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1 Introduction

Let Py stands for one of the standard spectral projections — Fourier, Chebyshev,
Legendre .... It is well known that such spectral projections, Pyu, provide highly accurate approxi-
mations for sufficiently smooth w’s. This superior accuracy is destroyed if u contains discontinuities.
Indeed, Pyu produces O(1) Gibbs’ oscillations in the local neighborhoods of the discontinuities, and
moreover, their global accuracy deteriorates to first-order.

We are interested in spectral approximations of nonlinear conservation laws

ou 0

(1.1) =+

ot Oz (u) =0,

subject to initial conditions, u(x,0) = ug, and augmented with appropriate boundary conditions. The
purpose of a spectral method is to compute an approximation to the projection of u(-,t) rather than
u(+, t) itself. Consequently, since nonlinear conservation laws exhibit spontaneous shock discontinuities,
the spectral approximation faces two difficulties:

e Stability. Numerical tests indicate that the convergence of spectral approximations to nonlinear
conservation laws fails. In [T2]-[T4] we prove that this failure is related to the fact that spu-
rious Gibbs oscillations pollute the entire computational domain, and that the lack of entropy
dissipation then renders these spectral approximations unstable.

e Accuracy. The accuracy of the spectral computation is limited by the first order convergence rate

of Pyu(-,t).

With this in mind we turn to discuss in §2 the Spectral Viscosity (SV) method introduced in [T2]. In
this paper we restrict our attention to periodic problems. For a treatment of the nonperiodic case in
terms of the Legendre SV method we refer to [MOT].

The purpose of the SV method is to stabilize the nonlinear spectral approximation without sac-
rificing its underlying spectral accuracy. This is achieved by augmenting the standard spectral ap-
proximation with high frequency regularization. In §3 we briefly review the convergence results of
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the periodic Fourier SV method, [T2]-[T5], [MT], [CDT], [S]. These convergence results employ high
frequency regularization based on second order viscosity. In §4 we introduce spectral approximations
based on “super-viscosity”, i.e., high-frequency parabolic regularizations of order > 2. We prove the
H~1-stability of these spectral “super-viscosity” approximations, and together with L>-stability, con-
vergence follows by compensated compactness arguments [Tr],[M].

We close this Introduction by referring to the numerical experiments reported in [T4],[MOT]. These
numerical tests show that by post-processing the spectral (super)-viscosity approximation, the exact
entropy solution is recovered within spectral accuracy. This post-processing is carried out as a highly
accurate mollification and operated either in the physical space as in [GT],[AGT],[MOT], or in the
dual Fourier space as in [KOJ,[MMO],[V]. It should be emphasized that the role of post-processing is
essential in order to realize the highly accurate content of the SV solution.
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2 The Fourier spectral viscosity method

To solve the periodic conservation law (1.1) by a spectral method, one employs an N-degree trigono-
metric polynomial
un(@,t) = Y dp(t)e™
|k|<N

in order to approximate the Fourier projection of the exact entropy solution, Pyu.! Starting with

un(x,0) = Pyug(x), the classical spectral method lets uy(x,t) evolve according to the approximate
model

(2.1) %n 2 [pw(run)] = 0.

As we have already noted, the convergence of wuy towards the entropy solution of (1.1),
uN T U, may fail, [T2]. Instead, we modify (2.1) by augmenting it with high frequency viscos-
— 00

ity regularization which amounts to

8uN 0 0° 85uN
2.2), — + =P )] =en(=1)"""— | Qu(z,t > 1.
(2.2 St g [Pt )] = (-1 2 Qe » |5
This kind of spectral viscosity can be efficiently implemented in Fourier space as
o° P un 25 (A5 ik
(2.3) ENGos Qm(z,t) * e } =c Z (ik)*° Qr(t)ug(t)e™™ .
m<|k|<N
It involves the following three ingredients:
e the viscosity amplitude, € = e,
2C
(24@) EE€NNW;

Here, C; is a constant which may depend on the fixed order of super-viscosity, s. (A pessimistic
upper bound of this constant will be specified below — consult [CDT, Theorem 2.1}).

I The spectral Fourier projection of u(z) is given by Z\k\<N(u’ e'k®)eikz . the pseudospectral Fourier projection of u(x)
is given by Z\kKN < u,e®® > e where < u,e*® >:= Az ZV u(xy)e~ % is collocated at the 2N + 1 equidistant

gridvalues x, = 2nvAx. Pyu denotes either one of these two projections.
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e the effective size of the inviscid spectrum, m = my,

25—1.
2s

(2.4b) m=mpy ~ N, 0 <

e the SV smoothing factors, @k(t), which are activated only on high wavenumbers, |k| > my,
satisfying

2s5—1

(2.4¢) 1 (%) T <O <1, K> my.

The SV method can be viewed as a compromise between the total-variation stable viscosity ap-
proximation — see (3.1) and (4.1)s below — which is restricted to first order accuracy (corresponding
to 8 = 0), and the spectrally accurate yet unstable spectral method (2.1) (corresponding to 6 = 1).
The additional SV on the right of (2.2), is small enough to retain the formal spectral accuracy of the
underlying spectral approximation, i.e., the following estimate holds

85“’ (95uN

—o(g—p—1) O%UN
||5NW Qum(z,t) * 5 |L2(z) < Const - N 0la—p 1)H

ox4

2@, Yg=>p+1> —oc.

At the same time this SV is shown in §3 & 4 to be large enough so that it enforces a sufficient amount
of entropy dissipation, and hence — by compensated compactness arguments — [Tr],[M], to prevent
the unstable spurious Gibbs’ oscillations.

3 Convergence of the Fourier SV method — 2nd order viscosity

The unique entropy solution of the scalar conservation law (1.1) is the one which is realized as the
vanishing viscosity solution, u = lim, g u°, where u® satisfies the standard viscosity equation

ou® 0 . 0% .
(3.1) o T %f(u (z,) = Ea (@, 1).
This section provides a brief review of the convergence results for the Fourier SV method (2.2);.
The convergence analysis is based on the close resemblance of the Fourier SV method (2.2); to the
usual viscosity regularization (3.1). To quantify this similarity we rewrite (2.2); in the equivalent form

T B
(3:20) &un 9 duy] 9
= ENo TENg- [RN(CEJ) * W} + %(I — Py) f(un),
where
- ke oy =) L k| <mw,
(320 Aot = 3 RO RO={ g0 i3

Observe that the SV approximation in (3.2a) contains two additional modifications to the standard
viscosity approximation in (3.1).

{i} The second term on the right of (3.2a) measures the difference between the spectral viscosity,
2
ENa% [Qm(m, t) * ag—;cv], and the standard vanishing viscosity, €y 68

ward estimate shows this difference to be L?-bounded, V8 < %

LN The following straightfor-

T
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0 0
lex g [+ 2] i

Const - ey m}\,/e max k270 +m3 | lun (1) 2
\k\>mN

IN

< Const - N*un(-,t)||r2 < Const - |un(-,t)||r2, 6 < 3.

{ii} The spectral projection error contained in the third term on the right of (3.2a) does not exceed

I = P 1) < Constel] 1)

Equipped with the last two estimates one concludes the standard entropy dissipation bound, [T2], [MT],
[T4], [CDTY,

oun 1
(3.3) Jun ()2 + \/ENHWHH (1) < Const, EN

loc

The inequality (3.3) is the usual statement of entropy stability familiar from the standard viscosity setup
(3.1). For the L*-stability of the Fourier SV approximation consult e.g. [MT],[T3, §5] and [CDT, §4]
for the one- and respectively, multi-dimensional problems. The convergence of the SV method then
follows by compensated compactness arguments, [Tr],[M].

We note in passing that the the Fourier SV approximation (2.2)s, (2.4) shares other familiar proper-
ties of the standard viscosity approximation (3.1), e.g., total variation boundedness, Oleinik’s one-sided
Lipschitz regularity (for # < 3), L'-convergence rate of order one-half, [S],[T4].

4 The Fourier SV method revisited — the super viscosity case

In this section we remove the restriction 6 < % in (2.4b), which limits the portion of the inviscid
spectrum. The key is to replace the standard second-order viscosity regularization (3.1) with the
“super-viscosity” regularization

ou’ 0 R B st1 92 R
T %f(u (z,t)) = e(=1) prorl (z,1).

The convergence analysis of the spectral “super-viscosity” method (2.2), is linked to the behavior of
the “super-viscosity” regularization (4.1),. To this end we rewrite (2.2), in the equivalent form

(4.1)4

8uN 3 - _1ys+1 828uN

at + ax (U’N(‘T"7 t)) - EN( 1) 81'28
(4.2) (-9)° Pun] 9, B
TEN ors Ry (z,1) * s + Oz (I = Pn)f(un) =

= Il(uN) +I2(UN) +I3(UN).

As before, we observe that the second and third terms on the right of (4.2), Zo(un) and Z3(uy), are
the two additional terms which distinguish the spectral “super-viscosity” approximation (4.2) from the
super-viscosity regularization (4.1)s. In the sequel we shall use the following upper-bounds on these
two terms.

{i} The second term, Z(un), measures the difference between the SV regularization in (4.2) and the
“super-viscosity” in (4.1)s. Using the SV parameterization in (2.4c), (2.4b) and (2.4a) (in this
order), we find that this difference does not exceed

oy O'uy e 4 o [
len Ozs Ry (-t) * Oz® e < en Mm% +my° \kr\g%ﬂkw 7| lun ()22

< Const - N239_23+1||UN('at)”L2 <

< Const - |lun(-,t)| L2, V9§282;1'
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Thus, the second term on the right of (4.2), Zo(uy), is L?-bounded :

(43) IZa(un) ey < Constllun, 1) 2o

{ii} Regarding the third term, Z3(ux), we shall make a frequent use of the spectral estimate which we
quote from [CDT, §2.3],

1
Yg>p>—o0, ¢g> =

(4.4) II—(I Pr)flun (502 < Gl 7 un (5 )z, 2 ; 5

(The restriction g > % is required only for the pseudospectral Fourier projection, Py, whose

truncation estimate in provided in e.g., [T1, Lemma 2.2]). An upper bound on the constants Cj
appearing on the right of (4.4) is given by [CDT, Theorem 7.1]

Cs NZIIf Mo llun ="
k=1

this estimate may serve as a (pessimistic) bound for the same constant used in conjunction with
the viscosity amplitude, ey, in (2.4a).

Next we turn to the behavior of the quadratic entropy of the SV solution, U(uy) = u %+ (A similar
treatment applies to general convex entropy functions U(uy).) Multiplication of (4.2) by uy implies

10 o ["N

et s -
(4.5) = uN_'Zl(uN) + UNIQ(UN) + uNIg(uN) =
= IIl(uN) +II2(UN) +II3(UN).

The three expressions on the right (4.5) represent the quadratic entropy dissipation + production of
the SV method. Successive ”differentiation by parts” enable us to rewrite the first expression as

s 8 8”uN 8q’LLN 8S’LLN 2
IZ:1(un) = en Z (_1)-+p+1% [ IR } —EN( ppe >
=2s—1
(4'60’) Pt q()§p<;9
= IIH(UN) —|—II12(UN).

Similarly, the second expression can be rewritten as

OPun 8‘1RN(x t) O*upn
1T = 1)5tP— !
2(un) EN Z < P { Oad * s +
ptg=s—1
(4'6b) 8SuN 85uN
—R t
TN s N (@, ) x dz*
= IIQl('U,N) +IIQQ('U,N).
2As usual we let OFw Z(zk )@ Note that if f w(z)dz = 0 then OLw(z) with p < 0 coincides with the

k0
|p|-th order primitive of w(z).
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Finally, we have for the third expression

s—1 —
II;),(UN) = Z(—l)pg {0;’;;\7 881;_[)1’7 (I— PN)f(UN) +
p=0
(4.66) as a—g-‘,—l

= IIgl(uN) AT (UN)

We arrive at the following entropy estimate which plays an essential role in the convergence analysis
of the SV method.

LEMMA 4.1 Entropy dissipation estimate. There exists a constant, Const ~ |[un(-,0)| p2, (but oth-
erwise is independent of N), such that the following estimate holds

2Cs
N2s—1°

(4.7) lun(, )||L2+\/_|| a Tl

(z,4) < Const, EN =

loc

REMARK. Observe that the entropy dissipation estimate in (4.7) is considerably weaker in the “super-
viscosity” case where s > 1, than in the standard viscosity regularization, s = 1 quoted in (3.3).

PROOF. Spatial integration of (4.5) yields

1d 0*
5l (D3 + el un (Dl = (o Talun)) pee) + (un, To(un)) 2o

According to (4.3), the first expression on the right of the last inequality does not exceed

(4.8) |(un, Ta(un)) 2| < Const - [lun (-, t)]|7--

According to (4.6¢), the second expression on the right= (—1)° aax“b’v ax ++11 (I—Pyn)f(un), and by (4.4)
it does not exceed

0° unN o* unN 1 0°

(4.9) |(un, Zs(un)) 2] <l llee - NQS | 5ps 122 < 5enll5-

Sun (1)l

(In fact, in the spectral case, the second expression vanishes by orthogonality ). The result follows from
Gronwall’s inequality. W

Equipped with Lemma 4.1 we now turn to the main result of this section, stating

THEOREM 4.2. Convergence. Consider the Fourier “super-viscosity” approximation (2.2)s—(2.4),
subject to L>®-initial data, un(-,0). Then uniformly bounded wupy converges to the unique entropy
solution of the convex conservation law (1.1).

PROOF. We proceed in three steps.

Step 1. L-stability. The L°°-stability for spectral viscosity of 2nd order, s = 1, follows by
LP-iterations along the lines of [MT] and [CDT], (we omit the details). The issue of an L* bound
for spectral viscosity of ’super’ order s > 1 remains an open question. The intricate part of this
question could be traced to the fact that already the underlying super-viscosity regularization (4.1)s,
lacks monotonicity for s > 1: instead, it exhibits additional oscillations which are added to the spectral
Gibbs’ oscillations (Both types of oscillations are post-processed without sacrificing neither stability
nor spectral accuracy).
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Step 2. H'-stability. We want to show that both — the local error on the right hand-side of (4 ( )

Z Z;(un), and the quadratic entropy dissipation + production on the right of (4.5), Z I75(
1<5<3 1<5<3
belong to a compact subset of Hj ! (z,t).

To this end we first prepare the following. Bernstein’s inequality gives us Vp < s < ¢
(4.10)
p q P
o [83%88%} ligen S Constenl gl 1% e <

.. . _ 0° UN
.. by Bernstein inequality ... < Const-en - NP||uy|p~ - N77%| 9z° 2 (at) <
..by Lemma 4.1... < Const - \/en - NPT %||upy||poo ~ \/ZCS-NP"'Q_QS"'% Nun]| Lo

Consider now the first two expressions, Z1(uy) and ZZ;(uy). The inequality (4.10) with (p,q) =
(0,25 — 1) implies that Z; (un) tends to zero in H,,!(z,t), for

(4.11) 172 (un )10y < Const- v/2C/N - fu]| . — 0.

We turn now to the expression ZZ1(uy) in (4.6a): its first half tends to zero in H;,!(z,), for by (4.10)
we have Vp+ q = 2s — 1,

0 8”uN 8‘1uN
= . _1)stp -
IIut) = ene X (g [FEEE | <
p+qg=2s—-1
0<p<s
(4.12) < Const - 1/2C;s/N - Z lun|lp= <
pt+qg=2s—1
0<p<s
< Const - $4/2C5/N - |lun||z= — 0;
the second half of 77 in (4.6a), — (adgjv) is bounded in L}, (z,t), consult Lemma 4.1, and hence
by Murat’s Lemma [M], belongs to a compact subset of H;,!(z,t). We conclude
(413) IIlg(uN) — < 0.

laL(I t)

We continue with the next pair of expressions, Zo(uy) and ZZ2(uy). According to (4.3), Zo(un) —
and therefore also ZZ3(un) = unZa(un) — are L2-bounded, and hence belong to a compact subset of
Hy . !(x,t); in fact, by repeating our previous arguments which led to (4.3) one finds that

|\Lz(xt)<Const Venmiy b~ /205 NT = 0.

A similar treatment shows that the first half of IIQ(UN) in (4.6b) tends to zero in H;,!(z,t), for

(4.14) [|Zo(un) || g1 (2,¢) < Const - eymiy 1H

OPun [0RN(z,t) O°uy
— s+p ’
IZZo1(un) = env Y ( <8xp [ omt o | ) i@ S

ptq=s—1

P 8uN

(4.15) < eve Y Nolunles IS o <

ptq=s—1

< Const-yay Y. NPM|luy|pe < 5v/2C/N - un]lL~ — 0.

ptg=s—1
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The second half of ZZ5(uy) is L'-bounded, for

o°u
(4.16) 17Z22(un) = x5

Finally we treat the third pair of expressions, Z3(uy) and ZZ3 (uN) The spectral decay estimate
(4.4) with (p,q) = (0, s), together with Lemma 4.1 imply that Z3(ux) tends to zero in H,,!(z,t); indeed

RN( t) * ||L1 < Const - ENH HL2 (@t) < Const.

0 Cs ,0°
(4.17) Za(un) = 50 = P @)l 0y < 555 1 lae ~ V2EN =0

A similar argument applies to the expression ZZ5(uy) given in (4.6¢). Sobolev inequality — consult
(4.10), followed by the spectral decay estimate (4.4) imply that the first half of ZZ5(ux) does not exceed

s—1
_ 0 [OPuy 0P
|TT5 (uy) = 1;)(—1)?%[8#) (1= P F ()| Dy <
oP ’U,N oP
< Zn b 1 = Pr) )2z <
(4.18)

S C 8uN

< Const- 3 N uvls 3| s e <
p=

~ Const - $4/2Cs/N||un|lz= — 0.

According to Lemma 4.1, the second half of ZZ3(uy) is L'-bounded, for

0* UN §—stl oun J%un

(@19)  WZsaun) = S T (- P flun)lee < 15 s iy |

Iz < Const,

and hence by Murat’s Lemma [M], belongs to a compact subset of H, z;cl (z,t). We conclude that the
entropy dissipation of the Fourier spectral “super-viscosity” method, for both linear and quadratic
entropies, belongs to a compact subset of H lgcl(x,t).
Step 3. Convergence. It follows that the SV solution uy converges strongly

(in L7 .,Vp < 00) to a weak solution of (1.1). In fact, except for the L'-bounded terms ZZ25(uy) and
I7Z32(un), we have shown that all the other expressions which contribute to the entropy dissipation
tend either to zero or to a negative measure. Using the strong convergence of uy it follows that
IZoo(un) and ZZ32(upn) also tend to zero, consult [MT]. Hence the convergence to the unique entropy
solution. M

REMARKS.

1. Low pass filter [G]. We note that the spectral “super-viscosity” in (2.2), allows for an increasing
order of parabolicity, s ~ N*, u < 1/2 (at least for bounded C,’s). This enables us to rewrite the
spectral “super-viscosity” method in the form

8uN 0
P —_N zk:c
-t T oa [Pn f(un)] > o ;
|k|<N
where o(§) is a symmetric low pass filter satisfying
< ¢, €l <1,

a(¢)

> ¢ -5, 1l >0.
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In particular, for s ~ N*, one is led to a low pass filter which is C*°-tailored at the origin, consult [V].
2. Super viscosity regularization. Theorem 4.2 implies the convergence of the regularized “super-
viscosity” approximation u® in (4.1)s, to the entropy solution of the convex conservation law (1.1).
Unlike the regular viscosity case, the solution operator associated with (4.1)s>1 is not monotone —
here there are ”spurious” oscillations, on top of the Gibbs’ oscillations due to the Fourier projection.
What we have shown is that the oscillations of either type do not cause instability. Moreover, these
oscillations contain, in some weak sense, highly accurate information on the exact entropy solution;
this could be revealed by post-processing the spectral (super)-viscosity approximation, e.g. [MOT].
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