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Abstract This paper analyzes the stability and convergence of the Fourier pseudospectral
method coupled with a variety of specially designed time-stepping methods of up to fourth
order, for the numerical solution of a three dimensional viscous Burgers’ equation. There
are three main features to this work. The first is a lemma which provides for an L? and H'!
bound on a nonlinear term of polynomial type, despite the presence of aliasing error. The
second feature of this work is the development of stable time-stepping methods of up to
fourth order for use with pseudospectral approximations of the three dimensional viscous
Burgers’ equation. Finally, the main result in this work is that the pseudospectral method
coupled with the carefully designed time-discretizations is stable provided only that the
time-step and spatial grid-size are bounded by two constants over a finite time. It is notable
that this stability condition does not impose a restriction on the time-step that is dependent
on the spatial grid size, a fact that is especially useful for three dimensional simulations.

Keywords 3-D viscous Burgers’ equation - Fully discrete pseudospectral scheme -
Aliasing error - Stability and convergence - A priori assumption - Multi-step schemes
1 Introduction

In this paper we consider the stability and convergence of the fully discrete approximation
of the three-dimensional viscous Burgers’ equation with periodic boundary conditions,

ou+u-Vu=vAu, (1)
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where u = (u, v, w)T is the velocity field in the x, y, and z directions, and v > 0 is the vis-
cosity. On the partial differential equation (PDE) level, we know that the maximum principle
(in time) is preserved for u, and a global in time smooth solution was proven in [25]. An
alternate approach avoids the use of maximum principles; instead, the anti-symmetrization
form of the nonlinear term is used to establish the well-posedness for (1) for all time. See
the related discussions in [43] and numerical works [13, 15], etc.

In this work, we discretize the spatial terms using a Fourier collocation (pseudospectral)
method, and the time-derivative using a variety of suitably chosen semi-implicit multistep
methods. The notable result in this paper is that the stability analysis is performed on the
collocation case, which is more difficult due to the presence of aliasing errors, and for the
fully discrete case.

Spectral and pseudospectral methods were first studied in the 1970s, and are still an-
alyzed today. There is a wide and varied literature on the spectral schemes. For linear
time-dependent problems, the stability analysis typically relies on eigenvalue estimates
[14, 24, 33]. For nonlinear problems, the theoretical foundation was laid in the pioneering
works of Maday and Quarteroni [29-31] for steady-state spectral solutions. In the 1980s and
1990s there was significant growth in the field of spectral and pseudospectral methods for
time-dependent nonlinear PDEs. In particular, we note the analysis of one-dimensional con-
servation laws by Tadmor and collaborators [9, 21, 28, 32, 39-42], semi-discrete viscous
Burgers’ equation and Navier-Stokes equations by E [44, 45], and the Galerkin spectral
method for Navier-Stokes equations led by Guo [16, 17, 20, 21] and Shen [12, 18], among
others.

However, the aforementioned theoretical developments in spectral and pseudospectral
approximations to nonlinear time-dependent PDEs only considered the spatial approxima-
tion with the time variable kept continuous. Very few works have analyzed a fully discrete
(discrete both in space and time) pseudospectral method applied to nonlinear problems.
Among the existing ones, it is worth mentioning Bressan and Quarteroni’s work [5] on the
one-dimensional viscous Burgers’ equation with a Cheyshev collocation differentiation in
space. Their work relies on the 1-D structure of the solution and required a time step con-
straint of the form Ar < Ch%/? (with At the time-step, & the spatial grid size, and d the
dimension) to ensure numerical stability. In that work, the authors remark that such a con-
straint is acceptable for a 1-D problem. However, it becomes a serious numerical challenge
for multi-dimensional (especially for 3-D, d = 3) problems.

A careful analysis shows that such a time step constraint comes from an application of
the inverse inequality to bound the L™ norm of the numerical solution in terms of the L?
norm: || flleo < Ch~%?| f|l2, for the numerical error function. It is well-known that an L*
bound of the numerical solution is crucial in the establishment of stability and convergence
for a fully discrete scheme applied to nonlinear PDEs. In fact, a time step constraint of
this type is usually required when the inverse inequality is used in the nonlinear analysis.
Some examples of this can be seen in the works [1, 11] for KDV type equations (with a
constraint At < Ch?) and [19] for a Galerkin spectral method for Navier-Stokes equations
(with At < Ch?/?).

In this work we provide a novel stability and convergence analysis for the Fourier col-
location (pseudospectral) method, coupled with a number of carefully tailored time dis-
cretizations for the three dimensional viscous Burgers’ equation. We design stable time-
discretizations of up to fourth order which are specially tailored for stability when coupled
with the pseudospectral method. For this nonlinear problem, we adopt an explicit multi-step
Adams-Bashforth approach for the convection term and an implicit Adams-Moulton method
for the diffusion term. This approach has the advantage of handling the nonlinear terms in
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an inexpensive way, while providing the stability associated with implicit methods. How-
ever, a naive approach to the time-discretization of the diffusion term (particularly in the
third and fourth order cases) yields an unstable method. For this reason, we first determine
necessary conditions on the coefficients of the Adams-Moulton method for stability. Using
these conditions we then derive methods of up to fourth order which are stable when cou-
pled with the pseudospectral method. For each time-discretization, we prove that when the
equation is solved by the pseudospectral method up to some fixed final time 7*, the method
is consistent, stable and convergent (to design order) in the H? norm. In addition, the max-
imum norm bound of the numerical solution is automatically obtained, because of the H?
error estimate and the corresponding Sobolev embedding in 3-D. We thus avoid the use of
the inverse inequality in our stability analysis and, as a result, do not require any scaling law
between the time step At and the space grid size /. Instead, the numerical stability is always
preserved provided that At and h are bounded by two corresponding given constants over a
finite time.

This paper is organized as follows. In Sect. 2 we give a general description of Fourier
spectral and pseudospectral differentiation and provide a detailed analysis to bound the col-
location interpolation in H* norms. The first order (in time) semi-implicit scheme is pre-
sented and analyzed in Sect. 3. The second, third and fourth order schemes are studied in
Sects. 4 and 5, respectively. Finally, some concluding remarks are made in Sect. 6.

2 A Gentle Introduction to Fourier Spectral and Pseudospectral Methods

The Fourier series of a function f(x, y, z) € L?>(£2) with £ = (0, 1)? is defined by

[oe]
f(x y Z) — Z j‘; m n€27ri(lx+my+nz)

l,m,n=—00

with
frmn =/ fx,y, z)e G gy dydz.
o

In turn, the truncated series is the projection onto the space BY of trigonometric polynomials
in x, y, and z of degree up to N, given by

N
PNf(xv ) Z) = Z fl,m,nezmaijm)MrnZ)-
l,m,n=—N

If f(x,y,2) and all its derivatives up to m-th order are continuous and periodic with
| f®| < M, then the truncated series converges

| fx,y.2) =Py fx, v, 2)| <CMN™,

in which || - || denotes the L? norm.

The L? projection operator is one approach to a Fourier series approximation. However,
sometimes we want an approximation which matches the function at a given set of points.
For this purpose, an interpolation operator Zy is introduced. Given a uniform 3-D numerical
grid with (2N + 1) points in each dimension and a discrete vector function f, where each
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point is denoted by (x;, y;, zx) and the corresponding function value is given by f; j «, the
interpolation of the function is

N
(ZN f)(xa Yy, Z) = Z (fCN)l.m.nezﬂ’i(lirmyJﬁnz)’ (2)

l,m,n=—N

where the (2N + 1)? pseudospectral coefficients ( fCN )i.m.n are given by the interpolation
condition f; jx = (Zy f)(xi, yj,zx). Sometimes we are also interested in the relationship
between a continuous function and its interpolation. We want to look at the continuous func-
tion that results from evaluating the coefficients by collocation. Given a function f(x, y, z),
we compute its collocation coefficients ( ﬁ.){\,’m,n based on the 2N + 1 equidistant points
in each dimension. In turn, the function Zy f(x, y, z) is defined to be the continuous ex-
pansion based on these coefficients, given by (2). Similary, the interpolation condition
f i,y z) = @y f)(xi, yj, 2i) is satisfied for a continuous function f. See the relevant
references [4, 7, 8, 22]. These collocation coefficients can be efficiently computed using
the fast Fourier transform (FFT). Note that the pseudospectral coefficients depend on the
number of points: increasing N gives a completely different set of coefficients. Also, the
pseudospectral coefficients are not equal to the actual Fourier coefficients; the difference
between them is known as the aliasing error. In general, Py f(x, y,2) # Zy f(x, y, 2), and
even Py f(x;, ¥, 2x) # Iy f (xi, ¥;, 2k), except of course in the case that f € BY.

The Fourier series and the formulas for its projection and interpolation allow us to easily
take derivatives in the x, y, or z direction by simply multiplying the appropriate Fourier
coefficients ( fCN )i.m.n Y 2l7i, 2mmi, or 2nmi, respectively. Furthermore, we can take sub-
sequent derivatives in the same way, so that differentiation in physical space is accomplished
via multiplication in Fourier space. As long as f and all is derivatives (up to m-th order)
are continuous and periodic on 2, the convergence of the derivatives of the projection and
interpolation is given by

[0* f(x,y.2) — Py fx,y, | < || F™ N, forO<k<m,

d 3)
[0"f@x, v, 2 =" Ty f e,y D < WFUlum N*T", - for O <k <m, m > =

Also see the related discussion of approximation theory [6] by Canuto and Quarteroni.
Recall that the collocation coefficients ( fCN )i.m.n differ from the actual Fourier coeffi-
cients ﬁ_m,,. Due to this difference, interpolation of the derivative is no longer equal to
the derivative of the interpolation.

These properties of the Fourier projection and interpolation form the basis of the Fourier
spectral and pseudospectral methods. The Fourier spectral method for (1) relies on the pro-
jection operator Py: the method is defined by the requirement that the projection of the
residual onto the space BY will be zero. This requirement produces a system of ordinary
differential equations which are then approximated numerically. This approach is known as
the Galerkin approach. An alternative to the Galerkin spectral approach is the pseudospectral
(or collocation) approach. The Fourier pseudospectral method for (1) relies on the interpo-
lation operator Zy: the method is defined by the requirement that the interpolation of the
residual onto the uniform grid will be zero. Once again, this requirement produces a system
of ordinary differential equations which are then integrated numerically.

The major advantage of the collocation method is that it easier to implement, and very
efficient due to the fast Fourier transform. The ease of implementation comes from the fact
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that the collocation approach is point-wise, which avoids many difficulties when evaluating
three dimensional nonlinear terms. On the other hand, the Galerkin spectral method is much
easier to analyze, because it does not suffer from aliasing errors. Many works detailing the
stability and convergence analysis of spectral methods exist, such as [9, 12, 16, 19, 27, 34,
35, 37, 39, 41, 43, 45, 46]. In this work, we focus on the analysis of the Fourier collocation
(or pseudospectral) method applied to (1). Despite the aliasing errors that appear in the
collocation method, we are able to establish its stability and convergence properties for a
fixed final time.

2.1 Discrete Differentiation

Given a collocation approximation to the function f(x, y, z) at the points x;, y;, zx described
above,

N

F&inyiz) =Infije= Z (J?CN),_m_nez”wx"+my"+"z"), 4

l,m,n=—N

we can define the discrete differentiation operators Dy, Dy,, and Dy, operating on the
vector of grid values f= f(x;, y;, zx). In practice, one may compute the collocation coeffi-
cients ( ff\’) 1.m.» Via FFT, and then multiply them by the correct values (given by 2xil, 2mim,
2min in the x, y and z directions, respectively) and perform the inverse FFT. Alternatively,
we can view the differentiation operators Dy, Dy,, Dy, as matrices, and the above process
can be seen as a matrix-vector multiplication. Once again, we note that the derivative of the
interpolation is not the interpolation of the derivative: DyZy f % ZnDn f -

The same process is performed for the second derivatives 8“3, ayz, 83, where this time the
collocation coefficients are multiplied by (—4721%), (—47w2m?) and (—4m2n?), respectively.
Alternatively, the differentiation matrix can be applied twice, i.e. the vector f is multiplied
by D% for the x-derivative, and so on. In turn, we define the discrete Laplacian, gradient
and divergence

Anf= (D, + Dy, + Dy ).

Dy f f
Vyf = DNyf s Vy - g :DNxf+DN)'g+DNZhv
Dy.f h

in the point-wise sense.
2.2 Norms and Inner Products

Since the pseudospectral differentiation is taken at a point-wise level, we need to introduce
a discrete L? norm and inner product to facilitate the analysis in later sections. Given any
periodic grid functions f and g (over the 3-D numerical grid), we note that these are simply
vectors and define the discrete L? inner product and norm

1 3 2N
Ifl =/, with (£, g) =< ) > ik o)
2N +1 Ryl
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This discrete L? inner product can be computed in Fourier space rather than in physical
space, with the help of Parseval’s equality:

N S
N oN N
Z fl l,m,n gt Imn_ Z lmn(fl )Imn

where ( f V.m.ns (g )1.m.n are the Fourier collocation coefficients of the grid functions f and
g in the expansion as in (4).

Furthermore, a detailed calculation shows that the following formulas of integration by
parts are also valid at the discrete level:

81 g1
<f, Vv | & > =— <Vva 3} > (£, Ayg) = —(Vnf, Vyg). (6)
23 3

2.3 A Preliminary Estimate in Fourier Collocation Space

In this section we state a lemma which will be helpful later in bounding the aliasing error for
the nonlinear term. Consider a function ¢(x, y, z) which is in the space B*N . Tts collocation
coefficients ﬁ{f’mﬂ are computed based on the 2N + 1 equidistant points in each dimension.
In turn, Zy ¢ (x, y, z) is given by the continuous expansion based on these coefficients:

N

INgo(x, ¥, Z) — Z Ifj\l}t/m’neZni(lirmernz)'
I,m,n=—N

Note that, because ¢ (x, y, z) € B2, the collocation coefficients ﬁ,’f’mm are not typically equal
to the Fourier coefficients ¢; .., 0 Zy@(x, v, z) # Pye(x, y, 2).

The following lemma will enable us to obtain an H™ bound of the interpolation of the
nonlinear term.

Lemma 1 For any ¢ € B> in dimension d, we have
IZvellax < (V2) @l - ©)

Proof For simplicity we start from the one dimensional case d = 1. We can write the Fourier
expansion of ¢ € BN

2N
px) =Y ¢,

I=-2N

and its interpolation and the corresponding collocation coefficients are given by

&+ Groner, if —N<I<-1,
Ine(x) = Z pN eI with p¥ = 1 ¢, if1=0
I==N o1+ @ron—1, f1<I<N;

also see [38] for relevant discussions. Similarly, the Fourier expansions of the k-th order
derivative of ¢ and Zy¢ are

Fo(x) = Z Qmil)k@e? i, P Iyo(x) = Z @ril)* p¥ e,
I=—2N =
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Parseval’s equality yields the L2 and H* norms of ¢ and Zy¢:

2N 2N
lelZa= Y 1a kel = Y @m)*ig P, ®)
[=—2N kj=—2N
N 2 2 N 2
IZvelz = DM o Tvel. = Y @i | N[ ©)
I=—N I=—N

We can bound the collocation coefficients by
BN " = 161 + Groan P < 20160 + 1@raani ). if — N <1< -1,
|131N|2 =@+ @r-on|* < 2(|§51|2 + | @r—an—1 |2), if1<I<N,
so that
IZvell;. <2lel;.,

which is exactly Estimate (7) with k = 0.

A more detailed calculation reveals that for —N </ < —1
2 « «
’ = QIm)*1@; + Grron1l’
<2QIm)*(1¢11* + @rean+117)

Qim)*|pY

A~ 2k A
<2(QIm)*|gi1* + (20 +2N + D7) " |@rson1l),
since || +2N +1|>l|, for — N <l <—1, (10)

and similarly, for 1 </ <N

AN |2 N 2k
AT < 2(@im)* g + (20 —2N)7) " |gr—an]?),
since || —2N|>|l|, forl1<I<N. (11

Qlm)*

Consequently, a combination of (10)—(11) and (8)—(9) results in

N 2N
Sam*[pi =2 Y @m® el e |0 Zve];. <2]0te] .-
I=—N 1=—2N

Putting this all together

k k N
v 2 = > [0¢Zvelr. = > > @iy
q=0 q=01=—N
k 2N k )
<Y 2> @Ml =2 [0e].. =2lel}
q=0 [=-2N q=0

This completes the proof of (7) for d = 1, for any integer k > 0. The extension to higher
dimensions is straightforward, and the technical details are skipped for brevity of presenta-
tion. ]
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Remark 1 An estimate for the k = 0 case was reported in E’s work [44, 45], with the constant
given by 3¢. This lemma sharpens the constant to ﬁd.

Remark 2 'We observe that a similar approximation theory result for spectral expansions and
interpolations in Sobolev spaces was reported by Canuto and Quarteroni [6],

lp = Zn@llgx < CN“"lgllun, Vo€ H"(L2),

with 0 <k <m and m > %; this result is also equivalent to the spectral approximation

estimate (3). As a direct consequence, taking k = m results in the same estimate as the
above lemma for k =m > % = % (for 3-D, d = 3). However, due to the additional regularity
requirement for interpolation operator analysis, the above estimate does not cover the case
of k =0 or k = 1, which we require for the L?> and H' bound of the nonlinear expansion
in our analysis. This H' control, corresponding to k = 1 in the above lemma, cannot be
covered by the general approximation theory presented by [6], nor, to our knowledge, was

it explored in any published work.

3 First Order (in Time) Scheme

The first scheme we consider for Eq. (1), is a first-order in time method which treats the
nonlinear convection term explicitly for the sake of numerical convenience, and the diffusion
term implicitly to avoid a severe time-step restriction:

un+l —u"

X +u" - Vyu" =vAyu"t, (12)

where, for example, the first component of the nonlinear convection is
u" - Vyu" =u"Dyyu" + V" Dyyu" +w" Dy u".

Note that the numerical solution u of (12) is a vector function evaluated at discrete grid
points. Before the convergence statement of the scheme, we introduce its continuous exten-
sion in space, defined by uk, , = uk;, in which u, € B, Vk, is the continuous version of
the discrete grid function ¥, with the interpolation formula given by (4).

Our stability and convergence analysis will bound the error between this spatially con-
tinuous version of the numerical solution and the exact solution. To bound this function we
will be looking at the || - [ljc0(g, 7+, 2 and | - ||;2(o, 7+, g3, nOrms. For a semi-discrete function
w (continuous in space and discrete in time), we define the first of these norms by

— k N, = T
||w||l°°(0,T*;H2)_ngg)l(vk”w ”Hza vl

i.e., we create a discrete time-dependent function by taking the H? norm of the numerical

approximation in space for each time step #*, and then take the maximum of this function
over all time steps 0 < k < Ny. For the second norm, we perform a similar operation,

lwlli2o,7%u3) =

Ni
Ay Jut s
k=0
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Theorem 1 For any final time T* > 0, assume the exact solution u, to the 3-D viscous
Burgers’ equation (1) has a regularity of H*(0, T*; H"*3) with m > 2. Denote u,,, as
the continuous (in space) extension of the fully discrete numerical solution given by scheme
(12). As At, h — 0, we have the following convergence result:

lwarn — wellioo 112y + VY Uarn — Uell 2o 1413y < C(Af + "), (13)
provided that the time step At and the space grid size h are bounded by given constants
At <Li(T*,v),  h=<Ly(T*v).

Note that the convergence constant in (13) also depend on the exact solution, as well as T*
and v.

The convergence analysis follows a combination of consistency analysis for the colloca-
tion scheme (12) and a stability analysis for the numerical error function. In the consistency
analysis presented in Sect. 3.1, instead of a direct comparison between the numerical solu-
tion and the exact solution, we construct an approximate solution by projecting the exact
solution onto BY. The consistency analysis shows that such an approximate solution satis-
fies the numerical scheme up to an O (At) accuracy in time and a spectral accuracy in space.
In the stability and convergence analysis presented in Sect. 3.2, we first make an H? a-priori
assumption for the numerical error function, which overcomes the difficulty in obtaining an
L®° bound for the numerical solution, with an application of 3-D Sobolev embedding. Based
on this a-priori assumption, a detailed error estimate can be performed in both L? and H?
norms, with the help of Lemma 1 to bound the aliasing errors associated with the nonlinear
terms. Afterward, the H? a-priori assumption is recovered at the next time step, due to the
error bound in the H? norm, so that induction (in time) can be applied.

This approach avoids an application of the inverse inequality. As a result, an uncondi-
tional numerical stability (time step vs. spatial grid size) is obtained, and no scaling law is
required between At and &, as compared with the classical references [1, 5, 11, 19], among
others.

3.1 Consistency Analysis

Let
Uy(x,t) =Pyu.(x,t). (14)

The following approximation estimate is clear from our discussion from Sect. 2:
IUn —ucllzoo,r a7y < Ch™ ||l L0, 7% gmtry, forr >0.
As a result, an application of Sobolev embedding in 3-D gives
IUN —vellLe@) < ClIUN —uellgz < Ch™uell oo, 7+, ym+2),  at any fixed time.  (15)
Looking at the time derivative of the projection operator, we observe that

o u O u.(x,1)
MUN(LI):WPNW(LI):PNT; (16)
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in other words, 3*U y is the truncation of d*u, for any k > 0, since projection and differenti-
ation commute. This in turn implies a spectrally accurate approximation of the correspond-
ing temporal derivative:

|of Uy —ue)|,, < Ch™||ofu.|| for0 <k <2. (17)

Hm?

The bounds on the projection error and its derivatives, namely (15) and (17), indicate that

Uy +Uy-VUy —vAUy =0u, +u,-Vu, —vAu,+ t, = 14,
with ||z, ]|;2 < Ch™, (18)

in which Holder’s inequality was utilized to estimate the nonlinear term and the last step is
based on the fact that u, is the exact solution. This shows that if the solution u, satisfies the
original viscous Burgers’ equation exactly, then its projection Uy will satisfy the PDE up
to spectral accuracy.

Now consider the time discrete version of the equation. The temporal grid is discretized
using equidistant points " = nAt. We denote U, (x) = Pyu,(x, t"). Recall the U}, € BY,
so that it is equal to its interpolation, and its derivatives can be computed exactly by the
collocation differentiation operators Vy and Ay .

Moreover, for the approximate solution U, we define its vector grid function U" as its
interpolation: U} k= U% (xi, yj, zx). A detailed error estimate indicates that

U"-vyu"=U%-vU~, AU = AURH,  at(, j, k), since U =ZyU",
(19)

AU’IL\,+1 = AU};/ + 1121’ Wlth ||T2||12(0’T*;L2) S CAIHUN”HI(O,T*;HZ) f CAt, (20)

where Lf, denotes the discrete L? norm given by (5). For the temporal discretization term,
we start from the following estimate

n+1 n
UN - UN

U a0 £ 0. with [0 e = CANUNO

0,7%)°

at a point-wise level (in space), in which the derivation is based on an integral form of
Taylor’s formula. Furthermore, by the observation (16), we arrive at

IT3lli20.7+ 1200y < CAL|UN| <CAt|du,

o2 = <CAr (22)

||L2(0,T*;L2(Q)) -
Consequently, a combination of (18) and (19), (20), (21), (22) implies the consistency of

the approximate solution U:

Un+1 —_py"
At
with T =Iy(vi + 12+ 13). Tl ez < C(At+h"), (23)

+ U". VNUn _ VANUn+1 :Tn’

with Iy the standard operator to project a continuous function onto the discrete grid point.
In other words, the projection of the exact solution satisfies the numerical scheme (12) up to
an O (At + h™) truncation error.
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In addition, we also observe that the H' norm of 7 is also bounded at the consistency
order, namely

||T||12(0,T*;Hh‘) = (24)

where 7¥, € BY is the continuous version of ¥. Such an estimate is derived based on higher
order asymptotic expansions. In fact, this discrete H' truncation error bound is needed in the
1°°(0, T*; H?) error estimate as presented in later sections; such a bound is derived based
on H' analysis of 71, T, and 73. The details are skipped for simplicity of presentation.

3.2 Stability and Convergence Analysis
The point-wise numerical error grid function is given by

€= Ulje = Ui je (25)
The difference between scheme (12) and the consistency (23) gives

en+1 —e"
n n n n n+1 n
A +e" - VyU"4+u"-Vye" =vAye" " + 1". (26)

To facilitate the presentation below, we denote u’, € BY and ey € BY, as the continuous
version of the numerical solution u" and e”, respectively, with the interpolation formula
given by (4).

The constructed approximate solution has a W bound

WU lxorsweey <C7 e [UR ] < €[ VU 1o = €7 [V (VU)o < €7,
27)
for any n > 0, which comes from the regularity of the constructed solution.
3.2.1 An A-priori H? Assumption
We assume a-priori that the numerical error function has an H? bound at time step "
len],. <1, withel =Zye", (28)
so that the L* bound for the numerical solution at " can be obtained as
[k e =105 = €ill o < [U3 o + b ] = €7+ 1= Co (29)

] = a1 = Clu] e = CCoe= G,
3.2.2 Leading Order Error Estimate: In [*°(0, T*; LY NI, T*; HY) Norm

Lemma 2 Under the a-priori assumption (28), the numerical error function for the first
order scheme (12) satisfies

n+1
||en+1 ||2 + |vAr ZH VNek Hi <M, (At +hm). (30)
k=1
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Proof Taking a discrete L? inner product of (26) with 2¢"*! yields
<en+l _ en7 28n+|> _ 2\)At<ANen+1, en+|>
=—2At{e" - VyU", e"") = 2At{u" - Vye", &)+ 2A1{r", ") 31)

The time marching term and the truncation error term can be handled in a straightforward
way:

2

<en+l _en72en+l>: ||en+l ”2 _ ”enui_i_ ||en+l —e" ’

(32)
2fer, o) < e 2+ e (3

in which a discrete Cauchy inequality was utilized. A discrete version of the integration by
parts formula (6) can be applied to analyze the diffusion term:

_2<ANei'L+17 en+1) — 2<vNei’l+17 VNen+l> — 2||VNen+l Hi. (34)

For the numerical error of the nonlinear convection, we see that the first term can be
handled by the Cauchy inequality, with the W' bound of the approximate solution given
by (27):

—2e"- v e ) <2Vl - flet ], e,
<2ctfer], e, <ct e+ ctlet S 6

Similar analysis can be applied to the second nonlinear error term:

—2(u" - Vye' e ) = 2wt - [Ver], - e,
- C?
<2Ci|Vxe' |, et |, < v vne [+ Sl 5 G6)

in which the L* a-priori bound (29) was used in the second step.
As a result, a substitution of (32), (33), (34), (35) and (36) into (31) gives

ot 2 = e 3+ et = e 2+ e e
~2
<varl w5+ (S et 1 )arfer [ carle |+ arfer

Summing in time gives

n+l

n
et 3+ D e+ — 3+ vary [ one ]
k=0 k=1

n+1 n

<CarY [+ arY e+ var| Va2 4+ c
k=0 k=0

n+1 n
<Gty e+ ary <" |3 + cr?r,
k=0 k=0
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~ ~2
with C, = % +2C* + 1. Note that we used the fact ||e° ||H}} < Ch™, due to the collocation
spectral approximation of the initial data. An application of the discrete Gronwall inequality

leads to (30), with M, = C ¢2C2T* . Also note that the truncation error estimate (23) was

used. This in turn gives the /*°(0, T*; L?») NI?(0, T*; H") error estimate for the numerical

3
345

scheme, under the a-priori H2"° assumption (28). ]

It is observed that the L? convergence (30) is based on the a-priori H? assumption (28)
for the numerical solution. We need an H? error estimate to recover this assumption.

3.2.3 Higher Order Error Estimate: In [*°(0, T*; H> N2, T*; H*) Norm
Taking a discrete L? inner product of (26) with 2A% e"*! yields
2<en+1 _ en’ A?Ven+l> _ 2vAt(ANe"+1, A?Venﬁ—l)
=2At(—(e" - VNU", Aje"™) — (u" - Vye', Aye"™) + (7", Aye™™).  (37)

The time marching term, truncation error term and the diffusion term can be analyzed as

2

Aot — et ajer)= |ave™ [, — [ ave' |3+ |an(e! )]

(38)
2t", Aye ) = —2(VyT", VyAye' ) < %H i+ é—llv”VNANe”“ I 39
—2(Aye"t! AL e ) = 2VyAye™t! VyAye™ ) = 2| Vy Aye | (40)

Lemma 3 Under the a-priori assumption (28), we have the following estimates for the
nonlinear error terms

1 96(C*)?
2l vy, M) = v Vxave ™ 4 2 (e ok e ). @n
~2
ol Ve, Ak ) < 2o [y ane 24 S aye | “2)

Proof We start with an application of summation by parts to the first term:
—2(e" - VyU", Ay e" ™) =2(Vy(e" - VyU"), Vy Aye't). (43)

The remaining work is focused on the nonlinear expansion of Vy (e - VyU™"). For simplicity
of presentation, we only look at the first row Vy(e”" - VyU"); the two other rows, Vy(e”" -
Vy V™ and Vy(e" - VyW"), can be handled in the same way. Recall that €%, € BY is the
continuous version of the discrete grid error function e”, as in (4). It is obvious that

Vue" - Ta0") |, = [V @ (e - VU2 =2V2|9 (e - VU)o ()

I,

The first step is based on the fact that e”, VyU" and €Y, VU}, have the same interpolation
values. Lemma 1 was applied in the second step, due to the fact that e}, - VU, € B*N . The
advantage of this inequality is that the right hand side norm is measured in continuous space.
Subsequently, a detailed Sobolev space expansion and applications of Holder’s inequality
show that

[V(ek - VU)o = [VUR - Ve + ey - V(VUR) 12
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<[VUy - Ver .. + flen - V(VUR) 2
< [VOM - [Ver ]z + ek iz - [V (VU]

= C([veyla+ lenl o) = ([Vuel, +le"],).
with the regularity fact (27) applied in the last step. Its combination with (44) yields

[Va(e" - Vnum) [, =220 ([ Vxe], + [le],).

I,
which in turn also gives

[Vx(e" - vnU") |, <2v6C (| Ve |, + [],)-
Going back to (43), we get (41), the estimate for the first nonlinear convection error term:

2" - VnU", AL ) < 4v6C ([ Ve, + e ],) - [Vwave ]

o[onaner |+ BET

1 7
=3V (I7ve"ll3 + le"]3)-

The analysis of the other nonlinear convection error term also starts from the summation
by parts:
—2u" - Vye", Aye" ) =2(Vy(u" - Vye"), VyAye' ). (45)

Similarly, Lemma 1 has to be utilized to deal with the nonlinear expansion of Vy (u" - Vye")
in collocation Fourier space. The detailed estimates are given below.

[V Ixe") |, = [V(@v (- Ver))| 2 =292 V(@) - VeR) | o,

B

[V(uy - Vey)|l,. = | Vey ® Vuy +uy - V(Vely) ||L2

I
< [vey @ Vui . + [l - v(VeR) ] ,»
< [Vuklis - [Venls + il - [V(VeR)] 2

< CC\| ady ] = [ Ave'],

Note that the a-priori assumption (28)—(29), combined with the following 3-D Sobolev em-
bedding and elliptic regularity were used in the last step:

[Varl s =Cluyl,; =cC [Veyl s =Claey] .,

luy] e =Cio [V(Vey) ],z = Claey] ..
This in turn shows that
[V (u" - Vve')|, < 2v2|V(uy - Vey) | o < CCif| Ane .

Going back to (45), we arrive at (42), the second part of Lemma 3:
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—2(u" - Vye', Aye"!') < CC|Ane" |, - |[VnaAve" |,
1 ce?
< Sovaave 2+ S ayer -
A substitution of (38)—(40) and Lemma 3 into (37) indicates that

[axe 2= [ave |2+ [an(e™ e[+ Svar| Vyaye |2

4
CCIAt L2 48(CH2Ar ., . 4At .
< = Jae' [+ == (|vne" |5 + [e"[3) + == Vx5,
~2 %2 2
e B (AT B

in which the leading L? convergence (30) for the numerical scheme, combined with the
elliptic regularity: | Vye" ||, < C3||Aye" ||, was used in the derivation. In turn, applying the
discrete Gronwall inequality and using the H' consistency (24) lead to

n 3 n+1
||ANen+1 “; + Z“AN(e/H»I _ ek)Hi + ZVAtZ||VNANek ”z
k=0 k=1

2
- C(48(C*) C3+CM1)665T*

: (A1 +1")* < M2 (A + A7),

- C(C2+(C*)? )2 ¢ P T .
with Cs = & 'J;( g M; = CEB(CT)"Cs+CM)) ,CsT* Therefore, the H? error estimate for the

numerical scheme is obtained from the following elliptic regularity:

lei™ e = CUlen™ 12+ 126y 2)

< Cs(At+h™), Co=C(M;+ M>). (46)

As a direct consequence, the point-wise convergence of the numerical scheme is established
by an application of 3-D Sobolev embedding:
+1 +1
le ™l = Nl

=cley”

1 = < C(M, + My)(Ar +h™).

||H2 -

3.2.4 Recovery of the H?* A-priori Bound (28)

With the help of the H? error estimate (46), we see that the a-priori H? bound (28) is also
valid for the numerical error vector "*! at time step t"*! provided that

At < (C},)_l, h< (6‘6)_%, with 6'6 dependent on v and exp(T*).
This completes the L>(0, T*; H?) convergence analysis, and the proof of Theorem 1.

Remark 3 In addition to the standard L? convergence analysis based on the L™ a-priori
assumption for the numerical solution, an H?> error estimate is performed in this work.
Such an approach avoids an application of the inverse inequality for a discrete function
Fillflleo <ch™¥2|| fll2 (d is the dimension), which usually leads to a time step constraint
At < Chi/2,
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It is also noticed that, with an application of the inverse inequality, such a constraint
could be relaxed with either a higher order numerical accuracy in time or a higher order
asymptotic consistency analysis. This approach usually results in a more relaxed constraint:
At* < Ch9/2, in which k is the order of accuracy in time. See the related discussions in [5,
19], etc. However, a constraint betwdeen At and h would not vanish, unless an error estimate
in a Sobolev norm stronger than H 2 is obtained, as presented in this work.

Remark 4 In fact, the H? a-priori assumption (28) for the numerical error can be replaced
by an H 3+ assumption for any § > 0, due to the Sobolev embedding in 3-D.

4 Second Order (in Time) Scheme

To derive a second order scheme, we use a similar semi-implicit approach. As before, the
nonlinear term is updated explicitly. For the convection term we use a standard second or-
der Adams-Bashforth extrapolation formula, which involves the numerical solutions at time
node points ", t"~!, with well-known coefficients 3/2 and —1/2, respectively. The diffu-
sion term is treated implicitly, using a second order Adams-Moulton interpolation. However,
we do not use the standard second order formula, as this leads to difficulties in the stability
analysis. Instead, we look for an Adams-Moulton interpolation such that the diffusion term
is more focused on the time step "t1 ie., the coefficient at time step "t dominates the
sum of all other diffusion coefficients. We discovered that the Adams-Moulton interpolation
which involves the time node points t"*! and ¢"~' gives the corresponding coefficients as
3/4, 1/4, respectively, which satisfies the unconditional stability condition. Therefore, we
formulate the fully discrete scheme:

un+1 —u"

At +

u" - Vyu" — lu”’l SVyu"t=vAy Eu'“rl + lu”’1 47)
N 2 N 4 4 :

N W

Our main result, proven in the subsequent subsections, is as follows.

Theorem 2 For any final time T* > 0, assume the exact solution u, to the 3-D viscous
Burgers’ equation (1) has a regularity of H*>(0, T*; H"™3) with m > 2. Denote ua,, as the
continuous (in space) extension of the fully discrete numerical solution given by scheme (47).
As At, h — 0, we have the following convergence result:

s ars = telloo, 7+ 2 + NV Uaih = Uellp ) < C (A7 +h"), (48)
provided that the time step At and grid size h are bounded by given constants
At < L3(T*,v),  h=<L4(T* v).

Note that the convergence constants in (48) also depend on the exact solution, as well as T*
and v.

4.1 Consistency Analysis

Again, denote the approximate solution U y (x, t) as the projection of the exact solution onto
BY, given by (14), and set U?_,:k = U’} (xi, y;, zx) at a point-wise level. Note that (18) is also
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valid. In addition, we have the following truncation error estimates:

1
vy vy
At

with ||T2(')||,z(0’T*) < CAl‘2||UN(')||H3(o,T*) <CA??,

= QU n (- ") + 740,

3 1
SUN VU, - EU';v-1 VU '=Uy - VUy(-, ") + 74,

: 2 2 2
with [ 730l2¢0,7+,22) < CALNUn 29 7o g2y < CAL,

3 1
A(ZU"N“ + zU”~‘1> = AUN (- 1"12) + 7,

. 2 2
with [[T4ll20,7%,12) < CAFNU N | 20,75, 52y < CAL.

Therefore, the second order consistency of the approximate solution U is established:

v v 2 vy — Lo ovut Sy (o 4 Ly "
- — . — — . —V — - =T,
At 2 N 2 N Y\4 +
with T = Iy(z1 + T2+ T3+ 70). [Tl re2) < C(Ar* +h™). (49)

In other words, the approximate solution satisfies the numerical scheme (47) up to an
O(At* + ™) truncation error. In addition, the H' norm of 7 is also bounded at the consis-
tency order, namely

Il m)) < C(AF +A"). (50)
4.2 Stability and Convergence Analysis

Similar to the first order scheme, the numerical error function is defined by (25) in a point-
wise way; u'y and e/ represent the continuous version of the numerical solution #" and e”,
respectively. The difference between scheme (47) and the consistency (49) shows that

en+1 —e"

+
At

(en . VNUn +un . vNen) _ %(enfl . VNUnfl +un—l . vNen—l)

N W

=vAy §e"+‘+1e”*‘ + T (51)
4 4

4.2.1 Leading L? Error Estimate
Similarly, the constructed solution U satisfies the W regularity condition (27). To deal

with a multi-step method, the H? a-priori bound is assumed for the numerical error function
at all previous time steps:

levle =1, sothatfuy | = Co. ], = [uly]

with Co, C; given by (28)—(29).
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Lemma 4 Under the a-priori assumption (52), the numerical error function for the 2nd
order scheme (47) satisfies

n+1
||en+l||2+J EVAtZ”VNek“zSM_%(Af2+hm)- (53)
k=1

Proof Taking a discrete L? inner product of (51) with 2¢"*! yields
n+1]2 n |2 n+1 n||2 SR n+1
e 2 e |2+ o' — e[ var( vy (2ot 4 o) e

— At(e"’l X vNUnfl7 en+l)At(un71 3 VNenflyen+l>

— 3At(e” -VaU", e"+1) — 3At(u” -Vye", e"+1> + 2At<t”, e’”’l). (54)

The bound (33) for the truncation error term is also valid. The diffusion term can be analyzed
as follows.

<VN(; n+l+% 1>,VN6’”+1>:—||V n-%—l”2 <VNen 1 V en+l>

3 n 7‘[ n—

o L e Ll

5

R 9

Again, we remark that the key point of the stability analysis for the diffusion term is that the
coefficient at time step #"*! dominates the sum of all other diffusion coefficients. The four
nonlinear convection terms can be analyzed in a similar way as (35)—(36). The details are
skipped.

3l vy ety < 2 (e 4 e ), (56)
U e < 2o (e 2 e ), 67
—3(u" - Vye', ") < %v”we Is+ 9Té‘2||e”“||§, (58)
e e < bufver o+ e 59

Consequently, a substitution of (55), (56), (57), (58), (59) (combined with (33)) into (54)
gives

n n 5 n 1 n 1 n—
et = eI + Jvar| Ve 3 = var| Vxe' |5 = svad| Ve[

1
s( @ +1)Af!|e"+‘!!2+ SCatler ]+ e arler ! [+ e
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Summing in time gives

1 n+1 n+1
Jore [+ v ot |y = Grar 3] B aryle e+ cn,
k=0 k=0

~ ~2
with C; = @ +4C* + 1. An application of the discrete Gronwall inequality leads to (53),

by taking M3 = Ce%éﬂ*, with the truncation error estimate (49) used. This in turn gives
the 1°°(0, T*; L*) N {20, T*; H") error estimate for the second order (in time) numerical
scheme, under the a-priori H? assumption (52). O

Similar to the first order scheme, the (0, T*; L?) N 12(0, T*; H') error estimate is not
sufficient to recover the a-priori H? assumption (52). In the next subsection we will perform
an [°°(0, T*; H*) N1%(0, T*; H?) error estimate to accomplish it.

4.2.2 Error Estimate in [*(0, T*; H) NI%(0, T*; H*) Norm
Taking a discrete L? inner product of (51) with 2A3% e"*! yields

[ave I = [ ave" |5+ [an(e — e

3
+ vAt<VNAN<§

en+l + %en—l>’ VNANe11+l>
— At(<en71 . VNUnfl7 Aﬁven+l>+<un71 . VNenfl, A2 en+l>)
—3At((e" - VU", Ay e )+ (u" - Ve, Aje" ™)) + 241", AYe" ). (60)

The bound for the truncation error term is the same as (39). The diffusion term can be
analyzed similarly to (55):

3 1
<VNAN(§en+1 4 Een—1>’ VNANen+I>

_—||VA "+‘||2 (VNANe ,VyAye'™)

N e LYol

The four nonlinear convection terms can be handled in the same fashion as in the first or-
der scheme, with a help of nonlinear expansion in collocation spectral space. We have the
following estimates, analogous to (41), (42):

1 864(C*)?
~3{e - VnU", A4 ) = o[V ae ™ [} + S (Ve )+ ),
1 96(C*)?
[ v e = gl Ve [ S (1w o e )
—3<u” . Vye", AIZVerH—l) < % HVNA en+1” + —H Aye" :
n—1 2  n+l n+1 C‘l n—112
(O aGe ) = v Tuave ™ o S a2
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Going back to (60) results in

1 1
[ave ! |5 = [ane' |+ svar|Vnave ;- var|Vyave'|;

*
SC(C)At
Vv

CC At

([9ve" I3+ 1wer I3+ ez + e ']1)

2At

(lae' s+ ave"]3)

I3

< C(C1 +(CH At

(C(C*)2M22 + C)At
1% Vv

|ane' |+ (A% "),
with the help of the H'! consistency (50), the leading L? convergence (53) and the elliptic
regularity. Applying the discrete Gronwall inequality shows that

n+1

n+1 |2 . k+1 N k(|2
[ane [+ [ an(e ! =]+ ZvAka_;IIVNANe I,
CU(CM?+C) s ~
< CUC M, +©) jesr (A2 +h") < Co(Ar2 + R,
v
~ *\2 pg2 PR .
with Cg = MeCST . Therefore, the H? error estimate for the second order scheme
(47) is proven with an application of elliptic regularity:

lex™ . <C(lex |- + | Aey™] 2) < Co(A? + ™),  Co=C(Ms+ Cy).

Finally, the a-priori H? bound (52) for e"*! at time step t"*! can be assured, provided
that

A< (Co)2,  h<(Co)m.

This finishes the proof of Theorem 2.

5 Third and Fourth Order Multi-Step Schemes

Similar ideas can be applied to derive third and fourth order in time schemes for (1). The
nonlinear convection term is updated by an explicit Adams-Bashforth extrapolation formula,
with the time node points ", =1 . " %1 inyolved and an order of accuracy k. The diffu-
sion term is computed by an implicit Adams-Moulton interpolation with the given accuracy
order in time. To ensure unconditional numerical stability for a fixed time, we have to derive
an Adams-Moulton formula such that the coefficient at time step #"*! dominates the sum of
the other diffusion coefficients. In more detail, a k-th order (in time) scheme takes the form
of

un+l u ) k—1 B

T Z B u" vNun—l — VAN (DOuVH-l + Z Dj(i)ur‘l—](l) X (61)
i=0

in which B; |" ! are the standard Adams-Bashforth coefficients with extrapolation points

[ S L k*', Jj@)I}Z, are a set of (distinct) indices with j (i) > 0, and Dy, D;;)|'—,

@ Springer



122 J Sci Comput (2012) 53:102-128

correspond to the Adams-Moulton coefficients to achieve the k-th order accuracy. Moreover,
a necessary condition for unconditional numerical stability is given by

k—1
Dy > |Djwl. (62)
i=0

To derive an Adams-Moulton formula for the diffusion term, whose coefficients satisfy
the condition (62), we require a stretched stencil. In particular, for the third order scheme,
it can be shown that a stencil comprised of the node points #"*!, "~ and "3 is adequate.
The fully discrete scheme can be formulated as:

"M_”nJrz3 "V — S g St g
—— + —u"-Vyu" — -u""" - Vyu —u"""-Vyu
At 12 N 3 N 12 N
2 5 1
— VA = n+l n—1 __ n—3 . 63
Y N<3" Tt 2" (63)

For the fourth order scheme, we use an Adams-Moulton interpolation at node points #"*!,
=1, =% and ¢"~7 for the diffusion term. Combined with the Adams-Bashforth extrapola-
tion for the nonlinear convection term, the scheme is given by

ll”+1 —u" + 55 n \v4 n 59 n—1 \v4 n—1 4 37 n—2 \v4 n—2 3 n-3 \vJ n—3
—— 4+ —u" - Vyu" — —u""" - Vyu —u""" - Vyu""" — —u"  Vyu"
At 24 N 24 N 24 N 8 N
757 470 118 43
— VA n+1 n—1 __ n—>5 n—7 . 64
Y N<1152" BT R T R T T ©4)

Theorem 3 For any final time T* > 0, assume the exact solution u, to the 3-D viscous
Burgers’ equation (1) has a regularity of H*>(0, T*; H"™3) with m > 2. Denote ua,, as the
continuous (in space) extension of the fully discrete numerical solution given by the third
order scheme (63). As At, h — 0, we have the following convergence result:

3
lwarh — el .02 + VVIUALK — Well20. 113 < C (AP + ™),

provided that the time step At and the space grid size h are independently bounded by given
constants which depend only on T* and v.

Proof We look at the approximate solution U y (x, 1), given by (14), and denote U} ; , as the
numerical value of Uy at grid point (x;, y;, zx, t"). Again, (18) is satisfied. The following
truncation error estimates can be derived using a high order Taylor expansion in time:

i+l

vt -uy, =/ a,Un(, t)dt,

m

23 n n 4 n—1 n—1 5 n—2 n—2 1 o n
EUN'VUN_gUN -VUY +EUN -VUY :A_t Uy -VUy(, tdt + 175,
t’l
with [|T2ll20,7+,22) < CAf3||UN||i,3(O,T*;H3) <CAP,
A 2Un+] + 5 Un71 1 Un—} 1 /‘t"+l AU ( [)dt+ n
Z = - — =— = 74,
37N TN N At S N 3
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with [|T3ll20.7%.12) < <CAP WU N g30.7%:m2) < CA?L.

That in turn leads to the third order consistency of the approximate solution U:

U”+1 -u" + 23 Un \V4 Un 4Un71 \V4 Unfl + 5 Un72 \V/ Un72
At 12 N 3 N 12 N
2 5 1
_ \)AN <§U"+l + El]n—l _ EUn—3> — T”, (65)

with [|Tll2¢0,7+,12) < < C(Af* +h™). The H' bound of 7 can also be derived:
”7“12(0,7*;1.1,11) =< C(Af3 + hm)

Subsequently, with the numerical error function denoted by (25) (while e/, represents the
continuous version of e"), the difference between (63) and (65) gives

en+l —e" 23
—t

~ 12( V Un + u" VNen) _ g(en—l . VNUn—l +u11—1 . VNen—l)

+%(n2 VUn 2+un2 vNe 2)

2 5 1
n+1 n—1 n—3 n
(3 ]2e 1Ze >+T ' (58

Similar to the analysis of the second order scheme, we make the H? a-priori assumption
(52) for the numerical error function at all previous time steps. Taking a discrete L? inner
product of (66) with 2¢"*! yields

4 5 1
”en+l ”§ _ “en ”; + ”en+l —e" “i + vAt<VN<§e”+l + gen—l _ gen—3>, VNe”+1>

— 2A1<en—1 . VNUn_I, en+l>+ gAt<un—1 . VNen—l’ en+1)
_ %At(e”_z . VNUH_Z, en+l> _ %At(u”_z 3 VNen—Z, en+l>
23 3

- gm( VyU", ") — %At(u” -Vye', e+ 2A1(r", e ). (67)

Since the diffusion coefficient at t"+! dominates the other ones, the viscosity term can be
analyzed in the same way as (55):

i n+1 § n—1 _l n—3 el
<VN(3e +6e 6e ),Vwe >
4 1
= ngNeVH—l ”i + %(VNe"_I, VNe”+1> . g(vN€"_3, VNe"H)
5 w12 a1 a2
> 2| wwe 3= S vwer ;- o5 [ Vwer .
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The estimates for the nonlinear convection terms are given below. The details are skipped.

23,

8 5
Z(e VNU”, en+l>+ 5(2”71 . VNUnfl’en+l> _ 8(ean . VNUnfz, en+l>

11 * n n n— n—
<5 C (e B+ le s+ e [+ e ).

_ g(un . VNen’en+1>+ §<un71 . VNenfl’en+l> _ §<un72 . VNen72’en+l>
6 3 6
. w22y, €Ty
(Ve [+ [ Ve 5+ [ e 2 ) + = e[

Going back to (67) results in
n+1 |2 nl2 5 n+1 1 1 n—1
et 3 =l 5 + Zvar| Ve |3 — Svar| Vx|~ Svad| vye |

1 n— n=
= var(| Ve[ + [Vwe )

~2
=(Srrecre)ade i ccae

n—1|2 n—2|2 nl|2
[+ e [15) + arf="].
Consequently summing in time, applying the discrete Gronwall inequality and using a sim-

ple fact that t—-5—3= 11—2 > 0, we get a fixed time O(Ar> 4+ h™) convergence for the
third order scheme (63) in L>®(0, T*; L*) norm:

1 n+l1
et 3+ gvar > Vaet |3 < Co(ar +a")’,
k=1

under the a-priori H 340 assumption (52).
Similar convergence analysis in L®(0, T*; H*) N L?(0, T*; H?) can be performed by
taking a discrete L? inner product of (66) with 2A3 e"*!. The details are skipped.

n 1 n+1 .
ane™ 12+ 3 A (e — ) [+ pvar Y| Vuave' |2 = Cu(ar + ")

k=1

hence,

e e = C(lei s + Ak 2) = Cra(Ar +17). Cro=Cy/Cro+Con
Finally, the a-priori H2 bound (52) for "*! at time step t"*! is assured, provided that
Ar=(Co) i, h=(Cn) . 0
Remark 5 For the second order in time method, treating the diffusion term with a standard
second order Adams-Moulton formula leads to a Crank-Nicolson scheme. In the third order

case, we observe that a direct application of the Adams-Moulton formula at the nodes LR
" and t"~! (corresponding to j(i) =i in the general form (61)) does not give a formula
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with the stated stability property. For example, a “naive” combination of 3rd order Adams-
Bashforth for the nonlinear convection and Adams-Moulton for the diffusion term results in
the following scheme

n+l _ ,n 23 4 5
u = u + Eun . VNun _ gun—l . VNun—l + Euan . VNun72
2
— VA = n+l son .~ n—l
g N(lZu R T )

which violates the stability condition (62). Numerical experiments also showed that this
method is unstable in time. This case highlights the need to choose an appropriate time-
discretization to couple with the pseudospectral method.

Remark 6 There have been extensive numerical simulation works of high-order multi-step,
semi-implicit schemes applied to nonlinear time-dependent PDEs. Among them, it is worth
mentioning the AB/B DI (Adams-Bashforth/Implicit Backward Differentiation) schemes,
introduced by Crouzeix [10], which update the nonlinear convection term using the standard
Adams-Bashforth extrapolation and the time marching term with implicit backward differ-
entiation for the diffusion term. In particular, the third order scheme of this family has been
applied to the incompressible Navier-Stokes equations with various spatial approximations;
see the relevant works [2, 3, 23, 26]. However, only the linear stability analysis is covered
in these existing works; see the relevant discussions in [36]. To the authors’ knowledge, this
article is the first to provide the stability and convergence analysis for a third order scheme
applied to nonlinear PDE.

The stability and convergence for the fourth order scheme (64) with a fixed final time is
given in the following theorem.

Theorem 4 For any final time T* > 0, assume the exact solution u, to the 3-D viscous
Burgers’ equation (1) has a regularity of H*(0, T*; H"+3) with m > 2. Denote Un;p as the
continuous (in space) extension of the fully discrete numerical solution given by the fourth
order scheme (64). As At, h — 0, we have the following convergence result:

4
lwarn — telliso o112y + VY Uarn — Uell 2o 7413y < C(At + hm),

provided that the time step At and the space grid size h are independently bounded by given
constants which only depend on T* and v.

We omit the full proof of this theorem because of its similarity with the previous proofs.
However, we detail the estimate of the diffusion term for the fourth order scheme (64):

157 n+l 470 n—1 _ 118 n—>5 43 n—17 n+l1
<VN<1lsze HETE AR T A T )’VNe >

757 n 470 n— n 118 n— n

=EHVN€ _HH;‘F@(VNB I,VNe +1)—E<VN8 S,VNe +1>
4

+ %<v}ven—7, VNeil+l)

883 iz 470 2 118 sz 43 s
= 52071 Vve' = g Vv = 537 Ve ™ [y = 357 1 Vwe
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Again, the fact that the diffusion coefficient at ! dominates the other ones, i.e., S5 —

> 2304
470 118 43 _ 252 : P
3304 — 2304 — 3301 = 5304 > U ensures the numerical stability of (64).

6 Conclusions

In this paper we develop stable time-stepping methods of order up to four for the numerical
solution of the three dimensional viscous Burgers’ equation by a Fourier collocation method,
and present a novel stability and convergence analysis for the fully discrete methods.

In the first order (in time) scheme, we apply a semi-implicit approach, which updates
the nonlinear convection term explicitly and treats the diffusion term implicitly. Since the
pseudospectral method is evaluated at the interpolation grid points, a discrete L? and H™
inner product is used to carry out the analysis. The stability analysis requires an estimate of
the nonlinear convection term in the L? and H' norms. This estimate cannot be obtained
directly, due to the aliasing error complicated by the nonlinearity. A key observation of this
article is that, if the nonlinearity is of polynomial type (for example, quadratic for Burgers’
equation or the Navier-Stokes equations), the corresponding interpolation operator applied
to the nonlinear expansion results in an L? or any H* norm bounded by a given constant
multiple of the corresponding norms of the original exact nonlinear term; see Lemma 1. As
a result, all the energy estimates in the Sobolev norms can be performed almost in the same
way as in the Galerkin approach, so that stability and convergence over a fixed finite time is
demonstrated.

The L*° bound of the numerical solution is the key point in the stability and convergence
analysis of a fully discrete scheme for nonlinear PDEs. The classical way to obtain such a
bound is the application of the inverse inequality which provides an L* bound of the nu-
merical solution after the L? numerical convergence is established. However, this approach
leads to a restriction on the time-step in terms of the spatial grid size, which can be pro-
hibitive in two or three dimensions. In this work, we avoid the inverse inequality approach.
Instead, we provide an H 2 error estimate so that the L™ norm of the numerical solution is
automatically bounded, using a 3-D Sobolev embedding. This approach avoids a time-step
restriction in terms of the spatial grid size.

We apply similar ideas to develop stable higher order in time schemes using a multi-
step approach. For the sake of numerical efficiency, the semi-implicit pattern is kept, with
a standard Adams-Bashforth extrapolation formula (with the given accuracy) applied to the
nonlinear term, while the diffusion term is treated using an implicit Adams-Moulton inter-
polation formula on certain time node points. However, deriving a stable scheme requires
specialized stretched stencil in the Adams-Moulton approximation. We present these multi-
step schemes with accuracy up to fourth order and show that, coupled with the Fourier
collocation method, these methods are stable and convergent.
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