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NONUNIFORM DEPENDENCE ON INITIAL DATA
FOR COMPRESSIBLE GAS DYNAMICS: THE CAUCHY
PROBLEM ON R2*
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Abstract. The Cauchy problem for the two-dimensional compressible Euler equations with data
in the Sobolev space H*(R?) is known to have a unique solution of the same Sobolev class for a short
time, and the data-to-solution map is continuous. We prove that the data-to-solution map on the
plane is not uniformly continuous on any bounded subset of Sobolev class functions.
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1. Introduction. In this paper, we consider the Cauchy problem for the two-
dimensional compressible Euler equations with data in the Sobolev space H*(R?).
The problem can be written in the form

pt + pouz + (pu)s + povy + (pv)y =0

Up + Uy + VUy + Ay + Zgiz,o:c =0

(1.1)

Vg + UV + vy + hy + Zginy =0
hi + uhg +vhy + (v—=1)(ho + h)(uy + vy) =0
(1.2) Pli=o = ¢1,  uli=o = P2, V|t=0 = ¢3, hli=0 = P4

where v > 1, pg > 0, and hg > 0 are constant. In order to arrive at this from the
standard form of the equations for ideal compressible gas dynamics (see, for example,
Majda [33, pp. 3-4]), we have written the density as pp + p and have replaced the
pressure p by a multiple of the internal energy, ho + h = p/(po + p). The velocity
components are v and v. We have also written the system in nonconservative form, as
we are considering only classical solutions in this paper. The purpose of the constants
po and hyg is to allow us to work with a state variable U = (p, u, v, h) whose components
lie in the Sobolev space, H*(R?) = H*, defined as

H* = {f € S®): |F7 ((L+[E1)*F) ey < o -

Pointwise restrictions on the initial data (see discussion following the statement of
Theorem 4) allow us to stay a positive distance from a vacuum state.

Local in time well-posedness in the sense of Hadamard for the system (1.1) (in
d space dimensions) is well known when s > 1+ d/2. The idea of the proof goes back
to Garding [16], Leray, [30], Lax [29], and Kato [24]; a modern version can be found
in Taylor’s monograph [39]. For a more detailed exposition of the background and for
alternative proofs, see Majda [33] or Serre [37]. In particular, if the initial data are in
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the Sobolev space H*® for any s > 1+d/2, then there exists a unique solution for some
time interval which depends upon the H® norm of the initial data, and the solution
depends continuously on the initial condition. In addition, the solution size (in H*®)
is bounded by twice the size of the initial condition for some period of time. Classical
solutions to the compressible Euler equations do not exist globally in time. Indeed, it
has been shown that even for almost constant initial data, there is generally a critical
time, T¢, at which the classical (H*) solution breaks down [33]. This breakdown is
characterized by the formation of shock waves; that is, as t /T,

lim sup ||[ue|[ oo + || Vu| pe = oc.
t—TC

Weak solutions for quasi-linear systems in conservation form (the standard form
for (1.1)) have been extensively studied in a single space dimension, where there is a
complete well-posedness theory for data of small total variation (and in some cases
small oscillation). Excellent monographs by the originators of this theory can be
found in Bressan [3] and Dafermos [12].

An outstanding open problem in multidimensional hyperbolic conservation laws
is to develop a theory of weak solutions for times after the formation of a shock wave.
This is an active area of current research. Canié, Keyfitz, Jegdi¢, and coauthors
(for example, [4, 5, 22] and the recent [23]) have looked at self-similar solutions of
two-dimensional problems, as have Chen, Feldman, and coauthors [6, 7], for example.
There is also interesting work by Shu-Xing Chen [8] and other papers and by Elling;
see [14] and references therein. An intriguing line of research concerns ill-posedness of
multidimensional problems of the type of (1.1) in spaces other than H*; Rauch [36],
following Brenner [2], identified key points of this issue, first identified by Littman [31];
and Dafermos [11] and Lopes [32] have followed it up. Yet another question that
concerns the proper definition of weak solutions is raised by the “wild” weak solutions
of De Lellis and Székelyhidi [13]. While this does not seem to bear on the question we
tackle here, which concerns classical solutions, it is worth mentioning both as a note
about well-posedness and as evidence of the relationship between the compressible
and incompressible gas dynamics equations, which we exploit in this paper.

The compressible Euler equations can be reduced, in the zero Mach number limit,
to the incompressible Euler equations (see [33] or [34] for details on the asymptotic
analysis)

Ug + ULy + VUy + P = 0
(1.3) Uy + uvg + vvy +py, =0

Uy + vy = 0,

where p is pressure. Global-in-time well-posedness is also an important question
for the incompressible Euler equations. For a summary of the open questions, we
refer the reader to Constantin [9] and Fefferman [15]. For local well-posedness and
related results, see Majda and Bertozzi [34]. Because the incompressible system is
not hyperbolic, analysis of the two problems—(1.1) and (1.3)—has proceeded along
rather different lines. This paper finds a rather striking connection.

A point of departure for our analysis is the proof of the nonuniform continuity of
the data-to-solution map for the incompressible Euler equations recently established
by Himonas and Misiotek [20]. In particular, in dimensions 2 and 3, they found
solutions for periodic data and for Sobolev space data, for which the data-to-solution
map was not uniformly continuous. In the nonperiodic (full plane) case, their method
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used a technique of high-low frequency approximate solutions developed by Koch and
Tzvetkov [28] for the one-dimensional Benjamin-Ono equation. Our main result is
to show that, in a similar way, dependence on the initial data is not better than
continuous for classical solutions of the compressible Euler equations. We state our
result as follows. (Here we assume the standard restriction on s, s > d/2 + 1.)

THEOREM 1. For s > 2, the data-to-solution map for the system (1.1) is not
uniformly continuous from any bounded subset of (H*(R?))* to the solution space

C([=T,T}; (H*(R?))*).

Our proof of nonuniform dependence of the data-to-solution map uses a method
similar to that of [20] and [28]: construction of high- and low-frequency approximate
solutions. We formulate a different way of defining the low frequency terms. In par-
ticular, Koch and Tzvetkov and Himonas and Misiolek use an L? energy estimate,
while we use an energy estimate in H?, 0 < s — 1. We are able to do this by sidestep-
ping the construction of some low-frequency exact solutions to the compressible Euler
equations. The strategy in this paper is to find estimates in the H? norm for ¢ near s.
We find that the low-frequency residual terms actually help to give the desired esti-
mates by allowing for a crucial cancellation. These convenient cancellations, obtained
in our construction, simplify technical difficulties created by the more complicated
system of equations. The construction of approximate solutions and demonstration
of nonuniformity were first carried out in the ideal compressible gas dynamics system
(1.1) for periodic data. This result is in the companion paper of Keyfitz and Tiglay
[27] along with the description of the flow for the approximate solutions that we use.

Continuity properties of the data-to-solution map for a variety of equations have
been studied by many other authors. In particular, the first result of this type was
shown by Kato [24] for Burgers’ equation, u; + (u?), = 0. Kato showed that the
data-to-solution map is not Holder continuous from any bounded subset of H® to H®
when s > 3/2.

The idea of using high-frequency approximate solutions has also been emp-
loyed extensively in the context of dispersive equations. For example, both Christ,
Colliander, and Tao [10] and Kenig, Ponce, and Vega [26] used a similar method of
high-frequency approximate solutions to show ill-posedness of some defocusing disper-
sive equations. This methodology was also adapted by Himonas and Kenig [18] for the
Camassa—Holm (CH) equation on the circle and by Himonas, Kenig, and Misiotek [19]
for the CH equation in the nonperiodic case. For additional related results concerning
the continuity of data-to-solution maps, we refer the reader to Bona and Tzvetkov [1],
Holmes [21], Molinet, Saut, and Tzvetkov [35] and the references contained therein.

In the next section, we give some preliminary results and notation which we shall
use throughout our proof. Section 3 gives the proof of nonuniform dependence.

2. Preliminary results and notation. This section summarizes background
needed in the rest of the paper. The operator A®f is defined by the formula

Aof(em) = 1+ + 22 f(Em),

where f is a test function. Here s may be any positive real number; in order to use the
standard existence theorems for classical solutions of (1.1), we take s > d/2+1 = 2.
The notation ~ stands for the usual Fourier transform. The Sobolev space H? is a
Hilbert space equipped with inner product and norm given by

[£I12 = (ASf,A°f) 2.
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We will frequently employ the following Sobolev embedding theorem (see, for instance,
Taylor [39, p. 272]).

THEOREM 2 (Sobolev embedding). If s > k+ 1, then H® is continuously em-
bedded into C*: H® — C*. Specifically,

(2.1) H® c {f eCk:Df(x1,29) = 0 as |(z1,z2)| = 00, |a| <k},

and the inclusion is continuous; for some constant C(s, k), we have
(2:2) [ £llex= D> (1D fllze < C(s, k)| fls-

la| <k

We will also liberally employ the following classical product estimate (see, for instance,
Taylor [39, p. 66]).

LEMMA 1. If s > 0 and f,g € L N H®, we have the estimate

Ifglls < C(s) [l fllze=llglls + I fllslgllz<] -

This, combined with the Sobolev embedding theorem, implies that H*® is a Banach
algebra whenever s > 1; in other words, for f, g € H®, the product fg € H”.
Moreover, we have the algebra estimate

(2.3) 1fglls < Cs)II s llglls-

For any test function f, the commutator operator [A®, f] applied to a test func-
tion g is

(2.4) (A%, flg = A°(fg) — fA°g.

The following commutator estimate can be found in Kato and Ponce [25].

THEOREM 3 (Kato—Ponce commutator estimate). If s > 0 and f € LipN H® and
g€ L®NHL then

(2.5) 1A%, flgllzz < C(s) (10f L 1A gllc2 + IA* fllz2lgll ) -

In the proof of Lemma 7, we need a simple interpolation estimate.

ProrosITION 1. Ifu € H™ and 0 < s < T, then

T— 38§ s—o
IB:

, .
T—0 T—0

B
HUHSS ||U||:HUHT, where o =

Proof. We write
= [ 1+ 16y 1ae)? ag = [ [ +16)7 @] [+ 1) ao)r] ds

and apply Holder’s inequality with p = 1/« and ¢ = 1/8. |

Finally, because of the nature of the nonlinearities in (1.1), we need the following
reciprocal estimate. It was proved by Kato [24, Lemma 2.13] for functions in “uni-
formly local” Sobolev spaces (which generalize our construction of coefficients of the
form pg + p) and for integer values of s > 2. We provide a sketch of the proof in the
delicate case when 1 < s < 2; the larger values of s are straightforward.
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LEMMA 2. Ifs > 1, h € H*(R?), g € H*(R?*) N C*(R?), and b > 0 is a constant
such that g +b > lb then

5,0) (1 p YR -
Hg+b ) (L4 llglles + glls) TAlls

Proof. In the case s = 1+~ with v € (0,1), the integer parts of the norm satisfy
this bound as in Kato [24, Lemma 2.13]. The fractional portion of the norm (see [38,
p. 155], for instance, for this form of the Sobolev norm) is

Sup. 1D (h(g +0)7") 1%,

_ /‘lW(M9+®”)&)—D“@@+ﬁVU(WP

= sup
la|=1 [x — y[*+2

dx dy ,

where x and y are points in R? and H7 is the homogeneous Sobolev space. Consider
D% = 9, (the partial derivative with respect to the first component) so that

(2.6) 01 (h(g+b)™") = (g +b)"'0ih — h(g + b)dug.
Estimating the first term on the right-hand side of (2.6) is a straightforward calcula-
tion after breaking the integral into the following two pieces:

- L [0ih(x) = 01h(y)P?
1 2 <
(g +b) " o), 72/ GO oy W

o) —gP 1, k)P
(x —y[**2 Jg(x) +b]* " g(y) +0b?
The first integral is bounded by an application of Holder’s inequality, while the second

term additionally requires the Sobolev embedding theorem and the following calculus
estimate:

(2.7) +2

l9(x) = g(y)|? ,
sup [ dx < O0)lgle

This estimate is obtained by splitting the domain of integration into two pieces,
|t —y| < 1 and |z — y| > 1, and then applying the mean value theorem. Returning
0 (2.6), the second term on the right-hand side is bounded by Lemma 1 and the
Sobolev embedding theorem:

(g +5) 2019l < (g +5)2ngll Il + (g +5)Ongll 1,
4 _ 4
< (gallall + s +0)0ugla ) Wil + sxlales [0l

We bound ||(g+b) 21 9| ;- in the same way as ||(g+b) 201 h| ;. The same estimates
hold for 0. ]

3. Proof of nonuniform dependence. We write the compressible Euler sys-
tem (1.1) in the form

(3.1) Uy + A(U)U, + B(U)U, =0
with U = (p,u,v,h)T and

u po+p 0 0 v 0 po+p 0

both u 0 1 0 v 0 0
D=1 R e b 2 I
0 (w—1(ho+h) 0 u 0 0 (v—U(ho+h) v
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3.1. Symmetrized system. The system (3.1) is symmetrizable; that is, it can
be written as
AUy + A (U)U, + B1(U)U, =0,

where the matrices Ag, A1, By are symmetric and Aq is positive definite. We can
choose

ho+h 0 0 0
Poarp N 0 0
_ po T p
AO(U) - 0 0 po+p 0 ’
+
0 0 O e (=D
ho+h
T v 0 ¥
| ho T+ po + p)u po+p .
AU =1 0 (po + p)u 0 :
(po+p)u
0 potp 0 EHem
ho+h
ng(r)pU ( 0 ) h();- h 8
_ Po + p)v
B = ho4n 0 (po+pw poto
“+p)v
0 0 PotP G Th

3.2. Approximate solutions. Our strategy, following the template laid out by
Himonas and Misiolek [20], is to use two sequences (w = +1) of approximate solutions:

pw,n 0

w,n __ u?n _ U1 + (25

(3:2) U= o | = [ oy 40
heom 0

The approximate solutions contain low-frequency functions w1, v; and high-frequency
functions us and ve. (Our notation suppresses, for clarity, the dependence of the u;
and v; on n and w.) The high-frequency functions are defined for a constant § > 0 as

(3.3) uy =n 075719, and vy = —n°07719,8,
where S is a stream function, given by
S(@,y,t) = ¥(n~°x)(n~"y) sin(ny + wt),

for a compactly supported nonnegative cutoff function ¥ which equals one on [—2,2].
Expanding us and vy gives

(3.4)
= 2 g (=) () sin(ny + wt) + 10 ()b (n ) cos(ny + wh)
vy = —n "B (n02) Y (n %) sin(ny + wt).

The low-frequency functions, u; and vy, are
(3.5)  wuy=wn"ly; (nf‘sx) ¢y (%) , and v; = —wn 'Y} (nf‘sx) @2 (%),

where ¢} and ¢y are also smooth compactly supported functions, ¢} is identically 1
on the support of ¥/, and 3 = 1 on supp . The following cancellation holds.
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LEMMA 3. For u and v defined in (3.2), (3.4), and (3.5), we have O u“"™ +
Oyv* ™ = 0.

Proof. We have

W (T (YN
e 2 (2) e (B) e
Considering the high-frequency terms, we see from (3.3) that
Dyt + Oyvy = 075719,9,8 —n°7719,0,5 = 0.
As a result of the definition, the approximate solutions satisfy

U™ + AU US™ + BU™)US™ = R,

where
0 0
B R2 B atuw,n + uw,nawuw,n + ,Uw,nayuw,n
(36) R = R3 - 8{0‘”’” + uw,naw,uw,n 4 Uw,nava,n
0 0

Denote the inner product of two vectors, V and W, by (V,W) = > (V;, W;) =,
and for any vector U denote

(3.7) U5 = (AU, A7T) = [lpllz + [[ully + [[v]17 + 2]

Let Uy = (Puwns U ns Vwns Pwn)? be the actual solution to the Cauchy problem
corresponding to (3.1), with the same data,

me(xvyao) = Uw,n(x7y’0) = (O7u1(x7y70) +u2(xay30)7vl(x7ya0) +’U2(1‘,y,0),0) )

again with w =1 or —1.

The actual solution is unique and exists on a time interval which depends only
upon the size (in the H® norm) of the initial data and on its distance from the
boundary of the region of state space (called G in the statement below) where the
system is hyperbolic. We quote the following theorem found in [33].

THEOREM 4 ([33, Theorem 2.1]). Assume U(-,0) = Uy € H®, s > d/2 +1
and Uy(z) € G1, G1 CC G. Then there is a time interval [0,T] with T > 0,
so that the equations (1.1) have a unique classical solution U € C([0,T]; (H*)*) N
CLH([0,T); (H*=HY), and U(z,t) € Go, Go CC G, for (x,t) € R? x [0,T)]; here
T =T(||Uolls, G1)-

In our coordinate system, G = {p > —po}. Having specified values for py > 0 and hy,
we might choose, for example, data to lie in a bounded set

1 1
Gl = {—4/’0 < p(ﬂo) < Mpv "LL(70)| < Mua |U(70)| < Muv _ihO < h(,O) < Mh}

and then take G to be
1 1
Ga= { =50 < .00 <2005 U, 0) <20 o 0) < Mo~ 0 <A 0) <208 |
where M,,, M,, and M), are positive numbers. The significant bound, which we need

throughout, is the lower bound on p in G5. Additionally, continuous dependence on
the data yields the following H® solution size estimate.
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THEOREM 5 ([33, Theorem 2.2]). Assume Uli=o € H®, s > 2, and Ul;=o € G.
There exists a T*, 0 <T* < T such that

sup [|U]ls < 2[|[Ule=ol[s-
te[0,T*]

In what follows, we take T™ to be the value given by this theorem.
We obtain the proof of Theorem 1 by showing the following properties of the
corresponding solutions:
1. Boundedness of initial data (proved in section 3.3):

(3.8)
[T 0)ls = [[Un (- O)ls = [[(Pew,n(0), w0 (0); e, (0), hrwy 1 (0)) [|s < C

uniformly in n.
2. Convergence of initial data (section 3.3): for § < 1/2,

(3.9) nh_)néo 1U1,5(-,0) —U_1.,(-,0)||s = 0.
3. Uniformity of approximation of U“"" to actual solution U, , (section 3.4):
(3.10) Upn(-,t) =U"(1)|ls < Cn™c, 0<t<Tr,

for some ¢ > 0.
4. Nonuniformity of divergence of U;, and U_;, from each other in time
(section 3.7):

(3.11) U1 (o) = Ui (0]l > |sin(t)], 0 <t.

The following estimates can be found in the appendix of [20].

LEMMA 4. Let 0 > 0, 6 > 0, and n > 1. For any Schwarz function ¥ € S(R),
we have

(3.12) 19 oy < 219l o gy

For any constant a € R, we have

(3.13) [[o(n=% ) sin(n - +a)|| () + [[¥(n°) cos(n - +a) || g @) = 17| Y]] L2 ).

The notation =~ means that the expression on the left is bounded above and below by
constants independent of o, §, and n. Note that the L? bound implies an H° bound.
From this lemma, we obtain bounds on the approximate solutions.

LEMMA 5. Fors—2<o<s—1and0<d <1, we have
[T 41 < Omo=+41,

where C' depends on the norms of the functions vy, ¢1, and ¢o.

Proof. The nonzero terms in U¥™ are ui, us, v, and vs. Since u; and v, are
products (in = and y) of terms of the form 1 (n %), we have, from Lemma 4 and with
C' a generic constant,

Jutllor1 =n" 1 (n°2) |0t 1l|$5(n°Y) ot
<02 | 1n 2| Gy llosr = Ot
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A similar bound holds for v1, which has the same structure. Note that these bounds
are valid for any o. On the other hand,

[uzllo+1 <0207 Ml (0™ 0@) [l ¢ (0 0y) sin(ny + wt) o1
+ 0700 (n0w) o [[(ny) cos(ny + wit) |11
< n7267871n5/2 no’+1+5/2 / +n7§75n6/2 no’+1+6/2
— o+1 o+1 o+1 o+1

S CnfﬁJrUfs + Cn0'78+1 ,

while v9, which has the structure of the first term in wus, satisfies

[vallo1 < Cn=0T775.

Now, ¢ is a positive number and o < s — 1, so all the exponents of n are negative
if § < 1. To bound the low-frequency terms by the high-frequency terms, we need
—1+d<o—s+1,ord <o—s+2, and provided o > s — 2, as we have assumed, it
is possible to achieve this with § > 0. 0

Lemma 5 implies a bound on the actual solution, using Theorem 5.

COROLLARY 1. Ift <T*, then
HUw,nHU-&-l < OanLliSa

where T, as in Theorem 5, is the time to doubling of the initial norm and o < s — 1.

3.3. (1) Boundedness and (2) convergence of the initial data. From
Lemma 4, we have ||[U~"(-,0)||, < Cn~'*% + C. For any § with 0 < § < 1, we
have ||U“"™(0)|| bounded uniformly in n.

To see that the difference in the initial data for w = £1 converges to zero in H?,
we calculate UM™ — U~1™ at t = 0, noting that the oscillatory terms cancel at ¢ = 0,
leaving only

P1,n(0) — p—1,,(0) 0
ul,n(o) - u—l,n(o) — 2n 1901 (TL 6$) 2 (niay)
01,n(0) = v-1,,(0) 207 1) (%) @2 (n %)
h1,,(0) — h_1,,(0) 0

This tends to zero in H® by the first estimate in Lemma 4 for any 6 € (0,1), as in the
first estimate in the proof of Lemma 5.

3.4. (3) Uniformity of the approximation. In this subsection, we denote the
actual solutions by U. Let £ = U — U%" = (E, F,G, H)T be the error, the difference
between the actual and approximate solutions. The main result of this section is the
following.

THEOREM 6. For max{l,s —2} < o < s—1, & satisfies
d < 0 +1—s 6—2
Zlelle < n 1€]lg + 7"

Furthermore, we have on the time interval of existence

IElle S no3*e7e.
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Proof. An equation for the error (the symmetric form of the system is useful
here) is
(3.14) Ag(U™E + A1 (U ™)E + B1(UY™)E, + C(U)E + Ag(U™)R = 0,

where

_%7'%2 Uy Uy P
CW) = A=) | "ol e
"~ ppo+rg Vgp Uy e
By (7= 1)(ua +vy)
(ug+vy)h h N
70510 p*gpz ?gpy 0
= /;;r% Poliz POy %
Pi/;i LoV PoUy pii/;z) |
Po(Ux TV
! (’Yf?)ho hw (’Y*pi))ho hU s ho “
We write C(U)E as
fatvilbofy i hop py o oG C
PO )
_m Bt povsEr povy Gt i Cy
4 un"r’t) ) C
Gy ha '+ s hy G+ e 4

We apply the operator A%, where ¢ > 1 and s —2 < 0 < s — 1, to the left-hand side
of (3.14) and then take the inner product with A?€ to obtain

(3.15)
(A7 (Ag(U“™)&) , A7) = = (A7 (C(U)E) ,A7€E)
(3.16) — (A7 (diag(Ay (U“™)E, + diag(By (U™))E,) , AE)
(3.17) — (A (AR(U“™)E, + Br(U“™)E,) , A7E)
(3.18) — (A" Ag(U*™)R, A°E)

where diag(A) denotes the diagonal part of a matrix A and Ap = A — diag(A). We
now bound the terms on the right-hand side.
Estimate for (3.15). We have

(3.19)
(A°CU)E,NE)Y = (A°C,AE) + (A°Co, A°F) + (A°C5,A°G) + (A°Cy, A°H) .
These terms are all estimated in a similar way. The Cauchy—Schwarz inequality yields
[(A7C1, ATE)| < [|A7C| L, [[A7 El L, = [|C1 6|1 Elle < [|ChlloI€]lo

and so on for the other three terms. To estimate ||C;||, we note that all of the C; are
of the form

(320) Ci=a1FE+axF +a3G + asH ,

where, up to constant multiples, each a; consists of a derivative, or sum of derivatives,
of components of U, in some cases divided by p 4+ pg. So, taking C5 as an example
and looking at the first summand, we have

P

3.21 E|l,=h
(321)  faiEl, = ho e

E

”EHU < hO

|| llo

pt+po |, - P+P
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where we have used the algebra property, Lemma 2.3. Now we use Lemma 2 to obtain

H Px
P+ po

< C(o,po) L+ [Pl llpzlls < Cllpllosa

o

since ||pzllo < ||pllo+1, and from Corollary 1, we can absorb all the other factors into

a constant that depends on o, pg and on the H? bound on p. Finally, estimating
llplloxr < Cn=5+L as in Corollary 1 and treating the other terms in (3.20) in the
same way as (3.21), we have

(A°C(U)E,AE) < Cno =+ €|

with a constant C' that depends upon pg, ho, v, and o. (Since ||U||,4+1 decreases with
n, we can eliminate the dependence of the constant on U.)
Estimate of (3.16). We have (up to a sign)

(3.16) = (A7 (diag(A1(U“""))E, + diag(B1(U“™))Ey) , A°E)

(i (Bron ) )
PO L2

+ (A7 (pou”" Fy + pov " Fy) ,AF)
+ (A7 (pou” "Gy + pov” " Gy) , A°G)

pouw,n po,uw,n
+ ( A° ( H, + ,ANH .
< (v=Dho " (v~ 1)ho L2
The eight terms in this expression are similar to each other; we show how the first is
estimated. Ignoring the constant ho/po, consider

= (A (u"Ey),A°E) . = / A° (" E,) A° E dxdy.
R2
This can be written as (recall equation (2.4) for the definition of the commutator)
I = / (A%, (™)) Es + (u*™) A8, E) A° E ddy.
R2

We split this integral into two pieces and apply the Cauchy—Schwarz estimate to the
first term to obtain

I < IIA%, (4] Bl o 1Bl + \ [ A0 BAE ey
Rz

Now, the Kato—Ponce commutator estimate, (2.5), applied to the first factor gives

A, (™) Bxll g2 < C(0) (llug "l A7 Eollzy + |A76" |1, || Eall 2o )
< C(o) (I llo41 A7 Bl 2y + [[u" o] Exllzoe)

using the Sobolev embedding theorem, Theorem 2, which applies here since o +1 > 2.
Since we can replace ||u“™||, by ||u“""||,+1, and, using the same Sobolev embedding,
replace ||E;||L= by || E|ls, we obtain

A7, (™)) Bzl g2 < C()l[u" a1 EI7 -
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For the second term, integration by parts followed by Holder’s inequality yields

w,n

1 D oo
/ u"N° 0, EA° E dxdy| = f/ u:’”(A"E)zdxdy < M/ (AUE)dedy
R2 2 R2 2 R2

1
=5 w1 E5
and we get a bound similar to the first term, so that

I < Ol oy IENS < Cn7H 0|1 E]

from Corollary 1 with C' = C(g). Proceeding the same way with the other seven
terms, we obtain

(A7 (diag(A1(U™))E, + diag(B1(U“"))E,) , A7E)| < Cn7 =217

with the constant depending on on pg, hg, 7, and o.
Estimate of (3.17). Inserting the off-diagonal elements of A; and B; from
section 3.1 (note that they are all constant since h*"™ = 0 = p“"), we have

—(317) = <AU (hoFm + hoGy) ,AUE>L2 + <AU (hoEm + pQHI) s AUF>L2
+ (A (hoEy + poH,) . A%G) 2 + (A7 (poFs + poGly) ATH) 2

Writing the above as an integral and rearranging terms gives
(317 = / o (0 (A B)ATF + ATE 0, (A°F)
O (ATE)AG 4 ATEO,(AG)) dedy
+ /2 p0 (0x (A°F)YAH + A°F 0, (A°H)
’ + 0y (A°G)A°H + A°G 0, (A°H)) dxdy
=ho . 0r (A°EAN°F)+ 0, (A°EA°G) dzdy

+ po - O (A°FA°H)+ 0, (A°GA°H) dx dy,

and therefore they all integrate to zero.
Estimate of (3.18). Since Ay is diagonal and Ay(U“"™) is constant, we have
—(3.18) = (A7 Ag(U*™)R,A°E) = (poA° R2, A°F) + {poA° R3, A° G).
The Cauchy—Schwarz inequality yields
|(3-18)] < pol| |+ [1€]|o -

Combining the estimates for (3.15), (3.16), (3.17), and (3.18), we have
(3.22) (A7 (Ag(U=™)E) ,A7E) < O+ 2|30 + CIIR||4IE] o

where the constants depend upon pg, hg,7y, and o.
We show that the residue R satisfies the following estimate.

PROPOSITION 2. If max{l,s — 2} <o < s—1, then ||R|, < n°2.

Proof. From (3.6), the nonzero components of R are

R2 _ atuw,n +uw,namuw,n +,Uw,nayuw,n
RS - atvw,n _’_uawi,n +Uw,nava,n .
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3.5. Estimating R,. We have (omitting the superscripts for brevity)

Ry =uy + g + vuy = (U1 + u2)e + (w1 + ug)(u1 + u2)y + (v1 + Ug)(ul + u2)y

L o) B Bl [l B [ [1 [

~—~ | — |~ — /—/H
= Uz t T ULUL z T ULUL 5 + U2UL 5 + U2U2 5 T V1ULy + V1U2 4 + V2UT +U2U2,y .

Now, three of these terms are zero by design since supp us = suppwvs = supp .S and
¢h =0= ¢l for y € supp S:

2]= %61 (5) 6 () Wmaws_o
SRS #%SW% (%) o (%) —0
Evzm,y:—néjsﬂaxé”( 1+6)¢1( ) (y):().

nd

Another term takes a simpler form since ¢} = 1 = ¢2 on the support of S:

@ = ViU, = ¢1 ( ) P2 ( ) #@,S = 5+s+2 85

From the form of the low-frequency and high-frequency terms, it is clear that differ-
entiation of u; or vy with respect to either x or y improves the result by a factor of
n~?, as does differentiation of S with respect to x; however, differentiation of S with
respect to y introduces a term with an additional multiplicative factor of n. The am-
plitudes of the low- and high-frequency terms have been balanced so that the largest
contributions due to this, in @ and | 6 |, cancel each other. This is exhibited in the
following proof.

LEMMA 6 (crucial cancellation). If ¢} = 1 on supp®¢’ and ¢2 = 1 on supp v,
then

Ut + ViU y = #@J <8t — g@,) S
(3.23) :—ﬁw ( ) [néz//’ ( )sm(ny—!—wt) +ny)’ ( )cos(ny—l—wt)]

and hence
3], s

Proof. Using S(z,y,t) = w(n*%)w(n*‘sy) sin(ny + wt), we calculate

(025 (5) (328, (v () st + )
o () o o0 (0 20,) o ()

+ (ﬁ) (2 - %ay) sin(ny + wt)|

=1 (%) {sin(ny + wt) (815 - %83,) ¥ (%ﬂ

= *%w (£> 1’ (%) sin(ny + wt) .

nd

From this, we obtain (3.23). Now it is a direct application of estimate (3.13) to
complete the proof. 0
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To complete the estimate for the H? norm of Rs, we estimate the norms of S and
its derivatives. From

S=1 (%) P (%) sin(ny + wt)

and Lemma 4, we have ||S||, < n°t9. Since differentiation with respect to x scales
the expression by n~% and differentiation with respect to y scales it by n (where we
ignore the lower-order contribution), we have
(3.24)

1025l S 77, (10,S]le S 07T, ]0:9,S]le S n7H (18550 S 70T

We also note the H? bounds on u; and v, and their derivatives,

hualls = £ (55) ¢4 (55)

and the same bounds hold for v; and for the y derivatives. With this, we can find the
remaining bounds for Rs:

= lwunallo S 772,
, = lstia sl = ozl Sl S n7227 0
L= v1u1 ylle <072,

= lostay o = FozepagsSeSialle S n2¥205.

Combining this with Lemma 6, we find the H, norm of Ry to be bounded by n®,
where

)

S n’~! ) ||u1,:v||<7 S

1
o n

a=max{0 —2,-2(s—0)—0,0 —6 —s—1}.
Since 0 < s — 1, if we now choose § < 1, the largest exponent is § — 2, then we have

(3.25) |R2|le < n® 2.

~

3.6. Estimating Rs. This goes the same way (again we omit the superscripts):

Rs =vp + uvg +vvy = (v1 + v2)r + (1 + u2)(v1 + v2)s + (v1 + v2)(v1 + v2)y

0 0B B @ 6 @ @ 0

o e Wi srhen Wi rrhes Nyt Wi arthes Wi svten T evtes N oyt
="V2t T ULV T ULV ¢ + U2V o + U2V2 ¢ + V1V y +V1V2 y + V2VU1 y + V2V2 g -

Because u1, v1,,, and vy, are zero on the support of S, we find that the terms 7 ,
and are again zero and (since vy is constant on supp S) @ reduces to —wvg ,/N.

This again gives us a cancellation between the highest-order terms in @ and @ (we
do not actually need it in the case of R3 since the largest terms are already smaller
by a factor of n). Specifically, using the identity in the proof of Lemma 6,

w 1 w
@—i—@ = U2 + V1V2y = V2t — EUz,y = —Waz (5t - gay) S

= _n5+15+16m (—nﬁéw (%) g (%) sin(ny +wt))

1 r(x (YN
= nasrera? (ﬁ) G (ﬁ) sin(ny + wt),
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and so
—26—s+0—2
[[e]+[8]], s n-2e-ese2.

The estimates for the remaining terms are straightforward, as in the estimates for R.
We use (3.24), and we need also ||Syz|l, < n% 9

~

= w1 zlle 072,
o
1 _ _o5_
, = luzvaslle = g 19y Saa e € n72e¥207207,
(5] = llorvrylle S 02,
o

1 —2s5+20—26—1
. = ||’U2'U2,y||z7 = WHSTST@}”U S n—<Te9 .

Once again, the largest exponent is 6 — 2, and so

(3.26) IRslle S n°2.
Combining estimates (3.25) and (3.26) completes the proof of Proposition 2. d

To complete the proof of Theorem 6, first notice that from the definition,
Ao(U*™) > ¢l for some positive constant ¢ and Ag(U“™) is a constant matrix.
Therefore, the L? inner product (Aq(U“™)V, V) defines an equivalent norm. Thus,

d d

d 2 o o ~ w,n o o
(3.27) SN2 = S (ATE,ATE) & L (Ao(U=")ATE, A7E).

Applying the derivative, we have

(3.28) %(AO(U“’")A"&A%) = 2(Ag(U™)ATE;, A7E) + (Ag(U™)ATE, A7E)
= 2(A7 (Ag(U*™)E,) , A°E)

(since Ag(U*"™) is constant). This quantity was estimated in section 3.4; substituting
inequality (3.22) and applying Proposition 2, we have

d

(Ao (U=™MATENE) S n™ |7 + "2 € o -

d
2 2 — ~
(329)  2lelo el

Dividing by [|€]|s in (3.29) gives the first inequality stated in the theorem. We apply
Gronwall’s inequality [17, p. 24]. The Gronwall estimate for

)< (1)

Since here a ~ n?~**! < C, the upper bound for e is a constant that depends only

on T*, the time interval on which we are tracking the solution, and with b ~ n%2,

b/a gives the estimate in the theorem. O
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This completes the proof of the uniformity (in n) of the approximation of U¥""
to the actual solution, U, ,, for w = 1 and w = —1. For ¢ in (3.10), we have
3—(s—0o)—d>2.

3.7. Nonuniform convergence. We are now prepared to complete the proof
of nonuniform convergence, the final item, (4), in the program. We use a fact we
proved in [27]: For a range of 7 > s, (specifically s < 7 < [s| + 1, where |-] is the
greatest integer function), the error in the H™ norm is bounded by

(3.30) €l S nme.

This uses the form of £ and the bound in Lemma 4. Interpolation yields an estimate
for the error in the s norm.

LEMMA 7. For any s > 2 and n > 1, there exists an € > 0 such that
(3.31) 1€]ls Sn™°.

Proof. From Proposition 1, we have

a B TS _s—0
(3.32) HgHg < HSHUH&’HT, where o = — B = —
Using Theorem 6 and (3.30), we find
(3.33) I€]ls < (n5—3+s—g)a(n7—s>ﬁ _ p(T—8)(6-3+25-20)/(1—0)

By choosing max{1l,s —3/2+ §} < 0 < s — 1, we obtain § — 3 + 2s — 20 < 0, which
completes the proof. O

We are now ready to give the proof of Theorem 1.
Proof. We estimate the difference between two actual solutions by the triangle

inequality

(3'34) HULn - Ufl,nlls > HULn - U_L"Hs - ”ULn - Ul,n”s - ”U_Ln - Ufl’n

[s-

From Lemma 7, the last two terms tend to zero as n — oo, and therefore, tracking
the terms that do not tend to zero as n — oo,

U1 — U_1.nlls > liminf | U™ — U157,
n—oo

> lim [~ ¢(n" )i (n""y) (cos(ny +t) — cos(ny — 1)) [|s

n—oo

= lim_ 0= (nx)(n"y) cos(ny) | sin()] ~ [sin(t). O
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