THE UNSTABLE SPECTRUM OF THE
NAVIER-STOKES OPERATOR IN THE LIMIT OF
VANISHING VISCOSITY

ROMAN SHVYDKOY AND SUSAN FRIEDLANDER

ABSTRACT. A general class of linear advective PDEs, whose lead-
ing order term is of viscous dissipative type, is considered. It is
proved that beyond the limit of the essential spectrum of the un-
derlying inviscid operator, the eigenvalues of the viscous operator,
in the limit of vanishing viscosity, converge precisely to those of the
inviscid operator. The general class of PDEs includes the equations
of incompressible fluid dynamics. Hence eigenvalues of the Navier-
Stokes operator converge in the inviscid limit to the eigenvalues of
the Euler operator beyond the essential spectrum.

1. INTRODUCTION

The equations of motion governing an incompressible fluid with vis-
cosity € are the Navier-Stokes equations

dq.
(11&) aqt = _(QgV)Qg _vp5+€AQE+Fev

(1.1b) V-q¢g =0,

where ¢. denotes the n-dimensional velocity vector, p. denotes the pres-
sure and F. is an external force vector. Here n can be any integer with
n > 2, but the case n = 3 is of the most interest.

The same equations with zero viscosity are the Euler equations

9q
(1.2a) 5 = (@ V)a—Vp,
(1.2b) V.-q=0.

An important connection between the Euler and the Navier-Stokes
systems is the behavior of (1.1) in the limit of vanishing viscosity (i.e.
e — 0). This limit is likely to be crucial in the understanding of many
physical problems of fluid flow, such as the transition to turbulence.
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It is clear, since the types of the two systems are very different ((1.1)
is parabolic and (1.2) is degenerate hyperbolic), that the limit of van-
ishing viscosity is a subtle and singular limit. There are a number of
partial results for the nonlinear system as € — 0. The history of such
results is briefly surveyed in the appendix of the book of Temam [8].

Open questions remain even for the linearized problem. In this
present paper we address the connections between the spectra of the
linearized Navier-Stokes operators in the inviscid limit and the spec-
trum of the linearized Euler operator. The results are closely tied to
issues of linear, and even nonlinear, instabilities for fluid flows (c.f.
Yudovich [12]).

Let u(z,e) be an arbitrary steady solution of (1.1):

(1.3a) 0=—(u-V)u—VP+cAu+ F,,
(1.3b) Vou=0.

We assume that w(z,e) and F. are infinitely smooth vector valued
functions on the torus T™ with regular dependence on ¢ € [0,gq) and
that lim. .o F. = 0. For the sake of simplicity we will present the proof
of the theorems only for the case where u(z) has no dependence on e.
The more general results follow from similar arguments.

The linearized Navier-Stokes equations for the evolution of a small
perturbation velocity v(z,t) are

0
(1.4a) 8_1; =—(u-V)v—(v-V)u—Vp+ecAv,
(1.4b) V-v=0.
The corresponding linearized Fuler equations are
0
(1.5a) a—: =—(u-V)v—(v-V)u— Vp,
(1.5b) V.-v=0.

We will study general classes of differential operators on T"™ which in-
clude the operators of the fluid equations defined by (1.4) and (1.5). We
will investigate the relationship between the unstable point spectrum
of the inviscid operator and the eigenvalues of the viscous operator in
the limit of vanishing viscosity.

For a general equilibrium wu(z) the Euler operator defined in (1.5)
is non self-adjoint, non elliptic and degenerate. Hence, contrary to
the case of the elliptic Navier-Stokes operator given by (1.4), standard
spectral results for elliptic operators do not apply to the Euler operator.
However in the past decade considerable progress has been made in un-
derstanding the structure of the spectrum of the Euler operator using
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techniques of geometric optics. A survey of these results is given in
Friedlander and Lipton-Lifschitz [3]. In particular, Vishik [9] obtained
an explicit, and often computable, expression for the essential spectral
radius of the Euler evolution operator in terms of a geometric quan-
tity that can be considered as a ”fluid” Lyapunov exponent. Recently
Shvydkoy [7] has extended these results to a general class of advective
PDEs with pseudodifferential bounded perturbation. The approach in
which the evolution operator is partitioned into high frequency and low
frequency parts will also be used in Section 3 of this present paper. We
make use of the decomposition of the inviscid operator proved in [7] to
obtain the analogous decomposition of the viscous operator (see Theo-
rem 3.1). This result requires certain explicit estimates on the symbols
of PDOs on the torus that we state in the appendix.

In Section 4 we prove the main result. We first prove a result for
spectral convergence in the inviscid limit for the semigroups. We then
prove that beyond the limit of the essential spectrum of the inviscid
operator the eigenvalues of the viscous operator converge precisely to
those of the inviscid operator. A key step is to use the decomposi-
tion established in Section 3 to split off a finite dimensional subspace
corresponding to growing modes. An analogous argument was used
by Lyashenko and Friedlander [5] to obtain a sufficient condition for
instability in the limit of vanishing viscosity for a class of operators
satisfying certain compactness and accretive properties. The proper-
ties required in [5] do not hold in general for the Euler operator (1.5)
(although they do hold for the coupled rotating fluid/body system as
noted in [5]). The goal of this present paper is to adapt the arguments
of [5] to a wider class of operators that include the generic Euler and
Navier-Stokes operators themselves.

2. FORMULATION OF THE RESULT

We consider the following class of differential operators on T":
(2.1) Lf=—(u-V)f+Af +eAf.

Here u € C*(T") is a divergence-free time independent vector field, f
takes values in C%, d € N, and A is a global pseudodifferential operator
(PDO) on T™ given by

(2.2) Af(x) = Oplalf(z) = Y ¢ a(z. k) f(k),

kezn



4 ROMAN SHVYDKOY AND SUSAN FRIEDLANDER

where Z" = Z"\{0}. We assume that a € S° (see the appendix) is a
d x d-matrix valued symbol, which allows decomposition

a=ap+a,

where ag is 0-homogenous in ¢, and a; € S~!. For instance, the lin-
earized Navier-Stokes equation (1.4) has the right hand side of the form
(2.1), where A has principal symbol

(23 0(z,€) = (2f il

€17
(see [7] for derivation).

We further consider a smooth linear bundle F over R” = R™\{0}. We
assume that F is 0-homogenous. A function f € L*(T") = L? is said
to satisfy the frequency constraints determined by F if f(k) € F(k),
for all k € Z", where F(k) denotes the fiber over k (we consider the
fiber F'(0) separately). The space of all such functions is denoted LZ.

Let {G¢}i>0 be a Cy-semigroup generated by L€ over L?. We assume
that G¢ leaves L% invariant so that the equation

(2.4) fi=1°f
is well-posed on L%.

The first order advective operator L? was treated in [7]. It was shown
there (and previously in [9] for the Euler equation) that the action of
G? on shortwave localized envelopes of the form

fs(x) = bo(a)e ™, 5 <1
is described by the asymptotic formula

(2.5) Gi'fs(x) = Be(p-e(2), &) fi(p-+()) + O(0),

as 0 — 0. In this formula ¢, is the integral flow of the steady field w,
and B; is the fundamental matrix solution of the amplitude equation

(2.6) by = ao(x¢(zo, o))V,

over the phase flow x; on © = T” x R" determined by the bicharacter-
istic system

x = u(x)
(2.7) {ft — _ouT ()t

subject to the frequency constraint by € F(&). One can modify the
symbol a, in such a way that the action of L° on functions from L% is
the same, while (2.6) leaves F invariant, i.e. b(t) € F(£(t)) (see [7]).
Thus one can consider (2.6) as a dynamical system over the bundle F.

. id) du(z)
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It was proved that the exponential instabilities of the amplitude
equation (2.6) not only cause exponential instability of the semigroup
G? via (2.5), but also create the essential spectrum of the semigroup
operator G? in the unstable region. More precisely, the following for-
mula for the essential spectral radius holds:

(2.8) ress(G(t)) = e,

where p is the maximal Lyapunov exponent of the dynamical system
(2.6) (see [1]). The main result of this present article states that beyond
this limit of the essential spectrum the eigenvalues of L® converge pre-
cisely to the eigenvalues of LY (and, of course, by spectral mapping the
same is true for the semigroups). Even stronger, we show convergence
of the corresponding spectral subspaces.

For a closed operator L we use the following notation:

of(L)={A€o(L):Re\ > a},
and we denote by m, (A, L) the algebraic multiplicity of A.

Theorem 2.1. Suppose that o;f (L°) # (0. Then

(i) there exists g9 > 0 such that o,; (L°) # 0 for all 0 < e < &,
(ii) for any A € a:(LO) and any sufficiently small r > 0 there is
g, > 0 such that for all ¢ < £, one has

(2.9) ma(ALY) = Y me(N, L),
Neot (L9)
[A=N|<r
(iii) we have the limit

(2.10) lim > P =P,
Neat (L)
[A=N|<r
where PS5 denotes the Riesz projection onto the spectral subspace
corresponding to \.

We note that (iii) = (ii) = (i). So, it suffices to prove only part (iii).
The proof heavily relies on the results of the next section, and will be
finished in Section 4. In the appendix we state some of the general
facts on PDQO’s in the way that is convenient to use in the subsequent
arguments.

3. HIGH FREQUENCY DECOMPOSITION

In this section we identify the high frequency part of the semigroup
operator Gj. It is a PDO shifted by the flow ¢;, while the rest is
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a sum of an operator of order O(y/2) and a compact operator that
behaves like a PDO of order —1 uniformly in €. We introduce the
following notation. As before, we let ¢; denote the flow generated
by w on T", and y; the phase flow of the bicharacteristic equations
(2.7) on T x R™. The fundamental matrix solution of the amplitude
equation (2.6), which we denoted B,(z,€), is a smooth linear cocycle
over the flow x;. We call it the b-cocycle. Clearly, the b-cocycle is a
0-homogenous in £ symbol of class S°.

We consider the operator of composition with the inverse flow ¢_;:

(3.1) D,f =fopy,
and the orthogonal projector:
(3.2) Im: 1* — L%,

which, as one can easily see, is a Fourier multiplier with the symbol
given by the orthogonal frequency projector onto the fiber F'(£).
The following decomposition was proved in [7] in the case of € = 0:

(3.3) G)=H} + U},
where
(3.4) H) = I1®, Op[B]

and UY is a compact operator, which behaves like a PDO of order —1
(hence the asymptotic formula (2.5)). For any positive ¢ formula (3.3)
can be generalized as follows.

Theorem 3.1. For any 0 < t < T and 0 < € < &g the following
decomposition holds:

(3.5) G; =H; + \/ETi + U;,
where
(3.6) H; = II®, Op[T}],

37 ried - Bledew{-: [ |0g; T (@eP s},

the family {T5 Yo<c<co, 0<t<t 15 uniformly bounded, and {U; }o<c<cy 0<t<T
18 uniformly compact.

By a uniform compact family we mean the following.

Definition 3.2. Let ¢5(£) be the characteristic function of the ball
{l¢] < N}. Define the projection multiplier Py f = (¢¥nf)Y. We say
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that a family of operators {U, },c; on L?, or its subspace invariant with
respect to Py, is uniformly compact if

(3.8) lim sup [|[U, — U,Py| = 0.
N—oo e

The rest of the section is devoted to the proof of Theorem 3.1.

First, we notice that the theorem easily reduces to the case when
IT = I. Indeed, consider the semigroup G¢ defined on the whole L?. If
(3.5) holds on all L?, then by applying IT and restricting to L%, we see
that (3.5) holds on L% too.

Using the fact that the b-cocycle solves the amplitude equations (2.6)
we find the evolution equation for H; by straightforward differentiation:

d
(3.9) EHf = —(u-V)H; + ®,Op[(ag o x;)T5]—
— e®, Op[|0y; " (x)¢]*T5).

We compare the second term on the right hand side with AH;. First,
the change of variables rule implies

A@t - @tA/
where A’ = Oplago ;] + Opl[a}] with a} € S~! uniformly in ¢t < T. The
latter follows from the fact that ¢; € C°°(T") uniformly in =7 < ¢t < T
Hence we obtain
(3.10) AH; = A®,;S; = P, Op[ag o x;] Op[T;] + ®, Op|a;] Op[7;].
Let us show that the symbols 75 satisfy a uniformity condition in
the x-variable.

Lemma 3.3. For any multi-index o there exists a constant B, inde-
pendent of 0 < e < &g and t <'T such that

(3.11) sup 10075(2,6)] < Ba.
z€T™, £#£0

Proof. By the Leibnitz rule,
Z 92~ By(z, €)% exp{ / 1007 " (2)€)? ds}
o' <a

Hence, by the uniform boundedness of the b-cocycle,

a;;’exp{ / 9077 £|2ds}]

One can check by induction that if ¢ = g(z1,...,2,) is a smooth
function, then

02 (exp(g)) = exp(g) > _(97'g)" ... (L g)"

0775 < Cra sup
alga7x7£
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where the sum is taken over a subset of indexes satisfying
Il 4+ el = al.
In our case g = —¢ [ [9p; T (x)&[* ds. Then,
|(331g)l1 o (a;rg)lq < Ot’a€z1+...+lr|§|2(11+...+zr)‘

Using that [0y, ' (2)€] > ¢[€], we obtain

t
o exp{—e / |8¢;T(x)§]2ds}
0

uniformly in e. O

< Cpae™ Y (el < ¢,

Using Lemmas 3.3 and 5.4 we immediately conclude that the family
UEIE) = ®, Op|a}] Op[7¢] is uniformly compact in 0 < ¢ < T and 0 <
€ < gp. By Theorem 5.1, with m; = my =0 and N =4,

Oplag o x¢] Op[T}] = Op[A7],

where

—1)1 .
X = @oox)ri + 3 TN gm0 xi)(07m) + 1

1<]y[<4

From the estimate on the remainder (5.5) and the 75 given in (3.11),
we see that the families of symbols {r}*} and {(0fapox+)(977)}, with
|v| > 1, satisfy the assumption of Lemma 5.3. Hence, they contribute
a uniformly compact family {Ug }.

Summarizing the above, we have shown the identity

(3.12) AHE = &, 0p[(ag o x)75] + UL,

where {Ug} is uniformly compact.
Let us now consider the term

(3.13) —e®, Op[|0p; ' (x)¢[*T]]
and compare it to
(3.14) eAH: = —¢ Op[|¢]*]®, Op[T5].
By the change of variables rule, we obtain
Op[l¢]*] @, = @, Op[|0y; ' (x)¢[’].
By Theorem 5.1 with m; =2, my =0, N =6
e Op[|0w; ' (2)€[*] Op[r{] = Op[A,



THE UNSTABLE SPECTRUM OF THE NAVIER-STOKES 9

where

(315) A} =elog; " (v)¢]ri+

+e Z 37|5 L (@)EP)(©07T]) +erg”.
1<|y|<6
Substitution of the first term on the right hand side of (3.15) into (3.14)
gives us precisely (3.13). From (5.5), (3.11), and Theorem 5.2 we see
that ¢®, Op[ry"] = ETEQ , with {Tgla)} being uniformly bounded.
Now, for all |y| =1 and any « one has

102(207 |0y T (2)€2 0775)| < Chaeléle™" < eCy,

uniformly for all 0 < e < ey, 0 <t < T, € € R”, x E T". Hence, the
terms with || = 1 add up to a term of the form /z T\”, where {TEZQ}
is uniformly bounded.

The terms with |y| = 2 can be estimated as follows

05(e07 07 T (2)€[? 9775)] < Caze P,

t,e

So, they contribute a term €TS5) . And finally, all the terms with |y| > 2
vanish.
Thus, the evolution equation (3.9) has the form

d
(316) - Hj = —(u: V)H; + AH; + cAH; + VT + Ul
where {T } is uniformly bounded, and {Uta} is uniformly compact.
By the Duhamel principle one gets

t t
(3.17) H: = GE + /e / H;_ T ds + / H; ,UY ds.
0 0

It remains to observe that by Lemma 3.3 and Theorem 5.2 the fam-
ily {H5} itself is uniformly bounded, and hence, the integrals define
operators T; and U; with the desired properties.

This finishes the proof of Theorem 3.1.

4. PROOF OF THE MAIN THEOREM

Let us recall that p is the maximal Lyapunov exponent of the b-
cocycle, which determines the essential spectral radius for the semi-
group operator G? through formula (2.8). Let us fix a § > 0. We can
find a large t such that

1
sup [By (x, €)| < e/,
z,§
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Then by the sharp Garding inequality, for N large enough, we get
1
(4.1) |IH: — HEP || < 2sup Tz, 0l < 5 el +o),

for all 0 < e < ¢¢. By the uniform compactness we also have
1
(4.2) |US — UsPy| < gefwm.

Let us fix N for which both (4.1) and (4.2) hold, and split the semi-
group Gj into the sum

(4.3) G =G, + Gtg,

where we denote

(4.4) G,. =H{(I-Py)+ Ve T; + U;(I- Py),
(4.5) GZ; =H;Py + U;Py.

So, G;f . is non-zero only on the finite-dimensional subspace Im Py, and
in view of (4.1) and (4.2), we have the estimate |G;_| < 2e'*+) for
all sufficiently small €. This implies that the resolvent (Gt_ 1
exists and has the power series expansion whenever |z| > e!(#+9),

Lemma 4.1. The convergence
(4.6) lm%(GtE )7 = (Gio— 2I)7t

holds in the strong operator topology uniformly on compact subsets of
{|z] > etwto)},

Proof. Observe that L¢f — LOf for all f € C°°(T"), and C*(T") is a
core of the operator L°. Hence, by [4, Theorem 7.2], G — G strongly.
It is straightforward to prove that H — HY strongly, which by virtue
of the decomposition (3.5) also implies that U5 — UY. We therefore
obtain convergence G;. — G, in the strong operator topology.

Thus, the conclusion of the lemma follows from the preceding re-
marks. U

Observe that for any |z| > e!#9) and 0 < & < & the identity
(4.7) Gef = zf
can be written as

(4.8) [+ (G —zD)7'Gl.f=0.
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This is equivalent to the system of equations

(4.9) [Py +Py(G;. — 2I) "G/ . Py]fy =0,
(410) ]/\/7 = _(G;E o ZI)ilG;FEPNf]/V7

where fy = Py f and f), = (I — Py)f. We see that f can be found
from (4.10) if f is known. So, the original eigenvalue problem (4.7) is
equivalent to the finite-dimensional equation (4.9), which in turn has
a solution at z = zj if and only if zy is a root of the analytic function

(4.11) g(z,e) = det]||(ej,ex) + (Pn(Giz — 2D) 7 G Pwe;, e[|

where {ej,...,ex} is an orthonormal basis of ImPy. By Lemma 4.1,
we have
(4.12) lim g(z,¢) = g(2,0)

uniformly on compact sets in {|z| > e*H+9}.

Lemma 4.2. The resolvents (GE—z1)~! exist and are uniformly bounded
on compact subsets of {|z| > eI N(GY), for 0 < & < gy, and the
limat

(4.13) lim(Gf — 2I) ™ = (G} — 2I)

holds in the strong operator topology.

Proof. The existence of the resolvents follows readily from the conver-
gence (4.12).
Let us fix 2z € 0(GY) and observe that

(4.14) (Gf —2I) ' =1+ (G — 2I)'G{ ] NG — 2I)~".
In view of Lemma 4.1 is suffices to show the convergence
(415)  HmI+ (G, =z 'G/ ] = I+ (G — 2I) 'Gyl] .

In the direct sum L? = Im Py @ Ker Py we have the following block-
representation

- _ . laat
I+(G;g—z1)‘1GZa=[ I+Pn(G;, —2I)'G/ Py 0}‘

(I-Pyn) (G — 21)" 'GPy T
So,

1+ (G — DG = l T+ Py (G, — 217G Py 0 ]
€ € I ,

Ft,e
where

F.=—(I1-Py) (G, - zI)’thfEPN[I +Pn (G, — zI)*G;PN]*l.
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Since ¢(z,¢) is uniformly bounded away from 0 for small ¢, F;, is
uniformly bounded from above, and hence, so is the resolvent (4.14).

The limit (4.15) now follows from the above formulas and Lemma 4.1.
U

Lemma 4.2 already proves the spectral convergence result for the
semigroups. In order to prove it for the generators as stated in Theo-
rem 2.1 we argue as follows.

Let A € o(L°%) be arbitrary. Find a 6 > 0 such that Re A > u + 9,
and let ¢ > 0 be chosen as above to satisfy (4.1) and (4.2). Observe
the following identity:

t
(4.16) (Lf —¢I)7! = (GE — &) 7! / e GE ds.
0
It follows from Lemma 4.2, that the resolvents (L& —(T)~! are uniformly
bounded on a circle I' of small radius r centered at A that does not
contain other points of the spectrum of L°. Moreover,

(4.17) lim (L° — (M= L0 -¢n

The Riesz projection on the spectral subspace corresponding to the
part of the spectrum of LF inside I" is given by

1
4.18 P = P, = — [ (Lf—¢D)tdc.
(4.18) > 7t J =D
Neo(LE)
[A=XN|<r

Using (4.17) the limit P° — P9 follows from the dominated conver-
gence theorem. This proves statement (iii) of our theorem, and hence,

(i) and (i).

4.1. Discussion. As we noted before, the Navier-Stokes operator given
by the right hand side of (1.4) is a particular case of the general opera-
tor Lf. Thus the results of Theorem 2.1 apply to give the convergence
of the unstable eigenvalues of the Navier-Stokes operator to eigenvalues
the Euler operator outside the essential spectrum of the latter. Our
results therefore extend the theorem of Vishik and Friedlander [10]
proving that a necessary condition for instability in the Navier-Stokes
equations as € — 0 is an instability in the underlying Euler equations.

When the function space L?*(T™) is replaced by the function space
H™(T™) it is possible to obtain in place of u an analogous quantity ji,,
which determines the essential spectral radius of GY. The role of the
b-cocycle defined by (2.6) is replaced by a new so-called b&™-cocycle
(see [6, 7]). All the arguments in this present paper remain valid for
the convergence of the spectrum of the viscous operator as ¢ — 0 and
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the spectrum of the inviscid operator in H™(T") with Re A > p,. In
the particular case of the two dimensional Euler equation in H*(T")
it can be shown that p; = 0, hence Theorem 2.1 implies that in this
example there is precise convergence of all the points of the unstable
spectra of the Navier-Stokes operators to that of the Euler operator in
the inviscid limit.

The results of Theorem 2.1 also apply to other fluid systems such as
the equations of geophysical fluid dynamics describing rotating, strat-
ified incompressible flows where the evolution operator is an advective
operator of the type L°. We refer to [7] for an extended list of examples.

5. APPENDIX

In this section we recall a few facts about global pseudo-differential
operators (PDO) on the torus defined by

(5.1) Oplolf(x) =) "o (s, k) f(k),

kein
where Z" = Z"\{0}, f(z) € C?and o is a d x d-matrix valued symbol of
class S™. We write o € §™ if o € C*(T" x R"), where R" = R™\{0},
and
(52) 020 (2, €)] < gl

for all |£] > 1, z € T", and all multi-indexes «, 5. Even though in the
formula (5.1) we do not need to require symbols to be defined outside
the integer lattice, we do assume that they are smooth in & € R™.
For such symbols the standard theorems of pseudo-differential calculus
hold as in the case of R™ (see [2]). Below we state the composition rule
with an estimate on the remainder term, which can be deduced from a
careful examination of the proof given in [11].
For a,b > 0, and {A, s} given in (5.2), let us define

A(z,b = Z Aa,,@
lo|<a, |B|<b

Theorem 5.1. Suppose o € 8™ and T € 8™ with the corresponding
norms {Aa s} and {B,s}. Then

(5.3) Oplo] o Op[r] = Op[A],

with A € S8™*T™2_ Moreover, for all N € N, X has the following
representation

—1\Ml
(5.4) A=) #(8&%7)(3;7‘) +ry,

m<v
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where ry € S™F™2=N and for N > my + 3 satisfies the estimate
(5'5) |8§I‘N(£U, €)| < CAIQ\,N+nB2N+|a|fm1fl,0|€|m1+m2+1_N7
for || > 1, where ¢ = c(a, N,m, my, ms) is independent of the symbols.

In (5.5) the restriction N > m; + 3 and one extra power of || is
needed in order to obtain the explicit bound in terms of the norms
of o and 7. We also emphasize that the estimate (5.5) uses only the
x-smoothness constant of 7, and not its £&-smoothness.

We note that in the case of the torus the L?-norm of a PDO is
bounded by the norm of only z-derivatives.

Theorem 5.2. Suppose o € S° satisfies (5.2). Then Oplo] is bounded
on L? and

(5.6) | Ople]ll < cAniro
where ¢ is independent of the symbol.

The proof uses Minkowski’s inequality, and is similar to that of the
next lemma.

Lemma 5.3. Let U, = Oplo,|, ¢ € I. Suppose there ezists a constant
A > 0 independent of v such that

(5.7) 03e,(z,6)] < AETY, 1> 1, ol <n+ 1,
holds for all v € I. Then the family {U,}.e; is uniformly compact.

Proof. Let f € L%, ||f|| = 1, and supp f C {|k| > N}. We obtain

2
NUAIP =1 6.(g— k. k) f(k)
qeZ™ ||k|>N
A 2
SO DY eule- ‘
q€Z" | k#q, [k|>N |k|>N

2

(k)] |
<A2 |f< A2
g€z \ krtq, [k|>N k>N
2

< N72A2 Z ’q|fn71 + N72A2 (S N72A2.

qEZ”

This proves the lemma. O
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Lemma 5.4. Let {U,},c;r be as in Lemma 5.3. Let V, = Op[T.],
k € K, be another family such that there is a constant B > 0 indepen-
dent of k such that

(5.8) 07 7(2, )| < B, €] =1, |a| <n+1

holds for all k € K. Then the family {U,V,}ier serx is uniformly
compact.

Proof. Let N > 0, f € L? with supp f C {|k| > N} be fixed. Let
lq| < N/2. Using the Cauchy-Schwartz inequality we estimate

VD@] = | 3 #ela =k B)f(R)| < B Y |q_ |n+1

|k|=N |k|>N
1/2

\fq )| _afn
<B > T <B|fI| > IpI20

p|>N/2 p|>N/2
SN
So, for any fixed M > 0 we have
Jlim_ [PV, (1= Py)| =0
uniformly in kK € K. Observe that
U V.=UV,.Py| < [UA-Puy)V,(I-Py)[[+[[UPy V. (I-Py)].

Thus, using uniform compactness of U,’s and uniform boundedness
of V.,.’s, which follows from Theorem 5.2, we can choose M large enough
to make the first summand small uniformly in N, ¢, k. Letting N — oo
we make the second summand small too. This finishes the proof. [
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