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SMOOTH EXTENSIONS FOR INERTIAL MANIFOLDS
OF SEMILINEAR PARABOLIC EQUATIONS

ANNA KOSTIANKO AND SERGEY ZELIK

The paper is devoted to a comprehensive study of smoothness of inertial manifolds (IMs) for abstract
semilinear parabolic problems. It is well known that in general we cannot expect more than C!-*-regularity
for such manifolds (for some positive, but small ¢). Nevertheless, as shown in the paper, under natural
assumptions, the obstacles to the existence of a C"-smooth inertial manifold (where n € N is any given
number) can be removed by increasing the dimension and by modifying properly the nonlinearity outside
of the global attractor (or even outside the C!-*-smooth IM of a minimal dimension). The proof is strongly
based on the Whitney extension theorem.
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1. Introduction

It is believed that in many cases the long-time behaviour of infinite-dimensional dissipative dynamical
systems generated by evolutionary PDEs (at least in bounded domains) can be effectively described by
finitely many parameters (the so-called order parameters in the terminology of 1. Prigogine) which obey
a system of ODEs. This system of ODEs (if it exists) is usually referred as an inertial form (IF) of the
considered PDE; see [Hale 1988; Robinson 2001; 2011; Temam 1988; Zelik 2014] and references therein
for more details. However, despite the fundamental significance of this reduction from both theoretical
and applied points of view and big interest during the last 50 years, the nature of such a reduction and its
rigorous justification remains a mystery.

Indeed, it is well understood now that the key question of the theory is how smooth the desired IF
can/should be. For instance, in the case of Holder continuous IFs, there is a highly developed machinery
for constructing them based on the theory of global attractors and the Mafié projection theorem. We recall
that, by definition, a global attractor is a compact invariant set in the phase space of the dissipative system
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considered which attracts as time goes to infinity the images of bounded sets under the evolutionary
semigroup related to the considered problem. Thus, on the one hand, a global attractor (if it exists) contains
all of the nontrivial dynamics and, on the other hand, it is usually essentially “smaller” than the initial
phase space and this second property allows us to speak about the reduction of degrees of freedom in the
limit dynamics. In particular, one of the main results of the attractors theory tells us that, under relatively
weak assumptions on a dissipative PDE (in a bounded domain), the global attractor exists and has finite
Hausdorff and fractal dimensions. In turn, due to the Mafié projection theorem, this finite-dimensionality
guarantees that this attractor can be projected one-to-one to a generic finite-dimensional plane of the phase
space and that the inverse map is Holder continuous. Finally, this scheme gives us an IF with Holder
continuous vector field defined on some compact set of RN which is treated as a rigorous justification of
the above-mentioned finite-dimensional reduction. This approach works, for instance, for 2-dimensional
Navier—Stokes equations, reaction-diffusion systems, pattern formation equations, damped wave equations,
etc.; see [Babin and Vishik 1992; Ben-Artzi et al. 1993; Chepyzhov and Vishik 2002; Hale 1988; Henry
1981; Hunt and Kaloshin 1999; Miranville and Zelik 2008; Robinson 2011; Sell and You 2002; Temam
1988].

However, the above-described scheme has a very essential intrinsic drawback which prevents us from
treating it as a satisfactory solution of the finite-dimensional reduction problem. Namely, the vector
field in the IF thus constructed is Holder continuous only and there is no way in general to get even its
Lipschitz continuity. As a result, we may lose the uniqueness of solutions for the obtained IF and have to
use the initial infinite-dimensional system at least in order to select the correct solution of the reduced IF.
Another drawback is that the Mafié projection theorem is not constructive, so it is not clear how to choose
this “generic” plane for projection in applications; in addition, the IF constructed in such a way is defined
only on a complicated compact set (the image of the attractor under the projection) and it is not clear how
to extend it on the whole RV preserving the dynamics (surprisingly, this is also a deep open problem; a
partial solution of it is given in [Robinson 1999]).

It is also worth noting that the restriction for IF to be only Hélder continuous is far from being
just a technical problem here. As relatively simple counterexamples show (see [Eden et al. 2013;
Kostianko and Zelik 2018; Mallet-Paret et al. 1993; Romanov 2000; Zelik 2014]) the fractal dimension
of the global attractor may be finite and not big, but the attractor cannot be embedded into any finite-
dimensional Lipschitz (or even log-Lipschitz) finite-dimensional submanifold of the phase space. Even
more importantly, the dynamics on this attractor does not look finite-dimensional at all (despite the
existence of a Holder continuous (with the Holder exponent arbitrarily close to 1) IF provided by the
Mafié projection theorem). For instance, it may contain limit cycles with superexponential rate of attraction,
decaying travelling waves in Fourier space and other phenomena which are impossible in the classical
dynamics generated by smooth ODEs. These examples suggest that, in contradiction to the widespread
paradigm, Holder continuous IF is probably not an appropriate tool for distinguishing between finite and
infinite-dimensional limit behaviour and, as a result, fractal-dimension is not so good for estimating the
number of degrees of freedom for the reduced dynamics; see [Eden et al. 2013; Kostianko and Zelik
2018; Zelik 2014] for more details.
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An alternative, probably more transparent approach to the finite-dimensional reduction problem which
has been suggested in [Foias et al. 1988] is related to the concept of an inertial manifold (IM). By
definition, an IM is a finite-dimensional smooth (at least Lipschitz) invariant submanifold of the phase
space which is globally exponentially stable and possesses the so-called exponential tracking property
(that is, existence of asymptotic phase). Usually this manifold is C'-*~-smooth for some positive & and is
normally hyperbolic, so the exponential tracking is an immediate corollary of normal hyperbolicity. Then
the corresponding IF is just a restriction of the initial PDE to IM and is also C!-?-smooth. However, being
a sort of centre manifold, an IM requires a separation of the dependent variable to the “slow” and “fast”
components and this, in turn, leads to extra rather restrictive assumptions which are usually formulated
in terms of spectral gap conditions. Namely, let us consider the following abstract semilinear parabolic
equation in a real Hilbert space H:

du~+ Au=F(u), uli=o=uo, (1-1)

where A : D(A) — H is a self-adjoint positive operator such that A~! is compact and F : H — H is a given
nonlinearity which is globally Lipschitz in H with Lipschitz constant L. Let also0 <X; <A <--- be the
eigenvalues of A enumerated in the nondecreasing order and {e,,};2 ; be the corresponding eigenvectors.
Then, the sufficient condition for the existence of an N-dimensional IM reads

)‘N—H —)\.N > 2L. (1-2)

If this condition is satisfied, the desired IM My is actually a graph of a Lipschitz function My :
Hy — (Hy)*, where Hy = span{ey, ..., ey} is a spectral subspace spanned by the first N eigenvectors,
and the corresponding IF has the form

%MN-FAMN = PyF(uy + My(uy)), uyeHy~RY, (1-3)

where Py is the orthoprojector to Hy; see [Chow et al. 1992; Constantin et al. 1989; Foias et al. 1988;
Koksch 1998; Miklavci¢ 1991; Romanov 1993; Rosa and Temam 1996; Zelik 2014] and also Section 2
below.

We see that, in contrast to the IF constructed via the Maiié projection theorem, the IF which corresponds
to the IM is explicit (uses the spectral projections) and is as smooth as the functions F and My are. We
mention that although the spectral gap condition (1-2) is rather restrictive (e.g., in the case where A is a
Laplacian in a bounded domain, it is satisfied in 1-dimensional case only) and is known to be sharp in
the class of abstract semilinear parabolic equations (see [Eden et al. 2013; Miklav¢i¢ 1991; Romanov
1993; Zelik 2014] for more details), it can be relaxed for some concrete classes of PDEs. For instance,
for scalar 3-dimensional reaction-diffusion equations (using the so-called spatial averaging principle, see
[Mallet-Paret and Sell 1988]), for 1-dimensional reaction-diffusion-advection systems (using the proper
integral transforms, see [Kostianko and Zelik 2017; 2018]), for 3-dimensional Cahn—Hilliard equations
and various modifications of 3-dimensional Navier—Stokes equations (using various modifications of
spatial-averaging, see [Gal and Guo 2018; Kostianko 2018; Kostianko and Zelik 2015; Li and Sun
2020]), for the 3-dimensional complex Ginzburg—Landau equation (using the so-called spatiotemporal
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averaging, see [Kostianko 2020]), etc. Note also that the global Lipschitz continuity assumption for
the nonlinearity F is not an essential extra restriction since usually one proves the well-posedness and
dissipativity of the PDE under consideration before constructing the IM. Cutting off the nonlinearity
outside the absorbing ball does not affect the limit dynamics, but reduces the case of locally Lipschitz
continuous nonlinearity (satisfying the proper dissipativity restrictions) to the model case where the
nonlinearity is globally Lipschitz continuous. Of course, this cut-off procedure is not unique and, as we
will see below, choosing it correctly is extremely important in the theory of IMs.

The main aim of the present paper is to study the smoothness of the IFs for semilinear parabolic
equations (1-1) in the ideal situation where the nonlinearity F is smooth and the spectral gap condition (1-2)
is satisfied. As we have already mentioned, in this case we have a C'¢-smooth IM My for some & > 0
and the associated IF (1-3) which is also C!-smooth; see [Zelik 2014]. But, unfortunately, the exponent
¢ > 0 here is usually very small (depending on the spectral gap) and in a more or less general situation,
we cannot expect even the C2-regularity of the IM. The spectral gap condition for C2-regular IM is

Ang1—2hy > 3L (1-4)

and such exponentially big spectral gaps are not available if A is a finite-order elliptic operator in a bounded
domain. The corresponding counterexamples were given in [Chow et al. 1992]; see also Example 3.11
below. Thus, the existing IM theory does not allow us, even in the ideal situation, to construct more regular
than C!-¢ TFs (where ¢ > 0 is small). This looks to be an essential drawback for at least two reasons:

(1) The lack of regularity prevents us from using higher-order methods for numerical simulations of the
reduced IF (as a result, direct simulations for the initial smooth PDE using the standard methods may be
more effective than simulations based on the reduced nonsmooth ODEs).

(2) C'*-regularity is not enough to build up normal forms and/or study the bifurcations properly (for
instance, the simplest saddle-node bifurcation requires C2-smoothness, the Hopf bifurcation needs C?,
etc.; see [Katok and Hasselblatt 1995; Kielhofer 2004] for more details) and, therefore, we need to return
back to the initial PDE to study these bifurcations.

Thus, the natural question,

“Is it possible to construct a smooth (C*-smooth for any finite k) or to extend the existing
CY¢-smooth IF to a more regular one?”

becomes crucial for the theory of inertial manifolds.
Here we give an affirmative answer to this question under the slightly stronger spectral gap assumption
limsup(Ayy1 —Ay) = 00. (1-5)
N—o0
In contrast to (1-4), this assumption does not require exponentially big spectral gaps (and is satisfied for
most of the examples where the IMs exist), but guarantees the existence of infinitely many spectral gaps
of size larger than 2L and, consequently, the existence of an infinite tower of the embedded IMs

My, CMpy, C---C My, C--- (1-6)
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and the corresponding IFs

Ly, + Auy, = Py, Fluy, + My, (uy,), o, € Hy,. (1-7)

Let n € N be given. We say that a C’**-smooth submanifold M n, of the phase space H (which is a graph
of C™*-smooth MNn : Hy, — (Hy,)}) is a C™¢-smooth extension of the initial IM My, for some & > 0 if

(1) My, € My,
(2) the manifold M v, is CL-close to the IM My, .

Then, the first condition guarantees that the C"™*-smooth system of ODEs
%MN,, + Auy, = Py, F(un, + My, (uy,)), un, € Hy,, (1-8)
will possess the initial IM Py, My, as an invariant submanifold. The second condition together with
the robustness theorem for normally hyperbolic manifolds ensures that this manifold will be globally
exponentially stable and normally hyperbolic (in particular, it will possess an exponential tracking property
in Hy,). In this case we refer to the system (1-8) as a C"-®-smooth extension of the corresponding IF (1-3);
see Section 3 for more details. Thus, the extended IF is C"-smooth on the one hand and, on the other
hand, its limit dynamics coincides with the dynamics of the IF which corresponds to the IM My, and,
in turn, coincides with the limit dynamics of the initial abstract parabolic problem (1-1). Note that the
manifold M N, 1s not necessarily invariant under the solution semigroup S(¢) generated by the initial
equation (1-1) and this allows us to overcome the standard obstacles to the smoothness of an invariant
manifold (e.g., such as resonances, see Examples 3.11 and 5.6 below).

The main result of the paper is the following theorem which suggests a solution of the smoothness
problem for IMs.

Theorem 1.1. Let the nonlinearity F € C;°(H, H) and let the operator A satisfy the spectral gap
condition (1-5). Let also N1 € N be the smallest number for which the spectral gap condition (1-2) is
satisfied and My, be the corresponding IM. Then, for every n € N, one can find € = ¢, > 0 for which there
exists a C™*-smooth extension of the IM My, as well as the C™*-smooth extension of the corresponding
IF in the sense described above.

The proof of this theorem is given in Section 4 and the Appendix. To construct the desired extension M N>
we first define it on the manifold Py, M, only in a natural way M N, (p) = (1 — Py, )My, (Py, p). Then,
we present an explicit construction of Taylor jets of order n for this function via an inductive procedure;
see Section 4. Finally, we check (in the Appendix) the compatibility conditions for the constructed Taylor
jets and get the desired extension by the Whitney extension theorem.

Our main result can be reformulated in the following way.

Corollary 1.2. Let the assumptions of Theorem 1.1 hold. Then, for every n € N, there exists e =&, > 0

and a C"~V¢-smooth “correction” Fn (u) of the initial nonlinearity F such that:
(D) ﬁn (u) = F(u) for allu € My, and My, is an IM for the modified equation
i+ Au= Fy(u), uli—o=uo, (1-9)
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as well. In particular, the dynamics of (1-9) on My, coincides with the initial dynamics (generated by
(1-1)) and My, possesses an exponential tracking property for solutions of (1-9).

(2) The extended manifold M N, constructed in Theorem 1.1 is an IM (of smoothness C™?) for the modified
equation (1-9); see Corollary 5.4 below.

In this interpretation, the modified nonlinearity F,, can be considered as a “cut-off” version of the
initial function F and the main result claims that all obstacles for the existence of C"-smooth IM can be
removed by increasing the dimension of the IM and using a properly chosen cut-off procedure.

To conclude, we note that the main aim of this paper is to verify the principal possibility to get smooth
extensions of an IM rather than to obtain the optimal bounds for the dimensions N, of the constructed
extensions. For this reason, the obtained bounds look far from being optimal, but we believe that they can
be essentially improved; see Remark 5.7 for the discussion of this problem.

The paper is organized as follows. In Section 2 we recall the standard facts about smooth functions
in Banach spaces, their Taylor jets, direct and converse Taylor theorems and the Whitney extension
theorem, which is the main technical tool for what follows. In Section 3 we collect basic facts about the
construction of IMs for semilinear parabolic equations via the Perron method and discuss known facts
about the smoothness of these IMs. The main result (Theorem 1.1) is presented in Section 4. The proof
of it is also given there by modulo of compatibility conditions for Whitney extension theorem which are
verified in the Appendix. Finally, the applications of the proved theorem as well as a discussion of open
problems and related topics are given in Section 5.

2. Preliminaries, I: Taylor expansions and the Whitney extension theorem

In this section we briefly recall the standard results on Taylor expansions of smooth functions in Banach
spaces and the related Whitney extension theorem, as well as prepare some technical tools which will be
used later. We start with some basic facts from multilinear algebra; see, e.g., [Hdjek and Johanis 2014] for
a more detailed exposition. Let X and Y be two normed spaces. For any n € N, we denote by £,(X", Y)
the space of multilinear continuous symmetric maps from X" to ¥ endowed by the standard norm

{IIM(Sl,---,En)II}
IEL--- &l |

Ml z,xny):== sup
&eX, §#0

Every element M € L;(X", Y) defines a homogeneous continuous polynomial Py, of order n on X with
values in Y via
Py (&) := M({&}"), where {§}":=§,...,§.
—
n-times

Vice versa, the multilinear symmetric map M = M p can be restored in a unique way if the corresponding
homogeneous polynomial is known via the polarization equality:

1 n
MP(S]a--',Sn):W Z 81"'8nP<a+Z€j§j>
=1

T gi==%1,i=1,...n
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forall a, &y, ..., &, € X; see, e.g., [Hijek and Johanis 2014]. Thus, there is a one-to-one correspondence
between homogeneous polynomials and multilinear symmetric maps. Moreover, if we introduce the norm

[PEI }
IE0"

on the space P, (X, Y) of n-homogeneous polynomials, this correspondence becomes an isometry. For

| Pllp,x,y) = Sup{
££0

this reason, we will identify below multilinear forms and the corresponding homogeneous polynomials
where this does not lead to misunderstandings. We also mention here the generalization of the Newton
binomial formula; namely, for any P € P,(X, Y) and &, n € X, we have

=, . ‘ . !
PE+m =Y CIP{EY. "), Cfi=—"

RTTE) e

see, e.g., [Hajek and Johanis 2014]. Finally, we denote by P" (X, Y) the space of all continuous polyno-
mials of order less than or equal to n on X with values in Y, i.e., P(§) € P*(X,Y) if

n

1
P& =) FPE. PE ePX. D).

j=0""

The following standard result is crucial for our purposes.

Lemma 2.1. For every n € N there exist real numbers ayj € R, k, j € {0, ..., n}, such that for every
P=3"_0 %Pk, P, € Pr(X,Y) and every k € {0, ..., n}, we have
n .
J
P, = Pl = 2-2
' (€) ;a,{, (ns> (2-2)

and, therefore,

| P(®) < Ky max
j=0,....,n

()| @
n

For the proof of this lemma, see [Héjek and Johanis 2014].

for some constants K,  which are independent of P.

Corollary 2.2. Let P(&,6) € P*(X, Y) be a family of polynomials of & depending on a parameter § € B,
where B is a set in X containing zero. Assume that

IPE &I <CUEN+ SN, &€X, §€B, (2-4)
for some oo > 0. Then, forany k € {0, ..., n},
IPcC-, O)llpex.yy < Crlls]"*+ (2-5)

for some constants Cy, depending on C, n and k.

Proof. Indeed, according to (2-3) and (2-4), we have

IPc(E, &) < C'(IENN+ 1181
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Assuming that § # O (there is nothing to prove otherwise), replacing & by ||§]|§ and using that Py is
homogeneous of order k, we get

| Pe(E, 8)|| < C'(1+ ||| T |87 Fte.
Using once more that P, is homogeneous of order k in &, we finally arrive at
P&, Il < CIEN*CL+ IE/IE NI IS+ < "I * 81"+,
which gives (2-5) and finishes the proof. 0

Let now U C X be an open set and let F : U — Y be a map. As usual, for any u € U, we denote by
F'(u) € L(X, Y) the Fréchet derivative of F at u (if it exists). Analogously, for any n € N, we denote by
F®™(u) € L,(X",Y) its n-th Fréchet derivative. The space of all functions F : U — Y such that F' ) (u)
exists and is continuous as a function from U to £;(X", Y) is denoted by C"*(U, Y). For any « € (0, 1],
we denote by C™*(U, Y) the space of functions F € C"(U, Y) such that F" is Holder continuous with
exponent @ on U. The action of F™ (u) to vectors &1, ..., &, € X is denoted by F® W&, ...,&,]. The
Taylor jet of length n + 1 of the function F at the point u and vector § € X will be denoted by J{' F (u):

JEF) = F@) + 1 F @§ + 5 F' I8, §1+ -+ - FO @) ] 2-6)

Obviously, the function £ — J§”F (u) is in P"(X, Y) for every u € U. We will also systematically use the
truncated Taylor jets

. 1 1 1
JEF@) = F 0k + 5 F @l &1+ -+ FP (g}, 27
which do not contain zero-order terms.

Theorem 2.3 (direct Taylor theorem). Let F € C*(U,Y) and take uy,uy € U such that u; = tu; +
(1 —=1tup e U forallt €0, 1]. Let also & :== uy — uy. Then

1
F(up) = J/F(u)) + % /O (=)' (F () + &) — F"(uy)) ds[{£}"]. (2-8)
In particular, if F € C"“(U, Y), then

IF(u2) = J§ F(up) || < Cll&|I"* (2-9)

for some positive C.

For the proof of this classical result; see, e.g., [Hdjek and Johanis 2014]. We also mention that in terms
of truncated jets formula (2-9) reads

F(up) = F(uy) = jEF )+ O(IENI"™),  &:=ur—u. (2-10)

The above theorem can be inverted as follows.
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Theorem 2.4 (converse Taylor theorem). Let F be a function such that, for any u € U, there exists a
polynomial € — P(&,u) € P"(X,Y) such that, forall uy, u; € U,

|F(u2) — P, upll < CIEN"T™, & :=us—uy, (2-11)
for some C > 0and o € (0, 1]. Then, F € C"(U,Y),
P&, u)=JIF(u)

forall u € U and F"™ (u) is locally Holder continuous in U with exponent a. If, in addition, U is convex,
then F € C"(U,Y) and
IF® u2) = F upll < C'lluz — uy |,

where C’ depends only on n, a and the constant C from (2-11).

For the proof of this theorem, see [Hajek and Johanis 2014].

Keeping in mind the Whitney extension problem, we recall that an arbitrarily chosen set of polynomials
P(&,u), u € U, does not define in general a C"™“- smooth function, but some compatibility conditions
must be satisfied for that. Indeed, let u; € U and let §, & € X be such that up ;= u; +6 € U and
uz:=u;+86+& =uy+£& € X. Then, from (2-9), we have

| F(u3) — P(&+8,up)|| <ClE+ 8",
| F(uz) — P&, ur +8)| < ClIE|"H.
Therefore,
IP(E+68,u1)— P&, ur+8)I < Crlgll+ 181", (2-12)

These are the desired compatibility conditions. In other words, if we are given a set V C X and a family
of polynomials
{PE,u):ueV}cCcP'(X,Y)

and want to find a function F € C™%(X, Y) such that Jé’ F(u)=P(&, u) for all u € V, then the compatibility
condition (2-12) must be satisfied for all uy, u; +36 € V and all £ € X.

Inequality (2-12) can be rewritten in a more standard form, which usually appears in the statement of
the Whitney extension theorem. Namely, using (2-1), we see that

Tl 1
PE+8,un=> 5 e D) 18 ),
=0 k=l

where P(&, up) = Z;’:O(l/l!)PI([{S}Z], uy), Pi(-,uy)ePi(X,Y). Applying now Corollary 2.2 to (2-12),
we get the desired alternative form of the compatibility conditions:
n—lI

1
PN ur +8) = Y 5 Pres ({8 1811, )
k=0

< Cl&| sy (2-13)

for [ = {0, ..., n}. The compatibility condition (2-13) has a natural interpretation: if P,({§}, u;) =
F® (u)[{£}¥] as we expect, then (2-13) is nothing more than Taylor expansions of F D@ +8)[{EY ) atu;.
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The next theorem shows that the introduced compatibility conditions are sufficient for the existence of
F in the case when X is finite-dimensional.

Theorem 2.5 (Whitney extension theorem). Let dim X < oo and let V be an arbitrary subset of X.
Assume also that we are given a family of polynomials {P (&, u) :u € V} C P"(X, Y) which satisfies the
compatibility condition (2-12) with some a € (0, 1]. Then, there exists a function F € C"*(X, Y) such
that J;F(I/l) = P&, u) forallueV.

For the proof of this theorem, see [Stein 1970; Fefferman 2005]. Note that the theorem fails if the
dimension of X is infinite, but there are no restrictions on the dimension of the space Y; see [Wells 1973].

3. Preliminaries, II: Spectral gaps and the construction of an inertial manifold

In this section we briefly discuss the classical theory of inertial manifolds for semilinear parabolic
equations; see, e.g., [Zelik 2014] for a more detailed exposition.
Let H be an infinite-dimensional real Hilbert space. Let us consider an abstract parabolic equation in H:

oiu+ Au= F(u), ul=o=uo, (3-1)

where A : D(A) — H is a linear self-adjoint positive operator in H with compact inverse and F €
C,°(H, H) is a smooth bounded function on H such that all its derivatives are also bounded on H.

It is well known that under the above assumptions (3-1) is globally well-posed for any ug € H in the
class of solutions u € C([0, T'], H) for all T > 0 and, therefore, generates a semigroup in H:

St):H—>H, t=>=0, S)ug:=ul(t). (3-2)

Moreover, the solution operators S(¢) are in C*°(H, H) for every fixed t > 0; see [Henry 1981; Zelik
2014] for the details.

Let 0 < A <Ay <--- be the eigenvalues of the operator A enumerated in the nondecreasing order and
let {e,}°°, be the corresponding orthonormal system of eigenvectors. Then, by the Parseval equality, for
every u € H, we have

o0 o0
lully = (e’ u=> (u,en)en,
n=1 n=1
where (-, -) is an inner product in H. For a given N € N, we denote by Py and Q the orthoprojectors

on the first N and the rest of eigenvectors of A respectively:

N 00
Pyu = Z(u,en)en, Onu = Z (u, eyey,.

n=1 n=N+I1

We are now ready to introduce the main object of study in this paper — an inertial manifold (IM).

Definition 3.1. A set M = My is an inertial manifold of dimension N for problem (3-1) (with the base
HN = PN H) if

(1) M is invariant with respect to the semigroup S(¢): S(t)M = M.
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(2) M is a graph of a Lipschitz continuous function M : Hy — QyH:
M={p+M(p):pe Hy}

(3) M possesses an exponential tracking property, namely, for every trajectory u(t) of (3-1) there exists
a trace solution u(t) € M such that

lu() —a@t)| <Ce ™, >0, (3-3)
for some 6 > Ay and constant C = C,, which depends on u.

Note that, although only Lipschitz continuity is traditionally required in the definition, usually IMs
are C'*-smooth for some ¢ > 0 (see the discussion below) and are normally hyperbolic. Then the
exponential tracking property (that is, existence of an asymptotic phase), as well as robustness with
respect to perturbations, are the standard corollaries of this normal hyperbolicity; see [Bates et al. 1999;
Fenichel 1972; Katok and Hasselblatt 1995; Rosa and Temam 1996] for the details. We also mention that
these results can be obtained without formally referring to normal hyperbolicity; see, e.g., [Foias et al.
1988], as well as Theorem 3.2 and Corollary 4.4 below.

Note also the dynamics of (3-1) restricted to the IM M is governed by the system of ODEs
%MN-FAMN:PNF(MN-FM(MN)), uy = Pyu e RV, (3-4)
which is called an inertial form (IF) associated with (3-1). In the case where the spectral subspace Hy is
used as a base for IM (like in Definition 3.1), the regularity of the corresponding vector field in the IF is
determined by the regularity of the IM only.

The following theorem is the key result in the theory of IMs.

Theorem 3.2. Let the function F in (3-1) be globally Lipschitz continuous with Lipschitz constant L and
let, for some N € N, the spectral gap condition

)MN+1 —)\,N > 2L (3-5)
be satisfied. Then (3-1) possesses an IM My of dimension N.

Proof. Although this statement is classical, see, e.g., [Foias et al. 1988; Miklav¢i¢ 1991; Romanov 1993;
Zelik 2014], the elements of its proof will be crucially used in what follows, so we sketch them below.
To construct the IM, we will use the so-called Perron method; namely, we will prove that, for every
p € Hy, the problem
oru+Au=F(u), t<0, Pyul;—o=p (3-6)

possesses a unique backward solution u(t) = V(p, t), t <0, belonging to an appropriately weighted
space, and then define the desired map M : Hy — QnH via

M(p) = QnV(p.0). (3-7)

To solve (3-6) we use the Banach contraction theorem treating the nonlinearity F as a perturbation. To
this end we need the following two lemmas.
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Lemma 3.3. Let 6 € (Ay, An+1) and let us consider the equation
dv+Av="h(t), teR, hell R H), (3-8)

where the space ng, (R, H) is defined via the weighted norm
2 — 20t 2 ~
”h”Lim(R,H) = [ERe |A(2)||” dt < oo. (3-9)

Then, problem (3-8) possesses a unique solution u € Lﬁe, (R, H) and the solution operator T : Lge, — ng,,

T : h — u satisfies
1

L2 ): N .
Ot m1n{9 — AN, )\N—i-l —9}

1Tz, (3-10)

The proof of this identity is just a straightforward calculation based on decomposition of the solution
oo

u(t) with respect to the base {e,} > and solving the corresponding ODEs; see [Zelik 2014].
The second lemma gives the analogue of this formula for the linear equation on a negative semiaxis.

Lemma 3.4. Let 6 € (An, An+1). Then, forany p € Hy and any h € Lze, (R—, H), the problem
v+ Av="h(t), t=<0, Pyv|—o=p (3-11)
possesses a unique solution v € Lge, (R—, H). This solution can be written in the form
v=Th+Hp,

where T is exactly the solution operator constructed in Lemma 3.3 applied to the extension of the
Sfunction h(t) by zero fort > 0and H : Hy — ng, (R—, H) is a solution operator for the problem with
zero right-hand side:

N
Hp, 1) =) (p,ene ™.

n=1
Indeed, this lemma is an easy corollary of Lemma 3.3; see [Zelik 2014].
We are now ready to prove the theorem. To this end, we fix the optimal value 6 = (Ay4+1 + An)/2 and
write (3-6) as a fixed-point problem
u="ToF)+H(p) (3-12)

in the space Lgo, (R_, H). Since the norm of the operator 7 is equal to 2/(Ay4+1 — Ax) and the Lipschitz
constant of F is L, the spectral gap condition (3-5) guarantees that the right-hand side of (3-12) is a
contraction for every p € Hy. Thus, by the Banach contraction theorem, for every p € Hy, there exists a
unique solution u(t) = V(p, t) of problem (3-6) belonging to Lim(R_, H) and the map p— V(p, ) is
Lipschitz continuous. Due to the parabolic smoothing property, we know that

lu@)I| < CA+llullp2g-1,01,m)) and [Ju(0) —w(O)|| < Cllullz2q-1,01,m)

for any two backward solutions u, w of (3-1); see, e.g., [Zelik 2014]. In particular, these formulas show
that the solution V (p, t) is continuous in time (V (p, -) € C.o: (R_, H), where the weighted space of
continuous functions is defined analogously to (3-9)) and the map p +— V(p, -) is Lipschitz continuous as
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amap from Hy to C,e:(R_, H). Thus, formula (3-7), defines indeed a Lipschitz manifold of dimension N
over the base Hy as graph of Lipschitz continuous function M : Hy — QnH.

The invariance of this manifold follows by the construction, so we only need to verify the exponential
tracking property.

Let u(t) = S(t)ug be an arbitrary solution of problem (3-1) and let ¢ (1) € C*°(R) be a cut-off function
such that ¢ () =0 fort <0 and ¢ (¢) = 1 for ¢t > 1. Then the function ¢ (t)u(t) is defined for all r € R.
We seek for the desired solution u(¢) € M (by the construction of M such solutions are defined for all
t € R) in the form

u(t) =¢(ut) +v@@). (3-13)
Inserting this anzatz to (3-1), we end up with the following equation for v(¢):
v+ Av=F(pu+v) —¢F(u) —¢'u. (3-14)

Letv e Lig, (R, H) be a solution of this equation. Then, since # = v for ¢ <0, we necessarily have u € M
by the construction of the IM. On the other hand, for t > 1, we have v=1u —u € sz ([1, 00), H) and
using the parabolic smoothing again, we get the desired estimate (3-3). Thus, we only need to find such a
solution v(¢). To this end, we invert the linear part of (3-14) to get the fixed-point equation

v="T(F(pu+v)—¢Fu)—¢u). (3-15)

It is straightforward to verify using Lemma 3.3 that the right-hand side of (3-15) is a contraction on the
space Lig,([R{, H) if the spectral gap condition holds; see [Zelik 2014]. Thus, the Banach contraction
theorem finishes the proof of exponential tracking. O

Remark 3.5. It is well known that the spectral gap condition (3-5) is sharp in the sense that if it is violated
for some N and L, one can find a nonlinearity F such that (3-1) does not possess an IM of dimension N
with base Hy; see [Romanov 1993].
More recent examples show that if the condition

sup{Any1 —An} <2L

NeN
is violated for all N, one can construct a smooth nonlinearity F such that (3-1) does not possess any
Lipschitz or even log-Lipschitz finite-dimensional manifold (not necessarily invariant) which contains the
global attractor; see [Eden et al. 2013; Zelik 2014].

Remark 3.6. Theorem 3.2 guarantees the existence of an IM My for every N such that the spectral gap
condition (3-5) is satisfied. Typically, this N is not unique, instead, we have a whole sequence {N;}72
of N’s satisfying the spectral gap condition. Therefore, according to the theorem, we will have a sequence
of IMs {My,};2, of increasing dimensions: N1 < Ny < N3 <---. Moreover, from the explicit description
of an IM using backward solutions of (3-6), we see that

My, CMpy, CMpy, C--+; (3-16)

see [Foias et al. 1988] for more details. In this case it can be also proved that My, , is a normally
hyperbolic submanifold of My, .
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Let us now discuss the further regularity of the IM M. To this end, we need one more auxiliary
statement.

Proposition 3.7. Let the spectral gap condition (3-5) hold and let u(t) € C(R_, H) be an arbitrary
function. Let also the exponent 6 € (An, Ay+1) satisfy

O_:=L+Ay <6 <Aiyy1—L:=6,. (3-17)
Then, forany h € ng, (R_, H) and every p € Hy, the corresponding equation of variations
v+ Av—F'(u(t))v=nh@), t<0, Pyvl—o=p (3-18)
possesses a unique solution v € Lgo, (R_, H)YNC,: (R_, H) and the following estimate holds:

10y < Cllvllz, @y < Crollhll 2, @ m+ 121D, (3-19)
where the constant Cy, g is independent of u, h and p.

Indeed, (3-18) can be solved via the Banach contraction theorem treating the term F’(u)v as a
perturbation analogously to the nonlinear case. Inequalities (3-17) guarantee that the map 7 F’(u)v is a
contraction on L?H, (R_, H), due to (3-10).

Corollary 3.8. Let the assumptions of Theorem 3.2 hold and let, in addition, the exponent ¢ € (0, 1] be
such that
A1 — (1 +e)Ay > 2+¢)L. (3-20)

Assume also that F € CY¢(H, H). Then the associated IM My is C'¢-smooth, forany p, & € Hy, the
derivative M'(p)& can be found as the value of the Q y projection of V'(t) = V'(p, )& att =0, where
the function V' solves the equation of variations

WV +AV —F'u@)V' =0, t<0, PyV'|—o=§& u@):=V(p,1), (3-21)
and
M (p1) — M (p)|l ccay. iy < Clipr — p2ll®

for some constant C independent of p1, p» € Hy.

Proof. Let p1, p» € Hy and u;(t) := V(p;, t) be the corresponding trajectories belonging to the IM. Let
also v(t) :=u(t) —uy(t) and & := p; — p2. Then v solves

atv+Av_Lu1,u2(I)U:0s tfos PNU|I=0:§7 (3_22)

where L, ,, () = fol F'(sui(t) + (1 — s)ua(t))ds. Since the norm of L,, ,,(t) does not exceed L,
Proposition 3.7 is applicable to (3-22) and, therefore, for every 6 satisfying (3-17), we have the estimate

10l @i < Clvlz @ m < Collpr = pall. (3-23)

Note also that the function V' (p, t)& is well-defined for all p, & € Hy due to Proposition 3.7 and satisfies
the analogue of (3-23). Let w(t) :=v(t) — V/(p1, 1)&, with & := p; — p». Then, this function solves

Ow—+ Aw — F'(up)w = F(uy) — F(up) — F'(u)v :=hy, 4,(t), Pyw|i— =0. (3-24)
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Since F € C' (H, H), by the Taylor theorem, we have
1By, DI < Cllo @),
which, due to (3-23), gives

1
”hul,uz”L2 +$-

e ’
2o @) = ClIVI2, i IVllc, @ my =€ €1

Fixing now 6 in such a way that & > 6_ and (1 + €)6 < 6, (this is possible to do due to assumption
(3-20)) and applying Proposition 3.7 to (3-24), we finally arrive at

IM(p2) = M(p1) = M (p0EN = lwO)l| = Cillwllz, @y = CallEN'
and the converse Taylor theorem finishes the proof of the corollary. O

The next corollary claims that the constructed manifold M actually lives in a more regular space
H?:= D(A).

Corollary 3.9. Let the assumptions of Corollary 3.8 hold. Then the manifold M is simultaneously a
C¢-smooth IM for (3-1) in the phase space H> = D(A).

Proof. This is an almost immediate corollary of the parabolic smoothing property. Indeed, let us first
check that M € H?. To this end, it is enough to check that the backward solution (3-6) actually belongs to
C.o(R_, H?). First, using the L?(H?)-maximal regularity for the solutions of a linear parabolic equation

v+ Av="h(), t<0, (3-25)
namely, that
lvllce(—1,0,m) + ||3zU||L2(_1,o;H) + ||AU||L2(_1,0;H) =< Ca(||h||L2(—2,O,H) + ”U”LZ(—Z,O,H))s (3-26)

where « € (0, 3), we end up with the estimate
lullco—1.0:8) < Ca(lF @l 22,0, F Nl L2=2,0,1)) < Coo U+ Nlull 2 @ gy) = CAFpID, (3-27)

where a € (O, %) Second, using the C*(H )-maximal regularity for solutions of (3-25) and the obvious
estimate

I F@)llcea-2.0:1) < I F llcecm,my (1 + 1ullEa 2.0, 1))
we arrive at
10 ull co(~1,0; 1) + 1Aull ce(~1,0, ) < CUIF W) |lce(—2,0, 1) + ullco(—2,0: 1))
< Ci(1 +lullce=2,0:m)) < C2(1+IplD) (3-28)

and the fact that M (p) belongs to H? is proved. The fact that M is C'-*-smooth as a map from Hy to
H? can be verified analogously and the corollary is proved. 0

Remark 3.10. The analogue of Corollary 3.8 holds for higher derivatives as well. For instance, if we
want to have a C"-?-smooth IM, we need to require that

ANyl —(n+e)Ay > mn+14¢)L. (3-29)
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To verify this, we just need to define the higher-order Taylor jets for the IM M using second, third,
etc., equations of variations for (3-6) and use again Proposition 3.7. For instance, the second derivative
V" =V"(p, 1§, &] solves

WV'+AV'—F'u@)V"=F " u)[V'(p,0E, V'(p,0)El, PyV'|i=0=0, u(®):=V(p,1). (3-30)

According to Proposition 3.7, in order to be able to solve this equation, we need 64 > 26_ (since V' € Lge,
with 6 > 6_ and the right-hand side F"(u)[V', V'] € ng,), which gives (3-29) for n = 2.

We believe that sufficient condition (3-29) for the existence of a C™*-smooth IM is sharp for any n
and ¢, but we restrict ourselves by recalling below the classical counterexample of G. Sell to the existence
of C?-smooth IM which demonstrates the sharpness of (3-29) for n = 2; see [Chow et al. 1992].

Example 3.11. Let H :=[? (the space of square summable sequences with the standard inner product)
and let us consider the following particular case of (3-1):

d d _ 2
Eul—{—ulzo, %un—{—Z" lun:u,k

Here A, =2""! and we have a set of resonances 21, = A,4; which prevent the existence of any finite-

., h=2,3,.... (3-31)

dimensional invariant local manifold of dimension greater than zero which is C?-smooth and contains
zero. Note that the nonlinearity here is locally smooth near zero and since we are interested in local
invariant manifolds near zero, the behaviour of it outside the small neighbourhood of zero is not important
(we may always cut-off it outside of the neighbourhood to get global Lipschitz continuity). Moreover,
since F’(0) =0, decreasing the size of the neighbourhood we may make the Lipschitz constant L as small
as we want. Thus, according to Corollary 3.8, for any N € N, there exists a local invariant manifold My
of dimension N with the base Hy which is C!-¢-smooth for any & < 1.

Let us check that a C2-smooth invariant local manifold does not exist. Indeed, let My be such a
manifold of dimension N. Then, since the tangent plane 7 .My (0) to this manifold at zero is invariant
with respect to A (due to the fact that F’(0) = 0), we must have

Hy =T My (0) =spanfey,, ..., e}

for some n| < ny < --- < ny. Thus, the manifold My can be presented locally near zero as a graph of
a C%-function M : H v — (H 1’\,)L such that M (0) = M'(0) = 0. In particular, expanding M in Taylor
series near zero, we have

2
Upy+1 = (M(Mnla e unN)a enN-H) = CunN +---

Let us try to compute the constant c. Inserting this in the (ny-+1)-th equation and using the invariance,

we get )
OUny+1+ 2" tpy 41 = 200 Upytiny +2"Vcuy 4o
=—2c2""" Nyl 42"Weul +-=04-=uj | (3-32)

which gives 0 = 1. Thus, the manifold My cannot be C2-smooth.

Remark 3.12. Note that in the case where A is an elliptic operator of order 2k in a bounded domain 2
of R?, we have A, ~ Cn?*/¢ due to the Weyl asymptotic. Thus, one may expect in general only gaps of
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the size
1—d/(2k)

ANl — Ay ~ CNHA=T~ : (3-33)

which is much weaker than (3-29) with n > 1. Sometimes the exponent in the right-hand side of (3-33)
may be improved due to multiplicity of eigenvalues (e.g., for the Laplace—Beltrami operator on a sphere S%,
we have A}\,/z instead of A,lv_d/ @0 in the right-hand side of (3-33) for infinitely many values of N, no matter
how big the dimension d is), but this exponent is always less than one in all more or less realistic examples.
Thus, the existence of C"-smooth IMs with n > 1 looks unrealistic and could be obtained in general, but
only for bifurcation problems where, e.g., A1, ..., Ay are close to zero, Ay is of order 1 and L is small.
In contrast to this, if the spectral gap condition (3-5) is satisfied for some N, i.e., Ayy+1 — Ay > 2L,
we always can find a small positive ¢ = e such that Ay — (1 +&)Ay > (24 )N and, therefore, (3-20)
will be also satisfied. Thus, if the nonlinearity F is smooth enough, we automatically get a C!-*-smooth

IM for some small ¢ depending on N and L.

Remark 3.13. Let u(t) be a trajectory of (3-1) belonging to the IM, i.e.,

Qnu(t) = My(Pyi(t))

and let uy := Pyu(t). Then, we may write a linearization near the trajectory u(¢) in two natural ways.
First, we may just linearize (3-1) without using the fact that u € M. This gives the equation

0v+ Av— F'(a)v = h(r), (3-34)

which we have used above to get the existence of the IM, its smoothness and exponential tracking.
Alternatively, we may linearize the reduced ODEs (3-4):

dvy + Avy — F'(u)(vy + My (i) vy) = hy(1). (3-35)
Of course, these two equations are closely related. Namely, if vy (¢) solves (3-35), then the function

v(t) == vn (1) + My () vy (1) (3-36)
solves (3-34) with
h(t) :=hn()+ Mﬁv(ﬁ(l‘))hN(t). (3-37)

Vice versa, if /(¢) satisfies (3-37) and the solution v(z) of (3-34) satisfies (3-36) for some ¢, then it satisfies
(3-36) for all ¢ and vy (1) := Pyv(t) solves (3-35).

This equivalence is a straightforward corollary of the invariance of the manifold My and we leave its
rigorous proof to the reader.

4. Main result

In this section we develop an alternative approach for constructing C”-smooth IFs which does not require
huge spectral gaps. The key idea is to require instead the existence of many spectral gaps and to use the
second spectral gap in order to solve (3-30) for the second derivative, the third gap to solve the appropriate
equation for the third derivative, etc. Of course, this will not allow us to construct a C"-smooth IM (we
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know that it may not exist for n > 1, see Example 3.11). Instead, for every p € My, and the corresponding
trajectory u = V (p, t), we construct the corresponding Taylor jet J;V( p, t) of length n 4 1 belonging
to the space P"(Hy,, H) for all t <0, where Ny is the dimension of the IM My, built up on the k-th
spectral gap. These jets must be constructed in such a way that the compatibility conditions are satisfied.
Then, the Whitney embedding theorem will give us the desired smooth extension of the initial IM. To be
more precise, we give the following definition of such a smooth extension.

Definition 4.1. Let (3-1) possess at least two spectral gaps which correspond to the dimensions K| and K,
and let ¢ > O be a small number. Denote the corresponding IMs by Mg, and Mg, respectively; the
corresponding C!¢-functions generating these manifolds are denoted by Mg, and M, respectively. A
C™¢-smooth submanifold A k, (not necessarily invariant) of dimension K> is called a C"-extension of
the IM Mk, if the following conditions hold:

(D) ./\7le is a graph of a C"™®-smooth function MKZ : Py, H— Qk,H.
(2) Mg, | P, iy, = @k, Mk, and therefore My, C Mg,
(3) M K, is u-close in the Cj-norm to M, for a sufficiently small .

Remark 4.2. The C"™* dynamics on the extended IM M K, 1s naturally defined via
duk, + Aug, = Px,F(ug, + Mk, (ux,)), u, € Hg,, (4-1)

and u(t) :=uk,(t) +M K, (UK, (t)). Obviously, the manifold M K, 1s invariant with respect to the dynamical
system thus defined. Moreover, due to the second condition of Definition 4.1, the C L.¢_submanifold
Py, Mk, C Hk, is invariant with respect to (4-1) and the restriction of (4-1) coincides with the initial IF
(3-4) generated by the IM Mk, . Thus, system of ODEs (4-1) is indeed a smooth extension of the IF (3-4).

Finally, the third condition of Definition 4.1 guarantees that Px, M, is a normally hyperbolic stable
invariant manifold for (4-1) (since it is so for the IF generated by the function Mg,). This means that
Py, Mk, also possesses an exponential tracking property. Thus, the limit dynamics generated by the
extended IF coincides with the one generated by the initial abstract parabolic equation (3-1).

We are now ready to state the main result of the paper.

Theorem 4.3. Let the nonlinearity F : H — H in (3-1) be smooth and all its derivatives be globally
bounded. Let also the following form of spectral gap conditions be satisfied:
lim sup(Ay41 —Ay) = 00. (4-2)
N—oo
Then, for any n € N and any pu > 0, equation (3-1) possesses a C'*-smooth extension M N, of the initial
IM My, (where Ny is the first N which satisfies the spectral gap condition (3-5) and ¢ > 0 is small
enough) such that M N, is ji-close to the IM My, in the C}-norm.

Proof for n = 2. Let N be the first N for which the spectral gap condition (3-5) is satisfied with L :=
| F'|lc,(t.ccm. 1y and let the corresponding M be the C!+¢-smooth IM which exists due to Theorem 3.2
and Corollary 3.8. Recall that for any p € H, we have a solution V (p, t) of problem (3-6) (where p is
replaced by Py, p) and its Fréchet derivative Vg’ (t) := V'(p, 1) in p satisfies the equation of variations
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(3-21), such that both functions V(p, -) and Vé( -) and belong to the space Ligl,([R,, H) for any 6,
satisfying (3-17), i.e., Ay, + L < 6; < Ay, — L. Moreover, for any other p; € H, we have the estimate

V1O =V = ViOlz, ey < CIPw (= pDI™, 4-3)

where ¢ > 0, £ := p; — p and C is independent of p and p;.
Let now N, > Nj be the first N which satisfies

ANy+1 — AN, — AN, > 3L (4-4)

(such N exists due to condition (4-2)). Then, we have the corresponding C¢-smooth IM M N, Let us
denote by W(p,t), p € H, the corresponding solution of (3-6) (where N is replaced by N, and p is
replaced by Py, p). This solution belongs to Lioz, (R_, H) with 6, satisfying (3-17) (with N replaced
by N,). Moreover, analogously to (4-3), we have

IW(p1,0) = W(p,. ) =WiDl2 @ gy < ClIPy,(p—pDI'™, (4-5)

S+t

where WE/ (t) = W'(p, 1)& solves (3-21) with N replaced by N,. We also know that V (p, t) = W(p, t) if
p € My, and, therefore, due to (4-3) and (4-5),

IV (P =W ()8l |y <CIPRENIT". §=pi—p, p.preMy. (46

Let us define for every p € My, and every & € H the “second derivative” WS// =W"(p, t)[&, &] of the
trajectory u(t) = W(p,t) = V(p, t) as a solution of the problem

W +AW] —F'(V (p. )W =2F"(V(p, O)IV{, WI=F"(V (p.O)V{, Vil, Py W{li=0=0. (4-7)

Note that the right-hand side of this equation belongs to the weighted space L5(9|+62)t (R_, H), where the
exponents 81 and 6, satisfy assumption (3-17) with N = Ny and N = N, respectively, i.e.,

)\.N1+L<91<)\,N1—L, )\.N2+L<92<)\,N2—L.

Moreover, due to assumption (4-4), it is possible to fix 6, and 6, in such a way that the exponent 6; + 6,
still satisfies (3-17) with N = N,. Thus, by Proposition 3.7, there exists a unique solution of (4-7)
belonging to the space L§(9,+92>, (R—, H) and the function W, is well-defined and satisfies

" /7 2 2
IWE N 0@y < CIWE 2, oy < CPIEIR,

where C is independent of p.
Let us define the desired quadratic polynomial & — J§W( p,t), p € My, as

JEW(p,1):=V(p, )+ W (p,DE+3W'(p, DIEEl, E€H. (4-8)

We need to verify the compatibility conditions for these “Taylor jets” on p € My,. It is straightforward
to check using F € C%¢, V, W € C!¢ and Proposition 3.7 that

IW"(p1, )IE, 61— W (p, )&, ]Il 2 LRH) S CIEIPIp = pill°

(01102 +¢
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for p, p1 € My,. This gives us the desired compatibility condition for the second derivative; see (2-13)
forn=1=2.

Let us now verify the compatibility conditions for the first derivative (/ = 1, n = 2 in (2-13)). To
this end, we need to expand the difference w(r) :== W'(p1, 1) — W'(p, )&, p, p1 € My, in terms of
8 = p — p1. By the definition of W, this function satisfies the equation

dhw+Aw — F'(V(p, )w = (F'(V(p1,0) = F'(V(p, ) W' (p1, 1)§
=F'"(V(p,)IV'(p, )8, W (p,HEI+h(t), Pnwli=o=0, (4-9)

where the reminder & satisfies

bl g < CISIMIE]

O +02+e)t
for sufficiently small positive & (this also follows from the fact that F is smooth and V, W € C'-¢). Thus,
the remainder 4 in the right-hand side of (4-9) is of higher order in § and, for this reason, is not essential,
so we need to study the bilinear form (with respect to 4, &) in the right-hand side. Note that, in contrast
to the case where the IM is C2, this form is even not symmetric, so it should be corrected. Namely, we
write the identity

F'(V(p, )V (p, 8, W(p, 1)§]
= {F'(V(p. O)IV'(p. 08, W' (p, )E1+ F"(V(p, D)V (p, ), W' (p, 1)3]
—F"(V(p,)IV'(p, 08, V'(p, DE}
—F"(V(p,)IV'(p, )&, W (p,1)s = V'(p,1)8]  (4-10)

and note that the first term in the right-hand side is nothing more than the symmetric bilinear form which
corresponds to the quadratic form

2F"(V(p,)IV'(p, ), W (p, D] = F"(V(p, ))IV'(p, )&, V'(p, 1)§]

used in (4-7) to define W” and the second term is of order ||8]|'¢||&|| due to estimate (4-6) (where &
is replaced by §) and the growth rate of this term does not exceed e~ @102+ a5t —» _o0. Thus, by
Proposition 3.7, we have

lw —W"(p, )8, &1ll2 @& m < ClIsII' eIl

01 +0y+e)t
and the compatibility condition for / = 1 is verified.
Finally, let us check the zero-order compatibility condition (/ =0, n =2 in (2-13)). Let

R(t):=V(p1,)=V(p,1) = W'(p,1)8 — ZL!W”(P, nls, 3.
Then, as elementary computations show, this function satisfies the equation
%R+AR—F'(V(p,t)R
={F(V(p1, ) = F(V(p, 1)) = F' (V(p,)(V(p1,1t) = V(p, 1))}
— 5 CF (V (p, DIV (p, 08, W' (p, 1)3]
—F"(V(p, V' (p, )8, V'(p,1)8]),  Pwn,li=oR=0. (4-11)
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Since F € C%® and V e C'%, the first term in the right-hand side equals

SV (0, DV (p, 08, V' (p, 18] 4-12)

up to the controllable in LZ((, +6,+0¢ (R—, H)-norm remainder of order |[|§ |>*¢. The second term can be
e\v1 772

simplified using (4-6) and also equals (4-12) up to higher-order terms. Thus, the right-hand side of (4-11)
vanishes up to terms of order ||§ |>+¢ and Proposition 3.7 gives us that

2
||R||L§(Hl+92+s)l ®_.my = Cléll +e (4-13)

for some positive ¢. This finishes the verification of the compatibility conditions.

We are now ready to use the Whitney extension theorem. To this end, we first recall that the IM My,
is a graph of the C'**-function My, : Py,H — Qn, H, which is defined via My, (p) :== Qn, W(p, 0),
p € Py, H = Hy, (all functions V, W, W/, W” defined above depend only on Py,-component of p € H,
so without loss of generality we may assume that p, £, € Hy, (we took them from H in order to
simplify the notation only). Thus, projecting the constructed Taylor jets to ¢t =0 and Qxy, H, we get the
C!¢-function My, (p) restricted to the invariant set p € Py, My, and a family of quadratic polynomials

JEMp,(p) := Qn, JEW (p.0),

which satisfy the compatibility conditions on p € Py, My,. Therefore, since Hy, is finite-dimensional,
the Whitney extension theorem gives the existence of a C>*-function My, : Py, H — Q, H such that

ngMNz(P) = JSZMNz(P)y p € Py, My, .

Thus, the desired C2*¢-extension of the IM M N, 1s “almost” constructed. It only remains to take care
of the closeness in the C'-norm. To this end, for any small v > 0, we introduce a cut-off function
pv € C*°(Hy,, R) such that p(p) =0 if p belongs to the v-neighbourhood O, of Py, My, and p(p) =1
if p ¢ Oy,. Moreover, since Py, My, is C 1.e_smooth, we may require also that

IVpo(p)l < Cv7l, (4-14)
where the constant C is independent of v. Finally, we define

My,(p) == (1= py(p)) My, (p) + pu(P)(S,2Mp,) (p), (4-15)

where S, is a standard mollifying operator,

SphHp) = /sz Bu(p—q)f(q)dq,

and the kernel B, (p) satisfies B, (p) = (1/uN)B1(p/w) and B1(p) is a smooth, nonnegative function
with compact support satisfying fRNz Bi(p)dp =1.

We claim that M N, 1s a desired extension. Indeed, M N, (p) = M N, (p) in O, and therefore M N, and
My, coincide on Py, My, . Obviously, M N, is C>#-smooth. To verify closeness, we note that

My,(p) = My, (p) = (1 = py(P)) (M, (p) — My, (P)) + o (P)(S,2My,) (p) — My, (p)).  (4-16)
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Using the fact that My, € C'*¢ together with the standard estimates for the mollifying operator, we get
1(Sy2Mn,)(p) = My, (p) || < CV?, IV,(S,2M,)(p) = Vp My, (p) |l < Cv*,

which together with (4-14) shows that the C'-norm of the second term in the right-hand side of (4-16)
is of order v?¢. To estimate the first term, we use that both functions M N,(p) and My, (p) are at least
C'¢-smooth and

My, (p) = My,(p),  V,My,(p) = V,My,(p), p € Px,Mu,.
For this reason,
| My, (p) — My, (p)|| < Cv'*e, IV, My, (p) — V, My, (p)|| < CV*

for all p € O,,. Thus, using (4-14) again, we see that

1My, () = My (Dl ey iy, ) < CV°-
This finishes the proof of the theorem for the case n = 2. O

Proof for general n € N. We will proceed by induction with respect to n. Assume that, for some
n € N, we have already constructed the C!*-smooth inertial manifold My, which is a graph of a
map My, : Py,H — Qn,H and this map is constructed via the solution V(p, t), t <0, p € H, of the
backward problem (3-6), where N is replaced by N,. Recall that this manifold is constructed using the
n-th spectral gap. Assume also that, for every p € Py, Mpy,, we have already constructed the n-th Taylor
Jjet J{'V(p, t) such that the compatibility conditions up to order n are satisfied. In contrast to the proof
for the case n = 2, it is convenient for us to write these conditions in the form of (2-12):

£V (p1 ) = Jg 45V (ps )2

e

®_.m < CUBI+IED"*. (4-17)

On+(n—1b,_+&)

Here & € H is arbitrary, § := p; — p, € > 0and 6) <6, - - - <0, are the exponents which satisfy condition
(3-17) for N = Ny, ..., N,. In order to simplify the notation, we will write below

JEV(p1) =I5V (D) = Og,icu-1g, -+ (ISI+IE D) (4-18)

instead of (4-17) and likewise in similar situations. Rewriting (4-18) in terms of truncated jets with the
help of (2-10) (where £ is replaced by §), we have

V() + 75V (P) = jisV(P) = Oug,+e((ISIHIEDN"T), (4-19)

where we have used that 6,_; < 6,,. We also need the induction assumption that (4-19) holds for every
m < n, namely,

JEV(p1) = T sV (P) = O, 1 ((ISI+ 1E1D)™F9). (4-20)
Let us now consider the (n+1)-th spectral gap at N = N, which is the first N satisfying

)\'Nn+l+L+n()\'Nn+l_L)<)\'Nn+l+l_L’ 4-21)
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Let My, ,, be the corresponding IM which is generated by the backward solution W (p, ) of problem (3-6)
with N replaced by N, 1. We need to define the (n-+1)-th Taylor jet J;’“ W (p, t) for the function W (p, t),
n+1
1
W, 0 =Wp, 0+ WO 0lEY], (4-22)
k=1

& € H and p € Py,,, My, and to verify the compatibility conditions of order n + 1. Keeping in mind the

n+l1
already-considered cases n = 1 and n = 2, we introduce the required jet (4-22) as a backward solution

of the equation

WIEHW(p) + AT W (p) = F"* N (p &), Py, I (im0 = Pi,., (P +8), (4-23)
where
FU"(p &, 1) := F(W(p, )+ F' (W(p,0)ji "' W(p, 1)
n+1
+ 3 L RFOW DUV, 0V W (p, 0]
k=2 —(k=DFOWp, VP, '), (4-24)

The symbol “[n 4+ 1]” means that we have dropped out all terms of order greater than n + 1 from the
right-hand side, so F"*!l is a polynomial of order n 4 1 in £ € H. Alternatively, the dropping out
procedure means that we use the substitution

UEVOY = > Bu i V). 0 VD)), (4-25)

ni+-+ng<n+1
niEN

where the numbers B, ., € R are chosen in such a way that polynomials in the left- and right-hand sides
of (4-25) coincide up to order (gt inclusively and the term [{jé”V(p, YT, jg’W(p, t)] is treated
analogously. The explicit expressions for these coefficients can be found using the formulas for the
higher-order chain rule (Faa di Bruno-type formulas; see, e.g., [Roman 1980; Héjek and Johanis 2014]),
but these expressions are lengthy and not essential for what follows, so we omit them.

Note also that the truncated jets jg"V( p,t) are taken from the induction assumption. We seek the
solution of (4-23) belonging to Lingn 10,1 (R, H) for some 6, satisfying (3-17) with N replaced by N, 1.
Expanding (4-24) in series with respect to &, we get the recurrent equations for finding the “derivatives”
W (p. 1) == W®H(p, n[{E:

oW+ AWS — P (W)W = oG W), Py

n+1

WPlZ=0,  (426)

for k > 2, where ® is polynomial of order k in & which does not contain W(l), with [ > k. Thus, the
functions Ws(k) can be, indeed, found recursively. Moreover, the spectral gap assumption (4-21) guarantees
that we can find 6,4 satisfying (3-17) with N = N,.1| such that 8, + n6, also satisfies this condition.
Therefore, Proposition 3.7 guarantees the existence and uniqueness of the homogeneous polynomials
ng)( p) satisfying

WS (o)l 2

e

@i < CIEI* (4-27)

(61 +kOn)t

fork=1,...,n+1.
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To complete the proof of the theorem, we only need to verify that the jet J: W(p, t) satisfies the
compatibility conditions of order n 4 1. If this is verified, the rest of the proof coincides with the one
given above for the case n = 2. We postpone this verification till the next section. Thus, the theorem is
proved by modulo of compatibility conditions. U

Corollary 4.4. Let the assumptions of Theorem 4.3 hold with © > 0 being small enough. Then the
invariant manifold Py, My, of the extended IF (4-1) possesses an exponential tracking property in Hy, ;
i.e., for every solution uy, (t) of (4-1) there exists the corresponding solution uy, belonging to this
manifold such that

lun, (t) — i, ()] < Ce ™! (4-28)

for some positive C and 6.

Proof. As we have already mentioned, this is the standard corollary of the fact that My, is normally
hyperbolic and, therefore, persists under small Cl—perturbations; see [Bates et al. 1999; Fenichel 1972;
Hirsch et al. 1977; Katok and Hasselblatt 1995]. Nevertheless, for the convenience of the reader, we now
sketch a direct proof that does not use the normal hyperbolicity explicitly.

We first construct an invariant manifold M ~, with the base Hy, in Hy, for the extended IF. We do
this exactly as in the proof of Theorem 3.2 by solving the backward problem

diun, + Auy, — Py, F(uy, + My, (un,)) =0, Pyuy, =p (4-29)
in the space L2, (R_, Hy,) with 6 = (Ay, + An,11)/2. This equation is (Cp)-closed to
oiun, +Auy, — Py, F(un, +My,(uy,)) =0, Pyin,=p (4-30)

in the C'-norm (since M N, 1s p-closed to My, due to Theorem 4.3). Thus, using Remark 3.13 and
the Banach contraction theorem, we can construct a unique solution uy, (t) of (4-29) in the (Cpu)-
neighbourhood of the corresponding solution iy, of problem (4-30) and vice versa. This gives us the
existence of the manifold My, which is generated by all backward solutions of (4-30) belonging to the
space ng, (R_, Hy,). Since the solutions belonging to the invariant manifold Py, My, satisfy exactly
the same property, we conclude that My, = Py, My, .

It remains to verify that the manifold My, possesses an exponential tracking property. This can be
done as in the proof of Theorem 3.2 by considering the analogue of (3-14) for system (4-1) and using
again that M v, is close to My, in the C'-norm. This finishes the proof of the corollary. U

Corollary 4.5. Arguing as in Corollary 3.9, we check that the extended IM M N, is also a C™ ¢ -submanifold
of H*> := D(A).

5. Examples and concluding remarks

We now give several examples of our main theorem, as well as its reinterpretations, and state some
interesting problems for further study. We start with the application to the 1-dimensional reaction-
diffusion equation.
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Example 5.1. Let us consider the following reaction-diffusion system in a 1-dimensional domain Q2 =
(—m,m):
du=ad’u— fu), ulg=0, ul—o=uo, (5-1)

where u is an unknown function, a > 0 is a given viscosity parameter, and f () is a given smooth function
satisfying f(0) = 0 and some dissipativity conditions, for instance,

fwu>—-C+alul’>, ueR.

for some C and o > 0 (e.g., f(u) = u3 — u as in the case of real Ginzburg—Landau equation). Then, due
to the maximum principle, we have the following dissipative estimate for the solutions of (5-1):

lu@®llzee < luollLee™ + Ci, (5-2)

where the constant C, is independent of ug; see, e.g., [Babin and Vishik 1992; Chepyzhov and Vishik
2002; Temam 1988]. Thus, the associated solution semigroup S(¢) acting in the phase space H := HO1 ()
possesses an absorbing set in C($2), and cutting-off the nonlinearity outside of this ball, we may assume
without loss of generality that f € Cj°(R).

After this transformation, (5-1) can be considered as an abstract parabolic equation (3-1) in the Sobolev
space H = H(} (£2). Since this space is an algebra with respect to pointwise multiplication (since we have
only one spatial variable), the corresponding nonlinearity F (u)(x) := f(u(x)) is C*°-smooth and all its
derivatives are globally bounded.

Finally, the linear operator A in this example is A = —a 83 endowed with the Dirichlet boundary
conditions. Obviously, this operator is self-adjoint, positive definite and its inverse is compact. Moreover,
its eigenvalues

Mo=ak?,  keN,

satisfy (4-2). Thus, our main Theorem 4.3 is applicable here and, therefore, problem (5-1) possesses
an IM My, of smoothness C L& for some ¢ > 0 and, for every n € N, this IM can be extended to a
manifold /\7an of regularity C"*, &, > 0, in the sense of Definition 4.1.

Remark 5.2. Our general theorem is applicable not only for a scalar reaction-diffusion equation (5-1), but
also for systems where the analogue of (5-2) is known, for instance, for the case of 1-dimensional complex
Ginzburg-Landau equation. However, one should be careful in the case where the diffusion matrix is not
self-adjoint and especially when it contains nontrivial Jordan cells. In this case, even Lipschitz IM may
not exist; see [Kostianko and Zelik 2022] for more details.

A bit unusual choice of the phase space H = HO1 () (instead of the natural one H = L%(Q)) is related
to the fact that we need H to be an algebra in order to define Taylor jets for the nonlinearity F and to
verify that it is C*°. This, however, may be relaxed in applications since backward solutions of (3-4) and
(3-18) are usually smooth in space and time if the nonlinearity f is smooth, so the Taylor jets for V (p, t)
will be well-defined even if we consider L2(2) as a phase space and the theory works with minimal
changes. This observation may be useful if we want to remove the assumption f(0) =0 in (5-1), but in
order to avoid technicalities, we prefer not to go further in this direction here.



524 ANNA KOSTIANKO AND SERGEY ZELIK

The restriction to the 1-dimensional case is motivated by the fact that the spectral gap condition (4-2)
is naturally satisfied by the Laplacian in 1-dimensional case only (it is an open problem already in the
2-dimensional case).

If we consider higher-order operators, say bi-Laplacian then the analogous result holds also in three
dimensions. The typical example here is given by the Swift-Hohenberg equation in a bounded domain
Q C R

Btu:—(A-i—l)zu—i—u—uz, ulpo = Aulyo =0,

where the spectral gap condition (4-2) is also satisfied; see [Zelik 2014]. We also note that although
our main theorem is stated and proved for the case where F maps H to H, it can be generalized in
a very straightforward way to the case where the operator F decreases smoothness and maps H to
H~* := D(A™*/?) for some s € (0, 2). The spectral gap assumption (4-2) should be replaced by

lim sup{ il = hn } — 00
5/2 sz~

n—00 )‘n+1 + Ay

After this extension, our theorem becomes applicable to equations which contain spatial derivatives in the

nonlinearity. A typical example of such applications is the 1-dimensional Kuramoto—Sivashinsky equation

oru —{—aafu + 8;‘14 +ud,u=0, QL=(-—m,m), a>0,
endowed with Dirichlet or periodic boundary conditions; see [Zelik 2014] for more details.

Remark 5.3. As we mentioned in the Introduction, there is some significant recent progress in constructing
IMs for concrete classes of parabolic equations which do not satisfy the spectral gap conditions (such
as scalar reaction-diffusion equations in higher dimensions, 3-dimensional Cahn—Hilliard or complex
Ginzburg-Landau equations, various modifications of Navier—Stokes systems, 1-dimensional reaction-
diffusion-advection systems, etc.). The techniques developed in the present paper are not directly
applicable to such problems (in particular, our technique is strongly based on the Perron method of
constructing the IMs and it is not clear how to use the Perron method here since we do not have the
so-called absolute normal hyperbolicity in the most part of equations mentioned above; see [Kostianko
2018; Kostianko and Zelik 2015] for more details). However, we believe that the proper modification of
our method would allow us to cover these cases as well. We return to this problem elsewhere.

We now give an alternative (probably more transparent and more elegant) formulation of Theorem 4.3.
We recall that in Theorem 4.3, we have directly constructed a smooth extended IF (4-1) for the initial
equation (3-1). This extended IF captures all nontrivial dynamics of (3-1), but the associated smooth
extended IM M,, is not associated with the “true” IM of any system of the form (3-1). This drawback
can be easily corrected in a more or less standard way which leads to the following reformulation of our
main result.

Corollary 5.4. Let the assumptions of Theorem 4.3 be satisfied and let My, be the C'-¢'-smooth IM of
(3-1) which corresponds to the first spectral gap. Then, for everyn € N, n > 1, there exists a modified

n—1,e,

nonlinearity F: H — H which belongs to C,, (H, H) for some &, > 0 such that:
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(1) The initial IM My, is simultaneously an IM for the modified equation
du+ Au= F,(u). (5-3)

(2) Equation (5-3) possesses a C™*-smooth IM M N, of dimension N, such that the initial IM M is a
normally hyperbolic globally stable submanifold of M N,-

(3) The nonlinearity fn (u) depends on the variable uy, := Py, u only and the IF associated with the IM
/\A/JIN,, is given by (4-1) where K, is replaced by N,,.

Proof. Indeed, we take the manifold M n, constructed in Theorem 4.3 and define the desired function fn as

Py, Fo(u) := Py, F(uy, + My, (uy,)) (5-4)
and
Qw, Fo(u) := My (un,)[—AMy, (uy,) + Py, F(uy, + My, (un, )]+ AMy, (uy,).  (5-5)

Then, due to the choice of Py, -component of Fn (u), the equation for u y, is decoupled from the equation for
the Q y,-component and coincides with the extended IF for (5-3) constructed in Theorem 4.3. On the other
hand, the Q y,-component of fn is chosen in a form which guarantees that M N, 1s an invariant manifold
for (5-3). Moreover, if u(t) solves (5-3) with such a nonlinearity and v(¢) :=u(t) — Py, u(t) -M N, (un, (1)),
then this function satisfies

ov+Av=0, Pyov()=0,
and, therefore,

lv|lg < [[v(0)|| e M,

Thus, M N, 1s indeed an IM for problem (5-3) and we only need to check the regularity of the modified
function fn

The Py, component (5-4) is clearly C"™**-smooth, but the situation with the Q, is a bit more delicate
due to the presence of terms AM N, (un,) and M }Vn (un,). The first term is not dangerous since we know
that M w, is C™*-smooth as the map from Hy, to H>. The second term is worse and decreases the
smoothness of the F,, till C"~ !¢ Thus, the corollary is proved. (|

Remark 5.5. The modified nonlinearity fn (u) can be interpreted as a “clever” cut-off of the initial
nonlinearity F(u) outside of the global attractor (even outside of the IM of minimal dimension). In this
sense we may say that all obstacles for the existence of C"-*-smooth IMs can be removed by appropriately
cutting off the nonlinearity outside of the global attractor, which does not affect the dynamics of the initial
problem. This demonstrates the importance of finding the proper cut off procedure in the theory of IMs.

Example 5.6. We now return to the model example of G. Sell introduced in Example 3.11 and show
how the problem of smoothness of an invariant manifold can be resolved. Since the nonlinearity for this
system is not globally Lipschitz continuous, the above-developed theory is formally not applicable and
we need to cut-off the nonlinearity first. We overcome this problem by considering only /ocal manifolds
in a small neighbourhood of the origin.
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Indeed, it is not difficult to see that system (3-31) has an explicit particular solution
ui() =+e™, Uup1(t) =Cpe 2, n>1,

where the coefficients C,, satisfy the recurrence relation
1
2n—1

This solution determines a 1-dimensional local invariant manifold

C:, Co=1.

Cn+1 =

Mi={p+M(p):peH =R, |p| <B},

where M : R — H is defined by M = (0, M1(p), M>(p), ...) and

2n 1
Mn+1(p):Cnp2"(lnm) , neN,

which is a 1-dimensional IM for system (3-31) and 8 is a sufficiently small positive number. Indeed,
since C, < 27" for some positive «, this manifold is well-defined as a local submanifold of H =1,
@if B > 0 is small enough) and is C 1¢_smooth for any ¢ € (0, 1). Moreover, we see that M,(p) is only
C"¢-smooth and higher components are more regular; in particular, M, (p) is C?'~1¢_smooth. This
shows us how to define the extended manifolds of an arbitrary finite smoothness. Namely, let us fix some
n € N and consider the manifold

My :={p+M,(p):peHy, Ip11<B),  Mu(p):=({0)", Mui1(p1), Musa(p1), Myuy3(p1),...). (5-6)

Clearly ./\71,1 is C%'~1¢_smooth and M is a submanifold of /\71,, Moreover, if we define the modified
nonlinearity fn (u) as

Fo(u) = 0,12, u3, ... u>_ |, Myy1(u1), Myia(uy), ...), (5-7)

then it will be C2'~!*-smooth and the extended manifold M, will be an IM for the corresponding
modified equation (5-3). Finally, the normal hyperbolicity of M/ in M,, follows from the fact that any
solution on M decays to zero no faster than e’ due to the nonzero first component, if we look to the
transversal directions, the smallest decay rate is determined by the second component and this decay is at
least as t3e~%. Since our model system is explicitly solvable, we leave verifying this normal hyperbolicity
to the reader. We also note that the extended IF in this case reads

%ul +u; =0, %uk—{—Zk_luk :u,%_l, k=2,...,n,

which is nothing more than the Galerkin approximation system to (3-31).

Remark 5.7. We see that, in the toy example of (3-31), we can find the desired extension of the initial
IM explicitly without using the Whitney extension theorem (and even without assuming the global
boundedness of F' and its derivatives). Moreover, the dependence of smoothness of the extended IM on its
dimension is very nice; namely, if we want to have a C"-smooth IM, it is enough to take dim M ~ log, n.
Of course, this is partially related to good exponentially growing spectral gaps, but the main reason is
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that we have an extra regularity property for the initial IM, namely, that the smoothness of projections
QM (p) grows with k. Unfortunately, this is not true in a more or less general case, which makes the
extension construction much more involved. In particular, we do not know how to gain more than one unit
of smoothness from one spectral gap and have to use n different spectral gaps to get n units of smoothness.
This, in turn, leads to extremely fast growth of the dimension of the manifold with respect to the regularity
(as not difficult to see, in Example 5.1, the dimension of M N, grows as a double exponent with respect to n).

We believe that this problem is technical and the estimates for the dimension can be essentially improved.
Indeed, if we would be able to get n units of extra regularity using one extra (sufficiently large) gap the
above-mentioned growth of the dimension would become linear in # in Example 5.1. We expect that
this linear growth is optimal, and we are even able to construct the corresponding Taylor jets. But these
jets do not satisfy the compatibility conditions and we do not know how to correct them properly.

Appendix: Verifying the compatibility conditions

The aim of this appendix is to show that the jets Jg’le W(p,t), p € Py, H, constructed via (4-23), satisfy
the compatibility conditions up to order n + 1 and, thus, to complete the proof of Theorem 4.3. We will
proceed by induction with respect to the order m <n + 1.
Indeed, the first-order compatibility conditions are trivially satisfied since the functions W (p, t) are
C1¢-smooth. Assume that the m-th order conditions are satisfied for some m < n + 1, and for all m; <m
JEW(p1) = IS W(P) = O,y +mi— 16, (IS4 IE D™ ) (A-1)

forall§ € H, p1, p € Py, , Mn,, € >0, § := p; — p and some constant C which is independent of p, p;.

Using the fact that V(p, 1) = W(p, 1) for all p € Py, , My, together with the analogue of (A-1) for the
already constructed jets J{"V(p, 1), we end up with
Vp) =W(p) =V(p)+j5" V(P) + Omo,4e (181I™M )

= W(p)+ 5" W(p) + O, 1+~ 1yo,+e (18]™ ) (A-2)
for all py, p € Py,,, My,, 6 := p1 — p and, therefore v(r) := V(pi, 1) — V(p, t) satisfies
V=" V(P) + O +e (181"™45) = J5" W (D) + O, i —1ye+e (18179, )
J3"V(p) = J5" W (p) = 06,1 +ni g+ (111" ).

We now turn to the (m+-1)-th jets and start with the following lemma which gives the compatibility
conditions in the particular case £ = 0.

Lemma A.1. Let the above assumptions hold. Then
v=W(p)—W(p) = ji"™ ' Wp) + 0o, tmo,+- (181" 1) (A-4)
forall py, p € Py, . My, and § := p\ — p. Moreover,

F(V(p1) = F" U (p,8)+ Op, , 1mo,+e (181" T17) (A-5)

for some ¢ > 0.
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Proof. Let R :=v — jé"“ W (p). Then, by the definition (4-23), this function solves
%R+ AR=F(V(p))—F"(p,8), Py

v Rlizo = 0. (A-6)
Let us study the term F m+11(p, 8) at the right-hand side (which is defined by (4-24)). Using (A-3) and
the trick (4-25), we may replace j§"V (p) and ji"W(p) by v in all terms in (4-24) which contain the
second and higher derivatives of F (the error will be of order ||8]T!*¢). Actually, we cannot do this in
the term with the first derivative at the moment since this requires (A-3) for W of order m + 1, which we

are now verifying. This, gives

FImt(p, 8) = F(V(p) + F'(V(p) j ' W(p)
m-+1
1
+ D G POV DU T+ On,mo, 4 (18119, (AT)
k=2

Indeed, let us consider the terms in (A-7) containing ji" W only (the terms without it are analogous, but
simpler). Using the analogue of (4-25),

vy igwmemi— > B,

nyt--tng<m+1
I’l,’GN

nk{Jtsan(P)aa]gnkilv(P)ankW(P)}a (A_8)

.....

the growth exponent of the remainder does not exceed
(nyi+- 4+ nk—1)0n + Op1 + (g — DOy + & < Opp1 +mby + ¢,
where we have implicitly used our induction assumptions (A-3) and decreased the exponent ¢ if necessary.
Using now the Taylor theorem for F € C"*1:¢ together with estimate (3-23) for v, we infer that

F(V(p1) = F"(p, 8) = F'(V(P)IR + Oty s+ (181" 7)

and, therefore, the function R solves
#R+ AR —F'(V(D)R = Op,,,4mo,+: (181" '), Py, Rli=o = 0. (A-9)

Since by the induction assumption 6, < Ay,+1 — L, assumption (4-21) guarantees the existence of 6,4
and ¢ > 0 such that 6,1 +m6, + ¢ satisfies (3-17) with N replaced by N,, 1. Thus, Proposition 3.7 gives
the estimate

< m+14-¢
” R ” L§(9,,+]+m€n+s)t ®R_.H) = C ”8 ”

and (A-4) is proved. Estimate (A-5) is now a straightforward corollary of (A-7) and the Taylor theorem
(since we are now allowed to replace jy" Hly by v). Thus, the lemma is proved. g

We now turn to the general case & # 0. To this end we need the following key lemma.
Lemma A.2. Let the above assumptions hold. Then, the following formula is satisfied:
F"(py, &) — FU" N (p, & +8) = F'(V(p) (j§ ' W (p) + jE ' W (p1) — jI5 W (p))
+ 06, tmo, e (U814 1E1D™ ), (A-10)

where £ € H, p1, p € Py

n+1

My, and § = p1 — p.
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Proof. Indeed, according to the definition (4-24) and formula (A-5), we have

FImt(py, £) = F"H(p, 8) + F'(V(p) jI ' W (p1)
m+1

+Z FUFOWV PO W 0, UV (e 1= (= DFOV ()Y (p0) 1)

+ Op,y-tmo, +e ((IE N+ 181 HF). (A-11)

We recall that, according to our agreement and formula (4-25), the right-hand side does not contain the
terms of order larger than m + 1. Expanding now the derivatives F®(V (p;)) into Taylor series around
V (p) and using (A-3), we get

FU i (py, &) = FU"H(p, 8) + F'(V(p) GEH W (p1) — W (p1))
m+1m—+1

1
+ZZM l),(lF“‘)(wp)) U5V Y JEW (e, GV (poY 1]
o — (A= DFOV )LV P v (eny)
+ O, 4moy e ((NEN + 181D F1F5). (A-12)

Finally, changing the order of summation, we arrive at

Fimill(py, &) = FImtl(p, 8) + F'(V(p)ji ™t Wpn)
m—+1

+Z _Zcﬁ (FOW LY @Y GEW (o), GV ey '
— (= DFOWV )V Y, G veny)
+ 00, +mo,+e (IE] + 81D 1). (A-13)

Let us now look to the term F""!(p, & +6). According to (4-24), we have

FImt(p & +6)

- F(V(p)) + F'(V(p) IS W (p)
m—+1

+Z (KEO W EIUEW P, U VY= (= DFOV ()L V (). (A-14)

From the induction assumption, the compatibility assumptions (A-1) hold for ]é +sW and give

JEsW(p) = Js"W(p) + J" W(p1) + 06,y +om—1ye,+e (S + 1E1D™T)

for all m; < m and the analogous identities hold also for jé" sV

Jes V) = 5" V(p) + 3 V(p1) 4 Omyg,e (IS IE D™ ).

Moreover, using (A-3), we may also get

Jits WD) = J5" V(D) + 7" W(PD + O,y —1y6,+¢ (U811 + 1E D™ )
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for all m; < m. Inserting these formulas to (A-14), we arrive at

FI"t(p, & 48) = F(V(p) + F'(V(p) L5 W (p)
m+1

1
+ ) KFOWV IV () + W o0, U5V (p) + 78V (po) ]
k=2
— (k= DHFOWV(OIV (p) + 'V (p)})
+ Op, ., +mo, e (18] + [E™ ). (A-15)

Using the binomial formula (2-1), we arrive at

FU(p, & +8) = F(V () + F'(V(p) JI5 W ()

m+1 k
+> E(Z kG FOWV )OI W (oo, gV () GV (o)
k=2 " M=l 1
+ Y KCL FOWV )LV (), U5 VYL G v (oY
=0 k
= k= DCFO WV ()OI (o)), {jé"V(pl)}l])
=0

+ O, -+t ({1181 4 €)™ F19),
(A-16)
We need to compare (A-13) and (A-16). To this end, we first note that
I -1
IC, =kC,_;

and, therefore, the terms containing the jets of W in these two formulas coincide. Thus, we only need to
look at the terms without jets of W. In the case / = k, we have only one term in the right-hand side of
(A-16), which obviously coincides with the analogous term in (A-13). Let us now look at the terms with
l=1,...,k—1. Due to the obvious identity

—(1-1DC,=kC,_, — (k—1)Cy,

these terms again coincide. Thus, it remains to look at the extra terms which correspond to / =0 in (A-16)
and which are absent in the sums of (A-13). Finally, using (A-3) and (A-5), we get the following identity
involving these extra terms:

m+1 1
FV (D + Y FOV )Y ()]
k=2 "

= FImt(p, 8) — F'(V(p) j{™ ' W (D) + Os, ., +moy+e (IS + 1EID™ ). (A-17)
This gives the identity

F"(py, &) — F'(V(p)) i W(p1)
= F" ™ (p, £ +8) — F'(V(p) GLS W) = Ji ' W(p)) + 6, tmo e (181 + IED™ 1) (A-18)

and finishes the proof of the lemma. O
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We are now ready to finish the check of the compatibility conditions. Note that, due to (A-4), we have
JIW(pn) = I W (p)
=iy W) + i W (p) = JEE W (D) + 06,y pme, 4 (18] + TED™ ). (A-19)

Let finally U (¢) := Js’"Jrl W(p1) — Jg’ftgl W (p). Then, according to definition (4-22), Lemma A.2 and the

fact that § = p; — p, this function solves the equation
U+ AU — F'(V(p)U = Og,.., ym,+< (I8l + 1" 'F), Py, Uli=o =0, (A-20)
and by Proposition 3.7, we arrive at
I (py) — IS WD) = Op,. e (U814 16 1™ 14, (A-21)

Thus, the (m+1)-th order compatibility conditions for Jg"“ W (p) are verified. The induction with respect
to m gives us that JS” LW (p) also satisfies the compatibility conditions (of course, we cannot take m > n
since we need the compatibility conditions of order m for Js’" V(p) to proceed). This completes the proof
of our main Theorem 4.3.
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