m Seminar for

Applied

Eidgenodssische Technische Hochschule Ziirich .
& Mathematics

Swiss Federal Institute of Technology Zurich

On the convergence of the spectral viscosity
method for the incompressible Euler
equations with rough initial data

S. Lanthaler and S. Mishra

Research Report No. 2019-17
March 2019

Seminar fur Angewandte Mathematik
Eidgendssische Technische Hochschule
CH-8092 Zirich
Switzerland

Funding ERC: 770880 COMANFLO



MANUSCRIPT

ON THE CONVERGENCE OF THE SPECTRAL VISCOSITY
METHOD FOR THE INCOMPRESSIBLE EULER EQUATIONS
WITH ROUGH INITIAL DATA

SAMUEL LANTHALER AND SIDDHARTHA MISHRA

ABSTRACT. We propose a spectral viscosity method to approximate the two-
dimensional Euler equations with rough initial data and prove that the method
converges to a weak solution for a large class of initial data, including when
the initial vorticity is in the so-called Delort class i.e. it is a sum of a signed
measure and an integrable function. This provides the first convergence proof
for a numerical method approximating the Euler equations with such rough
initial data and closes the gap between the available existence theory and
rigorous convergence results for numerical methods. We also present numerical
experiments, including computations of vortex sheets and confined eddies, to
illustrate the proposed method.

1. INTRODUCTION

Flow of incompressible fluids at (very) high Reynolds numbers is often approx-
imated by the incompressible Euler equations that model the motion of an ideal
(incompressible and inviscid) fluid, [34] and references therein. The incompressible
Euler equations are nonlinear partial differential equations of the form,

du+u-Vu+ Vp=0,
(1.1) div(u) = 0,

u\f;o = Ugp.

Here, the velocity field is denoted by u € R? (for d = 2,3), and the pressure is
denoted by p € R;. The pressure acts as a Lagrange multiplier to enforce the
divergence-free constraint. The equations need to be supplemented with suitable
boundary conditions. For simplicity, we will only consider the case of periodic
boundary conditions in this paper.

1.1. Mathematical results. Although short-time (or small data) well-posedness

results are classical [30], the questions of well-posedness, i.e. existence, uniqueness,

stability and regularity of global solutions of the three-dimensional Euler equations

are largely open. Notable exceptions are provided by the striking results of [36, 37,
1
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, 27], where it is established that weak solutions, even Holder continuous ones
(with Hélder exponent < ), are not necessarily unique.

On the other hand, the analysis of the Euler equations (1.1) in two space di-
mensions is significantly more mature. This is mainly due to the fact that, in two
dimensions, the vorticity w = curl(u) of a solution u to the PDE (1.1) satisfies a
transport equation

(1.2) Ow +u-Vw =0,

providing a priori control on various norms of w, such as LP-norms [34].

Global existence and uniqueness results for the two-dimensional incompressible
Euler equations with smooth initial data are classical [34, 8]. For non-smooth initial
conditions, the work by Yudovich [19] has established existence and uniqueness for
bounded initial vorticity, i.e. wg € L>. The uniqueness result of [19] has later been
extended to vorticities belonging to slightly more general spaces [47, 48, 50]. An
existence result for vorticity wg € LP , 1 < p < oo has been obtained by Diperna
and Majda [8]. It is shown in [3] that the sequence obtained by solving the Euler
equations for mollified initial data is strongly compact in L2. The existence of a
weak solution for wy € LP is then established by passing to the limit. Further
extensions of the result of Diperna and Majda can be obtained by compensated
compactness methods for initial vorticity wg belonging to e.g. Orlicz spaces such
as wg € Llog(L)®, o > 1/2, which are compactly embedded in H~! [35, 2, 3, 32].
These methods break down for wg € L.

In his celebrated work [7], Delort has shown the existence of solutions to the
Euler equations with initial vorticity wg = wj + w({, where wj is a finite, non-
negative Radon measure belonging also to H~!, and w( € LP, for some p > 1.
These initial data correspond to the interesting case of vortex sheets i.e. vorticity
concentrated on curves in the two-dimensional spatial domain [34]. In [7], it is
remarked that the proof can be extended to allow for wjj € L*. A detailed proof of
this claim has subsequently been provided by Vecchi and Wu [16]. The results of
Delort [7], and Vecchi and Wu [16], remain the most general existence results for
the incompressible Euler equations in two dimensions. The question of existence
of solutions beyond this Delort class, for instance, when wqg is an arbitrary signed
bounded measure, remains open. The uniqueness question also remains open, even
for vorticities wy € LP, p < oc.

1.2. Numerical schemes. It is not possible to represent solutions of the incom-
pressible Euler equations in terms of analytical solution formulas, even in two space
dimensions. Hence, numerical approximation of (1.1) is a necessary and key ingredi-
ent in the study of the incompressible Euler equations. A wide variety of numerical
methods have been developed to robustly approximate the incompressible Euler
equations. These include spectral methods [0], finite difference-projection methods
[1, 21], finite element methods [10] and vortex methods [24, 23, 34].

Although finite difference and finite element methods are very useful when dis-
cretizing the Euler equations in domains with complex geometry, spectral methods,
based on projecting (1.1) into a finite number of Fourier modes are the method of
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choice for approximating (1.1) with periodic boundary conditions. These methods
are very efficient to implement (aided by the Fast Fourier transform (FFT)), fast to
run and have spectral, i.e. superpolynomial convergence rates for smooth solutions
of (1.1) [6]. Consequently, spectral methods are widely used in the simulation of
homogeneous and isotropic turbulence [18, 22].

Rigorous convergence results for numerical approximations of the incompressible
Euler equations are mostly available when the underlying (continuous) solution is
sufficiently smooth, see [1] for spectral methods, [11] for finite-difference projection
methods, [10] for discontinuous Galerkin methods and [34] for vortex methods.
This represents a significant gap between the existence results for the underlying
weak solutions (at least for the two-dimensional case) and convergence results for
numerical methods. In particular, it is essential to design (and prove) convergent
numerical methods for the two-dimensional Euler equations with rough initial data
such as with initial vorticity in LP, for 1 < p < oo, or even for initial vorticity in
the afore-mentioned Delort class.

In this context, we survey a few available results for convergence of numerical
methods approximating (1.1) with rough initial data. A notable result in this
regard is the convergence of a central finite difference scheme ([29]) for the vorticity
formulation (1.2) of the two-dimensional Euler equations [29]. This scheme was
shown to possess a discrete maximum principle for the vorticity. Hence, one can
prove that it converges to a weak solution of (1.2), as long as the initial vorticity
wo € LP for 1 < p < oo [32]. However, it is unclear if the convergence analysis for
this scheme can be extended to the case where the initial data wy € L', let alone in
the Delort class. Similarly for spectral methods and for finite difference-projection
methods, the only available results for (1.1), are of convergence to the significantly
weaker solution framework of dissipative measure-valued solutions in [25] and in
[28], respectively.

1.3. Aims and scope of this paper. Our main aim in this paper is to design a
suitable method to approximate the two-dimensional version of the Euler equations
(1.1) and to prove convergence to the underlying weak solutions, when the initial
data for (1.1) is rough, i.e. for instance the initial vorticity wy € LP, for 1 < p < oo
or when the initial vorticity is in the Delort class. We focus on spectral methods
in this paper. However, it is well known that spectral methods may not suffice
to approximate weak solutions of the incompressible Euler equations in a stable
manner and need to be modified.

This situation is somewhat analogous for the much simpler case of the Burg-
ers’ equation or in general, for scalar conservation laws. Given the formation of
singularities such as shock waves for these problems, spectral methods do not con-
tain enough numerical diffusion to damp down oscillations that arise on account of
Gibbs’ phenomena [13]. Consequently, one modifies spectral methods by adding nu-
merical diffusion to a sufficient number of (high) Fourier modes to stabilize solutions
while still maintaining (superpolynomial) spectral accuracy for smooth problems.
Such spectral viscosity (SV) methods were first proposed by Tadmor in [43] and
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have been shown to converge to entropy solutions of the underlying scalar conser-

vation laws in a series of papers [13, 44, 45, 33, 38]. Spectral viscosity methods have
been employed to robustly approximated turbulent flow in [22, 19] and references
therein.

In this paper, we will modify the spectral viscosity method of Tadmor to ap-
proximate the Euler equations with rough initial data and prove convergence to
underlying weak solutions when the initial vorticity belongs to LP for 1 < p < oo,
or more generally if it belongs the Delort class, i.e.

(1.3) wo€ My +LYNH

Our main ingredients in the present work will be the equivalence between the
primitive and vorticity formulations for the spectral viscosity method and the de-
termination of sufficient conditions on the free parameters of the spectral viscosity
method, namely the strength of the numerical diffusion and the number of modes
to which the diffusion is to applied, from a rigorous stability analysis of the scheme.
Moreover, we also introduce a novel modification of the standard Fourier discretiza-
tion of the initial data that allows us to handle its roughness. The resulting scheme
is carefully analyzed and sharp estimates are derived that allow us to apply com-
pensated compactness arguments of [32] for wg € LP, with 1 < p < oo and of [7, 40]
when the initial vorticity is in the Delort class, in order to show convergence to
weak solutions.

Thus, we close the aforementioned gap between existence results and rigorous
convergence results for numerical approximations of the two dimensional Euler
equations and provide the first rigorous proof of convergence for any numerical
method to the weak solutions of the Euler equations with rough initial data.

This paper is organized as follows: In section 2, we describe the spectral van-
ishing viscosity method for the incompressible Euler equaitons (1.1), and point out
the equivalence of the spectral approximation in primitive variable form and the
formulation in terms of the vorticity. In section 3, we review the notion of approx-
imate solution sequences and prove that the vanishing viscosity method provides
an approximate solution sequence. We also recall some notions of compensated
compactness for uniformly bounded vorticities. In section 4 we establish simple
a priori L? bounds. These L? estimates will be used to prove a spectral decay
result, allowing us to control the discretization error. Refined estimates providing
LP-control will be based on the spectral decay result established in section 4. These
spectral decay estimates must be complemented by short time estimates, providing
control of the LP-norm of the vorticity over a short initial interval of time. During
this initial time interval, viscosity will dampen out higher-order modes and provide
the required spectral decay. The short-time estimates are the subject of section
5. In section 6, we prove convergence of the spectral viscosity method in the case
when the initial vorticity, wg € LP, with 1 < p < co and when it is in the Delort
class (1.3). Numerical experiments illustrating the theory are presented in section
7. Appendix A collects some known results from the literature, which are needed
throughout this work.
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2. SPECTRAL VISCOSITY METHOD

The incompressible Euler equations (1.1) are to be understood in the weak (dis-
tributional) sense. The notion of a weak solution to the incompressible Euler equa-
tions is made precise in the following definition [34]:

Definition 2.1. A vector field w € L>([0,T]; L*(T?;R?)) is a weak solution of the
incompressible Euler equations with initial data uy € L*(T?;R?), if

T
(2.1) / / u-8t¢+(u®u):v¢dxdt:—/
0o Jr2 T
for all test vector fields, ¢ € C(T? x [0,T];R?), div(¢) =0, and
(2.2) / u-Viyder =0,
T2

for all test functions 1 € C>°(T?).

ug - ¢(x,0) dz,

Given the fact that we consider the incompressible Euler equations in a periodic
domain and in order to ensure equivalence between the primitive (velocity-pressure)
and vorticity formulations of the underlying equations, henceforth, we assume that

(2.3) / ug dz = 0.
T2

In the following, we will consider the spectral vanishing viscosity (SV) scheme
for the incompressible Euler equations: We write un(z,t) = > _<n Uy (t)e* @,
where |k|o:=max(|k1], |k2|), and consider the following approximation of the in-
compressible Euler equations

Orun + PN(UN . V’LLN) + Vpn = ENA(QN * uN),
(2.4) div(uy) =0,
UN|t=0 = Kay * uo-
Here Py is the spatial Fourier projection operator, mapping an arbitrary function
f(z,t) onto the first N Fourier modes: Py f(x,t) = 35 <y f(t)e™®. Qn is a
Fourier multiplier of the form
(2.5) Qn(z) = Z Qre™ ™,
mn<|k|<N

and we assume

AN -~ 07 |k:| g mn,
(2.6) 0<Qr <1, Qg {17 k| > 2mn.
The parameters my and ey already appear in the original formulation of the SV
method as applied to scalar conservation laws [13]. Their dependence on N will be
specified later. The idea behind the SV method is that dissipation is only applied
on the upper part of the spectrum, i.e. for |k| > my, thus preserving the formal
spectral accuracy of the spectral method, while at the same time enabling us to
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enforce a sufficient amount of energy dissipation on the small scale Fourier modes
needed to stabilize the method and ensure its convergence to a weak solution.

Remark 2.2. In equation (2.6), we have assumed that the coefficients @k change
only in the interval |k| € [my,2my]. This assumption could have been replaced
by taking [my,cmy], for any constant ¢ > 1, without changing the results of this
paper. We have chosen ¢ = 2 here for simplicity, and in order not to introduce
further parameters into the numerical scheme. In practice, a different choice may
be more suitable.

As a slight extension to [13], we have introduced an additional Fourier kernel
K,,. This kernel gives an another degree of freedom in our numerical method,
and will be necessary to obtain suitably approximated initial data, providing fur-
ther control on the numerical solution. The Fourier kernel K, is a trigonometric
polynomial of the form

Koy(@)= Y Epe®™™  |Kpl <1
|kl<an

The exact form of the kernel K,, and the choice of parameters ay will be specified
later. However, we shall assume that K, satisfies a bound of the form

(2.7) | Kayllzr < Clog(N)?, forall N € N.

The above discretization of the initial conditions will be necessary in our conver-
gence proofs for initial vorticity in spaces wy € LP with p < 2, or indeed for initial
vorticity, which is a a vortex sheet as considered by Delort.

For the numerical implementation, the system (2.4) can conveniently be ex-
pressed in terms of the Fourier coefficients:

. kE®Ek o~ ~ A~
8tuk + (1 - @) Z ’L(f . ukfg)’UJg = _€N|k|2Qkuk,
||, k—£|<N

Ug|i=0 = I?k: @k, (for all 0 < |k| < N).

(2.8)

Note that we suppress the time dependence uy, = ug(t) for notational convenience.

From (2.3), we shall assume that [uo]|k=0 = 0, which then implies that also U|k—¢ =
0, for all later times. In addition, we shall assume that the initial data is divergence-

free initially, i.e. that [uo], - k = 0 for all |k| < N. Again, this can be shown to
imply that ug - k = 0 also at later times, as discussed e.g. in [25].

Remark 2.3. The SV scheme for the incompressible Euler equations depends on
the three parameter sequences ex, my,an. To fix ideas, we note that we will later
on choose ey — 0, ay ~ mpy ~ N? — o for some 6 < %

Since the uy are smooth, and since the Fourier projection commutes with dif-
ferentiation, it turns out that we can equivalently write the system (2.4) in its
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vorticity form
Owwn + Prn(un - Vwy) = enA(Qn * wn),
(2.9) curl(uy) = wy,
Wi |t=0 = curl (K4, *uop) .

We recall the following simple result, which will be of fundamental importance
for the current work:

Proposition 2.4 (Lemma 3.10, [25]). The systems (2.4) for un and (2.9) for wy
are equivalent.

Remark 2.5. Proposition 2.4 allows us to focus on the vorticity formulation (2.9).
The strategy is then as follows: The vorticity formulation will be used to obtain
uniform a priori control on the LP-norm of the approximate vorticities wy, for
some 1 < p < oo. The bounds on wy in turn provide additional control on the
velocity upy, which can be used to prove the convergence of the non-linear terms in
the primitive variable formulation (2.4). The convergence of the non-linear terms
will rely either on establishing pre-compactness of the sequence uy in L?(T?;R?),
following the original ideas of Diperna and Majda [8], or by employing compen-
sated compactness results established by Delort 7, 46, 39]. It is thus the interplay
between the primitive and the vorticity formulation, which will allow us to obtain
convergence proofs even for rough initial data.

As a first step towards proving the convergence of the SV method, we make the
error terms more apparent. We rewrite the system (2.9) in the following form

(2.10) Own +un - Vuy — enAwy = (I — PN)(UN . V(.UN) +€NARmN *WN .

—:erry —:errs
The left-hand side corresponds to the vorticity formulation of the Navier-Stokes
equations in 2d with viscosity €. The right hand side consists of a projection error
(erry), and a ”viscosity” error (errs), which is written in terms of a convolution with
R,y =1— Qn. We note that R,,, () has Fourier coefficients

17 |k‘ <mN7

2.11 0< Rp <1, Ri=
( ) k k {0, |k‘ > 2mpy.

Similar to (2.7), we will assume a bound of the form
(2.12) |Rpyllzr < Clog(N)?, forall N € N,

for the kernel R,,,, .

It will turn out that for an appropriate choice of €, my, the second error term
erry is benign, since it is a bounded operator on L? [13]. Our main tool used to
obtain bounds on the projection error err; will be a spectral decay estimate of
the Fourier coefficients in the range N/2 < |k| < N. This will imply that the
coefficients, corresponding to the high Fourier modes, decay (exponentially) fast.
We will then use this spectral decay estimate, to obtain estimates providing uniform
LP-control of the vorticity, provided that wg € LP. The case of Delort-type initial
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data will pose additional difficulties as compared to the case 1 < p < oo. This is
discussed in section 6.2.

3. A BRIEF OVERVIEW OF COMPENSATED COMPACTNESS

In this section, we list some results from the literature that we will use for
proving convergence of the spectral viscosity scheme when the initial vorticity wg €
LP(T?) for 1 < p < oo. The convergence proofs are based on the compensated
compactness method for the incompressible Euler equations developed by Lopes
Filho, Nussenzveig Lopes and Tadmor in [12]. We first need the following definition.

Definition 3.1. Let {u¢} be uniformly bounded in L°°([0,T]; L?(T?;R?)). The
sequence {uc} is an approzimate solution sequence for the incompressible Euler
equations, if the following properties are satisfied:
(1) The sequence {u¢} is uniformly bounded in Lip((0,T); H L (T? R?)), for
some L > 1.
(2) For any test vector field ® € C*°([0,T) x T?; R?) with div(®) = 0, we have:

T
lim/ P, u+ (VP): (u* ®@u)de dt+/ ®(z,0) - u(z,0)dr = 0.
o Jr2

e—0 T2
(3) div(u®) =0 in D'([0,T] x T?).

It will be shown in section 6, below, that the approximations obtained by the
spectral vanishing viscosity method are approximate solutions in this sense.

The authors of [12] introduce the following definition (slightly adapted here to
the case of a domain T2, rather than R?):

Definition 3.2 (H !-stability, [12]). A sequence of divergence-free vector fields
u® € L?(T?;R?) is called H™'-stable if {curl(u€) = w} is a precompact subset of
C([0,T); H=H(T?)).

For the current purposes, the following remark (which we formulate as a Theo-
rem) will be sufficient.

Theorem 3.3 (Rmk. 2. to Thm. 1.1, [12]). Let {u} be an approzimate solution
sequence of the incompressible Buler equations. If {u¢} is H'-stable then there
exists a subsequence which converges strongly in C([0,T]; L?(T? R?)) to a weak
solution u.

Finally, we recall the following lemma from [12]:
Lemma 3.4 (see e.g. [12]). LP(T?) is compactly embedded in H~1(T?) for p > 1.

Now let u¢ be an approximate solution sequence for the incompressible Euler
equations, with vorticity w® uniformly bounded in L°°([0,T]; LP(T?)), for some
p > 1. We can then apply the Aubin-Lions lemma, which we have stated as
Theorem A.7 in the appendix, applied to the family of functions F = {w°}, and
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the spaces X C B C Y, where
X =1IP(T?), B=H Y(T?) and Y = H-L=1(T?).
To check the applicability of the Aubin-Lions lemma, we note that the embedding
X — B is compact by Lemma 3.4, F = {w®} is uniformly bounded in B, by
the assumed L?-boundedness of u¢ (cf. Definition 3.1), and {w¢} satisfies the
equicontinuity property of Theorem A.7, due to the assumed Lipschitz continuity
in Definition 3.1. Applying the Aubin-Lions lemma, we can conclude that {w®} is
relatively compact in C([0,T]; H(T?)).
In particular, it now follows from Theorem 3.3, that

Corollary 3.5. If u® is an approximate solution sequence of the incompressible
Euler equations, and if w€ is uniformly bounded in L>([0,T); LP(T?)) with p >
1, then there exists a subsequence € — 0, such that u converges strongly in
C([0,T); L?(T?;R?)) to a weak solution u of the incompressible Euler equations.

4. SPECTRAL DECAY ESTIMATE

Before establishing more detailed LP-type estimates for the vorticity, we note
that L2 estimates for the approximate solutions, uy and wy are readily obtained.

Proposition 4.1. If ug € L?, then the approzimation sequence uy satisfies
lun ()22 < flun(,0)l|z2 < fluollze.
In particular, this implies that we have a uniform bound
lwn (- )l -2 < Jluoll e

Proof. Multiply (2.4) by uy, integrate over the spatial variable, we find

(Plancherel)
—_—

d ~
ﬁ/ lun|*dz = —/ Vuy : V(Qn * uy) do = =Y QrlkP|(un)yl* <0
T2 T2 -

Integration over time yields the first inequality. The second inequality follows from

e (- 0) 122 = [ Ky uol2e = 57 BZI(0)l < 3 1{w0)l? = luol2:.
k k
The non-linear terms in (2.4) cancel out after multiplication with wy in the above
estimate. The upper bound for ||w||z-1 is trivial. O

And similarly for the vorticity, we also have

Proposition 4.2. If wy € L?, then the approximation sequence wy satisfies
lwn (5 D)llz> < llwn (4 0)l[z2 < flwol| 2

Multiplying (2.9) by wy and integrating over the spatial variable, we can readily
observe that the proof follows analogously to the proof of the previous proposition.
The main tool employed to prove the convergence results in this paper will be
the decay estimate for the vorticity stated below in Proposition 4.3. A similar
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idea has in fact been used in the context of the one-dimensional Burgers equation
to prove the uniform L°°-boundedness of the numerical apporoximations by the
SV method [33]. The method employed in [33], which is based on a bootstrap
argument adapted from [20], does not appear to allow a straightforward extension
to the present case. Instead, we shall adapt a different method from [9].

To state the next proposition, we first need to define the operators eVl for o €
R, and |V|. They are defined as distributions D’(T?) via their Fourier coefficients,
as follows:

o — o~

(4.1) (ealVl), =™ (V) = K]
We can now state the spectral decay estimate, based on the method employed in

[9]-

Proposition 4.3. Let wy be a solution of the voriticty equation (2.9), with arbi-
trary parameters ey, my,an > 0. Let

= a? + 8¢2,m?2 ,
(4.2) Pn NN
n = Clog(N),

where C'is a constant such that (k € 7?)
1
|k|<N
Then for any a > 0, we have the estimate
oo (-, )72t/

1 'YN“WJES\;,O)HiQ [B,BNt/EN _ 1]

EN BN
= N og <1+>.
BN v llwn (- 0)[17.

Proof. To prove the spectral decay estimate, we consider the evolution equation for
eVl . We find from

(4.3) le*Wlon (-, )72 <

)

for all t < t*, with

Own = enAwpn + ENA(RmN *wN) — PN(UN . va)7
that
d
@”@MIV‘WN”% _ <eat\V|wN76at|V\ath + aeat\v||v|wN>
= 7€N||6at‘v|vaH%2
(4.4) at| V| at|V|
+enle wn, (AR, ) e wN)
- <6O‘tlv|w1\/, eath‘PN(uN -Vwn))

+ a(eo‘tlv‘wN, eat\v||v|wN>
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We proceed to estimate the individual terms: Firstly, taking into account that
Ry < 1, and that R, , *wy is a trigonometric polynomial of degree 2my at most,
we have

(4.5) en (eMVwn, (AR ) % e Vlwy) < en(2mpy)? eV Iwy||2,.

To analyse the non-linear term, we write it out in terms of Fourier series:

—(e*Vlwy, eV (uy - Vwy)) = — Zeat\k\@z (eatlkl Z (g - k”)@k,,>
k

Kk =k
< Zeat\k\|@k| (eatlkl Z |ak’|k”||@k”|)
k K +k' =k
Since k = k' + k" implies by the triangle inequality e2tkl < g2atlk’|g2ot(k"]
find that the last term above is bounded by

Zeat|k|‘a}k| ( Z eat|k"|ak/| eatlk’1||k//|wk”|) )
k/

k +k''=k

, we

Note furthmore that |ug| = |0k|/|k|. If we define a function

(4.6) wyi= Y |Gl

[k|<N

then the last expression can be written in terms of wy, as an integral
/wN 1V wn] [V ]wn] d.
We thus find

(Vg e (- Vion)) < /wN [V~ wn] [|[V]wy] da

< lwnllzall [V wn ] iz | [V wa] | 2

(4.7)

Considering the Fourier representation of wy, we have |[wy||> = [|e®!Vlwn| 12
and |||V|wy||rz = |e*VIVwy || 2. To estimate || [|[V| wn] ||z, we note that

19 ]l < 3 1260

k|
|k|<N
1/2 1/2
1 ~ 12
<| X B > ||
k<N k1SN

< CY21og(N)Y2 |l wy || 2
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Combining this with (4.7), and recalling the definition of wy (4.6), we obtain
—(e®V e VIPy (uy - Vwp))

< CY2log(N) 2]l Wlwy |2 eV IV wn | 2

(4.8)
C'log(N EN
< D108 ¥l 4+ eI 2,
261\[ 2
where the last step follows form the inequality
€ 1
b< -a + b7
WSt g
Finally, we note that
at|V| at|V| o? at|V| 2 EN | at|V| 2
(49) o™ Mwn, e Viwy) < 5 —lle®Mwnllzz + e V||,
N

Combining estimates (4.5),(4.8), (4.9) with (4.4), we obtain
d a /BN @ ClOg(N) a
e o < (28] et + CEER et
where By:=a? + 8¢3,m5%;.
If we set z:=||e**Vlwy||2, and the short-hand notation vy = Clog(N), then we
have the differential inequality

dz
dz BN N 2
dt EN EN
Let y:=ze PNt/eN  then
@ < e Pnt/en IN 2 _ But/en lvy?
dt EN EN
Integration yields

i_l:/y@<ﬂ|:eﬁNt/€N_1:|)
Y

Yo Y o U2 By
or
< 1
YSW0TTINgo [eontlen —1]°

N
With y = e~ Ant/en||ealVIny |2, and yo = |lwn (-, 0)]|22, this becomes

lwn (-, 0)[[F et/

TN CLUT NP
N

oct\V|w

le NIz <

1

O

Note that the L? norm on the left provides a very crude upper bound for the
Fourier coefficients of wy via

(4.10) 2tk |22 < [l Vw [|3..

The following corollaries are then immediate
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Corollary 4.4 (LP Fourier decay; p > 2). With the notation of Proposition /.3; if
wo € LP and p > 2, then there exist absolute constants A, B > 0 such that

BN —2at%|k|

Gk < Alw 2p<1+)6 ’
|Gk (1)] llwollz Blog(N)||wol%,

fort e ty.T], and

« _ €N

B )
t log({l+ ———M—— .
N By g( Blog(N)[|wol 12,

Proof. Fix ty > 0. We note that Proposition 4.3 applied to (z,t) — wn(z,to + ¢),
together with the simple estimate (4.10) yields
oo (-, to)[[ 72N /<N

(4.11) 2RI+ |5 (1o + 3| <

)

The right-hand side of this estimate is a non-decreasing function of ||wy (-, %o)||3.
Since [lwn (-, t0)[|22 < [lwn(+, 0)||32 for all tg > 0, it follows that (4.11) remains true
if we replace [|wn (-, t0)||72 on the right by |lwn(-,0)||2.. Since the right-hand side
is then independent of ty > 0, we find that for any ¢t = to +t§ € [t%, T

o (-, 0) | 72”5 /e

1_ % [ePvti/en —1]

If wg € LP, p > 2, then we have a simple estimate

(4.12) ekl T ()] <

(4.13) lwn (-, 0)[ L2 < [lwollze < Kllwol| e

where the last estimate follows from the Holder inequality applied to wy = 1wy
(in fact K = (27)* provides a uniform bound for all 2 < p < o0). Again, by the
monotonicity of the right-hand side in (4.12), we finally obtain

Kleol[3e5/x

2 *
1— % [eﬁNtN/eN — 1]

Replacing t}; by its definition in the statement of this corollary, we find

e2a|k|t|ak(t)|2 <

eBNtN/en — q B
29w flwoll7s

and we also recall that vx = Clog(N). Hence, for t§, < ¢

2003;(\7/\ t 2< 2at |~ t 2<2K 2’ 1 ﬂN .
e |wki( )‘ € |wk( )| ||UJOHLP + 2KOIOg(N)||wO||%p

The claim thus follows with A = 2K = 2(27)* and B = 2KC. O

On the other hand, considering now 1 < p < 2, our bound worsens and depends
on ay (which defines the projection of the initial data via K, ).
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Corollary 4.5 (L? Fourier decay; 1 < p < 2). With the notation of Proposition
4.3; if wg € LP and 1 < p < 2, then there exist absolute constants A, B > 0 such
that

N 2(2-1 e
EAGIEES AaN(P )”wOH%p 1+ 26(1\27_1) 20t Ikl
Blog(N)ay " llwollZ,

fort e [ty,T), and

* EN 51\7

—log [ 1+
2(2 -1
Blog(V)a2l? Vw2,

™=y

Proof. The proof is a repetition of the proof of Corollary 4.4, except that the
estimate (4.13) is replaced by the Bernstein inequality in Theorem A.1, yielding an
estimate

2(2 -1
lon (5 0) 122 = 1 * w022 < Ko™ ]2,

with a constant K > 0 depending only on p. O

Note that when wg € L(T?), the Bernstein inequality which was used to prove
Corollary 4.6 is no longer available. Instead, we can prove the following result,
which is valid for general initial data wy € H':

Corollary 4.6 (general Fourier decay). With the notation of Proposition 4.3; if
ug € L? (and hence wg € H™'), then there exist absolute constants A, B > 0 such
that

N BN —2at% k|
Be(®) < Ad]luoll2s (1+ 20t It
wlwollze \ 1+ B Tl

fortety,T], and

€N BN
ty = — log (1 + ) .
N By Blog(N)ay|luol7

Proof. The proof is again essentially a repetition of the proof of Corollary 4.4,
except that the estimate (4.13) is replaced by the a priori estimate

lon (-, 0)[72 = [ Kay *wollf2 < (2an)?||uoll7.

Let us combine these corollaries in a single theorem:

Theorem 4.7. Let ug € L? be given initial data for the incompressible Euler
equations. Then, there exist constants A, B depending only on the initial data,
such that the approzimations, wy = curl(uy), obtained from the spectral viscosity
method satisfy the following estimate on their Fourier coefficients:

B0 < Aa? (1 L o ) i,
Bay" log(N)
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for allt € [ty,T] and o > 0. Here By = o + 8eXm%, and we have defined

EN BN
th=Nog 14—V,
N BN ( Ba"?) log(N))

and
Oa ifWOELp72<p<007
v(p) = 2(%71), ifwp € LP, 1 <p<2,
2, for arbitrary wy € H™1.

O

We next observe that we can choose the sequences ey — 0, my,anx — oo in
a suitable manner, such that the Fourier coefficients in the range N/2 < |k| < N
decay superpolynomially in N. Suitable conditions on the asymptotic behaviour
are described in the lemma below.

Lemma 4.8. We follow the notation of Theorem 4.7. If
51\7 ~ aVN(p) log(N)rv Q. ~ oy ﬁN’

(4.14) 6 aVN(p)/z log(IV)®
L A
with s +2 < r < 2s — 4, then
(4.15) Ity =o0 <Iz(p)1> — 0,
ay' Nlog(N)?
and
(4.16) atiy N 2 log(N)?2.

Proof. We follow the notation of Proposition 4.3. We recall that ¢}, is defined as

t}‘vzeNlog<l+ﬁN>.

BN B’yN aVN(P)

Under the assumptions of this Lemma, we have
1

aVN(P)/2N
Therefore, if r > s+ 2, it follows that

*

ty ~ (log N)*""(loglog N).

1
axP2 N (log N2

th <

At the same time

* enN

N

(loglog N) ~ (log N)*~"/?(loglog N),

satisfies
aty N Z (log N)?,
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for s —r/2 > 2 (or equivalently r < 2s — 4), as claimed. O
Based on Lemma 4.8, we can now deduce the following proposition.

Theorem 4.9. With the notation of Theorem 4.7. Choose the free parameters
en,an,my as follows

-1
my SNY, where 0< 6 < <2+y(p)) ,

2
NY, (v
4.17 anN ~
) N {N, (v(p)

a]”\ﬁp)/Q IOg(N)S
N

Then, o in Theorem 4.7 can be chosen such that the assumptions of Lemma 4.8
are satisfied, and for any o > 0, there exists a constant C, > 0, such that

(4.18) |0k (t)] S CoNT7, for N/J2< |k| <N, te€][ty,o0),

EN ~ , (s>06)

where t3y — 0, at a convergence rate

(4.19) ty < .
a5™"? N log(N)?

Proof. We begin by proving that the assumptions of Lemma 4.8 are satisfied. To

this end, we choose the free parameter a such that a ~ a5*/?log(N)"/2 with

exponent r satisfying s + 2 < r < 2s — 4 (this requires s > 6). Note that, by our

choice of the other parameters, we now have

m?vaz;v(p)ﬂ log(N)*  NO@+v(®)/2) 1og(N)*

N N '
Since 6 < (24 v(p)/2)”" (with a strict inequality), it follows that the term on
the right-hand side converges to 0 as N — oo. In particular, this implies that
o ~ m5P log(N)" > e%,m%. So that

2
ENT N S

By = o + 8eami ~ aVN(p) log(N)".
Thus, the assumptions of Lemma 4.8 can be satisfied, and it follows that
aty N > log(N)2.

From the spectral decay estimate of Theorem 4.7, it follows that (for |k| > N/2
and t > ty):

B ())> S AB™1a{P) log(N)r =2 los (N IKI/N
< Ne—log(N)?

_ Nl—log(N)
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with a uniform implied constant. In particular, for any ¢ > 0, we will have for
log(N) > 20 + 1, and any |k| > N/2:

lo(t)? S N727, fort > th.
The convergence rate of t}; has already been estimated in Lemma 4.8. |

It will be convenient to state the following definition:

Definition 4.10. We will say that a choice of parameters en, my,an and Fourier
kernels Qn, Kq, for the SV method ensures spectral decay, provided that the con-
clusions (estimates (4.18), (4.19)) of Theorem 4.9 hold true.

As a consequence of Theorem 4.9, we next show that the projection error vanishes
in the limit N — oo.

Lemma 4.11. If the parametrization for the SV method ensures spectral decay,
then the projection error can be bounded from above, i.e. there exists a constant
C > 0 depending on the initial data ug, but independent of N, such that for all
t € ty,o0) and for any 1 < p < oo:

I(Z = Pr)(un(t) - Von (®) e < CN7Hwn (b)llze-

Alternatively, one can find a constant C' > 0, again depending on the initial data,
but independent of N, such that

I(Z = Pr)(un () - Vo ()l < C'NTL

Proof. The basic idea of this Lemma is that the trigonometric polynomial (I —
Pn)(un - Vwy) can be written as a sum

(I — Py)(uy - Von) = (I — Py) (uN : vw;N/z) (I —Py) (u;N” : wfvm)

where (...)>"N/2 is a sum over Fourier modes |k| > N/2, and (...)SV/2 over Fourier
modes |k| < N/2. Due to the spectral decay of the (...)>N/2-factors, very rough
estimates on the w;N/ ? and uJ>VN/ ? can then be used to prove the Lemma. We
proceed to provide the details.

For 1 < p < oo:

(I — Px)(uy - Vo) e Al Al

luy - Vi e + uy™? - Vo

N/2 N/2 <N/2
Ollun | = IVoi™ 2| 1 + Clug™? || o VR =

< N2 L
<

We further estimate
1/2 1/2

lunloe < Y luel< | Y 17 > Jal? < ON|jun||re,

|kl <N |k|<N |kl<N
and, similarly, using also Bernstein’s inequality,

IVor?| e < ONJlwy" 2|l < CN2[lwy?|l2 < ON?[lun ]| 2.
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We thus obtain an estimate of the form
1 = Pw) (- Voon) o < Ol 122 IVl + N2[fuz 2~ )

We proceed to (crudely) estimate, for either of the two cases we have,

e < {|WN||L2} < {C||WN||L°°} < {CN2wN|Lp}.

[woll L2 lwo| 2 [woll L2

We finally note that due to the spectral decay (4.18), that for any o > 0 there
exists C, > 0 such that

N N _
IV poe + N2 N2l S N 7O

In particular, we chan choose o sufficiently large and find constants C, C’ depending
only on the initial data, to ensure that

C'N~ 1w P,
O R =

O

Next, we show that the second discretization error can also be bounded from
above.

Lemma 4.12. For any 1 < p < oo, we have
JA(Rpy % wn )|l Le < 23 | Ry |22 o [ o

For suitably chosen R,,,, the L' norm on the right hand side can furthermore be
bounded by

| Ry |21 < Clog(N)2.
For the last estimate, see Maday and Tadmor [33, Appendix].

Based on Lemmas 4.11 and 4.12, we can now control the error terms on the right
hand side. We conclude this section by proving the following theorem, stating that
the LP-norm is uniformly controlled for ¢ > t},.

Theorem 4.13 (L? control after short time). If the numerical parameters ensure
spectral decay, then for any 1 < p < 0o, there exists a sequence cy — 0 such that

lwn (5 O)lle < (L4 ent) [lon (580 )l[Le,  for all t =ty
Proof. We start from equation (2.10):
Own +un - Vuny — eyAwny = (I — PN)(UN . VwN) + GNARmN * WN .

Multiplying by |wx|P~!sign(wy) (or a smooth approximation thereof), and inte-
grating over x, we find

d _ -
g lon (Ol < (lonl? Y lerri]) + (Jww P71 ferra)
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From Holder’s inequality, we obtain for either of the two numerical error terms on
the right: (lwy|P~1, Jerr|) < ||wN||1£;1||errHLp. Using Lemmas 4.11 and 4.12, and
dividing by [lwn (-, t)||7," on both sides, we obtain (for ¢ > t%)

d —1 2 2
Zlon D ler < O [N uollzz + enmiy og(N)*] [lwn (- 8)l|r-
After an integration over [t} ], it follows that

Wi, Lr X [|WN{»Un)||Le €XP(CNT),
[wn (e < llwn (-t (ent)

where cy = C [N ug| 12 + exm? log(N)?] — 0. O

5. SHORT-TIME ESTIMATES

In the last section, we have shown that the numerical parameters can be chosen
to ensure the spectral decay of the Fourier modes N/2 < |k| < N for t € [t} +o0),
where

*

ty <

a¥P"? N log(N)?

As a consequence, we have proven LP-control of the vorticity for ¢ > ¢}, in terms
of lwn (-, t3)|lee. In this section, we will bridge the gap [0,t%] and prove short
time LP control of the vorticity for the initial interval 0 < t < ¢} in terms of
lwn (-, 0)||r. We will prove the following theorem,

Theorem 5.1. If wy(-,0) € LP, 1 < p < oo, then there exists a sequence cy — 0
(depending only on the initial data and p), such that

lon(G e < 1+ en) lwn(G0)|lee + e,  forall t € [0,ty].

Proof. This follows from Lemma 5.2 for p = 1, Lemma 5.3 for 1 < p < 2, and
Lemma 5.4 for p > 2. For p = 2, the result follows from Proposition 4.2. ([

To complete the proof of 5.1, we now consider the cases p =1, 1 < p < 2 and
2 < p < 00, separately. We begin by observing that
(51) Own = —PN(UN'VCUN)+€NAUJN+€NA(RmN *wN)7
implies that for any 1 < p < oc:

d
(5.2) Zlwnlze <[Py (uy - Von)llze + enl| AR, *wy)l|s

< Clog(N)*|lun - Ven||ze + Cenm¥ log(N)?|lwn | o,
for some constant C' > 0. Setting §y:=Ceym? log(N)?, we note that y — 0 and
oy = 0, we find
d
(5.3) % (HwNHLpeiéNt) < Clog(N)2HuN . VwNHLp.

On the right hand side, we have used the simple estimate e o~* < 1.
We will now estimate the non-linear term separately for the different values of
p. We begin with the case p = 1.
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Lemma 5.2 (Short-time L!-control). Ifwy(-,0) € L', then there exists a constant
C > 0 such that

loon (5 8)l| 21 < flwn (- 0)[[ L2 €™ + Cllug |72 [an N log(N)?]t,
for allt € [0,t%]. Here oy — 0.

Proof. We start by noting that
lun(t) - Von (@) < Cllun (8] 2| Vwn (©)]l2
CON|un (8)| L2 [lwn (£)] L2

From the a priori L2-bounds for uy, wy, we can furthermore estimate the right-
hand side by [lun(-,?)||r2 < [luo| 22, and

NN

lon (D2 < llwn(,0)]lz2 = [ Kay *wollz < Can|[Kay *uol|z2 < Canlluol|ze-

From (5.3), we now find

& (o Dlle=*) < CNax log(N)? ol
Integrating in time from 0 to ¢, we find, for some constant C,
lon ()l pr < llwn (- 0) [ 1€”" + CNan e’ log(N)?|luo| 7 1.
The right hand side is uniformly bounded for ¢ € [0, %], by
lon (5 8)l[z1 < flaon (- 0)[[ 1™ + CNane®™™ log(N)?||uol|7 21,
Furthermore, since dxt% — 0, we can absorb the (uniformly bounded) factor e®¥ th

by increasing constant C', yielding the claimed estimate. |

Lemma 5.3. If wy(-,0) € LP, 1 < p < 2, then there exists a constant C > 0
(depending only on p and on the initial conditions), such that

Joon (5Ol < o (-, 0) [ exp (Cay™/* N1og(N)t5, )
fort € [0,t%].

Proof. The non-linear term can be estimated by
(5.4) lun(t) - Von (@)llzr < Cllun (@)l e [[Von @) 2,

with p* = 2p/(2—p) > p, chosen so that p% +% = %. Note that this p* corresponds

precisely to the gain we can get by combining the Sobolev embedding WP LP",
and the Calderon-Zygmund estimate for the singular integral operator mapping
wn — uy; namely

lunllrr < ClIVun|lzr < Cpllwn||re-
On the other hand, the L?-norm of Vwy can be estimated by
[Vwn (-, 8)l[2 < Nllwn (82 < Nljwn (-, 0)] 22
The last term can be estimated to yield

IVwn ()2 < CaP* N wol| o
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Thus the nonlinear term is bounded by
[ (1) - Veon (0)]| 0 < Cay™* Nlwollr o]l -

Refering to 5.3, we obtain

d _

= (lonllre™*) < Cay” N log(N)? |woll s o | r-
Since e’~* is uniformly bounded on [0,#%], we can increase the constant C' to find
an estimate

d - v .
= (lonllre™*) < Cay” N log(N)? |wollzs ([wnllzre™™").
The claimed estimate for ||wy | L» now follows from Gronwall’s inequality. O
Finally, we consider the case for p > 2.

Lemma 5.4. If wy(-,0) € LP, 2 < p < oo, then there exists a sequence cy — 0
(depending only on the initial conditions), such that

lwn (5 0)llze < llwn (5 0)llze (1 +en),
for allt € [0,ty].
Proof. For p > 2, the Sobolev embedding and Calderon-Zygmund inequality gives
lun|[ze < ClVun|lr < Cpllwn]|Lr.
Thus, the non-linear term can be estimated as
lun - Vonllze S lunllz=IVonlze Sp lwnllzel|Von e S NllwyllZe-

Estimating the non-linear term in (5.3) in this manner, we arrive at an estimate of
the form

d _ _ 2

7 (lwnllzre™®") < CN (Jwnlzre™),
where — once again — we have used that e’~* is uniformly bounded for ¢ € [0, %],
to include the additional factor e=9¥* on the right-hand side. Upon integration in
time, it follows that

RSN T L] PP
= 1-— CNtHwN(',O)HLP

We can furthermore estimate the denominator using
lon (- 0)llze = [[Kay *wolle < [ Kay |l lwollze < Clog(N)?||woll e,

for some constant C. Since also t} < 1/(N log(N)?), it then follows that

lon (- 8)l[Lre

eéNt?\,
1 — Cllwollzr N log(N)?ty
= [lwn (5 0)[[ze (L +en) s

where ¢y — 0 depends only on the initial data. O

o (-, )| e ™" < flaon (-, 0)| e
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6. CONVERGENCE RESULTS

We start this section by noting that the approximations obtained by the spectral
viscosity method are approximate solutions in the sense of Definition 3.1. To show
the Lip-boundedness, we simply note that for any ® € C°°(T?), and 0 < t; < t5 <
T, we have

(@, un(-ts) —un(-t1)) < Cltz — 1) IV oo o2y un | 7 ((0,77:22)
+en(ta = t)[l|VI*®@| oo (22 lun || o< (0. 77:2)

< CEy(ty — t1)[|V®||(r2) + en vV Eo(t2 — 1) [ V*®]| 2,
where Fy = sz |ug|? dz is the kinetic energy of the initial data ug. Now choose L
large enough so that, by Sobolev embedding:

H"(T?;R?) — Wh>(T% R?) N H*(T? R?).
Then
(@, un(t2) —un(-t1)) < Clt2 — ta| | e 12y

with a constant C' depending on sup €y (assumed finite) and Ey, but independent

of N. Taking the supremum of all ® € H%(T?) N C>(T?) with ||®|/5: < 1 on the
left, we find

un(t2) —un ()l g-2r2) < Clt2 — tal,
proving that uy € Lip((0,7); H~), with a uniformly bounded Lipschitz constant.
The other two properties are easily shown (for further details, see e.g. [25]), yielding

Theorem 6.1. The sequence uy obtained from the spectral vanishing viscosity
approximation of the incompressible Fuler equations form an approximate solution
sequence in the sense of Definition 3.1.

Combining Theorems 4.13 and 5.1 of the last two sections, we can now conclude
that the LP-norm of the vorticity can be uniformly controlled on compact intervals
[0,T7.

Theorem 6.2 (vorticity LP control). Let ug € L?(T?;R?) be given initial data for
the incompressible Euler equations with vorticity wy € LP(T?), 1 < p < oo. Let
T > 0 be given. If the parameters for the spectral viscosity approximation ensure
spectral decay, then

lon (- 8) e < (14 0(1)) [lwn (-, 0)[|zr + o(1).
The o(1) error terms converge to 0 as N — oo, uniformly for t € [0,T].
Remark 6.3. We point out that Theorem 6.2 provides a bound on the LP-norm of

wn (+, 1), in terms of the LP-norm of wy (-, 0), rather than wy. This is made necessary
because we include the case p = 1, for which the Fourier projection

PQN : Ll — Ll, wo PanO

is not a bounded operator (while for 1 < p < oo, it is). Instead, in the case p =1, a
more careful approximation of the initial data needs to be made to ensure uniform
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boundedness in L' of the approximation sequence wy with initial data wy € L', i.e.
we can not choose the initial data projection kernel K,, = D,, as the Dirichlet
kernel, in this case.

6.1. Convergence for wy € LP(T?), 1 < p < oo. With a suitable choice of the
parameters, we can now prove convergence for initial vorticity wg € LP:

Theorem 6.4. If wy € LP(T?) with 1 < p < oo, and if the approzimation param-
eters ensure spectral decay, then the approximants uy obtained by solving (2.4) con-
verge — possibly up to the extraction of a subsequence — strongly in C([0, T]; L?(T?; R?))
to a limit w that is a weak solution of incompressible Fuler equations. Furthermore,
the LP-norms of the approximants are uniformly bounded ||wn (-, )| Lr < C, and we
have the estimate

(6.1) lw( )l ze < flwollze,
for almost all t € [0,T].

Proof. By Theorem 6.2, the LP-norm of the vorticity satisfies a uniform bound

lwn () le < (14 en)llwn(,0)[|ze + cn,

for t € [0,T], where cy — 0. Additionally, since we have wy(-,0) = K, * wp it
follows that

[wn (-, 0) = wollzr =0,
if K, = D,, is the Dirichlet kernel, corresponding to Fourier projection onto the
first ay modes (this relies on 1 < p < o0), or K,, is another kernel satisfying
similar properties. In particular, it follows that

lon (- 0)llze = lwol|zo-

So we have a uniform LP-bound on the vorticity, implying the existence of a conver-
gent subsequence of uy to a weak solution of the incompressible Euler equations
by Corollary 3.5.

Next, we note that the space L>([0,T]; LP(T?)) is the dual of L*([0, T]; L4(T?)),
where 1 < ¢ < oo is chosen such that % + % = 1. The latter space being sep-
arable (here, we use 1 < p < o00), we can apply the sequential version of the
Banach-Alaoglu theorem to the uniformly bounded sequence {wy}nen. There-

fore, passing to a further subsequence if necessary, we can assume that w Niw in
L>°(]0,T); LP(T?)). It then follows that

esssup [[w(-, £)||» < limsup esssup [lwy (- 8) e < [lwoll e,
t€[0,T) N—oo  t€[0,T]

from the weak-* lower semicontinuity of the norm. (]

6.2. The case p = 1 and Delort solutions. In the last section, we have estab-
lished convergence results for the numerical approximation for initial data wy with
vorticity wg = curl(ug) € LP, for 1 < p < co. This essentially amounted to proving
that the vorticity of the numerical approximation wy remains uniformly bounded
in LP, as N — oco. Convergence then follows from compactness arguments, using
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the fact that we have a compact embedding LP < HL However, this compact-
ness of the embedding is no longer true, in the case p = 1. Due to the a priori L?
bound on uy, we still have that wy € H~! is uniformly bounded. However, since
L' is not reflexive, a uniform bound ||wy |1 < M does not guarantee that we can
pass (in a weak sense) to a limit wy — w with w € L. Instead, the limiting ob-
ject might be a (signed) measure. We will denote the space of finite, non-negative
Radon measures on T? by M, in the following.

In this section, we will prove convergence for initial data wy = wf) + wjj € H™1,
where w) € M is a non-negative measure, and wj € L*. Our proof of convergence
will rely on the following fact, first (implicitely) established by Delort [7], and later
explicitely pointed out by Vechhi and Wu [16], see also the discussion in [39].

Theorem 6.5 (Delort, [7], Vecchi and Wu [46], Shochet [39]). Let wn(z,t) be a
sequence of vorticities, satisfying the following conditions:

(1) lwn ()| g-1 < M, uniformly for t € [0,T],

(i1) |lwn (G, )|z < M, uniformly for t € (0,77,

(7ii) for all € > 0, there exists § > 0, such that

Al <0 = /wN7_(~,t)dx<e, Vte [0,T], VN e N
A

where wy,—:=max(0, —wy) > 0 denotes the absolute value of the negative
part of wy .
Then there exists a subsequence (not reindexed), and a measure w € (./\/l+ + Ll) n
H=1, such that wy—w in the sense of measures. Furthermore, for the correspond-
ing sequence of velocities uy = (ul,u%), one has uny—u weakly in L*, and

{ unua — utu?,

1\2 22 1\2 2
uy)” = (uiy)” = (@) = (@)
In particular, under the assumptions of this Theorem, this implies that one can
pass to the limit in the non-linear terms of the weak form of the incompressible

Euler equations (in primitive formulation), i.e. for any divergence-free test function
¢ € C>([0,T] x T?;R?), we have

(6.2) 2} in D'([0,T] x T?).

/OT/TQ(UN@’“N):V‘i’dffdt—)/oT/TQ(u@u):V¢dxdt.

For initial data uy € L2, the uniform H~!-bound on the vorticity is easily es-
tablished. The uniform L!-bound on the vorticity has been established in Theorem
6.2, provided that wx(-,0) remains uniformly bounded in L!. This is a non-trivial
issue: For initial data wy € My N H~! (or indeed wy € L'), the direct Fourier pro-
jections Pywg may not necessarily be bounded in L!, since ||Py||r1—11 ~ log(IV)2.
In this case, it is therefore necessary to be more careful in the approximation of the
initial data. A discussion of one possible way to obtain suitable approximations of
the initial data will now be given.
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Remark 6.6. The uniform L'-boundedness of the sequence requires an initial ap-
proximation for which the vorticity does not only converge in H~!, but also in the
sense of (signed) measures with a uniform L'-bound. One way to ensure L' bound-
edness is as follows: Fix a mollifier ) € C'*° with support in a unit ball B;(0), say.
Denote ,(z) := p~2¢(z/p). We obtain the initial data for the numerical approx-
imation by convolution with a smoothing kernel wg + 1), * wo, and subsequently
project to the lowest Fourier modes < IV, viz.

wo = Dy * (¢, xwo) = (Dn *1,) * wo,
where Dy (z) = > < €xp(ik - x) is the Dirichlet kernel. Since 1), is smooth, we
are assured that Dy *1, — 1, uniformly as N — oo (for fixed p > 0). In particular,
it follows that |[Dy % 9,||z1 — ||[¢,]|z1. The idea is now to choose a sequence py,
such that N > p&l (i.e. such that the convolution kernel is asymptotically resolved
by the numerical approximation). If the convolution is adequately resolved, then

we would expect that Kn:=Dy *1,, is a suitable kernel to ensure convergence of
the initial data.

Proposition 6.7. Let U € C2°(R?) be a non-negative function, [p, ¥(x)dx =1,
and assume that U is compactly supported in (—m,7)*. Define W ,:=p2¥(z/p),
a compactly supported mollfier. Let v, be the periodization of ¥,, such that we
can consider 1, as an element in C>(T?). Let Kn:=Dy %, for some sequence
o — 0. If py ~ N7 with 6 > 0, then Ky is a good kernel, in the sense
that Ky * ¢ — ¢ for all ¢ € C°°(T?), and there exists a constant C, such that
KNz < C. In addition, we have

1Yoy — EnllLr =0, as N — oco.

Proof. We can associate to ¥, an element of ¢, € C°°(T?), by considering the
periodization
Vp(z) = Z Uy (x + 2mn).
nez?
We now recall that the Fourier coefficients of v, are given by evaluating the Fourier
transform (¥,)(§) € C°°(R?) at integer points [12, Chap. VIL, Theorem 2.4]:

— — ~

(), = (U,)(k) = U(pk), k€N

Next, we note that

oo =Dy sl = [ | 3 @e=|ds
T2
[kl >N
:/ Z \Tl(pk:)e““'z dx
T2 | |k|oo>N
1/2

<o D |W(pk)P

|Fe] oo >N
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Since ¥ is a Schwartz function, also its Fourier transform U is a Schwartz function.
In particular, it follows that for any integer m > 0 there exists exists a constant
Cpn > 0, such that e.g. [¥(€)] < C,,|€]7™, for all £ € R%. But then

1/2

e — Dn *9pller S p~™ Z k|2 ~p N1,
|kloo >N

In particular, if py ~ N7 with § > 0, then py N~("=1 ~ N1=9"  Choosing
now m sufficiently large such that 1 — dm < 0, it follows that
[¥on = Enllor = 1Yoy = DN * Yoyl =0,

and, hence also

IENILr < 1pnller + 1Yoy = Knllze = ¢l + o(1),

is uniformly bounded by some constant C. O
We make the following

Definition 6.8. We will say that the SV method has suitably approximated initial
data, if wn (-, 0) = K, *wp is obtained by convolution with a kernel Ky as described
in Proposition 6.7.

The following proposition gives us some control on the negative part wy,—:=max(0, —wy)
of wy, if the initial approximation is chosen as in Proposition 6.7:

Proposition 6.9. Consider initial data wy = w)) + wfj € H™1, where wf) € M
is a finite non-negative measure and w € L'. If wx(-,0) is obtained as suitably
approzimated initial data for the SV method, then for any € > 0, there exists ¢ > 0
and No € N, such that

/[wN(-,O) +c_ dr <e, VN > No.

T2

Remark 6.10. Note that [wx(-,0) + ¢]— # 0, only on the set {z | wy(z,0) < —c}.
The above proposition therefore gives us some control on the size of the negative
part of the approximation wy. The proposition will be used below to show that
the negative vorticity cannot concentrate on small sets.

Proof. Note that w — [w]_:=max(0, —w) is convex, homogenous and bounded
from above by |w|. From these properties, it follows that

[wN(‘,O) + C]— < |wN('a 0) - pr * w0| + W)pN *wo + C]f .
Next, note that 1), > 0 and ¢ > 0, implies that
0) (Jensen)

.
[Vpn *wo + ] [wpw*wngCL gpr*[w{)’+c]_.



SPECTRAL VISCOSITY 27

Therefore, we obtain upon spatial integration, using also that sz Yy dr = 1:

Jon 0+l de < om0 = by soles + [ o+l do

Since w{ € L', we can now choose ¢ > 0 large enough to ensure that the second
term is smaller than €/2. From the estimate

|wn (+,0) = Wy *wollzr = [[(Kn — ¥py) * wollz1
< EN = Ypn e llwollam,

and the fact that ||Kny — 9¥,y| L — 0, by Proposition 6.7, we can find Ny € N,
such that [|wy(-,0) — 9,y *wollLr < €/2. For this choice of ¢ > 0 and Ny € N, we
then have

/[wN(',O) +c|_dx<e, forall N> No.
O

The next goal is to show that the result of Proposition 6.9 remains true also at
later times ¢ > 0. To this end, we first show the following improvement on the mere
L'-boundedness implied by Theorem 6.2.

Proposition 6.11. Let ¢ € C! be a convex function, such that
|¢'(w)| < D,

for some constant D. If there exists a constant M, such that
/|wN(-,O)|dx <M, forall N €N,

then the numerical solutions wy(x,t) (computed with parameters ensuring spectral
decay) satisfy, in addition

(6.3) /¢(wN(~,t))dx < /¢(wN(~,O)) dx +cn, fortel0,T],

with a sequence cy converging to zero, cy — 0. Furthermore, the sequence cy
depends on ¢ only via the constant D, i.e. the bound on |¢'|.

Proof. The proof again relies on a combination of a short-time estimate on the
interval [0,¢%], combined with the spectral decay estimate for ¢ > t%,. For the short-
time estimate, we multiply the evolution equation (5.1) by ¢'(wy) and integrate by
parts to find, c¢p. equation (5.2):

d

G | #low) dz < (@' (om), Pl - V)

T2
+ (¢ (WN), eNA(Riny *wN)).

The second term can be estimated (Lemma 4.12), by

(¢ (WN), ENA(Rmy *wi)) < Deymi log(N)?||lwn||z1.
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By Theorem 6.2, there exists a constant C' > 0 depending only on the initial data,
such that we have a uniform bound

lwn (8l < Cllwn (0l + C < C(1 + M),

where the second inequality follows from the assumption of the current proposition.
This implies that the second term can be bounded by a constant, uniformly in N.
Estimating the non-linear term as in the proof of Lemma 5.3, we can then find a
constant C' > 0, depending on the initial data (but independent of ¢ and N), such
that

d
£/¢(wN) dx < CDNay log(N)?.
In particular, this implies that for 0 < ¢ < tjy:

/¢(wN(~,t))dx < /ng(wN(',O)) dx + CDNay log(N)?*ty .

—0 (as N—o0)

Again, we note that the last term on the right-hand side converges to 0, by as-
sumption on the parameters ensuring spectral decay (check from the Definition
4.10).
To finish the proof, we observe that for ¢ > t3,, we find from the evolution
equation for wy, equation (2.10):
G | oteon) da < (@' on). (7 =P - Vion)

+ (¢ (WN), ENA(Rpy * WN))-
The two terms on the right hand side, can be estimated as
(¢'(wn), (I = Pn)(un - Vwn)) < DI(I = Py)(un - Vo)1
By Lemma 4.11, there exists a constant C' > 0 depending only on the initial data,
such that ||[(I — Pn)(un - Vwn)|zr < CN~L It now follows that
d

T d(wy)dr < CD(N™! + exym3 log(N)?),
TQ

—0 (as N—o0)

for some constant C, independent of N and ¢. Integrating in time, it now follows
that for ¢ € [t, T):

Swn (1) de < | lwn(-ty)) de+ iy

T2 T2
< [ dlon(0) do+ o + e,
’]1‘2
with
cs\})::CD(N_l + enmi log(N))T — 0, (as N — o).
and

c%)::CDNaN log(N)ty — 0, (as N — o0),

This proves the claim with cN::cg\}) + CS\?). O
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Lemma 6.12. If wy is obtained from the SV method, with suitably approzimated
initial data and parameters ensuring spectral decay, then for any € > 0, there exists
ac>0 and Ny € N, such that

/ wn(,t)+c_dr<e, forallt €0,T], and for all N > Ny.
T2

Proof. By Proposition 6.7, there exists ¢ > 0 and Ny € N, such that at time ¢ = 0:
/ [wn(-,0) +¢]_ dx <e€/2, forall N> Ny.
T2

Next, we approximate ¢(&):=[ + ¢]_ by a family of smooth functions ¢., ¢ — 0
(e.g. by mollifying), with |¢.| < 1. Tt follows from a Proposition 6.11, that there
exists a sequence cy — 0, such that for any ¢ € [0, T7:

[ odan0)do < [ own(0)do+ e,
where cy is independent of €. Therefore, passing to the limit € — 0, it follows that
/[OJN(~7?5) +c_dx < /[wN(-,O) +c|_ dx+en.

By assumption on our choice of ¢ > 0, the first term on the right-hand side is
bounded by €/2 for all N > Nj. Since the second term converges to 0, we can find
a larger Ny € N if necessary, so that also ¢y < €/2 for all N > Ny. For such a
choice of Ny, we conclude that

/[wN(-,t)—&—CL dx <e, forallte[0,T] and N > Ny.
(]

As a consequence of Lemma 6.12, we now prove that the sequence wy,_ satisfies
the equi-integrability property (iii) of Theorem 6.5.

Lemma 6.13. Under the assumptions of Lemma 6.12, the sequence wy,— is uni-
formly equi-integrable on [0,T), in the following sense: For all € > 0, there exists a
6 > 0, such that

(6.4) Al <0 = / wy,—(,t)dr <e, forall N, andt € [0,T].
A

Proof. Let € > 0. We have to find ¢ > 0, such that (6.4) is satisfied. By Lemma
6.12, there exists ¢ > 0 and Ny € N, such that

/ lon () + ] da < ¢/2,
TQ

for all N > Ny and t € [0,T]. We now observe that for any subset A C T?, we have

/AWM,(-,t)d:cg/A(c+[wN(-,t)+c]7) dx:c|A|+/A[wN(-,t)+c]7 da.
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Since the second term is smaller than €/2 by our choice of ¢, it now suffices to
choose § < ¢/(2c¢), to find

Al <d = / lwn,—(-,t)] dz <€, forall N > Ny, and all ¢t € [0, 7.
A

On the other hand, let M := supy_y, lwnllze(o,7)xT2)- Note that for N =
1,...,Ng — 1, each wy is a smooth function on [0,7] x T2. In particular, this
implies that M < oo is finite. Choosing now ¢ < e¢/M, it follows that we also have

Al <6 = / wn—(t)de <e for N=1,...,Ny—1, and for ¢t € [0,T].
A
This proves the claim. O

Theorem 6.14. Let wy be obtained by solving the approximate Fuler equations,
with parameters ensuring spectral decay, and suitably approrimated initial data ob-
tained from wy = w) +wl € H™', where w) € My and wfj € L*. Then the
sequence uy converges weakly (up to the extraction of a subsequence) to a weak
solution u € L? of the Euler equations. Furthermore, the limiting vorticity w is an
element of w € (M +LYNH™!, i.e. w can be written as a sum w = wy +w_, where
wi(-,t) € My is a finite, non-negative measure on T2, and w_(-,t) € L*(T?).

Proof. By Proposition 4.1, we have ||un(-,t)||z2 < ||ug|zz for all N and ¢ € [0, 7.
Therefore there exists a subsequence uy, and w € L°°([0,T]; L?(T?;R?)), such
that uy—u weakly in L?([0,T] x T?). By Theorem 6.2, the associated sequence
of vorticities wy satisfies uniform bounds ||wy (-, t)||zr < M, for all ¢ € [0,T]. By
Lemma 6.13, we also have uniform equi-integrability. From this, it then follows
that the relevant non-linear terms in the incompressible Euler equations converge
in the sense of distributions, according to Delort’s result (Theorem 6.5). Thus,
from the weak consistency of the spectral approximation (c¢p. Theorem 6.1), we
conclude that uy—wu in L2, and that u is a weak solution of the incompressible
Euler equations.

Furthermore, since the non-negative parts wy,; are uniformly bounded in L*([0, 7] x
T?), we can extract a subsequence of wy + dz dt, converging weakly in the sense
of measures to a limiting measure w; > 0. Since the sequence wy, 4 is uniformly
bounded in L> ([0, T; L'(T?)), there exists a constant M, such that for any t; < to,
t1,12 € [O,T]Z

to
/ dUJ+ gliminf/ / OJN7+d.’1?dt<M(t2—t1).
(t1,t2)x T2 N=oo Jy, Jr2

In particular, it follows that w is “absolutely continuous with respect to dt”, in the
sense that we can disintegrate wy = w4 (-, t) dt, with w4 (-, ¢) a finite, non-negative
measure on T? for t € [0,7], and for any f € C(T?), the mapping

tor | f(a)dws(t)
’H‘Q

is Lebesgue-measureable.
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On the other hand, by the equi-integrability of the negative parts wy,_, the
Dunford-Pettis theorem A.6 now implies that the sequence wy _ is weakly compact
in L*([0,T] x T?). Furthermore, we again have for any ¢, < ta, with t1,¢2 € [0,T):

to
/ / WN,— dmdth(tQ—tg)

Passing to the limit N — oo (employing weak compactness, wy,_—w_ in L', and
possibly after the extraction of a further subsequence), it follows that also

2}
/ / w_dl‘dth(tgftg).
t T2

Hence, we conclude that [, w_(z,t)dz < M for almost all ¢ € [0,7]. Since w_ >0,
this implies in particular that w_ € L>([0, T]; L*(T?)).
Using finally the uniform a priori bound

lon (Ol < lun(8)]|e < [luollz2,

we conclude that the numerical approximation converges to a Delort-type solution
with limiting vorticity w(-,¢) = wy(,t) + w_(-,t) € M4 + L) N HL. O

7. NUMERICAL EXPERIMENTS

In this section, we will present a suite of numerical experiments to illustrate the
convergence results proved in the last section. We start with a brief description of
some essential details of the implementation of the spectral viscosity method.

7.1. Numerical implementation. We use an implementation of the spectral vis-
cosity method (2.4), (2.8), based on the the SPHINX code, presented in [28].
The non-linear term in (2.8) is implemented via O(N?log N)-costly fast Fourier-
transforms. Aliasing is avoided by the use of a padded grid, employing the 2/3-
rule [28]. This implies that if our computation includes all Fourier modes ranging
over |k|o < N, then the corresponding pseudo-spectral grid (without de-aliasing)
would have grid points :c;’b =(i,j)/Ng, with Ng:=2N and 4,j € {0,...,Ng — 1}.
On the other hand, the padded grid with de-aliasing will have grid pomts :ckﬁ ;=
(k,0)/(3Ng/2), where k,¢ € {0,...,3N¢g/2}. In the SPHINX code, the spectral
scheme is implemented in the primitive formulation (2.8). Time-stepping is per-
formed with an adaptive, explicit third-order Runge-Kutta scheme. We remark
also that in the numerical implementation, the domain has been chosen to be a
torus of unit periodicity, 72 = [0, 1]2, rather than T? = [0, 27]?. Clearly, the results
of the previous sections remain true, up to rescaling.

For our simulations, the diffusion parameter ey in (2.8) is chosen to be of the
form ey = €¢/Ng = ¢/(2N), where € is a fixed constant. This scaling for ey with N
has been found to be sufficient to cause the required decay of the highest Fourier
modes, to ensure vorticity control.

It has been suggested in [13] (in the context of the Burgers equation), that the
numerical stability of the SV method is greatly enhanced in practice, if the Fourier
coeflicients @k are smooth functions of k. Therefore, for all following simulations
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FIGURE 1. Coefficients defining the SV projection (left) and mol-
lifier used in the approximation of the vortex sheet initial data
(right).

carried out with the spectral viscosity method, we have set @k as a smooth cutoff
function of the form

Qr = 1—exp (= (k| /ko)")

where ko = N/3 (or kg = N/8), and a = 18. The coeflicients Qr so obtained are
depicted in Figure 1a, as a function of |k|/N. We remark that for |k| = 0.1 N, we
have Qp < 10~%, whereas for |k| = 0.4 N, we find Qr > 1—10"11. For all practical
purposes, this implies that my ~ 0.1 N, and that @k effectively changes from 0 to
1 over the interval |k| € [my,4my] (rather than over the interval [m,,2my]). As
has already been noted in Remark 2.2, the choice of a factor 2 is not essential for
the theoretical results established in the previous sections.

7.2. Sinusoidal vortex sheet. In our first numerical experiment, we consider
approximations to a vortex sheet, i.e. vorticity concentrated along curves in the
two-dimensional periodic domain. In particular, we take initial data of the following
form,
wo(z):=6(x —T) — / dr.
T2
Note that we have added a second term to ensure that f wo dz = 0. We define the
curve I' as the graph I':'={ (z1,x2) |z1 € [0,1], z2 = dsin(27x;) }, and we choose
d = 0.2. We define a mollifier as the following third order B-spline
80 .
V(r)=o— [(r+1)3 —4(r+1/2)% +6r% —4(r —1/2)% + (r —1)%].

The mollifier is depicted in Figure 1b. We define 1 (x):=s"%¢(|z|/s). The numer-
ical approximation to the above initial data is obtained by setting

W (Ti7,0):=(wo * Ypp ) (i 5),

where pn determines the thickness (smoothness) of the approximate vortex sheet,
and z;, t,j € {1,...,Ng} denote the grid points. The convolution at a point
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x € T? is computed by numerical quadrature:

%%Z wPN(m—(é-“g(gl))) 1+|g/(€z)‘2’

with §; = 2'+ipy /M are equidistant quadrature points in z', and g(§) = dsin(27¢),
g’ (&) = 2wd cos(€). The additional factor /1 + |¢’(§)|? is the length element along
the graph £ — (&, ¢(€)). For our simulations, we have used M = 400.

7.2.1. Smoothened (fat) vortex sheet. First we consider a smoothened vortex sheet,
where py is a fixed constant, independent of N. Consequently, the resulting vor-
ticity is smooth. The initial data (on a sequence of successively finer resolutions)
in shown in figure 2. As seen from the figure, we have already resolved the vortic-
ity at 512 Fourier modes (in each direction). Hence, this test case can serve as a
benchmark for the performance of the spectral viscosity method when the initial
data (and solution) is smooth.

0

05 1 0 05 1

o

05

(A) Ng =512 (B) No = 1024 (¢) No = 2048

FIGURE 2. Numerical approximation of the initial data (vorticity)
for the smoothened (fat) vortex sheet with py = 0.05, at three
different spectral resolutions.

We approximate the solution of the two-dimensional Euler equations with this
initial data with two variations of the spectral viscosity method. To this end, we
first consider the pure spectral method by setting e = 0 in (2.8). This is justified
as the initial data is smooth and the classical convergence theory (see [1]) holds
for the spectral method, without any added viscosity. In figure 3, we present the
evolution of this smoothened vortex sheet over time, at the highest resolution of
N¢g = 2048 Fourier modes. As seen from this figure, the initial (fat) vortex sheet
has started folding by the time ¢ = 0.4 and has folded into two distinct vortices at
time ¢t = 0.8.
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FIGURE 3. Evolution in time for the smoothened vortex sheet with
the pure spectral method, i.e. (e,p) = (0,0.05), on the highest
resolution of Ng = 2048 Fourier modes.

The convergence of the pure spectral method in this case is presented in figure
4 where we present the approximated vorticities, at time t = 1, on three different
levels of resolution. From this figure, we observe that the pure spectral method
appears to converge and the vorticity is very well resolved, already at a resolution
of N = 512 Fourier modes. This convergence can be quantified by computing the
following L2-error (of the velocity field):

(7'1) ENG (t)::”uNG('at) _uNG,max("t)”sz

Here, Ng max = 2048 and uy, is the velocity field computed at resolution Ng
(grid size). In other words, we compute error with respect to a reference solution
computed on a very fine grid. This error (as a function of resolution) in plotted
in figure 5 (A). We observe from this figure that there is convergence with respect
to increasing spectral resolution and the errors are already very low at resolutions
of approximately 512 Fourier modes. We further analyze the performance of the
numerical method by computing the Fourier energy spectrum of wy at the highest
resolution, which we define by

(7.2) E(k)= Y |@*

The spectrum (for three different times) is shown in figure 5 (B) and shows that
the bulk of the energy (with respect to the vorticity) is concentrated in the low
Fourier modes (large scales). Moreover, this spectrum decays very fast and there is
almost no contribution from the high Fourier modes. This is along expected lines
as the underlying solution is smooth.
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(A) Ng =512 (B) No = 1024 (¢) No = 2048

FIGURE 4. Numerical approximations at three different spectral
resolutions of the smoothened vortex sheet with the pure spectral
method, i.e. (e,p) = (0,0.05), at time ¢ =1
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FIGURE 5. Results for the smoothened vortex sheet with the with
the pure spectral method, i.e. (¢, p) = (0,0.05) at time t = 1. (A):
Error of the approximate velocity field (7.1) in L? (B): Energy
spectrum (7.2) for the highest resolution of Ng = 2048 at different
times.

Next, we approximate solutions of the two-dimensional Euler equations with the
smoothened vortex sheet initial data, but with a spectral viscosity method, i.e. with
parameters described at the beginning of this section, in particular with ¢ = 0.05
and the cut-off parameter kg = N/3. The computed vorticities (for successively
refined spectral resolutions) at time ¢ = 1 are shown in figure 6. As seen from this
figure, the computed vorticities look almost indistinguishable from the vorticities
computed with the pure spectral method (compare with figure 4). This is further
corroborated by the computed energy spectrum (7.2), shown in figure 7 (B), which
is also indistinguishable from the pure spectral case (figure 5(B)). Moreover, we
plot the L? error of the velocity (7.1) in figure 7 (A) and observe that the method
converges with increasing resolution. Furthermore, the convergence is cleaner than
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the one seen for the pure spectral method case (compare figure 7 (A) with figure 5
(A)). This suggests that adding a little bit of viscosity in the higher modes (as we
do with the spectral viscosity method) might improve observed convergence, even
for underlying smooth solutions.

(A) Ng =512 (B) No = 1024 (¢) No = 2048

FIGURE 6. Numerical approximations at three different spectral
resolutions of the smoothened vortex sheet with the spectral vis-
cosity method, i.e. (¢, p) = (0.05,0.05), at time ¢t = 1
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FIGURE 7. Results for the smoothened vortex sheet with the with
the spectral viscosity method, i.e. (e,p) = (0.05,0.05) at time
t = 1. (A): Error of the approximate velocity field (7.1) in L? (B):
Energy spectrum (7.2) for the highest resolution of Ng = 2048 at
different times.

7.2.2. Singular (thin) vortex sheet. Next, we consider an initial data which belongs
to the Delort class by setting pny = p/Ng = p/(2N), where p is a fixed constant.
In particular, this implies that the vortex sheet becomes thinner with increasing
resolution, in contrast to the case of the smoothened (fat) vortex sheet (figure
2). This can also be observed from figure 8, where we depict the initial data, for
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successively increasing resolutions and p = 10. Moreover, this initial data is well
approximated, as stipulated by the theory presented in the last section.

(A) Ng =512 (B) Ng = 1024 (c) Ng = 2048

FIGURE 8. Numerical approximation of the initial data (vorticity)
for the singular vortex sheet with py = 10/N, at three different
spectral resolutions. Compare with the smoothened vortex sheet
of figure 2.

It is clear that a pure spectral method will not suffice in this case. In fact,
our numerical experiments showed that the pure spectral method was unstable.
Hence, we have to use the spectral viscosity method to approximate the solutions
in this case. At the first instance, we consider a spectral viscosity method with
the parameters, § = 0 in (4.17) and € = 0.05. We remark that this particular
case of the spectral viscosity method, corresponds to a vanishing viscosity method
as a Navier-Stokes type viscous damping is applied to every (even low) Fourier
modes, i.e. my = 0 in (2.8). Consequently, this method will only be (formally)
first-order accurate. On the other hand, it can be expected to more stable than
just applying viscous damping to the high Fourier modes. The evolution of the
approximate vortex sheet in time, at the highest resolution of Ng = 2048 Fourier
modes is shown in figure 9. We observe from this figure that as in the case of the
smoothened vortex sheet, the initial vortex sheet rolls up and spirals around two
vorticies, but with structures that are considerably thinner than in the case of the
smoothened vortex sheet (compare with figure 3).
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FIGURE 9. Evolution in time for the singular (thin) vortex sheet
with the vanishing viscosity method, i.e. (¢, p) = (0.05, 10), on the
highest resolution of Ng = 2048 Fourier modes.

The convergence of the numerical method is investigated qualitatively in figure
10. where we plot the computed vorticities at time ¢ = 1, at three successively finer
resolutions and observe convergence as the resolution is increased. However, we do
notice that by time ¢ = 1, there are small wave like instabilities that are developing
along both spiral arms of the rolled up sheet. Nevertheless, these structures do not
seem to impede convergence in L? norm, which is depicted in figure 11 (A). We also
plot the computed spectrum (7.2) in figure 11 (B). We see from this figure that the
spectrum, even for the initial data, decays much more slowly with wave number,
when compared to the smoothened vortex sheet (figure 5 (B)). Nevertheless, there
seems to be enough dissipation in the system to damp the spectrum at high wave
numbers and enable a stable computation of the vortex sheet.
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FiGURE 10. Numerical approximations at three different spectral
resolutions of the singular vortex sheet with the vanishing viscosity
method with (e, p) = (0.05,10), at time ¢t =1



SPECTRAL VISCOSITY 39

10° - N
5 102
a w
NJ
10'4 |
t=0
t=0.4
- - = O(N084) t=0.8
. . . 10°
200 400 600 800 1000 10° 102
N k
2
(A) L*-error (B) Energy spectrum

FIGURE 11. Results for the singular (thin) vortex sheet with the
with the vanishing viscosity method, i.e. (e, p) = (0.05,10) at time
t = 1. (A): Error of the approximate velocity field (7.1) in L? (B):
Energy spectrum (7.2) for the highest resolution of Ng = 2048 at
different times.

Next, we approximate the singular vortex sheet with a spectral viscosity method,
as described in section 7.1. As for the smoothened vortex sheet, we consider a
cut-off parameter ky = % and viscosity parameter € = 0.05. The time evolution
of the computed vorticity with this scheme is shown in figure 12. In contrast
to the situation for the vanishing viscosity method (figure 9), there is a marked
appearance of instabilities in the form of small wave like structures along the spiral
arms by time t = 0.4. By a later time of ¢ = 0.8, these structures evolve into
a large number of small vortices and the whole sheet breaks up into small scale
structures. The spontaneous emergence of these small scale numerical instabilities
clearly impedes convergence of this version of the spectral viscosity method. This
lack of convergence is seen from figure 13 where plot the approximate vorticities,
computed with this spectral viscosity method at time t = 1, at three successively
finer mesh resolutions. From this figure, we observe that although the computed
vortex sheet is stable at a moderate resolution of 512 Fourier modes, it starts
becoming unstable at the next level of refinement, i.e. N = 1024 fourier modes,
with the appearance of small vortices along the outer spiral arms. These vortices
appear to break up into even smaller structures at the finest level of refinement,
i.e. N = 2048 and the whole sheet disintegrates into a soup of small incoherent
vortices. The lack of convergence (at least at later times) is also observed from
figure 14 (A) where we plot the L? error (7.1),with respect to the velocity field at
the finest resolution. Clearly, there is no observed convergence at the time ¢ = 0.8.
The appearance of structures at small scales can also be inferred from the spectrum
(7.2), plotted in figure 14 (B). In comparison to the spectrum computed with the
vanishing viscosity method (figure 11 (B)), we observe that the spectrum with this
spectral viscosity method shows that a non-negligible amount of energy is contained
in the small scales (high wave numbers).
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FIGURE 12. Evolution in time for the singular (thin) vortex sheet

with the spectral viscosity method, i.e. (e, p, ko) = (0.05,10, N/3),
on the highest resolution of Ng = 2048 Fourier modes.
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F1GURE 13. Numerical approximations at three different spectral
resolutions of the singular vortex sheet with the spectral viscosity
method with (e, p, ko) = (0.05,10, N/3), at time t = 1

These numerical results lead to an interesting dilemma. We have proved in
Theorem 6.14 that the spectral viscosity method converges as the spectral resolution
is increased. On the other hand, we see in this experiment that this method may
not converge, at least on moderately long time scales. Is there a way to reconcile
these two facts. It turns out that there is no contradiction between the theorem
and the numerical observations. As it happens, the solutions of the Euler equations
with rough initial data are highly unstable [34]. In particular, very small differences
in the initial data can be amplified by possibly double exponential instabilities that
lead to very large separation between the underlying solutions, after even a short
period of time. Computations of the Euler equations are necessarily approximate
and it can happen that even small round off errors are amplified in time and yield
small scale vortical structures that eventually can lead to the disintegration of the
sheet. These instabilities are damped at low to moderate resolutions but will appear
at very high resolutions. Moreover, they tend to accumulate in time and only seems
to appear at later times.



SPECTRAL VISCOSITY 41

10° \Q‘—_\m»ﬂ\_,

1072

: t=0
: t=0.4
- - - O(N084) t=0.8

L L L 10
200 400 600 800 1000 10° 102

N k

L2 error

(a) L2-error (B) Energy spectrum

FIGURE 14. Results for the singular (thin) vortex sheet with the
with the spectral viscosity method with (e, p, kg) = (0.05,10, N/3)
at time ¢t = 1. (A): Error of the approximate velocity field (7.1) in
L? (B): Energy spectrum (7.2) for the highest resolution of Ng =
2048 at different times.

It is interesting to contrast the lack of convergence of the spectral viscosity
method (figure 14 (A)) with the apparent convergence of the vanishing viscosity
method (figure 11 (A)). Clearly the vanishing viscosity method, at least for the
parameters considered above, is significantly more dissipative than the spectral
viscosity method at the same resolution. This is seen from the computed spec-
trum (comparing figure 11 (B) and figure 14 (B)) as we observe that the vanishing
viscosity method damps the small scale instabilities and prevents the transfer of
energy into the smallest scales. However, the amount of viscosity is ey = &. Thus,
increasing the resolution further with the vanishing viscosity method can reduce
the viscous damping and possibly to the instabilities building up and leading to
the disintegration of the sheet. Given that it is unfeasible to increase the resolution
beyond N = 2048 Fourier modes, we mimic this possible behavior by reducing the
constant to € = 0.01 in the vanishing viscosity method. The resulting approximate
vorticities at time ¢ = 1, for three different resolutions is shown in figure 15. We
observe from this figure that the results are very similar to the spectral viscosity
method (compare with figure 13) and the sheet disintegrates into a soup of small
vortices at the highest resolution. Consequently, there is no convergence of the
velocity in L? as seen from figure 16 (A) and the spectrum shows that more energy
is transferred to the smallest scales now than it was when ¢ = 0.05 (compare with
figure 11 (B)).
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FIGURE 15. Numerical approximations at three different spectral
resolutions of the singular vortex sheet with the vanishing viscosity
method with (e, p) = (0.01, 10), at time ¢t = 1

0.35 AN
03F~<3 10° = e

L% error

t=0
t=0.4
t=0.8

0.05

10
200 400 600 800 1000 10° 102

N k

() L2-error (B) Energy spectrum

FIGURE 16. Results for the singular (thin) vortex sheet with the
with the vanishing viscosity method i.e. (€, p) = (0.01,10) at time
t = 1. (A): Error of the approximate velocity field (7.1) in L? (B):
Energy spectrum (7.2) for the highest resolution of Ng = 2048 at
different times.

The lack of convergence of computations of singular vortex sheets, on account of
the formation and amplification of small scale instabilities, is well known and can
be traced back to the pioneering work of Krasny [24, 23] and reference therein. In
those papers, the author computed singular vortex sheets by solving the Birkhoft-
Rott equations of vortex dynamics and was able to ensure stable computation by
controlling the round-off errors with an adaptive increase of the arithmetic precision
of the computation. We believe that this fix is only relevant for a few levels of
increasing resolution and ultimately at very high resolutions, the vortex sheet will
disintegrate into smaller vortices. This is already evidenced by our computations
at different resolutions, at different times and with different values of the viscosity
parameter €. Paraphrasing [34], the phenomenon of the exponential growth of
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small instabilities ‘is a feature of the underlying equation itself as opposed to an
instability of the numerical method.’
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FIGURE 17. Numerical approximations at three different spec-
tral resolutions of the kissing vortices with the vanishing viscosity
method with (e, p) = (0.01,10), at time ¢t = 1

7.3. Kissing vortices. As asecond example, we apply the spectral viscosity method
to initial data which have been proposed in [31] as a possible example of an initial
datum that lead to non-uniqueness of Delort solutions.

This example is based on the following observation [31]: In polar coordinates
(r,0), centered at the origin zp = 0 € R?, a weak stationary solution of the 2d
Euler equations can be constructed by setting

we(x) =w_(r) + wyd(r — 1),

where r = |z|, w_(r) is a suitable smooth function of r, and w_(r) = 0 for r > 1.
Furthermore, by choosing the constant w; > 0 in a suitable way, one can ensure
that the velocity field u. corresponding to w. vanishes outside of the unit disk, i.e.
that u.(z) =0, for |x| > 1. Following [31], we call such a solution a confined eddy.

Since u. has compact support, it is possible to obtain a new stationary weak
solution, by superposing two confined eddies with essentially disjoint supports, i.e.

we can e.g. set
WO(x) = Wc (x _RxO) + we (x _Rxl) s

where R is the radius determining the support each confined eddy. This initial
datum wq is then found to be a stationary weak solution of the Euler equations
[31], provided that 2R < |z1 — |-
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FiGURE 18. Evolution in time for the kissing vortices with the
vanishing viscosity method i.e. (e,p) = (0.01,10), on the highest
resolution of Ng = 2048 Fourier modes.
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= (-=1/3,0), z2 = (2/3,0),

For the numerical implementation, we choose x
R =1/6, so that the vortices are tangent at (1/2,0). Each confined eddy is defined

via the corresponding velocity: wu.(z) = v(r)x*, where

0, (r<1/4),

2r(r —1/4), (1/4 < r <1/2),
(7.3) v(r):= { o / /

7§ tanh ( o~ ) + 1}

1 , (r>1/2).

Note that

I w{tann (5) +1} & 1

pl_l;% 4 _5 [r<1]s

so that py represents the mollification parameter in our numerical scheme. We
choose py = p/Ng = p/(2N) with constant p = 10, in the following.
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FIGURE 19. Results for the kissing vortices with the with the van-
ishing viscosity method i.e. (e, p) = (0.01,10) at time t = 1. (A):
Error of the approximate velocity field (7.1) in L? (B): Difference
in L? between the computed velocity field and the initial data for
different resolutions as a function of time.

We start by approximating the solutions of the two-dimensional Euler equa-
tions with the above initial data, by a vanishing viscosity method with parameters
(e, p, ko) = (0.01,10,0) and present the computed vorticities, on a sequence of suc-
cessively refined levels of resolution, at time ¢ = 1, in figure 17. As seen from the
figure and verified from the L2?-approximation error of the velocity field (7.1), the
computed solution appears to converge in this regime. More interestingly, the so-
lutions appears to converge to a vorticity distribution that it is very different from
the initial datum. This time evolution is shown in figure 18 and we observe from
the figure that the two initial confined eddies are twisted by the time evolution and
spiral into two distinct vortices. In figure 19 (B), we plot the difference between
the initial datum and the computed velocity field in L? for each time and plot the
evolution of this quantity in time. We observe from this figure that the difference
increases linearly over time. Moreover, this difference increases with resolution.
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highest resolution of Ng = 2048 Fourier modes.

Similar results are also obtained with a spectral viscosity method with parame-
ters (e, p, ko) = (0.01,10, N/8). The convergence of the computed velocity field is
verified from figure 21 (A) and the time evolution of the vorticity (at the highest
spectral resolution) is shown in figure 20. Clearly, the computed vorticity is very
similar to the one computed with the vanishing viscosity method and very different
from the initial datum as inferred from figure 21 (B).
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FiGURE 21. Results for the kissing vortices with the with the spec-
tral viscosity method i.e. (e, p, ko) = (0.01,10, N/8) at time ¢t = 1.
(A): Error of the approximate velocity field (7.1) in L? (B): Dif-
ference in L? between the computed velocity field and the initial
data for different resolutions, as a function of time.

Both computations clearly indicate that the solutions computed with the spec-
tral viscosity method converge to a velocity field that is different from the initial
datum. This suggests non-uniqueness of weak solutions for the two-dimensional
incompressible Euler equations when the initial data is in the Delort class. This
non-uniqueness was already suggested by the computations reported in [31]. We
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add further weight to this conclusion by observing the same behavior but with a
different numerical method, particularly one that is proved to converge to a Delort
solution on refinement of resolution.

8. CONCLUSION

In this paper, we considered the two-dimensional incompressible Euler equations.
In contrast to the three-dimensional case, global well-posedness results are available
in two space dimensions. In particular, existence and uniqueness of weak solutions
is proved under the assumption that the initial vorticity is in L>°. Moreover, global
(in time) existence of weak solutions is proved for significantly less regular initial
data, for instance when the initial vorticity belongs to the so-called Delort class.
Such rough initial data are encountered in practice when one considers the evolution
of vortex sheets in an ideal fluid.

Although many different numerical methods have been developed to approx-
imate the incompressible Euler equations, convergence results for these schemes
have mostly been available in the regime where the initial data and the underlying
solutions were smooth. Notable exceptions were considered in [29] and [32], where
the authors prove convergence of central finite difference schemes for the vorticity
formulation of the equations under the assumption that the initial vorticity is in L?,
for 1 < p < co. However, no rigorous convergence results are available for the case
of Delort class initial data. Thus, there existed a chasm between the mathematical
existence results and rigorous convergence results for numerical approximations.

In this paper, we have proposed a spectral viscosity method to approximate
the two-dimensional Euler equations. Based on the spectral viscosity framework of
Tadmor [13] and references therein, our method is a spectral method that discretizes
the Euler equations in Fourier space. Viscosity (damping) is only added in the
high wave-number Fourier modes. Consequently, the method is formally spectrally
(superpolynomially) accurate for smooth solutions. Till now, convergence of this
method was only proved for smooth solutions of the incompressible Euler equations

[1].

We prove that our spectral viscosity method converges to a weak solution as long
as the initial vorticity either bounded in LP for 1 < p < oo or in the Delort class.
Thus, we provide the first rigorous convergence results for a numerical approxima-
tion of the two-dimensional incompressible Euler equations with initial data in the
Delort class. This also closes the chasm between available existence results for the
underlying PDE and convergence results for numerical approximation.

Our proof relies on the following key ingredients:

e The equivalence of the spectral viscosity method for the velocity-pressure
formulation (2.4) and the vorticity formulation (2.9). This equivalence
holds for any resolution i.e. truncation of the underlying Fourier expansion.

e A spectral decay estimate for the high wave-number modes.

e A patching up of long-time estimates on the vorticity (obtained by the
spectral decay estimate) and short-time estimates.
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e A novel approximation of rough initial data that amounts to resolving the
initial singularities.

e Application of the compensated compactness theorems of Delort by con-
trolling the negative part of the approximated vorticity. In particular, we
ensure that the negative part of the vorticity, as approximated by the spec-
tral viscosity method, cannot concentrate on sets of small measure.

It is unclear if these ingredients, particularly the equivalence between the velocity-
pressure and vorticity formulations, can be transferred to other numerical methods.
Thus, for the time being, the spectral viscosity method is the only method that
can rigorously be proved to converge to weak solutions for the incompressible Euler
equations with rough initial data.

We present some representative numerical experiments to test the proposed spec-
tral viscosity method. We observe from the experiments that the spectral viscosity
method performs as well as the pure (standard) spectral method for smooth initial
data. Moreover, we also present experiments with rough initial data that demon-
strated the performance of the spectral viscosity method and compared it with the
vanishing viscosity method. We observed that both methods were able to compute
the problem of kissing vortices robustly and provided numerical evidence for possi-
ble non-uniqueness of weak solutions of the incompressible Euler equations, when
the initial data is in the Delort class.

We also computed vortex sheets with the spectral and vanishing viscosity meth-
ods and observed convergence to complicated roll-ups of the sheet in many cases,
particularly for small times. However for very high spectral resolutions and for long
times, the computed solutions contained small scale instabilities that amplified (ei-
ther with time or in resolution or both) and led to the disintegration of the vortex
sheet into a soup of small vortices. We argue that this phenomena is generic to
such rough data and cannot be alleviated at the level of numerical computations,
particularly at very high resolutions. On the other hand, many papers in recent
years such as [15, 25, 28] and references therein, have presented computations of
vortex sheets and demonstrated that although each deterministic simulation can
be unstable, yet statistical quantities (ensemble averages) are computed robustly.
This implies that statistical notions of solutions such as dissipative measure-valued
solutions [8, 25, 15] and the more recent statistical solutions [14] might be more ap-
propriate as a solution framework for the incompressible Euler equations, certainly
from the perspective of numerical approximation.
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APPENDIX A. MISCELLANEOUS RESULTS

We shall need some estimates for trigonometric polynomials fys(z) = Z‘ k<M fkeik'm.
We denote by Py the projection onto this space. We take them from [19] (though
they may have appeared elsewhere).
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Theorem A.1. Let 1 <p<g<oo, orl <p<q<oo. Then

1Pxfllg < N3] £,
and

Theorem A.2. Let s > 0. Then,

VPN fllp < Nocpl flp-
Finally (don’t think, we’ll need this one)
Theorem A.3.

I =Pw) fllp < cpll fllp-

Let us furthermore state a multidimensional version of the one dimensional Bern-
stein inequality. We first recall the one dimensional case:

Theorem A.4 (Bernstein). Let fy be a trigonomentric polynomial on T, of order
N. Then we have the following L? inequality (1 < p < o0) for its derivative

I fallee < N fnllpe-

We will require the following (multi-dimensional) inequality for the LP-norm of
the Laplacian.

Theorem A.5. Let fy : T — C be a trigonometric polynomial of degree at most
N. Then for any 1 < p < oo

IAfN e < N?d|| x| Lo

Proof. Since the constant N2d in this estimate is independent of p, it will suffice
to consider p < co. The result for the L°-norm then follows by letting p — oo.
From the one-dimensional inequality applied to the trigonometric polynomial

xinN(xlv"'vmiw”vxd)a

where the other variables x;, j # i are frozen, we immediately obtain

/‘5‘2fw

Integrating over x1,...,2;—1,%i+1,-..,Zq, it then follows that

JiT

v < N?p/mvv’ dz;

v < N / P de,
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([1amr dx) S (f [ )"
2(/fN|” d:c> "
a( [y dx)l/p,

We also recall the following characterization of weakly compact subsets of L! ([0, T x
T?), due to Dunford-Pettis theorem (for a proof, see [10]).

and therefore

s s
H[ng H[ij
= =

O

Theorem A.6 (Dunford-Pettis). A subset K C L([0,T] x T?) is weakly compact,
if and only if

e K is bounded in the L'-norm,

e for every € > 0, there exists a § > 0 such that

\A|<6:>/fdxdt<e, forall f € K.
A

We shall also need the following “Aubin-Lions lemma”. For a proof and thorough
discussion of compactness in spaces LP([0,T]; B) with B a Banach space, we refer
to [41] and references therein.

Theorem A.7 ([41], Thm. 5). Fiz T > 0. Let X C B C Y be Banach spaces,
with compact embedding X — B. If 1 < p < oo and

o FFCLP(0,T); X) is bounded,
o [[f(-+h) = fC)llro,ryy — 0 as h — 0, uniformly for f € F.
Then F is relatively compact in LP([0,T); B) (and in C([0,T]; B) if p = 00).
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