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Abstract

We present a numerical method based on divergence-free wavelets to solve the
incompressible Navier-Stokes equations. We introduce a new scheme which uses
anisotropic (or generalized) divergence-free wavelets, and which only needs Fast Wavelet
Transform algorithms. We prove its stability and show convincing numerical experi-
ments.
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Introduction

The numerical simulation of turbulent flows has many applications in various engineering
and environmental problems. Direct numerical simulation (DNS) of turbulence requires
the integration in time of the full nonlinear Navier-Stokes equations. However, at high
Reynolds number, turbulent flows create a wide range of scales, which induces a huge
degree of complexity. Hence, in order to compute accurately all the scales of a turbulent
flow, the discretizations in space and in time must be of very small size, leading to a huge
number of degrees of freedom, impossible to handle in DNS of industrial problems.

Direct numerical simulations of homogeneous turbulent flows have been performed ex-
tensively to increase the understanding of small-scale structures mechanisms. Among the
computational methods commonly used for these simulations, one can cite spectral meth-
ods, well-localized in frequency [5], or finite element methods, well-localized in physical
space [21]. In between these two approaches, wavelet bases offer alternative decomposi-
tions, more suitable to represent the intermittent spatial structures of the flows.

The wavelet decomposition was first introduced in fluid mechanics to analyze turbulent
flows [32, 17, 23]. The first wavelet based schemes for the computation of homogeneous
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turbulent flows looked promising [6, 20, 27, 22|, especially concerning adaptivity issues.
These wavelet schemes are based on Galerkin, Petrov-Galerkin or collocation methods,
but also wavelet/vaguelette decompositions. Wavelets may also be used for turbulence
modeling [19]. Most of the cited works use wavelets as a decomposition basis of the
vorticity field, with periodic boundary conditions, which makes the generalization to non-
periodic boundary conditions very difficult.

Another serious difficulty in the numerical simulation of the Navier-Stokes equations
lies in the determination of the pressure field and in the fulfillment of the incompressibil-
ity condition. In the primitive variable (u,p)-formulation of the Navier-Stokes equations,
physical boundary conditions (on the wvelocity) can be easily incorporated, but from the
numerical point of view, the computation of the velocity and the pressure presents some
difficulties: in the setting of classical discretizations, like spectral methods (in the non
periodic case) [3], finite element methods [21], or wavelets [10, 4], the discretization spaces
for the velocity and for the pressure have to fulfill an inf-sup condition (also called LBB
condition), otherwise spurious modes appear in the computation of the pressure which
break the incompressibility condition. Moreover, numerical difficulties arise in the com-
putation of the pressure, since it asks to solve an ill-conditioned linear system (in the
variational formulation), or a Poisson equation.

Provided that divergence-free trial functions are available for the computation of the
velocity field, these difficulties will be totally avoided: first the incompressibility condition
is directly taken into account by the approximation space of the velocity. Moreover, the
pressure disappears after projecting the velocity equation onto the space of divergence-free
vector functions (leading to the Leray formulation of the Navier-Stokes equations), and it
will be computed through the Helmholtz decomposition of the nonlinear term.

Therefore in this article we propose to use divergence-free wavelets as a decomposition
basis of the welocity field, solution of the incompressible Navier-Stokes equations. Such
wavelets were originally defined by P.G. Lemarié [28], and firstly used to analyze 2D tur-
bulent flows [1, 26], as well as to compute the Stokes solution for the driven-cavity problem
[36, 38]. We will consider here the anisotropic divergence-free wavelets constructed in [14].
The key-point of such numerical scheme based on divergence-free trial bases lies on the
orthogonal projection of the nonlinear term onto the space of divergence-free functions,
which is explicit in the spectral case. Since divergence-free wavelets are not orthogonal
bases, we propose in [15] an iterative algorithm to provide the Helmholtz decomposition
of any flow in the wavelet domain. Then we are in a position to define a new numerical
scheme for solving incompressible Navier-Stokes equations: first we project the equations
onto the space of divergence-free vector fields, which eliminates the pressure. Secondly, we
introduce a semi-implicit time-scheme, and propose an algorithm which only requires fast
wavelet transforms for the computation of the velocity (contrary to finite element methods
which need linear systems solvers). Finally, the pressure is directly recovered through the
Helmholtz decomposition of the nonlinear term, without any further computation.

Hence, by construction, this scheme takes benefit from the localizations both in space
and frequency allowed by wavelets, and should be used in a completely adaptive context.
It should be also available in arbitrary dimension, and extends readily to non-periodic
boundary conditions.

From a numerical point of view, the scheme we propose will be proved to be stable



under a Courant-Friedrich-Levy (CFL) condition, provided that a sufficiently smooth so-
lution exists. The stability of this wavelet scheme is mainly due to the divergence-free
condition which is automatically and exactly satisfied by the divergence-free wavelet de-
composition of the solution.

The paper will be organized as follows: Section 1 briefly recalls the definitions of
anisotropic divergence-free and curl-free wavelets. Section 2 presents the wavelet Helmholtz
decomposition, as well as a wavelet numerical scheme for solving the heat equation. Sec-
tion 3 introduces a new numerical scheme for the incompressible Navier-Stokes equations,
and studies its stability. Finally Section 4 shows numerical tests, on the example of the
merging of three vortices in dimension 2. The last part of this section will give an insight
on how to make the method adaptive, with the support of some experiments.

1 Divergence-free and curl-free wavelets

One-dimensional wavelet bases are orthogonal (or biorthogonal) bases of the space L?(R)
which have the form: 1, x(x) = 27/2¢(27z — k) (j,k € Z), where the wavelet ¢ is a zero
mean function [31, 24]. They are known to provide optimal approximations for a large class
of functions [9]. From the numerical point of view, wavelet coefficients of a given function
are computed by fast wavelet transforms (FWT). In this setting, compactly supported
divergence-free wavelet bases have been constructed by P.G. Lemarié-Rieusset in 1992
[28], and K. Urban has extended the principle of their construction to derive curl-free
wavelets [37].

In this section we will recall the definitions of anisotropic divergence-free and gradient
(i.e. curl-free) wavelets. These wavelets are constructed thanks to two 1-D wavelets 1)
and v related by differentiation: ¢} (z) = 4 ¥o(z) [28].

For sake of simplicity, we give below the expressions of the basis functions in dimension
2, but these constructions have been extended in arbitrary dimension d [14, 15, 11].

1.1 Divergence-free wavelets

The 2D anisotropic divergence-free wavelets are generated from the vector function (plot-
ted on figure 1, left):
Y (5 ) = 1 (z1)vo(w2)
(21, 2) —tho (1)1 (22)

by anisotropic dilations, and translations. Hence, the 2D anisotropic divergence-free wa-
velets are given by:

0¥ () ) = 2724py (270 — K )ypo (272 — ko)
SRR odapg (200w — Ky )y (2720 — ko)

where j = (j1,j2) € Z? is the scale parameter, and k = (k1,ko) € Z2 is the position
parameter. For j, k € Z?, the family {\I/f‘ll’} forms a basis of

Haiy o(R?) = {f € (L*(R?))? ; div f € L*(R?), div f =0}

We introduce ' ' '
2911/11(291331 — k1)¢0(292a:2 — kg)

YT 22) = a2y — ka2 — o)

Js



as complement functions since \I/Ek is orthogonal to \Iljillz (j, k being fixed). Thus we have:
(L*(R%))? = Haiv o ® Hy, (1.1)
with Hgiyv o = span{\I/iill’ : j,k€7Z?} and H, = span{\Ilik : j, k € 7%},

1.2 Curl-free wavelets

Let Heyo(R?) be the space of gradient functions in L?(R?). We construct gradient
wavelets by taking the gradient of a 2D wavelet basis. If we neglect the L2-normalization,
the anisotropic gradient wavelets will be defined by:

24Py (211 — k)91 (2729 — ko)

WS (g, 20) = = V (1201 — k)1 (2220 — ko)) =

B~ =

2724p1 (211 ) — K)o (2729 — ko)

For j = (0,0) the function is plotted on figure 1, right. For j = (j1,j2), k = (k1, k2) € Z2,
the family {\Ilj‘lfl} forms a wavelet basis of Heyo(R?). We complete this basis to a

(L2(R2))2-basis with the following complement wavelets:

2240 (271 a1 — k1)1 (2222 — k2)
Ulene)=| |
=271y (21 — k1 )ho (2722 — k)

We have the following space decomposition:
(L2(R2))2 =Hn & chrl,O

with Hy = span{\I/JI-\jk ; jyk €7Z%} and Heyp g = span{\I/;?}lkrl : j, k € 72},
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Figure 1: Examples of divergence-free (on the left) and curl-free (on the right) vector
wavelets in dimension two.



2 Wavelet numerical algorithms

2.1 Wavelet Helmholtz decomposition
2.1.1 Principle of the Helmholtz decomposition

The Helmholtz decomposition [21, 7] consists in splitting a vector function u € (L2(R%))?
into its divergence-free component ug;, and a gradient vector. More precisely, there exist
a potential-function p and a stream-function v such that:

u=ugy,+Vp and uyg; = curl ¥ (2.1)

Moreover, the functions curl 1) and Vp are orthogonal in (L?(R%))?. The stream-function
1) — which we assume divergence-free for d = 3 — and the potential-function p are unique
up to an additive constant.

In R?, the stream-function is a scalar valued function, whereas in R? it is a 3D vector
function. This decomposition may be viewed as the following orthogonal space splitting:

(LA(RY)? = Haiy 0 (R?) & Heyo(R?) (2.2)

where
Hyiv 0(RY) = {v € (L*RY)?; div v € LA(R?), divv =0}

is the space of divergence-free vector functions, and
Heuo(RY) = {v € (L*(RY)?; curl v € (L*(RY)4, curl v =0}

is the space of curl-free vector functions (if d = 2 we have to replace curl v € (L2(R%))?
by curl v € L?(R?) in the definition). Let P be the orthogonal projector onto the space
Hgiv 0(R?), also called the Leray projector. From the Helmholtz decomposition (2.1) of u
we have: Pu = ug;y.

For the whole space R?, the proof of the above decomposition can be derived easily by
mean of the Fourier transform. In more general domains, we refer to [21, 7]. Notice also
that Hdiv’O(Rd) is the space of curl functions, whereas chrl,O(Rd) is the space of gradient
functions.

The objective now is to explicit the Helmholtz decomposition of any vector field, in wavelet
domain.

2.1.2 TIterative wavelet Helmholtz decomposition algorithm

Instead of the previous orthogonal sum (2.2), the divergence-free and gradient wavelet
decompositions provide the following (non orthogonal) direct sums of vector spaces:

(L2(Rd))d = HdiV70 & H, , (L2(Rd))d =HN ® chrl,O

where the spaces H, = Span{\I/;k} and Hy = span{\lf}i\fk} are generated by the com-
plementary wavelets, as introduced in section 1. These direct sums may be rewritten by
introducing the associated non-orthogonal projectors (see [14] for practical computations):

V:PdiVV+QnV7 V:PNV+chr1V



Then, applying alternatively the divergence-free and the curl-free wavelet decompositions,
we define a sequence (vP),en € (L2(Rd))d:

0

Vv = V
vl = (chrl + PN) (Pdiv + Qn) vl = Pdiv vP + chrl Qn vP + PN Qn vP
~—— ——— N——
giv vfurl vrit

Finally, if this sequence converges to 0 in L?, we obtain:

—+00 +oo
_ p _ p
Vdiv = E Vdiv Veurl = E chrl
p=0 p=0
Haiv o
Hy
v (=v0)
0
Vdiv H,
ey (=v")
V::Iiv vr?
v2
Viun vSu,. Heuri o

Figure 2: Construction of the sequences vh. and v ., and schematization of the conver-

gence process of the algorithm with H,, = span{¥}} } and Hy = span{\I/JNk}.

This algorithm has been proved to converge in 2D using any kind of wavelets, and in
arbitrary dimension using Shannon wavelets [15]. In the case of Shannon wavelets, we also
have the following convergence theorem:

Theorem 2.1 Letv € (Lz(Rd))d, and let the sequence (VP)p>o be defined by:
vi=v and vPH = PynQ, VP, p>0 (2.3)

where Q,, and Py are the complementary projectors associated respectively to divergence-
free wavelets and curl-free wavelets. If the wavelet 11 used in section 1 for the construction
of divergence-free and curl-free wavelets is the Shannon wavelet *, the sequence (VP) sat-

isfies, in L? norm:
9 p
Vi< () v

Experimentally, we also observe the convergence for many kinds of 2D and 3D wavelets
[14]. This algorithm will be used in section 3, in the numerical scheme for incompressible
Navier-Stokes equations.

sin 2w (x—1/2 sinw(z—1/2 o —1
i (x) = T - IR () = € Xar —aute 2n) (€)




2.2 Wavelet solution of the discrete heat equation

As we would like the numerical scheme to be sufficiently stable in time, we will adopt an
implicit scheme for the diffusive part of the Navier-Stokes equation. Therefore we will
focus on the scalar equation:

(Id — aA)u = f, a = vit, f:RY=>R (2.4)

which arises in the resolution of the heat equation, after introducing an implicit time-
scheme. We will present now an algorithm for solving such problem, based on wavelet
preconditionners of elliptic operators, and related to the works of J. Liandrat and A. Cohen
[30, 9]. In the vector case, the algorithm should be applied on each component of the vector
field.

Let (¥jx)jkeze be a multivariate wavelet basis in R?, constructed by tensor-products
of d one-dimensional wavelets. Then the scalar function f can be expanded into the basis

(Y5,):
f= Z djx Vjx (2.5)

j.kezd
We regroup the wavelets of a same level j in fj = >\ .74 djx ¥k, then

F=>f

jezd

For j = (j1,- " ,ja), fjis localized in Fourier domain around the wavenumber p(271, 272, ...  2J4)

with p approximating the average spectrum location of the wavelet ¢ (for instance, opti-

mally p = V5T for the Shannon wavelet [12]). Then we introduce:

V2
d .
=y
i=1
In order to solve (Id — aA)u = f, we start with:

1
ug = Z uj,0, where uj0 = m‘fj (2.6)
jezd J

which is a first approximation of the solution.
Then, for £ > 0, let

1
Upr = up + Y ——— (fj — (Id — al)u;) (2.7)
ot 1+ ow;

This algorithm has been presented in detail in [12], where it has been proved that the
sequence (uy) converges to the exact solution u of equation (2.4). The convergence rates
depends on «a: the smaller « is, the faster the algorithm converges. More precisely, we
have the following convergence theorem:



Theorem 2.2 Let f be in L2(R?), and let the sequence (ug)y>o be defined by (2.6) and
(2.7). Using Shannon wavelets in the decomposition (2.5), the sequence (uy) satisfies, in

L?-norm: .
3
o~ ul < (g5 ) o=l

where u is the solution of equation (2.4) and éx the mesh size of the smallest computed
scale.
In particular, this implies that:

k
3
o=l < (3) o =l
which proves the convergence.

But if % < 1 (recall that o = vdt), then it could be more interesting to consider:

In practice, since we are working with spline wavelets, the Laplacian Auyj in (2.7) is
analytically computed, and then re-projected onto the wavelet basis by a spline approx-
imation. In the following, we will apply the above method in a divergence-free wavelet
basis: in this case, f and u are vector functions, expanded into the divergence-free ba-
sis (Yyjx = \I’jhll’ in (2.5)). Since the divergence-free condition is preserved under the
application of (Id — aA), we solve the discrete Heat Equation (Id — aA)u = f with
div u = div f = 0 by projecting the equation (2.7) onto a finite dimensional divergence-
free multiresolution analysis:

1
W =g+ Y T awe & = Fava(ld — adjugly) (2.8)
J

ll<J

where Pgjy j, introduced in Section 2.1.2 is the oblique projector onto the space spanned by
divergence-free wavelets of scale index j such that |j| < J. Since the term (Id — aA)uy, is
already divergence-free, the action of Pygiy j reduces to a truncation in scale of the wavelet
decomposition. Hence the resulting error is the usual approximation error in a multireso-
lution analysis.

3 A numerical scheme for Navier-Stokes equations

We present below a divergence-free wavelet numerical method, for the solution of the
incompressible Navier-Stokes equations, written in velocity-pressure formulation (without
forcing term) in the whole space:

ou | (. CVAu— a
{ &+ (u-V)u+Vp—-—vAu=0, tel[0,T], xeR (3.1)

V-u=0

with initial data ug.

Computation of the velocity: First the velocity u is searched in Hdiv’O(Rd) as a linear
combination of divergence-free wavelets. If we denote by P the orthogonal Leray projector



onto Hdiv,o(Rd) (introduced in Section 2.1.1, and here expressed in the wavelet domain),
equation (3.1) becomes, after projection onto the divergence-free vector functions:

Ou

5 +Pl(u-V)u] —rvAu=0 (3.2)
The pressure is eliminated, but it will be simply recovered through the wavelet Helmholtz
decomposition of the nonlinear term.

Computation of the pressure: The wavelet Helmholtz decomposition of the nonlinear
term (u - V)u reads:

(u-Vu=P[(u-V)u]+ [(u-V)u] Pl(u-V)u] - Vp

curl —
The divergence-free term P [(u - V)u] is used for the computation of the velocity in (3.2),
whereas the curl-free term is used for the computation of the pressure as follows: remem-
bering the definition of gradient (curl-free) wavelets given in section 1.2 (2D case), —Vp
in the above decomposition reads:

V ($1(2 @1 — k) - 1 (209g — kq))

] =

—Vp(t, X) - Z dcurlj,k(t)
jk
which simply gives:

1 . .
p(t,x) = 1 churlj,k(t) V1 (2w — k1) -1 (Mg — kq)
JK

where deyy1jk are the (curl-free) wavelet coeflicients of the curl-free part of the nonlinear
term. Remark that the computation of the pressure in physical space only requires an
inverse Fast Wavelet Transform.

We will focus now on equation (3.2). We will introduce a finite-difference time scheme,
for which we will prove the stability, provided that a Courant-Friedrich-Levy condition is
satisfied.

3.1 Time-discretizations and stability conditions

Let 0t be a time step. At each time t,, = not, the exact solution u(t,,x) is approximated
by u,, such that:

n(x) = > > ufy U (%) (3.3)

Jmax|j;|<J keZ?

Here the divergence-free wavelet expansion is truncated in scale, which corresponds to a
finest mesh size x = 27/, In practice, the sum in (3.3) is finite.

For stability reasons the diffusive term of the Navier-Stokes equation will be implicitly
treated, whereas for simplicity the nonlinear term will be explicitly treated. We begin
with the study of the Euler scheme.

3.1.1 Semi-implicit Euler scheme

The semi-implicit Euler scheme applied to equation (3.2) is given by:

(Id — vétA)ups1 = u, — 6t P(u, - V)uy,] (3.4)



where u,, is expanded into a divergence-free wavelet basis, up to a scale J —1 (3.3). In the
above expression, the gradient operator is exactly computed, whereas the other operators
are approximated. Actually, the operators A and P should be noted A; and P as they
stand for the operators into the discretized wavelet space: Aj; = Pyiy, ;A with Py s
introduced in Section 2.2, and if Py is the L?-orthogonal projector onto the discretization
space, Py = P;P. Nevertheless we will keep the notation A and P for readability reasons.
Then each time-step n is divided into two parts:

e First compute the divergence-free wavelet coefficients of P [(un - V)uy]: this compu-
tation is achieved through the reconstruction of u,, in physical space from its wavelet
coefficients ugfk, then the nonlinear term is evaluated by a collocation technique in
physical space. Finally the Wavelet Helmholtz decomposition algorithm of Section
2.1.2 provides the expected coefficients.

e Secondly compute the divergence-free wavelet coefficients u?i{"l of u,+1 by using the
algorithm described in Section 2.2, for the discrete heat equation solution. As the
heat kernel is directly computed in the divergence-free wavelet basis, there is no need
of further projection onto the divergence-free function space as indicated in Section
2.2, equation (2.8) (and it is exact up to a truncation in scale).

Both computations involve an iterative method, but which only requires fast wavelet
transforms. We will see in numerical tests that in practice these numbers of iterations are
very low.

L?-stability of the semi-implicit Euler scheme

In this paragraph we proceed to study the stability of the semi-implicit Euler scheme.
We will provide a CFL stability condition: 6t < Céz2. This study is inspired by the
approach of R. Temam in his book [35] to derive L2-stability of one-step schemes, including
the explicit Euler scheme, within the framework of finite elements. Here, we will limit
ourselves to simplified proofs which will be sufficient to recover the effective CFL conditions
encountered in the numerical experiments of Section 4.

For studying the stability, we assume that at time step n, we observe a small error €.
Hence, instead of having exactly u,, — a discrete solution of (3.4), as close to u(ndt,-) as
possible —, we have u,, + &,. Then, at step n+ 1, the error with respect to u((n + 1)dt, -),
is due, on one hand to the newly introduced error in the algorithm (which corresponds to
the consistency error), and on the other hand, to the increase of the error coming from
the previous steps (and which is concerned with stability).

On the other hand, let P; be the L?-orthogonal projector onto the discretization space,
we introduce the following consistency error:

Gt = =[P+ 1ot ) = Prlundt, ) — (-] (3
1 (n+1)dt
= &= PJ(/n& dru dt)] — (vAupt1 = P(uy - V)uy))

10



If at time t,, = ndt the discrete solution wu,, coincides with the projection of the exact
solution Pjy(u(ty,, .)) we obtain:

1

entl = [Pr(u(tnsr, -) — Pr(ultn, .))]
—vA(Id — vStA) " (Pru(ty, .) — §tP[(Pru(t,, .) - V)Pu(t,, .)])
+ P[(Pyu(ty, .) - V)Pyu(tpt, .)] (3.6)

We will assume that the above consistency error is small and behaves at each time step
as:

lent1llze = O@3t) + O(62?)

which means that it is supposed to be of order one in time, and order two in space.

Assumptions: Let us assume that the solution u(¢,x) of the Navier-Stokes equations
(3.1) is continuously differentiable in space and that u and its derivatives go to zero at
infinity (||x|| — +00). And let us assume that u,, and its derivatives have the same bounds
as u(t,x) and its derivatives. Hence:

Ap=  sup |u(t,x)| < +oo and ||uy, ||z < Ao (3.7)
t€[0,7], xeR4
A= sup  |Vu(t,x)| < 400 and ||Vuy,||re < A4y (3.8)
t€[0,T], x€R4

We will also assume that 6t = o(dx).

A priori estimate: For the stability, the error &, lives in our finite dimensional
discretization space. We assume, and latter verify the following a priori estimate on &,
(cf inequality (3.16)):

lenllz2 = O(62%) (3.9)

Proof of stability: If we prove that there exists a constant C' (which will depend on Aj
and A;) such that |[en11]|| < (1 + Cot)|len||, then the scheme is stable, in the sense that
an initial error propagates in time within a fixed bounded domain. In our case, we will
recover the L2-stability thanks to the following well-known result ([21] Chapter IV lemma
2.1):

Lemma 3.1 Let u,v,w € Hl(Rd)d, H' denoting the Sobolev space, be such that (u -
V)v,(u-V)w € L2, If u € Hyy o(R?), then

<v,(u-V)w>p=—<(u-V)v,w >>

11



Proof:

<v,(u-V)W> = [ piv-(u-V)wdx
= frers Ty 0:3) iy (09w () dx
= Jrens Shor us(00) (i vix)Ohawi () dx
= Jrems Cioy () (9 vilxwi(@)) = (DL, wi)dpvi(x))) dx

= — Jxera (ZZ:1 8kuk(x)> (Zle Ui(x)wi(l')) dx— <w,(u-V)v>

=—<w,(u-V)v>
Here, we used first integration by parts and then the fact that divu = Eizl Opug, = 0.

Remark 3.1 This result is still valid on an open set ) with slipping conditions u-n =0
on the boundary 0, with n the normal to 0S).

Corollary 3.1 Let u,v € HY(RY)?, be such that (u-V)v € L2 If u € Hyiy o(R?), then
v L (u-V)v for the L? scalar product, i.e.

<v,(u-V)v>Lz:/ v-(u-V)vdx =0

x€Rd

Proof:

We apply the lemma 3.1 with w = v, and get < v,(u-V)v>=— < (u-V)v,v >.

Remark 3.2 This result also yields orthogonality between the vectors v and (v -V)v, for
v € Hyjy o(RY).

Theorem 3.1 An error ¢; equal to € = O(0z?) at time t = 0 propagates in the wavelet
numerical scheme (3.4) bounded by:
()\AT‘%(S%+A1

t
leell > < e el 2

where Ay and A; are the constants depending on u introduced in formulas (3.7) and (3.8),
Ot the time step, dx the mesh of the smallest computed scale, and A a constant close to 1.

Then the scheme (3.4) is stable under the CFL condition 6‘% < C for a fixed constant
24;

C > 0 which can be chosen equal to = for instance.
0

Proof: 1If we want to estimate the propagation of the error £, from the scheme (3.4) we
obtain:

(Id — votA) (pq1 + €nt1) = Uy + 5 — P [((uy +€5) - V) (U, +£5)] (3.10)
Then the sequence ¢,, satisfies:

(Id — vitA)epy1 = en — 0tP (e - V) + (Uy - V)en + (en - V)ey] (3.11)

12



We apply the corollary 3.1 to ¢, € Hdivvo(Rd), and by orthogonality of &, to all gradient
functions we have:

enL(u, Ve, = &, LP[(u,-V)e,]

and
enl(en - Ve, = e, LP[(en-V)ey]

Then, denoting 7, = P [(u, - V)epn + (e - V)ey], we get:
len = 18tll72 = llenlfz + Imall 720t

and

2 17012
= llenllrz + L2682 + o()

Ilnnlliz&z)
2llenl 2

e — 1u6tllz2 = lenllio (1 il
eal

where o() represents negligible terms in the Taylor series, since we have assumed previously
that ||e,||z2 = 0(622) and that 6t = o(dz).

The discrete solution u,, = Pj(u,) is a truncated wavelet expansion as indicated in
formula (3.3) and the stability error €, lives in the same discretization space. Then the
differentiation operator will only multiply ¢, by (6z)~! at most. Hence, we have the
following bound:

1l = P [(wn - V)en + (en - V)en] |2 < [[(wn-V)ent(en-Venl L2 < [[unl[Los|en] i +llenll Lo lenlp

On the other hand, let ¢, = Zj,k d; x5 k be the wavelet expansion of ,,. Then each partial
derivative writes 0jen = 35 2ji+2dj,k\lfjaik (where 9;¥ = 4¥%). The norm equivalence
provided by the wavelet decomposition in Sobolev spaces leads to:

d
. 15 2
enlin ~ | S0 126 2ls < 274V gl 21 (3.12)
=1

since dz = 277,
Let now &, = >, c7x® sk be the scaling decomposition of €, the scaling functions ® ;i =
®(27x — k) being L®-normalized ||® x|z~ = 1. Then

Jd Jd da
lenlle ~ 112772 cxlle > 2772 flesxllee = 622l e

Since
lenllLee ~ llesxllese [Pl ~ [lcxllee
we obtain the result:

lenloe
leallze S TE20E

(3.13)

This leads to: ) ) 5
2 Adllenllzz lenll7o | llenllze
el ~ 2622 O5g2+d/2 T 9552+

Moreover
[6tP [(en - V)up] || < Stllenllp2[Vunl[re < 0tAi|len| 2
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Finally:

A2 6t?
”(Id—V(StA) €n+1HL2 < 1+)\7w+)\A0

lenll20t® | llenllZa ¢ o
L A g0 + A1t + 0(31) ) fleall

for some X constant (close to 1). Thanks to a priori assumptions (3.9), |len |2 = 0(62%?),
for d = 2,3, since g < 2; This leads to:

A3 ot
| (Id — votA) epqal|r2 < <1 + (ATOW + A + 0(1))5t> llen| 22
Any role played by the discrete heat kernel would be favorable for the L2-stability since
llent1llre < || (Id — votA) epta]| 2. For a first stability condition we use this inequality
(neglecting the role of (Id — vdtA)), then we have the following CFL condition:

ot
—<C 3.14
dx? — (3.14)
for some C' > 0 constant. Or, if we want something more precise, a good choice should be:
A2 6t
252 M (3.15)

Remark 3.3 This stability condition should be compared with the usual CFL condition
ot < Céx which is much weaker and more interesting. In practice, we observe a stabil-
ity condition 6t < Céx? for the Euler scheme (8.4) which confirms the theoretical CFL
condition (8.14). For the order two central scheme with divergence-free wavelets (3.18),
we observe numerically a stability condition §t < Céx*3. This experimental result will be
justified later.

The stability is then guaranteed since, for an initial error eg € L? with |leg||z2 = O(62?)
at time 0 (this assumption on ||eg||z2 comes from the consistency assumptions and from

5t = 0(622)),

A2 5t /st A3 s
MW&M2§<L+@§£§+A9&> leollze < 2 522 AT ||gg]| 2 (3.16)

A3 s
Under the CFL condition, (2 52 4T is hounded by a constant. Then

lezsellre = O(67)
Hence we obtain the a priori estimate (3.9).

Remark 3.4 If we just had
En+l = En + 5t77n

with no orthogonality between €y, and ny,, then the stability would not hold since

A
lensillne ~ llenllpe + [Innllp26t ~ (1 + 55'5)”%\&2

and then
(52

lezsellzz ~ €& eq

which goes exponentially to infinity for dx — 0.
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Now, we will take the implicit Laplacian into account. Assume we apply first the implicit
Laplacian and then the convection term, then

Uni = (Id = v8tA) ", — 6P [(T1d — votA) " u, - V) (Id — v5tA) " w,
and so
enp1 = (Id — v6tA) e, — 6tP [((Id —UStA) ey - V) (Id — v5tA)  u,
H((Id — vstA)  u, - V) (Id — vstA) ™! sn}

We neglect the last term (e, - V)e, in comparison with equation (3.11) since it doesn’t
play any role. As (Id — u&tA)_l en is divergence-free, we have the same orthogonalities
as in (3.11). We replace the bound for |e,|g1 by:

1
_ vt lenlle _ llenllre
V (Id — vstA) Le, |2 < sup <1+—> <
IV ( ) enllr Se<a<too a? a 2/t

1
2V Vot

where « represents the different computed scales, and with the maximal value of

vét

-1
e ) . Hence we have

ou—>é(1+

A2
lenllzz < (1+ (8—5 + A1)ot)|lenl| 2 (3.17)

Hence we have unconditional stability. But one has to remark that this is interesting only

2
if % < Ay, that is for low Reynolds numbers.

Conclusion: The stability conditions of the semi-implicit Euler scheme are summarized:
If
Ag < 8VA1

then the scheme is unconditionally stable, otherwise the scheme is conditionally stable
under the CFL condition:
5t < O6x?

with C > 0 a constant.

3.1.2 An order two time-scheme

In the numerical experiments of Section 4, we will use a second-order central difference
scheme for incompressible flows based on velocity variables. This scheme was presented
in [25] where the authors noticed its robustness with no further justifications. In the
following, we will prove that a CFL condition can be derived from the divergence-free
condition, like for the Euler semi-implicit scheme.

This order two central scheme proceeds with an intermediate step u,, ;5 as follows:

5t 5t
5t
(Id - V§A> Wpi1 = wp,+ 0t (gAun — P (W1 V)unH/Q]) (3.18)
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Like for the Euler semi-implicit scheme, the operators A and P should be noted A ; and
P as they stand for the operators into the discretized wavelet space: A ; = Pyiy s A, and
P; = P;P. But we already keep the notation A and P.

In this scheme, the nonlinear term (u - V)u and the heat equation are handled in two
different manners, both second order in time:

e the central point u, /5 (computed by an Euler explicit method for the nonlinear
term and an Euler implicit method for the heat equation) is only used for the com-
putation of the nonlinear term contribution: w41 = u, — 6P [(u,41 /2 V), /2]

e the heat equation is solved by the order two scheme: (Id — V%A) Uptl = (Id + I/%A) u,

This treatment of the nonlinear term improves the stability condition. The L2?-stability is
guaranteed by the CFL like condition: 6t < Céz*/3.

L?-stability of the order two central scheme

The problem of L?-stability of this scheme is addressed in the book by P. Wesseling
[40]. Nevertheless, the techniques used in this book rely on a linearization followed by
a Fourier transform. Here we will use a different technique which is slightly simpler: we
show that under some condition on the time step, a small perturbation is not amplified
by the numerical scheme.

In the following computations, we do not take into account the diffusion term .

Lemma 3.2 A small error e,, with ||en||z2 = O(92?%), on uy,, in the wavelet numerical
scheme:

Wi = - SP[w V)u)
Wop1 = U, — 6P [(Wyp1/0 - VU, 0] (3.19)
becomes at step n + 1, enq1 with:
Jensall < (1+ g Al + 541+ 008 ) el (3.20)

with o() a function going to 0 under the condition 6t < Cdx.

Proof: Replacing u,, by u, + ¢, in the equations (3.19):

Uy, 12 Ent1/2 = un—l—sn—% (Pl(uy - VIup] +Pl(en - VIup] + P(uy, - V)en] +Pl(en - V)en])

Then:

Uyt1 + Ept1 = Uy + &y — OLP [((un+1/2 +eny1/2) - V) (Wngryo + €n+1/2)]

Then we gather all the most important terms and we obtain:
2

o B (- V)P (W - V)en]] — 6P [(n - V)tn] + 0()

Ent1 = &n — OtP[(u, - V)e,] + 5

Then, on one hand, thanks to corollary 3.1, we have
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e Pl(u, Ve, Le,
e (u, V)P[(u, Ve, LP[(u, Ve, = Pl(u, - V)P[(u,-V)e,]] LPl(u, - V)e,]
and on the other hand, thanks to lemma 3.1, as dive,, =0
<en,Pl(uy - V)P[(u, - V)e,]] > = <ep, (uy - V)P[(uy, - V)e,] >
= —<(uy Ve, Pl(u, - V)e,] >

= — <Pl(u,-V)en],P[(u, - V)e,] >
= _HIP [(un : V)En] H%z (3'21)

Then, the computation of [|e,41]|3., taking apart 6tP [(e,, - V)uy], yields:
lent1 + 6P [(en - V)uy)] ”2L2 = HETLH%Z + 662 ||P [(u, - V)en) H%Z +6t? < ey, P[(uy - V)P [(uy - V)en]] >

5t 2
+ = IP [(wn - V)P [(un - V)en]] 72 + 0()

4
lenllZ2 + %HP [(wy - V)P [(uy - V)ea]] 172 + o)

5t llenl2
4 dxt o()

IN

||5n‘|%2 + HunH%w

Taking the square root of this expression and isolating €,11, we obtain

tt
lenslie < SHIPI(En - hunl e+ (14 grdd +00 ) el

which allows to conclude.

Theorem 3.2 The central numerical scheme (3.18) is stable under the CFL like condi-
tion:
5t < Cox*/3 (3.22)

with C' a constant.
Proof: As a stability condition for the scheme (3.18) is
len+1ll < (14 C6t) [len 2
with C' a constant. According to lemma 3.2 equation (3.20), this means that

4
1+ %Aé +6tAy 4+ 0()6t < 14 C6t

for some constant C'. Which is equivalent to the existence of a constant C’ such that:
5t < C'5x*/3

Remark 3.5 In a similar fashion, explicit numerical schemes of order 2p in time show a
CFL like stability condition: 8t < C6x2P+2)/2r+1) ot worst, for the incompressible Euler
equation [13].
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3.2 Wavelet adaptivity in space

At each step n of the time discretization (semi-implicit Euler scheme (3.4) or order two
scheme (3.18)) the solution u,, and the nonlinear term P [(u,, - V)u,] are expressed in terms
of divergence-free wavelet coefficients. Moreover, each time step only requires fast wavelet
transforms to compute the divergence-free wavelet coefficients of the solution u,,41.

Therefore we will sketch in this section an adaptive method for the computation of the
solution u. The adaptivity will be based on the wavelet expansion of u,, (3.3) applied to
the numerical scheme (3.18).

At each time step n, we first find a set A, of active wavelet coefficients. The other
coefficients are ignored and cancelled. Suppose that the set A, has N elements (#(A,,) =
N), the computed solution u,, is then replaced by ug

uy () = Y uf (@)

AEA,

To define the set A,,, we consider the two wavelet decompositions of the velocity:
Z \I/dlv

and of the nonlinear term:

Pl(uy - V)u,] =Y dy U3
A

where the wavelets \I/f\“" are supposed to be L2-normalized. Let o, > 0 and o1, > 0 be
two threshold parameters. Then the index A is activated if |u}| > o¢p or |[d}]| > 01, in
the previous expansions, which leads to:

Ay ={NeA; [u}| > 009pn or |dY| > o010}

where the set A of indexes depends on the type of decomposition we use. For anisotropic
wavelets, A = (i,j,k) € [1,...,d — 1] x (Z%)?, while for isotropic wavelets, A = (i, ¢, j,k) €
[1,...,d—1] x {0,1}% x Z x 7% [16].
The first threshold o(, corresponds to the nonlinear approximation of u, provided by
the N-best terms approximation of the wavelet transform [9]: it allows to stock valuable
information on u,. The second threshold oy, takes into account the future changes in the
wavelet decomposition of the velocity.

This thresholding procedure will be applied at each time-step of the divergence-free
wavelet scheme, and corresponding numerical tests will be presented in section 4.2.

Unfortunately, we will see in numerical experiments that anisotropic wavelets are not
well suited for adaptivity, because of their supports which can be highly elongated, mixing
large scales in one direction with small scales in the other one. We will remedy this prob-
lem of anisotropy induced by thresholding, by using ‘generalized’ divergence-free wavelets,
which are a mix between isotropic divergence-free wavelets and anisotropic divergence-free
wavelets. These wavelets were first introduced in [11] and extensively detailed in [16].

We explain below their construction in dimension two.

Let m € N. The ‘generalized’ divergence-free wavelets are composed of the following vector
wavelets:
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o vl _ V2201 — K)o (2722 — k) with |71 — jo| <'m,

e T =20y (20w — ) (2222 — ko)
div(1,0) _ | =271 (27 a1 — K1) (po(2722g — ka) — po(22x9 — ko = 1))
* \:[Ij’k N 2j1¢0(2j1$1 - ]{71)(,01(2j2$2 — k2) with jz = ji —m,

ik —2j1_2(g00(2j1x1 — kl) — <p0(2j1x1 — k1 — 1))¢1(2j2x2 — kg)

where 1] = 4ty and ¢} = @o(.) — po(. —1).
The corresponding complement functions used for the divergence-free wavelet trans-
form are:

gL _ 2004y (20 2y — K)o (27229 — ko)

. J2 Il — J2 0 —
o pdivOD) _ | 2Pp1(27 a1 — ki)iho(27a2 — k2) with 1 = jo — m.

X =2 : : Gl | <
Tk 224po (221 — k)Y (27220 — ko) with |1 = ol < m,
Jlgp, — J2 e —
¢ \Ij.]iﬂ,lily()) - ng(Z @R ), Jo =Jj1—m,
nn _ (0 . L
o Wy = 0o(200 21 — k)1 (27229 — ko) with j1 = jo — m.

For m = 0, these wavelets are the usual isotropic divergence-free wavelets introduced
by P.-G. Lemarié [28].

Contrary to anisotropic wavelets, the supports of these wavelets do not lengthen and
allow to refine the grid locally. Notice also that with these ‘generalized’ divergence-free
wavelets, the algorithms of Sections 2.1.2 and 2.2 converge as well, with satisfactory con-
vergence rates (except for the isotropic wavelets m = 0). The particular case m = 1
gives quasi-isotropic functions, with a good behavior for the convergence of the wavelet
Helmholtz decomposition.

4 Numerical experiments

The experiment on which we apply our method is the three vortex interaction. This
experiment was originally designed by M. Farge and N. Kevlahan and is often used to test
new numerical methods [34, 6, 22]. In order to provide a reference solution, the experiment
of [6] was first reproduced by using a pseudo-spectral method, solving the Navier-Stokes
equations in wvelocity-pressure formulation.

The initial state is displayed on Figure 3 left. In the periodic box [0, 1]2, three vortices
with a Gaussian vorticity profile w;(x) = Ayt (@1—ai)* +(@2-0:)%) gre present:

- one centered at (a1, 1) = (3/8,1/2) with amplitude A; = 1,

- one centered at (aw, f2) = (5/8,1/2) also with amplitude Ay =1,

- and one centered at (a3, 3) = (5/8,1/2 + v/2/8) with amplitude A3 = —1/2.

The negative vortex is here to force the merging of the two positive ones. The time
step is 6t = 10~2 and the viscosity v = 5.107°. The solution is computed on a 512 x 512
grid.

The vorticity fields at times ¢ = 0,10,20 and 40 are displayed on Figure 3. The
second row of Figure 3 displays the absolute values of the isotropic divergence-free wavelet
coefficients of the wvelocity field at corresponding times, with a L°-normalization. This
time-evolution of the wavelet modes can be compared to the time evolution of the wavelet
coefficients of the vorticity field presented in [34], with isotropic orthogonal scalar wavelets:
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divergence-free wavelet coefficients are concentrated on zones with high energy (around
structures and in strain zones), whereas wavelet coefficients of the vorticity fields are
concentrated on zones with high enstrophy (inside vortices and in strain zones). In both
cases, the wavelet maps give a good illustration of the sparsity provided by the wavelet
decomposition of flows containing coherent structures.

- »
. . ’ .
. €3 .
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1.6 |-08] 0 | 08] 1.6 | 24

b § e i I
. PR e PP
" #. ¥ @ @
£ y s ¥ P !

01075 [ 107* | 1073 | 1072

Figure 3: Vorticity fields at times ¢ = 0,10,20 and 40, and corresponding isotropic
divergence-free wavelet coefficients of the velocity fields, for the reference solution, given
by a pseudo-spectral method on a 5122 grid.

4.1 Full divergence-free wavelet code

We show in this part the results of the “three vortex interaction” provided by the anisotropic
divergence-free wavelet method described in Section 3.1.2. To construct divergence-free
wavelets, we have used the spline wavelets 1y of order 2 and 1 of order 3, represented on
Figure 4.

The velocity field was computed on a 2562 grid with ¢ = 0.02 and v = 5.107°. For
this simulation, we don’t use any threshold on the wavelet coefficients. At each time step,
we compute the wavelet Helmholtz decomposition of (u, - V)u,, with 7 iterations of the
algorithm of Section 2.1.2, taking the result of the previous step as initial guess. The
nonlinear term is evaluated by collocation in physical space. We also solve the discrete
heat equation with 3 iterations of the method described in Section 2.2. These (fixed in
time) number of iterations have been chosen to provide a sufficient accuracy.
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Figure 4: Scaling spline functions and associated spline wavelets of order 2 and 3 related
by differentiation: ¥ = 44)y.

The time-evolution of the vorticity field (reconstructed from the computed velocity
field) is very similar to Figure 3. Hence, the results are close to the reference solution.
Notice that this code only uses wavelet transforms.

We also observe the time-evolution of active divergence-free wavelet modes. Figure 5
represents the evolution in time of the ratio of wavelet coefficients (in L2-normalization)
above some fixed threshold. Let ¢ = sup(u}]) (= 0.066062) the maximal value of the
divergence-free wavelet coefficients of the initial velocity field. We introduce 7 values for
the threshold parameter: e; = /4%, (1 < i < 7), and we plot the ration of wavelet
coefficients of u,, verifying |u}| > ;. The lowest threshold represented is /16, 384.

Figure 5: Time-evolution of the ratio — there are 2562 of them in total — of
anisotropic divergence-free wavelet coefficients of the solution u, above thresholds
equal to g; = g/4" for 1 < i < 7 (each curve corresponds to a different threshold
g; € {16.5E — 3, 4.13E — 3, 1.03E — 3, 258F — 6, 64.5F — 6, 16.1F — 6, 4.03E — 6}).

One can observe that for this experiment, the complexity of the flow structure increases
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until reaching a maximum at time ¢ = 22, and then decreases slowly.

4.2 Towards an adaptive divergence-free wavelet code, using anisotropic wa-
velets

We investigate in this section how the numerical wavelet scheme behaves with thresholding
the wavelet coefficients. As the implementation of a fully adaptive wavelet scheme is heavy,
we just compute the evolution of the solution by filtering, at each time step, the wavelet
coefficients of the velocity and of the nonlinear term. In practice, at each time-step of the
full anisotropic divergence-free wavelet code, we eliminate the wavelet coefficients below
the threshold oy (for the velocity coefficients) and o for the divergence-free part of the
nonlinear term, as explained in Section 3.2. The thresholds oy and o7 are chosen according
to empirical criteria.

Figure 6 displays the time-evolution of the wavelet coefficients above the thresholds
for the velocity, for the nonlinear term, the intersection of these two sets and their union,
this last one representing the number of active modes.

(u)>s0 | d(u.Du)>s1

(u)>s0
(u.Du)>s1
d(u)>s0 & d(u.Du)>s1

T T T T T
5 30 35 40

— d
0.02 —d
— d

o
o
S
o
8
N

Figure 6: Time-evolution of the ratio of wavelet coefficients above the thresholds: starting
from the bottom, the second lowest curve represents coefficients of the nonlinear term
above 01 = 32F — 6, the third curve these of the velocity u,, above oy = 6F — 6, the first
curve the intersection of these two sets, and the upper curve is the union of these two sets.

The solution obtained presents no perceptible differences when compared with Fig-
ures 3.

Figure 7 displays the L? relative error between this numerical solution and the reference
solution of Figure 3. This error is compared with the error obtained for a pseudo-spectral
code with the same number of grid points (2562). One can notice that neither the use of
wavelets, neither the thresholding destroy the accuracy of the solution.
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Figure 7: L? relative errors for the pseudo-spectral code (lower curve) and the filtered
wavelet code (upper curve), corresponding to Figure 6, on a 2562 grid, compared with the
reference pseudo-spectral solution.

For higher thresholdings, the effects of the anisotropy begin to be visible. These effects
are already clearly present in Figure 8 where both thresholds og and o; were multiplied
by 3, but without destroying the solution. And the evolution of the thresholding gives
satisfactory results: the maximum ratio of active coefficients goes to 6% instead of 10%,
and the evolution of the curve follows the complexity of the flow.

On the contrary, we see on Figure 9 that if we take a higher threshold with a maximum
of 4.5% of the coefficients, it leads to a non admissible final result.

t=0 t=10 t=20 t=40
. #
. » / v
' €3 .
4

Figure 8: Time-evolution of the vorticity, reconstructed from the velocity provided by the
filtered wavelet code (2562 grid, anisotropic divergence-free wavelets).

4.3 Filtered divergence-free wavelet code, using ‘generalized’ wavelets

We have remedied the problem of anisotropy induced by thresholding, by using ‘general-
ized’ divergence-free wavelets which are a mix between isotropic divergence-free wavelets
and anisotropic divergence-free wavelets. These wavelets have been defined in section 3.2.
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Figure 9: Ratio of active coefficients for a high thresholding (on the left), the lowest curve
represents coefficients of the nonlinear term above o1 = 160EF — 6, the middle curve these
of the velocity u,, above o0y = 30FE — 6, and the upper curve is the union of these two ; final
result at t = 40 (on the right), on a 2562 grid, using anisotropic divergence-free wavelets.

We choose to use quasi-isotropic wavelets, corresponding to the parameter m = 1, which
are a good compromise between isotropy, and convergence of the Helmholtz algorithm of
Section 2.1.2.

We have tested these wavelets with the experiment of the “three vortex interaction”.
We display the results on Figures 10 and 11.

Even with a rather high threshold (a maximum of only 5% of the wavelet coefficients
is needed), the quality of the solution remains reasonably good. And the thresholding
evolves in a satisfying way. We don’t observe the appearance of lines on the whole domain
as it was the case for anisotropic wavelets on Figure 9. Even when we compare these
results with those on Figure 8, we notice an improvement.

Conclusion

We derived in this paper a new numerical divergence-free wavelet scheme for solving
Navier-Stokes equations. The proposed method only relies on fast wavelet transforms and
is perfectly fitted for adaptivity. Nevertheless, work should be done to optimize this in
practice, and take more advantage of wavelets.

Until now, the use of divergence-free wavelets was limited to linear problems such as
the Stokes problem [36] or the equations of electromagnetism [38]. This limitation was due
to the non-existence of divergence-free wavelet algorithms dealing with nonlinear terms,
like (u- V)u for the Navier-Stokes equations. The investigation of anisotropic divergence-
free wavelets and more specifically the invention of ‘generalized’ divergence-free wavelets
[11] enables such algorithm (see Section 2.1.2 or [16]).

The numerical stability of this numerical scheme is fulfilled under a CFL condition,
and is mainly due to the use of divergence-free wavelets that permit to verify exactly the
divergence-free condition (divu = 0).
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Figure 10: Ratio of activated wavelet coefficients in the case of ‘generalized’ divergence-free
wavelets on a 2562 grid with thresholds o1 = 20E — 6 and o9 = 5F — 6.

t=0 t=10 t=20 t=40

Figure 11: Time-evolution of the vorticity, reconstructed from the velocity coefficients on
‘generalized’ divergence-free wavelets, with thresholding corresponding to Figure 10, on a
2562 grid.

Extensive numerical tests on the experiment of “three vortex interaction” were pre-
sented. The results provided by the new divergence-free wavelet method can be compared
with those obtained in [22]. In [22], M. Griebel & F. Kostner use anisotropic interpolat-
ing wavelets and a Poisson solver for the same experiment (three vortex interaction), the
equations being written in velocity-vorticity formulation. With 10,000 degrees of freedom,
their results are of lesser quality (ibid. “overestimation of the rotation of the cores of the
vortices”) than the ones we obtain with 3,500 degrees of freedom. The computational
time for the full wavelet code is about four times the Fourier code in the periodic case for
which the Fourier spectral method is known to be nearly optimal. But the interest of such
wavelet method is that it can be extended to other boundary conditions, such as Dirichlet
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or Neumann boundary conditions, using wavelets on the interval satisfying homogeneous
boundary conditions (see for instance [33]). To deal with complex geometries, wavelet
methods can be incorporated into a fictitious domain approach, and in this context, adap-
tive codes are also available [2]. Last, while only results in dimension two are presented
in this paper, our divergence-free wavelet method extends directly to dimension three.
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Appendix A: The ‘generalized’ wavelet transform in 2D

The ‘generalized’ wavelets make a compromise between isotropic wavelets and anisotropic
wavelets as indicated in Section 3.2. In the periodic case (T?), for m > 0, the ‘generalized’
wavelet transform in the MRA (i1 ® 1)2) is given by the following operations:

271

flan,a) = D cnepr(27a1 — k)ga (2722 — ko)
1 ko =0

The first step consists in performing an isotropic transform:

J—1 29-1

flan,m) = >0 > d§»1k1)1/11(2j331 k1)1/12(2]332—/€2)+d P22y — k)pa(D 22 — ko)
] Okl,kz 0

+d§-0kl)cp1(2jw1 — k1)2 (222 — k) (4.1)

Some additional wavelet transforms for dg.lli)) in the x5 direction and for d§0}{1) in the a1
direction yields the ‘generalized’ wavelet transform:

f(zr,m2) = (Ziﬁ a0 40y s (2T — ko (s — ko)

j £ . .
—1—22:1 22]1 %)sz ; 81]')_@2)1(7,01(2%1 — k) o(207 22 — ko)

m i—¢ . .
+ 01 Zi:g ! Ei %) 8141 ) Y1 (2? by — ko (2 xg — ko)
+22j EZ% n(; td 83) m) WW1(27 21 — k1) (277 M wy — ko)

m 01 . .
+ sz - Zi; éd@ mo) kP12 — K)o (2w — k‘2)>
If m = 400, we have the anisotropic transform:

J—1 k1=291—-1ko=272 -1

flan,me) = Y > dj a1 (27 w1y — k1) (272 0 — ko)

71,J2=0 k1,k2=0

In all the previous equations we noted ;00 = @00 = 1 on T2,
These transforms are schematized in Figure 12.

Appendix B: Divergence-free wavelet transform in the ‘generalized’ case
in 2D

In the following the wavelets ¢); and v are linked by derivation: ¢} = 4.
First, we apply the ‘generalized’ wavelet transform as defined in Appendix A to a vector
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Figure 12: Coefficient repartition for the isotropic, anisotropic and ‘generalized’ 2D wavelet
transforms.

function u on T?:
201 — 272 -1 (11) ; 1
w z0<J1,J2<J 1, 1j1—d2|<m Z zkz =0 1j7k¢1(2j1x1 = k1)yo (2222 — k2)

271 -1 271—m_1 (10 ; -
S DHED AN DA (j)l,jl—m)k%@“!ﬂl — k1) (207w — k)

S S SR (i1 (2 — k)0 (272 — )

271 -1 2J2 1 11 1 ;
U2 = D 0%, ja<I—1, [ji—jal<m 2ok1=0 2oky=0 dy b (2101 — Ky )by (22 — ko)

271 -1 271—=m_1 (10 ; i1 —
Zn— 2 k=0 2ky=0 dé (j)l,jl—m)k%@”i’?l — k1)p1 (217w — ko)

2Jj2—m _1 2921 4(01 o — ;
]2 D B A i, é(]l gk P0(272 7Ty — k1 )iy (2729 — kp)
Then we obtain the decomposition:

div e leE ne\ne
= D AU+ R UE
e.d:k

with the wavelets Ve and U2¢ introduced in Section 3.2. The wavelet coefficients dle€
and di'p are given by:
. jo 7(11) i 7(11)
dle (11) o 2]2d1j,k_2jld2j‘k
ik - 2271 42272
n (11) o 271 d;l‘ll’]?(+2jz d(l.l)

d 2j,k
ik T 2271 42272
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and )
dle (10) _ 2_j1d(

j.k 2

10)
j)k

dn (11) _ dglo) + 2—m—2d(10) o 2—m—2d(10)
J

ik T Y1jk 2j,k 2j,(k1,k2—1)
and div (01) (01)
v — 9—J2
djy 7 = 27%dy 5y

01 _ 00 | om0 o m_2 (01)
dije " = dyji+2 dije—2 Ay k1 —1,k)

Appendix C: Order two Navier-Stokes numerical scheme

We present the pseudo-code corresponding to Section 3.1.2, in dimension two.

Sub-routines:

e Fast divergence-free Wavelet Transform: d4V = FWTgiv(c)
¢ = coefficients of the discretization of a vector function u on the scaling functions

(Y190, Pop1)-

e Inverse Fast divergence-free Wavelet Transform: ¢ = IFWT g, (d4)

e Wavelet Helmholtz Decomposition: d¥V = WHD (u, 3", It)
u = vector function to decompose: u = ugiy + ey, Udiv = 9 v gdiv,
dgi" = initial guess for 4V,
It = number of iterations.
e Implicit Heat Kernel Integrator: d{"V = IKI(dSiV, a, It)
solves (Id — aA)u = v with v = 3 ddV¥dV and u = 3 @V ¥4 unknown.

Navier-Stokes solver order two:
Loop on time t, = ndt

1. (cn) = IFWTg;, (d9") (computation of uy)

2. ugu, = (uy - V)uy,

3. dip, = WHD (ugun, dfy | . Tt)
g di ot 5di 4
4. a ) = KLY — Fdugy,, 57 It2)

5. (Cag1/2) = IFWTdiV(ddiIl/Q) (computation of u, 4 /5)

n
6. ugu, )9 = (un+1/2 : V)un+1/2

7. qdiv = WHD (uguy, 4 /2> dg;n’ Ity)

uguy, 1/2
8. (cau,) = approximation of Au, in the MRA (190, vop1)
9. (d§l¥) = FWTgiv(Cau,)
10. dgiy = IKI(dg™ + 0t (—dgyy |, + 5diiy), 5%, Ito)

End of the loop
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