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WHY BOOTSTRAPPING FOR J-HOLOMORPHIC CURVES
FAILS IN C*

HANSJORG GEIGES, MURAT SAGLAM, AND KAI ZEHMISCH

ABSTRACT. We present a simple example for the failure of the Calderén—
Zygmund estimate for the d-operator when the Sobolev (k,p)-norms are re-
placed by the C*-norms. This example is discussed in the context of elliptic
bootstrapping, Fredholm theory, and the regularity of J-holomorphic curves.

1. INTRODUCTION

In the theory of elliptic partial differential equations, with the Laplace equation
as the prototype, it is well known (see [4} [6], for instance) that regularity results
can be established for solutions lying in Sobolev or Holder spaces, with the help of
Calderén—Zygmund or Schauder estimates, respectively.

In symplectic topology, moduli spaces of J-holomorphic curves are described as
solution sets of a nonlinear Cauchy—Riemann equation. Since the implicit function
theorem fails in the Fréchet space of smooth maps, one needs to work with a Banach
space of maps having lower regularity. A Calderén-Zygmund estimate for the O-
operator then is essential for two purposes:

(i) regularity results for J-holomorphic curves, in the sense that solutions of
the nonlinear Cauchy-Riemann equation in the Sobolev space WP actually
turn out to be of class C°;

(ii) existence of C*-bounds for all k that guarantee compactness of the relevant
moduli space of J-holomorphic curves.

The Calderén-Zygmund estimate allows one to bootstrap from W#? to Wkt+1l.p,
smoothness and C*-bounds (for p > 2) then follow from the Sobolev embedding
theorem and the corresponding Sobolev inequality.

Roughly speaking, the estimates say that a (weak) solution u € W¥P of the
inhomogeneous Laplace equation Au = f is two derivatives more regular than f.
The literature abounds with examples that this statement fails in the smooth theory,
that is, from Aw, understood in the distributional sense, of class C* one cannot, in
general, conclude that u € C*+2. This means that a C*-analogue of these estimates
cannot be formulated in a sensible way, because ||u||cr+2 may not be defined.

However, we have not seen it emphasised that even when the correct order of dif-
ferentiability is assumed a priori, the Calderén—Zygmund (or Schauder) estimates
fail when the Sobolev (or Holder) norms are replaced by C*-norms. We allow that
this may be fairly apparent to the more analytically inclined.
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In this expository note we adapt an example of Sikorav [J] (where the C*-esti-
mate cannot be formulated) to define an explicit family of solutions of the inhomoge-
neous Cauchy-Riemann equation, having the correct regularity (in the C*-theory),
but violating the Calderén—Zygmund estimate. We also place this in the context
of the Fredholm property of the Cauchy—Riemann operator, which is essential for
showing that the relevant moduli space of J-holomorphic curves is a smooth mani-
fold.

As we shall explain, in the theory of J-holomorphic curves one often deals with
these estimates in a setting where the maps are known to be smooth. As a conse-
quence, the consideration of Sobolev norms on such maps, or the introduction of
Sobolev spaces of J-holomorphic curves, may seem to lack motivation. Our example
clarifies why one has to work with Sobolev completions.

2. THE CALDERON-ZYGMUND ESTIMATE

In this section we formulate the Calderéon-Zygmund estimate for the inhomo-
geneous Cauchy—Riemann equation and briefly discuss its relevance for the boot-
strapping of J-holomorphic curves.

Let Br C C be the open disc of radius R centred at 0. We write C°(Bg, C™) for
the space of compactly supported smooth maps Bg — C", and W(;Hl’p(BR, Cc™)
for its closure in the Sobolev space of k + 1 times weakly differentiable maps of
finite Sobolev (k + 1, p)-norm. The Cauchy—Riemann operator is

_ 1 .
0:=05:= 5(31 —|—18y).

Likewise, we are going to set 0 := %(896 —10y). For a proof of the following estimate
see [A].

Proposition 1. For any k € Ny and real numbers p > 1 and R > 0, there is a
positive constant ¢ = c(k,p, R) such that

[ulls1,p < clDulliyp for all uwe Wy (Bg,C").

Without the assumption on compact support, one needs to add the term ¢||u/|xp
on the right-hand side, as can be seen by a partition of unity argument. This is
the more common formulation of the Calderén—Zygmund estimate (and sometimes
referred to as a semi-Fredholm estimate, cf. [3]).

One first has to prove the proposition for v € C°(Bg,C"), the stated version
then follows by writing u € WéC +Lp (Br,C") as a limit of compactly supported
smooth maps.

Remark. For p = 2, the proof of Proposition [ simplifies considerably, see [T,
Section 4.2] or [Bl, Section I11.1.2], but for the subsequent application of the Sobolev
embedding theorem one needs p > 2.

We are going to show by an example that there is no such uniform estimate
l[ullgrer < cl|Oullcr

Proposition 2. For any k € Ny there is a sequence (u,) in C¥T(Bj s, C) with
0w, ||cx bounded uniformly in v, but ||u,|cr+1 — 00 as v — 0o.

From Proposition[I] in [5] the regularity of J-holomorphic discs (with Lagrangian
boundary condition) is established by a localisation argument and the difference
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quotient technique of Abbas and Hofer [I]. That difference quotient technique
allows one to bootstrap from WP to Wk*+1P but not from C* to C**1, so a
Calderén-Zygmund estimate in C* would not be of help.

A different approach to the regularity of J-holomorphic curves can be found in
[8, Section B.4]. Here the nonlinear Cauchy—Riemann equation u, + J(u)u, = 0
is reformulated as an inhomogeneous linear equation, and then one directly uses
the regularity theory for the d-operator. This approach would stumble at the first
hurdle in the C*-theory by Sikorav’s example.

Much of the compactness theory of J-holomorphic curves as in [B] would go
through in the smooth theory if one had a Calderén—Zygmund estimate (for smooth
maps) in the C*-norms. Our example shows why this hope is in vain.

3. THE EXAMPLE

3.1. Sikorav’s example. We begin with an example of a function f: By, — C
that is not of class C1, even though 9f (in the distributional sense) is of class C°.
This is a slight modification (and correction) of an example presented by Sikorav [9],
which is closely related to the standard example illustrating the corresponding
phenomenon for the Laplace operator, see [4]. Set

zloglog|z|™2 for z € By)2 \ {0},

(1) 1(z) = {O for z = 0.

Then
z

of = — for z # 0.

Zlog|z|~2
This extends continuously (with value 0) into z = 0, and this continuous extension
is the distributional derivative df on By, (see the discussion in Section [).

On the other hand, we have

2o

——— f 0
log |z]|~2 or 270,

of =loglog |z
which does not extend continuously into z = 0.

3.2. Proof of Proposition[2l Here is the example for the failure of the Calderén—
Zygmund estimate in the C*-theory. Choose a smooth function ¢: RS — [0,1]
compactly supported in [0,1/4) and with ¥ = 1 on [0,1/16]. For v € N we define
Jvi Byja = Cbhy

2|2V loglog |22 for z € By s \ {0},
fu(z) = =
0 for z = 07

and we set u,(z) = ¥ (|2]?) - f.(2).
Since |z|'/* loglog |z|~2 — 0 as z — 0, the function f, is complex differentiable
in z = 0 with 9f,(0) equal to 0, and hence differentiable with 9, (0) likewise equal
to 0.
Writing |2|'/* as (2Z)'/?" we see that
1
|

alz|Y = % z|%722 for z # 0.
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We then compute

_ 1 1/v
2) 31 (2) = - |o|F 222 loglog 2| 2 — =22

5y for z # 0,

Zlog|z|~2
and B
af,(2) = |2|'/* loglog 2|2 + zéfy(z) for z # 0.

Since both df,(z) and 9f,(2) go to 0 as z — 0, we conclude that f, (and hence
u,) is of class C1.

The second summand in df, is bounded uniformly in v on B; 2\ {0}. Writing
|z| = r for z # 0 with 0 < 7 < 271/¥ < 1, we see that the first summand in 9, is
likewise bounded uniformly in v, since

(3) 0< irloglogrd” < i7“10g7°72” = —rlogr,

2v 2v
which extends continuously into r = 0. Clearly, these bounds also take care of the
second summand in 9f,.

On the other hand, the first summand of df,(z) evaluated at z = 27" yields
1loglog 2%, which goes to infinity as v — co. It follows that [|8f,||co is bounded
uniformly in v, whereas || f,||c1 goes to infinity as v — oc.

The same is true for the compactly supported functions w,, since | fu|co is
bounded uniformly in v, and

5“”(2) = ¢/(|Z|2)Zf,j(z) + w(lzlz)ng(Z)v

with a similar expression for du,,, which means that the limiting behaviour of du,,
and Ou, equals that of Of, and Of,, respectively.

In order to get examples for the higher C*-norms, simply start from the definition
fu(2) = 2"1|z[/¥ loglog |2| =2 for z € By \ {0}, for any k € No.

4. THE FREDHOLM PROPERTY OF O

The discussion so far shows that one cannot forgo Sobolev norms for bootstrap-
ping arguments, but it still seems to leave room for the possibility to stay within
the framework of C*-maps. In the compactness theory of J-holomorphic curves
one cannot simply work in a space of C*-maps for some fixed k, since one typically
relies on the Arzela-Ascoli theorem and C**!-bounds to guarantee convergence
in C*. However, one might want to start with J-holomorphic curves of class C*,
interpret them as maps of class W1? and then use elliptic bootstrapping (with
respect to Sobolev norms) and Sobolev embedding to show that the curves are in
fact smooth.

4.1. Calderén—Zygmund estimate and Fredholm property. As we want to
explain now, it is not possible to avoid altogether the use of Sobolev spaces of maps.
Typically, for a given geometric problem in symplectic topology, one describes a
moduli space M of J-holomorphic curves in the form

M = {u e B: d;u=0},

where B is a Banach space of maps u: ¥ — (M, J) from a compact Riemann surface
Y into an almost complex manifold (M, J) (with J tamed by some symplectic
form w), subject to (e.g. Lagrangian) boundary conditions when 9% # (). The
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nonlinear Cauchy-Riemann equation dju := u, + J(u)u, = 0 describes the J-
holomorphicity of the map wu.

In order to establish that M is a manifold of the expected dimension, one needs
to verify that 07 is a Fredholm operator, so that one can apply the theorem of
Sard—Smale. By a perturbation argument it may suffice to do this for the linear
Cauchy-Riemann operator 0. This Fredholm property, as we shall see presently,
holds for Sobolev spaces, but it is violated in the C*-realm.

Consider a bounded linear operator T: E — F between Banach spaces with
dimkerT < oo. Let E; be a closed complement of kerT in E. It then follows
from the open mapping theorem, applied to T'|g,: E; — T(E), that T has a closed
image if and only if we have an estimate ||z||g < ¢||Tz||r for all z € E;. The image
T(E) being closed is a necessary condition for coker T' to be finite, i.e. the Fredholm
property of T'.

Thus, whether or not d has a closed image (when regarded as an operator between
certain Banach spaces of functions) is equivalent to the existence or the failure of the
Calderén-Zygmund estimate in the corresponding norms, provided ker d is finite-
dimensional in the given setting.

Here is an example how to use Proposition 2lto show the failure of the Fredholm
property in the C*-theory of .J-holomorphic discs. Write D € C for the closed unit
disc, and CL(D, C) for the space of C'-maps D — C with real boundary values. We
may regard C2(Bj s, C) as a subspace of Cg(D,C), and C(By 2, C) as a subspace
of C°(D, C). Notice that the ambient spaces are Banach spaces, but the subspaces
are not closed.

Corollary 3. The operator 9: Ck(D,C) — C°(D,C) is not Fredholm.

Proof. A function in ker @ can be extended by Schwarz reflection in the unit circle
to a bounded holomorphic function on C, which is constant by Liouville’s theorem.
This implies kerd = R. Moreover, by Proposition B the operator 0 violates the
Calderén-Zygmund estimate. Thus, im 0 is not closed. O

4.2. Failure of the Fredholm property in C*. We now want to use Sikorav’s
example to demonstrate by a specific example that the image of 9: CE(D,C) —
C°(D, C) is not closed, and thus give a more concrete proof of Corollary [3l

Proposition 4. The weak derivative (¢ f) € CO(D,C) — with f as in (d), and 3
the cut-off function from Section — is in the closure of im0, but not itself an
element of that image.

We first present a ‘classical’ argument using mollification, and then an alternative
approach using the sequence (f,) introduced in Section

4.3. Proof by mollification. We begin by analysing Sikorav’s example a little
more carefully.

Lemma 5. The function f defined in (L) is an element of W?(By,5,C) for any

p € [1,00), and the weak derivatives Of and Of may be assumed to coincide with
the actual derivatives on By \ {0}.

Proof. (i) First we are going to show that the weak 9- and O-derivatives of f are as
claimed. We consider 0f; for 0f the argument is completely analogous. For € > 0,
let x. € C*°(C) be a cut-off function with x. = 0 on B, and y. = 1 outside Ba..
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Set fo = xf € C™(By/2). For any test function ¢ € C(B;/2), integration by
parts gives
@ [ @re=-] 10
By /2 Bys
We may assume that
Oxel < 5
Xel =52

for some constant ¢. For |z| < e and |z| > 2¢, the derivative Ox. vanishes identically.

It follows that ‘
[0xe(2)] < m for z € By \ {0}.

From
ofe = Xa(af) + (aXS)f

we then conclude that

0f(2)] < [0f(2)] + ¢

f(z)

‘ for z € B1/2 \ {O}

Now, df. converges pointwise on B3 \ {0} to df. Hence, provided the functions
f/z and Of are integrable, we can take the limit ¢ N\, 0 in (@) and conclude with
the Lebesgue dominated convergence theorem that

[ ene=- o0
B2 B2

so 0f constitutes the weak J-derivative of f.

(i) It remains to show that the functions f/z, df and f are in LP(B s, C) for
any p € [1,00). Both df and the function z +— 1/log|2|~2 extend continuously to
B, /2, 50 we need only show that

2z — loglog |z|™2, 2z #0,

is in Lp(Bl/Q).
For r € (0,1/2) we have
1

0 < loglogr™2 < logr=2 = 2logr™*,

so it suffices to show that r — log 7! is an LP-function on the interval (0,1/2). In

fact, this function is even LP-integrable on (0, 1), as can be seen by the substitution
t =logr~t, t € (0,00), which yields a transformation to the I-function. For with

r=-e " and dr = —e~*dt we have
1 oo
/ (logr=")"dr = / e tdt =T(p+1).
0 0
We conclude that the function z — loglog|z|~? is in LP(By 5, C). O

For the basic theory of mollifiers we use presently in the first proof of Proposi-
tion [ see [3, Sections C.5 and 5.3].

First proof of Proposition[4] Let p € C*°(C) be the standard mollifier,
1
p(z): Cexp(m> fOI' |Z| < 1,
0 for |z| > 1,

with C € RT chosen such that [, p = 1. Set p.(2) = p(2).

€
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The function f can be defined on By g, so for € < 0.1 we can define the mollifi-
cation f€ = p. * f € C*°(By2) of f, that is,

fe(2) ::/B ps(z—w)f(w)d)\i):/B pe(w) f(z —w)dX2, for z € By s,

where d)\2, denotes the 2-dimensional Lebesgue measure with respect to the vari-

able w. As e\, 0, the function f¢ converges to f in Wl’p(Bl/z,C), and for p > 2

this convergence is uniform in C°(B; /2, C) by the Sobolev embedding theorem.
Since Jf is continuous on B /2, we have

gfazg(pg*f):pg*gfﬁgf

uniformly on El/g as e\, 0.
Now let 9 be the cut-off function defined in Section 3.2] and set

uf (2) = P2 f2(2).
This function is compactly supported in By /5, and we may regard it as an element
of C}(D,C). Then

Iuf(2) = (|22 f2(2) + 9 (|2*)af(2) — ' (|2*)2f () + 9 (|2*)0f (2)
uniformly on D, and this limit equals the weak d-derivative of v f.
But d(¢0f) — regarded as an element of C°(ID,C) — does not equal dh for any
h € Ci(D,C), for otherwise we would have d(¢)f — h) = 0 (in the distributional
sense), which by the regularity of the d-operator would entail that ¢ f — h is of class
C>, contradicting the fact that 1 f is not of class C'. Indeed, any weak solution
uw € L of the equation Ju = 0 is also a weak solution of the Laplace equation

loc
Awu = 0, and hence harmonic (and, in particular, smooth) by Weyl’s lemma. O

4.4. Proof using the sequence (f,). We now give a more explicit construction
of a sequence in imd C C°(D,C) with limit not contained in that image, based
directly on the sequence (f,) presented in Section B.2]

The idea is to interpolate between f, (or rather 4f,) near z = 0 and f outside
a neighbourhood of z = 0 that is shrinking as v — oco. To do so, consider the
continuous function

- . {4t% for 0 <t <1677,

1 forl67v <t<1/2,

which is smooth away from ¢ = 0 and ¢t = 167". Let ¢,: [0,1/2) — [0,1] be
a smoothening of this function at ¢ = 167”. Specifically, ¢, is a function that
coincides with (B]) outside the interval [ﬁ, 1éu], and such that ¢!, is pointwise
at most double the slope of (@), that is,

4
(6) 0< ¢, < ;t%—l for t € (0,167),

and ¢/, (t) =0 for t > 167".
Now set g, (z) = ¢, (|2|?) f(2). This function coincides with f for |z| > 47", and
with 4f, near z = 0. In particular, it is of class C'. We have
9gu(2) = &), (|2*)2f (2) + ¢ (|211)0f (2) for z € By \ {0},
and g, (0) = 40f,(0) = 0 = 9f(0).
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We claim that dg, — 0f uniformly on By /2. To this end we estimate

(7) 109, (2) = 9f (2)] < 1@}, (12*)2f ()| + (6 (|2*) = 1)Of (2)].
Thanks to (@), the first summand is at most equal to 8 times the norm of the first
summand in ([@). With (B]) and the observation that the function r — —rlogr is
monotone increasing on the interval (0,e~!), we see that the first summand on the
right-hand side of (7)) is bounded uniformly by —8 - 167" log 16", which goes to 0
as v — o0.

Regarding the second summand in (), notice that |, (|z|?) — 1] is bounded by 1,
and it is identically equal to 0 for z > 167". It follows that

(60 (12*) = 1)3f (2)] < e [0F(Q] for 2 € By .

Since Jf is continuous with df(0) = 0, this bound on the right-hand side goes to 0
as v — 0o. This proves the claim.

Similarly, d(¢g,) — 9(xf) uniformly in C°(D,C). This second proof of Propo-
sition [l now concludes just like the first one.
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