low-regularity integrator for NS
which allows for first-order convergence in time and space under a weaker regularity
condition u € L>(0,T; W2+¢(Q)4), where € can be arbitrarily small. In particular,
we present a stabilization technique by utilizing the nonlinear convection term in
the NS equations and establish global error estimates independent of p allowing for
low-regularity approximations also in regimes of small viscosity p < 1.
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Our new scheme also greatly extends previous works on low-regularity integrators
which mainly focus on semidiscretizations in time [30] and nonlinear dispersive equa-
tions, e.g., Schrodinger, Dirac, and Korteweg and de Vries [6, 13, 27, 28, 29, 32, 38, 39].
In this work we approach the the NS equations and for the first time couple the idea of
low-regularity time discretizations with a finite element based spatial discretization.
Note that fully discrete low-regularity integrators were so far restricted to pseudospec-
tral methods for the spatial discretization [22] which are not suitable for problems
posed on general bounded domains. The latter are, however, especially interesting
in the context of NS flow problems. The numerical experiments in this article show
that the proposed low-regularity integrator for the NS equations is much more accu-
rate than the classical semi-implicit Euler method in the viscous case p = O(1) and
more accurate and robust than the classical exponential integrator in the inviscid case
1 — 0. Therefore, the proposed method combines the advantages of the semi-implicit
Euler method and classical exponential integrator in both viscous and inviscid cases.

The rest of this article is organized as follows: in section 2 we construct a low-
regularity integrator for the NS equations through analyzing and improving both the
consistency and the stability of the classical exponential FEuler method. We first pres-
ent the construction of the method in the context of periodic boundary conditions and
then extend it to the widely used no-slip boundary conditions in NS flow problems.
The energy-decay property and and error estimates of the proposed low-regularity
integrator are proved for semidiscretization in time. In section 3 we extend the low-
regularity integrator to full discretization with a stabilized finite element method
in space and present error estimates for the fully discrete low-regularity integrator.
Numerical examples are presented in section 4 to compare the performance of the pro-
posed low-regularity integrator with the performance of both the semi-implicit Euler
method and the exponential Euler method. Conclusions and remarks are presented
in section 5.

2. The low-regularity integrator and its basic properties. In this sec-
tion, we present the construction of the low-regularity integrator by analyzing the
dependence of the consistency errors on the regularity of the solution. The construc-
tion is presented first for the NS equations under the periodic boundary condition in
subsection 2.1 and then extended to the no-slip boundary condition in subsection 2.2.

2.1. Construction of the time-stepping method. In this subsection, we
focus on the NS equations on the d-dimensional torus Q = [0, 1] (under the periodic
boundary condition). Through integration by parts it is straightforward to verify the
following property of the divergence-free subspace:

H:={vel*(Q)?*:V-v=0}.

If v e H and g € H', then
(v,Vgq) =0.

Let Px : LQ(Q)d — H be the L2-orthogonal projection onto the divergence-free
subspace X = H. By using the above orthogonality, it is straightforward to verify
that

(2.1) Pxf=f-Vq,
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where ¢ is the solution (up to a constant) of the following PDE problem (under
periodic boundary conditions):

Agq=V"-f.
Let A = PxA : H2 — H. Then the NS equations can be written as finding
u e C([0,T); H*) N C([0,T7]; L?) to the following problem:
(2.2) Owu+ Px(u-Vu) — pAu=0  for ¢t € (0,7,
) u(0) = up.

From the definition of A and identity (2.1), it is easy to see that for f € H?(Q)?
(23) Apr = PxAP)(f = Pfo - PXqu = Pfo (Since van = O)

Moreover, if f € H?> = {v € H?*(Q)% : V-v = 0}, then Af € H, and therefore
PxAf = Af. As a result, the following identity holds:
(2.4) Af =Af for fe H?

Let 0 =ty < t; < --- <ty = T be a partition of the time interval [0, 7] with
stepsize 7,, = t, —tn,_1. According to the variation of constants formula, the solution
of (2.2) satisfies the following identity:

tn
(25)  u(ty) = e Au(t, ) — / cn=mAP (u(s) - Vu(s))ds for n > 1.

th—1

The classical exponential integrator (for example, the exponential Euler method) ap-
proximates u(s) by u(t,—1) in (2.5). Since

S

(2.6) u(s) = u(tn—1) + u/s Au(o)do — Px (u(o) - Vu(o))do,

th—1 tn—1

substituting this identity into (2.5) yields that

tn
(2.7) u(ty) = e Au(t,_1) — / e =AP (u(ty 1) - Vu(t,_1))ds + R,

tn—1
where the remainder R, is given by

R, =— / ' etn=s)nd py [u(s) - Vu(s) — u(tn-1) - Vu(ta—1)]ds

tnfl

= — / " e(tr,ﬁs)uAPX [(U(s) —u(tp—1)) 'VU(S)}ds

tn—1
tn

- / el =AY Tu(t,—1) - V(u(s) — ultn—1))]ds.
tn—1

By using the expression of u(s) — u(t,—1) in (2.6), one can obtain the following esti-
mate:

[Rnllz S mullu(s) — utn—1)|lLe0,7;02) VUl Lo (0,7;05)
+ Tollull oo (0, 175000) [V (u(8) — u(tn—1))llLo(0,7;22)
S IUTTQLHUHL”(O,T;H?) l|wll Los 0,110y + TTZLHU V|| Lo 0,1;12) |l Lo (0,701
+ prplull oo 0, 75200 1l oo 0, 7513y + Tallwll Loo 0,75 100) 1t - V]| poc 0,710

(2.8)  Surpllull e o,y llull Lo 0,151y + T llullFoe (0,112 10l Los 0,719 -
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This requires u € L (0, T; H3) in order to have first-order convergence in time (with
second-order local truncation error).

In contrast, the idea behind the low-regularity integrator recently developed in [30]
lies in iterating the variation of constants formula (2.5), i.e., approximating u(s) by
els=tn-1)rAy (¢, 1) in (2.5) and utilizing the relation

(2.9) u(s) = elstn-1mAy (L, 1) — / etn=HA Py (u(o) - Vu(o))do

tn—1

We then rewrite the corresponding temporal integral by

/n etn=MAD (u(s) - Vu(s))ds

tn—1

tﬂ,
(2.10) = / eltn=A Py (els=tntndy (1) VelsTtn-0rAy (1 ))ds + R, 1.

tn—1

Compared with the formula (2.6) used in the classical exponential integrator, the
relation (2.9) does not contain the term Au. As a result, the remainder R,, ;1 in (2.10)
satisfies the following improved estimate:

(2.11)

[Rnallre S Ts””H%OO(O,T;LOO)Hu”L“ 0,7;H2) +7'nHU||L°<> 0,T;L%° ||U||Loo(0TW1 4y

which does not contain the H? norms of u that appear in (2.8).
By substituting (2.10) into (2.5), we obtain

u(tn) = eT"“Au(tn,l)

tn
- / e(tnfs)“APX(e(sft"*l)"Au(tn_l) . Ve(sft"*l)“‘qu(tn_l))ds —Rna
th—1

n—

tn
(2.12) = e™Hu(t,_1) — / g(s)ds — Ry, 1,
tn—1

n—

where
g(s) = et =MAPy[u(s) - Vu(s)] with wv(s) = eyt ).

Then we consider a Taylor series of the function g(s) at s = ¢,,. Since (2.3) and (2.4)
imply that APx f = PxAf = APx f, by using this relation with f = v(s) - Vo(s) (in
the second equality below) we have
g'(s) = el uAPx [u(s) - Vo(s)]
+ el APy [uAu(s) - Vo(s) +u(s) - VuAu(s)]
— —peltnmIA P Au(s) - Vu(s)

et AP Ao(s) - Vo) + o(s) - V()
— —peltn=MAPy () - VAU(s) + Av(s) - To(s) + 3,050(s) - VO50()]
+ peltn=IrA Py Ay v(s) +v(s) - VAu(s)]

(s)-V
(2.13) = —peln AP ST 050(s) - VIju(s)].
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Since g(s) = g(tn) — f;" g'(0)do and

1 1 1
9" ()2 < plVo(0)||Lal|VP0(0)l|lLs  when PRt
9 1 d d
W P — W% when 1=—-——- and 1 <p<q< 0,
p q
. b1 1 1 _d_d_2d_d :
bychoosmgl§p§q<oosatlsfy1ng];—i—gfg andlfg—af?—gweobtaln
(2.14) g ()12 < wllv(@) 2
with
2d 12
———=— if d=3,
(2.15) p=< 1+d/2 5
2+e€ if d=2,

where € > 0 can be arbitrarily small. Therefore, the following result holds:
lg(s) — g(tn)llze S MTnHUH%w(o,T;WM) < MTNHUH%W(O,T;W?«P)'
In view of this estimate, we can rewrite (2.12) as

t’Vl
(2.16) u(ty) = e u(t, 1) — / g(tn)ds — Rp1 — Ry 2,

tn—1

with a new remainder R, o which has the following bound:

(2.17) [ Rz

L2 S IU’TT%HUH%OO(O,T;WQ’p)'
Inserting the expression of ¢(t,) into (2.16), we have
(2.18) wu(ty) zeT"I‘Au(tn_l) — 7 Px [eT"“Au(tn_l) . VeT””Au(tn_l)] —Rp1— R

Dropping the remainders R,,; and R, 2 in (2.18) would yield a fully explicit
scheme

(2.19) Uy = €Ay, — 1, Px [eT”“Aun_l . VeT"“Aun_l].

However, in the stability estimate the gradient on the right-hand side should be
bounded by the smoothing property of the semigroup e™*4, and this would yield
a stability estimate which depends on p~!. This would not be suitable for solving the
NS equations when the viscosity p is small.

In order to construct a low-regularity integrator which is stable for small u, we
further approximate Ve™#4u(t,_1) by Vu(t,) and rewrite (2.18) into

(2.20)
’U,(tn) = BT"'LLAU(tn_l) — 1, Px [eT"“Au(tn_l) . Vu(tn)] — le — ng — Pan,g,

with
Rn,3 :TneTnuAu(tnfl) : v[eTnMAu(tnfl) - u(tn)}

tn
=7 Aty 1) - V/ e(tn=)A Py (u(s) - Vu(s))ds (here (2.5) is used)
tn—1
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tn
=Tale™ A u(t, 1)]; / eltn=3BA Py (u(s) - VOju(s))ds

tn—1

(2.21)
t’ﬂ
+Tn[€T7LMAu(tn71)]j'/ elin ™A Py (9ju(s) - Vu(s))ds,

tn—1

where we have used (2.5) in deriving the second to last inequality. The new remainder
has the following bound:

[R5

L2 STpll€ ™ Ulln—1)||Lee [|U][Loe(0,T;L°) [|U||Loo(0,T;H?2)

2 STalle™ A ultn_1)| Lo |lul [l
+ralle™ Aultn-1)l| L= [l o 0,751

(2.22) STallulZoe 0,752

Hence, the remainders in (2.20) are bounded by O(7?2) in the L? norm, i.e.,

2
L2 ST'ru

(2.23) [1Rnallz2 + | Bn2llL2 + [ Rn.s

which only requires u € L>(0,T; W2P), where p is defined in (2.15).
By dropping the remainders R, 1, Ry 2, and PxR, 3 in (2.20), we obtain the
following semi-implicit exponential method for the NS equations:

(2.24) Uy + Tn Px [eT"“Aun_l -Vuy] = e M Ay, .

2.2. Extension to the no-slip boundary condition. If ) is a bounded do-
main in R? and the NS equations are considered under the no-slip boundary condition,
i.e.,, u = 0 on 02, then the definition of H should be replaced by

H={vel?’*:V-v=0, v-v=0 on §0Q},
where v denotes the unit outward normal vector on the boundary €. The L2
orthogonal projection Py : L?(Q)? — H is given by
(2.25) Pxf=f-Vq

where ¢ is the solution (up to a constant) of the following elliptic boundary value
problem:

Vq-v=f- v

Let H?> = {v € (H} x H*)?: V-v =0} and A = PxA : H> — H. Then the
NS equations can be written as (2.2). Since PxVq = 0 for ¢ € H'(Q)?, applying
A = PxA to (2.25) yields

(2.26) APxf = PxAf for fe (H} x H*)?,

which is the same as (2.3). But (2.4) should be replaced by

(2.27) Av = PxAv=Av—Vr for ve H?

where

(2.28) { Ar =V - Av,
Vr-v=Av-v.
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In a bounded Lipschitz domain it is known that the solution of (2.28) satisfies the
basic WP estimate for some sufficiently small number €, > 0 (see [16, Theorem 2]):

(2.29) Irllwie S |lvllwer for 2 <p < 3+e,.

The change from (2.4) to (2.27) causes the change of analysis in the local trun-
cation errors in (2.13), i.e

g'(s) = == AUAPK [u(s) - Vo (s)]
T et APy [1Au(s) - Vu(s) + v(s) - Vadu(s)]
— el AP Alu(s) - V()
+ peltn=MAPL[(Av(s) — Vi) - Vu(s) 4+ v(s) - V(Au(s) — Vr)]
= —peltn— S)“APX[ (s) - VAv(s) + Au(s) - Vo(s) + 3_;05v(s) - Vo,v(s)]
+ peltn=HAP [ Au(s) - Vo(s) +v(s) - VAu(s)]
— nel = AP [0;70;0(s) + v;(5)9; V7]
= —peln AP S 050(s) - VOju(s)]
(2.30) — peltn=HA P00 (s) + v(5); V7],
where some additional terms involving V?r appear, compared with (2.13). Since
|[V2r||L2 is equivalent to ||v||zs, the additional term involving V27 is not desired.
Fortunately, the projection operator Px in the last term of (2.30) cancels this bad
term, i.e.,
(2.30) = —peltn=IHA Py [Zjﬁjv(s) - Voju(s)]
— peltn=RA P9 - Dju(s) — Vu,(5);7]
(2.31) — peltn=SRA P (v)(s) - 9;1)].
Since PxVq = 0 Vg € H*(), it follows that the last term of (2.31) is zero. This
implies that
g (s) = —peltn=oInApy [Zjajv(s) - Vo,v(s)]
(2.32) — peltn=AP Qi - Dju(s) — Vu,(s)d;r].

If2§p§q<oo,%+%:%,andp<3+e*,then

9" ()22 S ullVo(s) Lo (IV2o(s)lLe + V7] Le)
< ul|Vo(s)||La||V2u(s)||Le  (here (2.29) is used).

Since

WP — Wh? when 1=

hSERSE
ISHRSH

and 1 <p<gq < oo,

bychoosing2§p§q<oosatisfying]%Jr%:%andlzgfg:%df%weobtain

(2.33) lg'(5)llze < pllv(s) [y
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with 12
— if d=3,

p=4q 5
24¢ if d=2,

where € > 0 can be arbitrarily small. Indeed, this choice of p satisfies the condition
p < 3+¢, required in (2.29). Since the estimate (2.33) we obtained here is the same as
(2.14), the rest of the analysis would be the same as the periodic boundary condition
and therefore omitted. In the end, we would obtain (2.20) under the no-slip boundary
condition, with remainders R,, 1, R, 2, and R,, 3 satisfying the same estimates as those
under periodic boundary conditions. By dropping the remainders we would obtain
the same semi-implicit exponential method (2.24).

2.3. The energy-decay property. The proposed semi-implicit exponential
low-regularity integrator in (2.24) preserves the energy-decay structure of the NS
equations. This can be seen by testing (2.24) with u,,. Then we have

(2.34) ||un||2L2 + Tn(eT"”Aun_l - Vtp, uy) = (eT"“Aun_l, Up).

T WA

Since e Un—1 is divergence-free (the same as u,_1), it follows from integration by

parts that
1 1
(eTnMAunfl : Vun; u”) - <6T1LMAU7L13 V2|un|2) T (V : (eTnMAunfl)’ 2|un|2) = O

As a result, (2.34) reduces to

lunllZe = (€™ Aun—1,un) < €™ un|rz|lunllzz < lfun—illzz[lunllzz,
which implies that
(2.35) [unllz2 <llun—llL2-

On the one hand, the energy-decay structure of the semi-implicit exponential low-
regularity integrator guarantees the energy boundedness of the numerical solution
without requiring any regularity of the solution and initial data. On the other hand,
this energy-decay structure also plays an important role in guaranteeing the conver-
gence of numerical solutions when the solution has sufficient regularity, as reflected
by the error analysis below.

2.4. Error estimates.

THEOREM 2.1. Consider the NS equations either in a torus Q = [0,1]¢ with the
periodic boundary condition or in a bounded domain Q0 under the Dirichlet bound-
ary condition, and assume that the solution of the NS equations has the following
reqularity:

(2.36) u € C([0,T]; L2(Q)4) N L= (0, T; WhH(Q)%) N L (0, T; WP (Q)%),

where p is given by (2.15). Then the numerical solution by the semi-implicit exponen-
tial method (2.24) has the following error bound:

<
(2.37) | Dax, lenllr: S 7
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Proof. If the solution has regularity (2.36) for some p > d, then p is bigger than the
value defined in (2.15), and therefore the regularity required in section 2 is satisfied.
Let e, = u, — u(t,) be the error function. The difference between (2.24) and
(2.20) yields the following error equation:
en + T Px [eT””Aun,l -Ve,] = e™HAe, 1 — 1, Px [eT"“Aen,l - Vu(t,)]

(2.38) + Ro1 + Rns + PxRy.
Testing (2.38) by e, and using the consistency error estimates in (2.23), we obtain

eTnMAenfly en) - (TneTnMAenfl : vu(tn)y en) + (Rn,l + Rn,2 + PXRn,?n en)

—~

||en||%2 =

1
< llenalliz + Slleallz: + Cral Vulta)lle lenllzzllenllzz + Crillenl|Ls

=N

1
< llenalliz + lleallz: + Crallen-ille + Crallenlzz + Cry.

The second and fourth terms on the right-hand side can be absorbed by the left-hand
side. Therefore, we have

(1- CTn)”enH%2 <(1+ C'rn)”en—lHQL? + Oy
For sufficiently small stepsize 7,, we can apply Gronwall’s inequality. This yields

2 < 2
(ax llenflze S 7

This proves the desired error bound in Theorem 2.1. ]

3. Extension to full discretization. In this section, we show that the pro-
posed semi-implicit exponential method in (2.24) can be extended to full discretiza-
tion, for example, with finite element methods or spectral methods in space. Since
the error analyses of these two class of full discretizations are similar, we present the
error analyses only for the finite element method in this article.

3.1. A finite element method with postprocessing. In this subsection, we
extend the low-regularity integrator to full discretization by using a finite element
method with postprocessing at every time level. For simplicity we focus on the peri-
odic boundary condition.

We consider a conforming finite element subspace X, x M), C H*(Q)¢ x L?(Q)
with the following two properties:

(1) the inf-sup condition:

||qhHL2 S sup
vrex, NVl
w0
(2) approximation properties:

inf (|l = o™ z2 + hllv — " || g1) < BF|jv]| g for v e HE(Q)? and1 < k < 2,
vheXy,

inf |l — ¢z < BF||gl g for g € H*(Q) and0 < k < 1.
qheMy

Examples of such finite element spaces include the Taylor-Hood P*¥-P¥~1 spaces (for
k > 2) and the minielement P*-P! space; see [2, 4, 5].
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We define the discrete divergence-free subspace of Xj by
X, ={"e Xy, (V0" ¢") =0V € My}
and then define the discrete Stokes operator Ay, : X5 — Xa by
(Apw”, o) = —(Vuwh, Vol) V' o e X,

We define Up, to be the H(div,Q)-conforming Raviart-Thomas finite element
spaces of order 1, i.e.,

Uy, = {w € H(div,Q) : w|x € P,(K)* + xP,(K) for every triangle K}
and define the divergence-free subspace of U;, by
(3.1) Uy, = {vp, €U : Vv =0in Q}.
Let Py, - L2(Q)? — Uy, be the L?-orthogonal projection, defined by
(3.2) (v— Py v,wp) =0 Yw, €U, Yo € L*(Q)7
If v € H?(Q)? is a divergence-free vector field, then the following approximation result
holds (see [21, inequality (3.4)]):
(3.3) lv = Py, vllz2 < CR?|[v] =

Note that the weak formulation of the time-stepping method in (2.24) can be
written as

(3.4)
(tp,v) + (TneT""Aun_l -V, v) + (pn, V- v) = (eT"“Aun_l,v) Vo e Hl(Q)d,

(3.5)
(V- up,q) =0 Vqe L*(Q),

where p,, is the function satisfying

Tn WA

n WA
T Px [6 Up—1 * vun] = Tpe™ " up_q - Vuy, — Vpy,.

By using the discrete Stokes operator A, and the projection operator Py introduced
in this section, we consider the following fully discrete finite element method for (3.4)—
(3.5): Find (u,pl) € X, x M}, such that the following equations hold:

3.6)
Z,vh)-l-Tn([PUheT"”Athfl] SVl oMY (ph, Vo) = (e Al oMy Vol € X,
3.7)

V-ul, ¢ =0 Ve My,

u

(
(
(
(

The presence of the postprocessing projection Py, is necessary for obtaining er-
ror estimates, as well as preserving the energy-decay structure. In particular, since
TPy, et Ayl is divergence-free (due to the projection Py, ), it follows that

n—

Tn([PUheT"“Ath_l] - Vul uh) =0.

n? n
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As a result, choosing (v, ¢") = (ul, p") in (3.6)-(3.7) yields

(3.8)  lunllZe = (€™ 4 rup_y,up) < fle™ 4 un_y |z lunllze < llun_y llellugl e,
which implies the following energy-decay inequality:

(3.9) g llzz < llug |z

THEOREM 3.1. Consider the NS equations either in a torus Q = [0,1]¢ (with
periodic boundary condition), and assume that the solution of the NS problem (1.1)
has the following regularity:

(3.10) u e C([0,T]; L2(Q)4) N L= (0, T; WH(Q)%) N L (0, T; WP (Q)?),

where p is given by (2.15). Then, under mesh size restriction h < Tmin (the smallest
stepsize), the numerical solution given by the fully discrete method (3.6)—(3.7) has the
following error bound:

<
(3.11)  ax, gy — u(tn)llz2 S T

Proof. By requiring the test function v to be in the discrete divergence-free
subspace Xp,, the weak formulation (3.6)-(3.7) can be equivalently written as the
following: Find u" € X}, such that

(3.12)  (ul,v )-I-Tn(P [eT””Ahu 0 Vul ohy = (emrAngh oMy Yol € X,
The exact solution satisfies similar equations, i.e.,

(Py, u(ty), v") + 7 (Py, [e™ " Py u(tn_1)] - VPyg u(ty),v")
= (e™#4" Py u(tn_1),0") = (Rn1 + Rn2 + Px Ry, 0")

(3.13) ~ (B + Ena + En3,0") Vol e X,
where

(3.14) E,1=1, [eT"“Au(tn,l) Py eT””A"P u( n— 1)] Vu(ty),

(3.15) Eno =7,Ppy [ Py u(t n—l)] V(u(tn) — Py, u(tn)),

(3.16) En3= e HAR thu(tn,l) — PX}LeT"“Au(tn,l).

By using the triangle inequality we can decompose F, ; into two parts, i.e.,

(3.17)
| Enallre <7l [ET"”AU(tnfl) - PU,LGT”“A (tn-1)] - Vu(t ||L2
+ T”HPUh [eT”“Au(tn,l) — eT"”AhPXhu(t )] Vu(t HL2
(3.18) STl F Uty 1)l 2 (| Vu(tn) |Loe + h® [ w(tn—1) || g2 | Vultn) | os

where the first term on the right-hand side of (3.17) is estimated by using (3.3) and
the second term is estimated by using the standard L? error estimates of semidiscrete
finite element method for a linear parabolic equation with initial value u(t,,—1); see [35,
Theorem 3.1] (for the time-dependent Stokes equations the error estimation is the
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same). The standard approximation property of the L? projection operator Py,
implies that

(3.19) |Enz2llre S TnhHu||2Loo(0,T;H2)-

Again, the standard L? error estimates of semidiscrete finite element methods for
linear parabolic equations with initial value u(t,—1) in [35, Theorem 3.1] implies that

(3.20) 1Bnsllze S B?u(tn-1)llm=-
The three estimates above can be summarized as
(3.21) 1Bnillz2 + | Engllze + | Bnslice S mah + 2.
Let e = ul — P, u(tn). Then the difference between (3.12) and (3.13) yields the
following error equation:
(3.22)
(el o) + TPy, [eT"“Athfl] Vel M) + 7 ( Py, [eT"“A’lezfl] -V Py ulty), o)
= (e Aneh M) — (Rny1 + Rpa + Px Rys,v")
— (Bp1 4 Eng+ En3,0") Vo' e X,

By choosing v" = e" in (3.22) and using the property (thanks to the projection Py,

n

onto the divergence-free space Uh)

(Py, [eT i Ayl ). Vel ey =0,

n? n
we obtain
€82 + (P, [ Areh ] - VP ulta)seh)
(3.23)

= (e ey el) = (Rna+ Ruo+ PxRus.el) — (Eny + Eno+ Eng,el).

The right-hand side of the above inequality can be estimated by using the consistency
error estimates in (2.23) and (3.21). This yields

ler)2. + T (Py, [emmtAneh ] V Py, u(tn), e

1 1
< Sllen—ilizz + llenllze + Cra(rn + hllenllzz + Ch? lenl 2

-2

< Sleh il ST ek 3 + Clra(s + %) + B ]
(3.24) < %||€Z—1H%2 + ! —;Tn lel|2. +Cr2  when h <7,
The second term on the left-hand side of the above inequality can be estimated by
(3.25) 7 (P, [e™ 4 el 1] - VP, ultn),en)] S Tallen iz llen e

By combining the two inequalities above, we obtain

(3.26) (L= r)[et22 < (14 Cr)lleh_y |22 + O3 when h S 7,

Then, iterating the inequality forn = 1,2,..., N, we obtain the following error bound:
(3.27) | ax el )2, < 72 when h < Tin.

This completes the proof of Theorem 3.1. O

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 05/24/24 to 81.10.192.186 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

2286 BUYANG LI, SHU MA, AND KATHARINA SCHRATZ

3.2. A spectral collocation method. In this subsection, we show that the
proposed semi-implicit low-regularity exponential integrator can also be combined
with some spectral methods which can be performed with less computational cost
by using the Fast Fourier transform (FFT). For illustration, we present a Fourier
collocation method in the two-dimensional torus. The three-dimensional case can
be treated similarly by using the eigenfunctions expansion of the Stokes operator;
see [37, Theorem 2.11] or [31, section 7].

It is known that the eigenfunctions of the Stokes operator A = Px A on the torus
Q) = [—m, 7] x [-m, 7| are the constant vector fields

B 1 _ 0
¢o1 = 0 and  ¢g2 = L

; k
op = ktet* T ke 72 :=7°\{(0,0)}, where k= ( 2) )

and the vector fields

K

with eigenvalues —k? for k € Z3. Let Xy, = span{do1, ¢oa} ® span{¢y : |k| < M}. If
the numerical solution at time level t = ¢,,_1 is known to be

M
Uy 1 = Un_1,1001 + Un_1,2¢02 + E Un—1,60k € X,
kI M

then we seek a numerical solution at ¢t = t,, i.e.,

M
Uy, = Up,1P01 + Un,2P02 + E Un kPr € X,
|k|I<M

satisfying the following equation:

(3.28) uf\f + 7 Px,, [eT"“Auf\L/I_l . Vuﬁ/[] :eT""Aufy_l.

where Pyx,, : L? — X is the L2?-orthogonal projection.
The Fourier spectral method in (3.28) can be computed by the FFT. In fact,
direct calculation yields

A, M — T pk? 1 ik-x
M un | = Un—1,1001 + Un—1,2¢02 + E e T U1 ke,

k|<M
M . . .1 g
Vu,' = E Uy ] ® j €77,
l71<M
and therefore
Tn WA, M M ; 1 _im-x
e uy -V, = E (Un—1,1001 + Un—1,2002)iUn,mMm @ M€
[m|<M

D 2 . . ] .
+ § : 2 ie Tn pk Unfl,k(kl 'j)un,jjj_ezmw
|m|<2M k+j=m

=: g Ve,

|m|<2M
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This is a product of two 2M-term Fourier series, and therefore the coefficients v,
|m| < 2M, can be computed by FFT with the computational cost of O(M In M); see
the appendix. Its projection onto X, is given by

ml & ml im-x

A, M My _
PX}VI[e B unil-Vun]— Z Um~W6 ,

|m|<M

which is equivalent to cutting the length of a vector and then multiplying the vector
by a diagonal matrix, and therefore can be computed with O(M) operations.

Overall, the matrix-vector product on the left-hand side of (3.28) can be computed
by FFT with computational cost of O(M In M). Under the condition 7,, = O(h), the
condition number of the coefficient matrix in (3.28) is O(1). In this case, we can
solve the linear system of (3.28) by using GMRES, which converges well when the
condition number of the matrix is O(1). The errors of the numerical solutions given
by this method (versus CPU time) are shown in the numerical experiments in the
next section.

4. Numerical experiments. In this section, we present numerical tests to sup-
port the theoretical analysis and to illustrate the advantages of the proposed method
in comparison with the semi-implicit Euler method and classical exponential integra-
tor (i.e., the exponential Euler method).

We solve the NS equations in the two-dimensional torus [0, 1] x [0,1] under the
periodic boundary condition by the proposed exponential low-regularity integrator

(LRI), with initial value

u’ = (u(l)($>y)’ug($7y))’

where

ul(z,y) = mmsin™ (rzx) sin™ ! (my) cos(my),

uy(z,y) = —mmsin™ ! (rz) sin™ (my) cos(mzx).

By choosing m = 2.6, the initial value satisfies u® € H?**¢(Q)? for 0 < e < 0.1.
Therefore, the initial value satisfies the conditions in Theorem 3.1. The algorithm
in [24] is used to evaluate the exponential operators in the low-regularity integrator
and exponential Euler method.

We present the time discretization errors ||u§\7) - u%/2)||L2(Q) of the numerical
solutions at time 7' = 1/8 in Figure 1 for u = 0.5,1072 and 10~%. The NaN in the
case = 10™% indicates that the numerical solution of the exponential Euler method
blows up due to instability. From the numerical results in Figure 1 we see that
the proposed exponential LRI has first-order convergence in time, as proved in this
article. Moreover, the proposed exponential LRI is about 1000 times more accurate
than the semi-implicit Euler method when p = O(1) (similarly to the exponential
Euler method in this case) and is more stable than the exponential Euler method
when p — 0 (similarly to the semi-implicit Euler method in this case). Either the
exponential Euler method or the semi-implicit Euler method only works well in one
of the two cases u = O(1) and g — 1, while the proposed exponential LRI works well
for both cases, as well as the intermediate case p = 1072.

The spatial discretization errors by the finite element method is presented in Fig-
ure 2, where we see that the spatial discretization has second-order convergence, which
is better than the result proved in Theorem 3.1. The rigorous proof of second-order
convergence in space is still challenging for this newly proposed method. Moreover,
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F1G. 1. Time discretization errors versus stepsizes, with H? initial data (m = 2.6).
n=05 u=10"2 p=10"*
—+— Exponential LRI
NaE:‘, B ,NJ;”‘—_"\‘ - © - Semi-implicit Buler
v — [ - Exponential Euler
102 102 -
E £ M@ e Order =2 2 \
R Order =2 e = 10° :
0 e 10
"""""""" —+— Exponential LRI —+— Exponential LRI
~© - Semi-implicit Euler - -Semi-implicit Euler
— [ - Exponential Euler — [ - Exponential Euler 10
102 10! 102 10! 102 107!
h h h

F1c. 2. Finite element spatial discretization errors versus stepsizes, with H? initial data (m =
2.6).

the proposed exponential LRI is as stable as the semi-implicit Euler method, unlike
the exponential Euler method which blows up in the case y — 0.

We present the time discretization errors versus CPU time in Figure 3 for the
initial value u® = (uf(z,y),uJ(x,)) in the domain [—m, 7] x [~7, 7] up to time 7' = 1,
where

u(a,y) = 5 cos™ (/2) cos™ ! (y/2) sin(y/2),

uy(z,y) = % cos™ (x/2) cos™ (y/2) sin(x/2).

The Fourier collocation method is used for the spatial discretization under the CFL
condition 7 = 2/M, which is used to guarantee the fast convergence of the GMRES
solver for the linear systems. We see that the proposed exponential LRI is about 1000
times more accurate than the semi-implicit Euler method in the case 1 = O(1) when
using the same CPU time (similarly to the exponential Euler method in this case)
and is more stable than the exponential Euler method when g — 0 (similarly to the
semi-implicit Euler method in this case). Again, either the exponential Euler method
or the semi-implicit Euler method only works well in one of the two cases p = O(1)
and p — 1, while the proposed Exponential LRI works well for both cases as well as
the intermediate case p = 1072,

The time discretization errors for H', H?, and H? initial data with Fourier col-
location method in space are presented in Figures 4-6 for the three cases u = 1,
p = 1072, and p = 1074, respectively. The spatial discretization is performed by
the Fourier collocation method with FFT, with a sufficiently large M so that the
spatial discretization errors is negligibly small in observing the temporal discretiza-
tion errors. From Figures 4-6 we see that the regularity of the initial data does not
affect the first-order convergence of the time discretizations. However, the theoretical
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Fic. 3. Time discretization errors versus CPU time, with the fast Fourier collocation method
in space.
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Fic. 6. Time discretization errors with p = 0.0001.

analysis of first-order convergence for all range of 1 with initial data below H? is still
challenging. In this paper, we have set a first step toward weakening the regularity
condition of the NS equations for first-order convergence and improving the accuracy
of classical methods in both viscous and inviscid cases, as well as the intermediate
case.
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5. Conclusions. In this paper we set a first step toward weakening the regu-
larity condition of the NS equations for first-order convergence and improving the
accuracy of classical methods in both viscous and inviscid cases. We have proposed a
semi-implicit fully discrete low-regularity integrator for the NS equations under both
periodic and Dirichlet boundary condition. This is the first time a low-regularity
integrator is coupled with a finite element method in space. The proposed method
can be shown to have first-order convergence under weaker regularity conditions than
the semi-implicit Euler method and classical exponential integrators. Under periodic
boundary conditions, the numerical results show that the proposed method combines
the advantages of the semi-implicit Euler method and classical exponential integrator
in both viscous and inviscid cases. In particular, the proposed method is as good as
the classical exponential Euler method (much more accurate than the semi-implicit
Euler method) in the viscous case y = O(1) when diffusion dominates and more ro-
bust than the classical exponential Euler method in the inviscid case ;¢ — 0 when
convection dominates.

In the practical computation, whether diffusion dominates not only depends on
the size of p but also depends on other factors, such as the size and shape of the
domain and the largeness of the velocity. It is also possible that convection domi-
nates in one region, but diffusion dominates in another region. One advantage of the
proposed method, in addition to its theoretical value which weakens the regularity
condition for first-order convergence, is that one does not need to distinguish whether
diffusion dominates or not and whether the solution is sufficiently smooth as required
by the classical exponential integrator. In either case, u = O(1) or u << 1, the pro-
posed method is automatically as good as the better method between the classical
exponential integrator and the semi-implicit Euler method.

The semi-implicit exponential low-regularity integrator constructed in this pa-
per is more expensive than typical popular projection methods (for example, see
[8, 33, 34]), as it requires the computation of an exponential of the Stokes operator.
The development of low-regularity integrators which have a similar feature of the pro-
jection methods is interesting and challenging. The construction of a low-regularity
integrator which allows low-regularity approximations and simultaneously resolves
the boundary layer effect under the Dirichlet boundary condition in the inviscid case
© — 0 is an interesting and challenging future research direction.

Appendix. FFT. For any positive integer N, we denote by Ion the (4N + 1)-
point trigonometric interpolation operator, which can be obtained through the discrete
Fourier transform

2N 2N
. ~ ~ 1 .
_ ikx : _ —ikx,
(A1) Lyf@)= > e™fi with fo= e 3> e f(an),
k=—2N n=—2N
where
2mn

Tn for n =—-2N,... 2N.

T AN +1

If the Fourier coefficient fk of the function f satisfies that fk =0 for |k| > 2N, then
Iy f = f, and therefore fi = fi in the formula (A.1). In this case, both

2N

(A.2) flan)= > e*nfi, n=-2N,... 2N,
k=—2N
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and
. 1 2N .
=81 > ek f(x,) k=-2N,... 2N,
n=—2N

can be computed with cost O(N In N) by using the FFT.

Let Sy be the subspace of functions f € L2([0,2x]) such that f = 0 for |k| > N.
If w,v € Sy and their Fourier coefficients wy and vy, k = —2N,...,2N, are stored
in the computer (with W, = 0, = 0 for N < |k| < 2N), then the values w(x,) and
v(zy), n = —2N,...,2N, can be computed exactly by using (A.2) and FFT. Since

(wv), = 0 for |k| > 2N, it follows that wv = Loy (wv). If we denote by Fi[v] the kth
Fourier coefficient of the function v, then

2N
1 .
Fiwv] = E e~ *ny(x,)v(x,), k=—2N,...,2N,

4N +1 Ny

which can also be computed exactly by using FFT.
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