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Interpolation and Sampling for
Generalized Bergman Spaces

on finite Riemann surfaces

Alexander Schuster and Dror Varolin

Abstract

We find sufficient conditions for a discrete sequence to be inter-
polating or sampling for certain generalized Bergman spaces on open
Riemann surfaces. As in previous work of Bendtsson, Ortega- Cerda,
Seip, Wallsten and others, our conditions for interpolation and sam-
pling are as follows: If a certain upper density of the sequence has
value less that 1, then the sequence is interpolating, while if a certain
lower density has value greater than 1, then the sequence is sampling.

Unlike previous works, we introduce a family of densities all of
which provide sufficient conditions. Thus we obtain new results even
in classical cases, some of which might be useful in industrial appli-
cations.

The main point of the article is to demonstrate the interaction
between the potential theory of the Riemann surface and its interpo-
lation and sampling properties.

1. Introduction

The goal of this paper is to establish sufficient conditions for a uniformly
separated set on a finite Riemann surface to be interpolating or sampling
for a generalized Bergman space of holomorphic functions on that surface.
Let us fix an open Riemann surface X. Much of the geometry used in the
statements and proofs of our results arises from potential theory on X. If X
is hyperbolic, then X admits a Green’s function, while if X is parabolic, then
X admits a so-called Evans Kernel. (See Section 2 for definitions.) After a
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normalization of the latter, both objects are unique, and we refer to either
as the extremal fundamental solution F(z,().! Associated to this extremal
fundamental solution is a distance p(z, () = e®*9 and we denote by D.(z)
the e-disk with respect to this distance. The geometry and potential theory
we use in this paper is discussed in greater detail in Section 2.

To a conformal metric g = e™¥|dz|*> on X, a smooth function ¢ : X — R
and a discrete subset I' C X, uniformly separated with respect to the dis-
tance p above, we associated the following two Hilbert spaces:

B2 = %’i((p,g) = {h € 0(X); ||h||2 = / |h|267@dAg < —i—oo}
X

and

SB%‘ = EB%(QD,Q) = {(‘%)'yef ) Z |57|26_¢(V)Ag(DU(’7>> < +OO} )

vyel

where O(X) denotes the set of holomorphic functions on X,
A S) = / e~ ¥ gdz ANdZ and o=0()= i i;Iélf o7, 7).
s A

Definition 1.1. Let X be an open Riemann surface with extremal funda-
mental solution E, let ¢ be a weight function and g a conformal metric, and
let T' be a discrete set such that o(I") > 0.

1. We say that T is an interpolation set if for every (s,) € B% there exists
F € $% such that for all y € T, F(v) = s,.

2. We say that I" is a sampling set if there is a constant M such that for
all ' € $%,

1 .
7 I1FIIP < Y IF()Pe?PA(D.(y)) < M||F|.

verl’

The potential theoretic data that X comes equipped with gives rise to a
special conformal metric e”|dz|? which we call the fundamental metric (see

Definition 2.3) and which plays a key role in our results.
Let

R 1 X is hyperbolic
X7 400 X is parabolic

'For the sake of brevity, we have been slightly inaccurate. In the parabolic case, we will
end up selecting an Evans kernel for a partial compactification of our Riemann surface.
See the remark in the first paragraph of Section 2 below.
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Definition 1.2. (1) For each locally integrable function f : [0, Rx) — [0, 00)
and each r € (0, Rx), let ¢, :=2m [; tf(t)dt and define &(z,¢) by

(2, C)e "/ TdC A dE = éf(pz(é))lpr(z)(@dpz(é) A #dp,(C),

where 14 denotes the characteristic function of a set A.
(2) For a conformal metric g = e™¥|dz|? on X, we set
Ty =e""Y.
(3) The relative curvature of the metric g = e=¥|dz|? is the (1, 1)-form
Oy =AY — TJIATw

(4) A metric g = e ¥|dz|? on a Riemann surface is admissible if the function

aT¢

2 ._
Dy = P

is uniformly bounded on X.

(5) To every uniformly separated sequence (see section 4 for the definition)
we associate the upper and lower densities

36 (7, 2)
D (T) := limsupsu 2 ’
PO = limawpsip ) oag + 6,01
and 36 (7, 2)
B ) . . s6rl7, <
I =1 f inf : ’
Dy (I') := lim inf inf = (e (Ap +6y)) (2)

Our main results can now be stated as follows.

Theorem 1. Let X be a finite open Riemann surface with fundamental
metric e7V|dz|? and admissible metric g = e~¥|dz|?. Let ¢ be a weight funct-
ion on X such that, for some c > 1, % <e"Ap < c and e’(Ap + Oy) > %
Then every uniformly separated sequence I' C X satisfying D;{(F) <11san
interpolation sequence.

For the case of sampling, we must place an additional constraint on the
metric g beyond admissiblity, namely that ¢ is dominated by a multiple of
the fundamental metric.

Theorem 2. Let X be a finite open Riemann surface with fundamental
metric e |dz|? and an admissible metric g = e~ ¥|dz|? such that e ™ < Ce™
for some constant C' > 0. Let ¢ be a weight function on X such that, for
some ¢ > 1, % < e’Ap < ¢ and e’(Ap + Oy) < ¢. Then every uniformly
separated sequence I' C X satisfying D;(F) > 1 is a sampling sequence.
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Theorems 1 and 2 are generalizations, to the case of open finite Rie-
mann surfaces, of the celebrated results of Seip and Seip-Wallstén [8, 9, 10],
who proved these theorems for the Bargmann-Fock space, of entire holo-
morphic functions in L2(e_|z|2) and the Bergman space, of square integrable
holomorphic functions on the unit disk. The theorems of Seip et al. were
generalized by Berndtsson and Ortega-Cerda [1] to more general weights.
Berndtsson and Ortega-Cerda also gave different proofs, using L? methods.
In this paper, we employ the L? approach as well. In more general contexts,
Ohsawa has studied interpolation problems for L? sections of holomorphic
vector bundles on Stein manifolds [4, 5], using L? methods.

The main point of the present paper is to demonstrate the key role that
the potential theory and geometry of the fundamental metric of a Riemann
surface play in the study of interpolation and sampling on that Riemann
surface. The use of finite Riemann surfaces, as opposed to more general
Riemann surfaces, is to establish certain bounds for the fundamental metric,
and other related potential theoretic objects. We do not know whether these
needed bounds hold in complete generality.
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2. Analytic geometry of Riemann surfaces

Extremal fundamental solutions

We write B

A :=+/—100
for the Laplace operator (with complex analytic normalization). Let 6,
denote the Dirac mass at (. The following definition is standard.

Definition 2.1. The Green’s function G : X x X — [—00,0) on a Riemann
surface X is the function with the following properties.

(a) For each ¢ € X, A.G(z,() = 50¢(2).

(by If H : X x X — [-00,0) is a function with property (a), then
H(z,w) < G(z,w) whenever z # w.

It is well-known that the Green’s function is symmetric.

Recall that an open Riemann surface is said to be hyperbolic if it admits
a bounded subharmonic function and parabolic otherwise. It is well known
that a Riemann surface has a Green’s function if and only if it is hyperbolic.
Property (b) guarantees that the Green’s function is unique.

Definition 2.2. An Evans kernel on a Riemann surface X is a symmetric
function S : X x X — [—00,400) with the following properties.

(a) For each ¢ € X, A,S(z,() = Zéc(2).

2

(b) For each r € R and p € X, the level set {¢ € X ; S(¢,p) = r} is
compact and non-empty.

An open Riemann surface admits an Evans kernel if and only if it is par-
abolic (see [2] or [3, pp. 352]). Moreover, after prescribing (with somewhat
limited possibility) the logarithmic singularity at infinity, the Evans kernel
is unique up to an additive constant.

We shall use the notation £ : X x X — [—o00,log Rx) to denote either
the Green’s function or some chosen Evans kernel, depending on whether
the Riemann surface is hyperbolic or parabolic, respectively.

Remark. In fact, this is not precisely what we will do. Below we will deal
only with finite Riemann surfaces. If such a surface X is parabolic, then
it is a compact Riemann surface with a finite number of points removed.
Thus there is a compact Riemann surface X and points 71, . . ., vy such that
X =X —{y,...,7}. We will take the Evans kernel not for X, but for
some X — 7; for some j. Thus if the surface has only one puncture, then we
have no choice, but if the surface has multiple punctures, we choose one of
these punctures to define our kernel.



504 A. SCHUSTER AND D. VAROLIN

We shall refer to E as the extremal fundamental solution for X.
Using the extremal fundamental solution, we define

p-(Q) = eP*O D.(2):={CeX; p.({) <e} and S.(z) =0D.(z).

The fundamental metric

Definition 2.3. The fundamental metric e™”|dz|? is given by the formula

e Hdz Ndz = %im dp-(¢) A dp.(Q).

Note that any solution of the equation

AE(z,¢) = m0(¢)

locally has the form

for some function h(z,() that is Harmonic in z. If E is symmetric, then so
is h and thus h is also harmonic in (.
Now,

op-(Q) = p=(Q) <;|<j—_<<|2) * W@? O) “

—(z — Oh

It follows that
v(z) = =2h(z, z) + 2log 2.

Green’s Formula and mean values

Recall that on a Riemann surface with a conformal metric e ¥|dz|?, the
Hodge star operator simplifies somewhat when expressed in analytic coor-
dinates z = x + /—1y: if f is a real-valued function, a = o dx + apdy is a
real 1-form and Odx A dy is a real 2-form, then one has

xf = fdAy = eV fdx A dy
*(a1dr + agdy) = —adx + andy
*(0dx A dy) = e¥0.
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Using these formulas, we have 2A = d x d, and Green’s formula can be
written

(2.1) 2/DfAh—hAf: 8Df>x<dh—h>x<df.

Let X be an open Riemann surface and ¥ CC X an open connected
subset whose boundary consists of finitely many smooth Jordan curves. It
is well known that the Green’s function Gy for Y exists and is continuous
up to the boundary. Moreover, the exterior derivative d(Gy((,-)) is also
continuous up to the boundary.

Remark. One can construct the Green’s function Gy from the extremal
fundamental solution £ of X as follows. Since Y has smooth boundary, the
Dirichlet Problem of harmonic extension from the boundary can be solved
on Y. We then take Gy ((,2) :== E((, 2) — h¢(z), where h¢ is the harmonic
function in Y that agrees with E((,-) on the boundary of Y.

We write H, ¢(2) :== Gp,()(¢, 2). In fact, the function H, ¢ has a partic-
ularly simple form in terms of the extremal fundamental solution E:

(2.2) H,.(z) = E(z,{) —logr, ze€ D,(C).

Moreover, in this case we don’t need to assume that r is a regular value

of pPe-
Putting D = D,(z) and h = H,, in (2.1) and using the definition of

Green’s function, we obtain the following lemma.

Lemma 2.4. Letr < Rx and ( € X. Then

(2.3) onflz)= [ fedb.+ / H..Af.
S,«(z) 7(2)
In particular, if f is subharmonic, then
1
2.4 f(z) < — fxdE,
(24) S

with equality when f is harmonic.

Let &, be as in Definition 1.2. Then for any function F, we have

1
/ F(w>£r<zu w>€7y(U)) V-ldwNdw = — Ff(pz)dpz A *dpz
X

r J Dr(z

¢ )
1 T

= —/ tf(t) </ F*dEZ> dt.
Cr Jo Si(z)

Thus, in view of (2.4) of Lemma 2.4, we have the following Lemma.
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Lemma 2.5. If h is subharmonic then

(2.5) h(z) < / & (z,w)h(w)e ™™/ =1dw A di
X

with equality if h is harmonic.

Ohsawa’s L? estimates for &

In our proof of the interpolation theorem, we require a theorem for solving 0
with certain L? estimates. The theorem we need is slightly sharper than
Hormander’s Theorem, due to Ohsawa.

Theorem 2.6 (Ohsawa). Let X be a Riemann surface with conformal metric
e ?|dz|?, V. — X a holomorphic line bundle with smooth Hermitian metric
e~ %, and T a positive function. Suppose that for some €, > 0,

e¥ (TA(cp +v¢) — AT — 5@) > 4.

Then there exists a constant C' = Cs. such that for any V -valued (0, 1)-form
a satisfying

/ e ?vV—laNa < oo,
X

the equation OU = « has a solution satisfying
€_<P
/ \UP—dA, < c/ e ¥V —1laAa.
X T X

In the case of Riemann surfaces there is a short proof of Ohsawa’s the-
orem. Since a short proof is not easily accessible in the literature, we shall
give one here.

Proof of Ohsawa’s Theorem. Let us first endow V — X with the Her-
mitian metric e=¢ = Te~¥. With

V(hdZ) := (hs + ¥:h)dz®*

denoting the covariant 0 derivative, a straightforward calculation shows that
the formal adjoints 0* of 0 and V* of V are given by

(2.6)
_ - oh O _ _ oh  0¢ _
* N I * ®2 — _ W o
0" (hdz) = —e <0z % h) and V*(hdz®?) e <_(?z % h) dz.

Using these, another calculation shows that

90* 3 — V*V B = e’ A(€ + )3,
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and thus one has the identity

27 08I = IVBIP + (" A€ +0)B. ), 5 € " (X).
Now,
(2.8) AE = Ay — %AT+\/—1877A287,
and formula (2.6) implies that
S0 9oy A 107
(2.9) 0¢ (hdz) = 0 (hdz) — ;@h

Substituting (2.8) and (2.9) into the identity (2.7), we obtain
N0;011F = [IVBIIE+ <e¢ {A(gp ) — Az 4 1o }5 5)
(0T,0) 112 * 67’6
—||==]|¢ + 2Re (O
12522 + 2Re (8, 2527 )

— [[VBIE+ (¢ {Alp +v) — &7} 8, 8), + 2Re (9,5, 222

Substituting e = 7e™", we have the so-called twisted Bochner-Kodaira
Identity:

(2.10) [WTOBll5 = [IVTVBIIE + (" {rAlp +v) — AT} B, 5)
+2Re (5:;{3, (87,5))@

The Cauchy-Schwarz inequality applied to the last term of (2.10) then shows
that for any € > 0 we have

(211) 1+ OIVFLBIL > (¢ {rale +v) — Ar —2E ) 5.5)
Letting Tf := 0(\/7f), we can rewrite (2.11) as
(212) |G > C. (& {rA(p+ ) — A7~ 15 5)
Suppose now that for some £ > 0 there is a § > 0 such that one has
v (TA(¢+¢) —Ar —g@) > 6.

The from (2.12) and the fact that smooth compactly supported (0, 1)-forms
are dense in the domain of 7™, we obtain

(2.13) |T*BI15 = ClIBILE.
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A standard Hilbert space argument yields a function f such that

Tf=«
with the estimate
(2.14) [ 15peeia, < Cllal
Letting U = /7 f completes the proof. |

3. Examples

The Euclidean plane

Consider the Euclidean complex plane (X, g) = (C, |dz|?). The generalized
Bergman space in this situation is

BIF? = {h € O(C) ; |[h|f2 = / |h|?e"?dm < —i—oo},
C

where dm is Lebesgue measure in the plane, and

Bf* = {(37) CC; (s} =Y Isye P < +OO}-

vyel

The space %.%? is sometimes called generalized Bargmann-Fock space. When
©(2) = |z|* we obtain the classical Bargmann-Fock space.

The plane is a parabolic Riemann surface. The Evans kernel in C is
unique, up to an additive constant, and is given by F(z,() = log |z — (| if
we require £(0,1) = 0. Thus p.(¢) = |z — (| and the disks D,(z) are simply
the Euclidean disks |z — (| < 0. A simple calculation shows that

_ 1 V-1 _
Vv —1(9,0Z(€) A apz(g) = dez(C) A *dpz(g) = ng A dC,
and thus the fundamental metric is just a multiple of the Euclidean metric.
The upper and lower densities are given by

. fllz =)
D} (T) = lim sup sup -
! r—oo zeC IND,(2) QASD f() tf<t)dt

and

_ flz=7D
f r—00 z ! ’
LS 20p [; tf(t)dt

I'm
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If we choose as our locally integrable function f the constant function,
we recover the results of [1]. However, by making other choices, we can get
other sufficient conditions that, although not necessary, might be of use in
some applications.

For the sake of simplicity, we will consider in the following examples only
the classical Bargmann-Fock space.

Example 3.1. (i) Let f(¢) = e7*. Then T is interpolating if for all r > 0,

sup Z e Pl < 2

#€C 1D, (2)

and sampling if for all r > 0,

inf e 1l > 2,
zeC
I'NDy(2)

Integration by parts, together with a standard argument shows that I' is
interpolating if
o ds
sup/ #(I'N Ds(2)— < 2
zeC Jo e’

and sampling if

nﬁ/m#@m04@€§>z

zeC

(ii) Let fo := 1. We then obtain:

If a >1/v2 f and every disk of radius a contains at most one member
of T, then I is interpolating.

If a < 1/v/2 and every disk of radius a contains at least one member
of I, then T is sampling.

The disk

The unit disk D is a hyperbolic Riemann surface. Its Green’s function is

z2—=C
1— 2

E(za C) = log |¢z(§)|a where ¢Z(C) =

is the standard involution. Thus p,({) = |¢.(¢)| and the disks D,(z) are the
well-known pseudo-hyperbolic disks. Standard calculations show that

(L= (0
T

1— |z
=
so we have v(¢) = —log4 + log(1 — [¢|*)2.

|dp(Q)* =
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We endow D) with the metric g = (1 — |2]?)7!|dz|?, and thus obtain
T =1(1— o), Dy =gl
and

1 _ _
@Oy = 1(1— XAy — 7 AT
(1 —[21*)? |2

= - ) =

We also have
Ag(Dy(7)) = Co(1 = 7).

Thus our Hilbert spaces are

B = {h cOD) ; /D|h|26“’(12l%|2) < +oo}

%920 { Z 557 PP (1 = |7*) < +OO}-

verl

and

Finally, we let
Y=o — log(l - |Z|2>7 AQDO > 0.

Observe that
1

>
Yo > 0.
(1—]z2)?

A(,O—F@w:AQDO—Q—

Thus the densities are given by

f(o-(7)(1 = p.(7)?)?
((1 = [22)2Ap,(2) + (1 = [2]2)) [; tf(t)

Dy (') = limsupsup g
r—1 zeD
p=(Y)<r

and
Y = Bemicf i Flp=(7) (L = p.(7)%)?
D) = it D A ) + (= ) T

pz(y)<r

If we take log t
_ _—log
f(t)_ (1_t2>21[%,1)a

we find that Theorems 1 and 2 recover the results from [1].
Again for the sake of illustration we will consider below only the classical
unweighted Bergman space, which is obtained by setting ¢ = —log(1—|z|?).
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Example 3.2. (i) Letting f = 1, we see that I' is interpolating if

sup Z(l —p.(v)??* <1
z€D

and sampling if
inf » (1—p.(7)%)*>1.

z€D
(i) Letting f(¢) = (1 — ¢*)~2, we see that T is interpolating if

lim sup sup #(IN Dr(2))

— <1
r—1 zeD Ahyp(Dr(z))

and sampling if
lim inf inf M > 1,
r—1 zeD Ahyp(Dr(z))

where . dm(2)
m(z
Anyp(Dy(2)) = o /D‘(Z) (1—z[2)?

denotes hyperbolic area of D,.(z).
(iii) Let f, := 1j9,4). We then obtain:

Ifé > % and ' has at most one point in every disk of radius ¢, then I’
is interpolating.

Ifo < Lz and every disk of radius 0 contains at least one member of T,
then I' is sampling.

4. Finite Riemann surfaces

Definition and construction of finite Riemann surfaces

Recall that a finite Riemann surface is a two dimensional compact manifold
with boundary, possibly with a finite number of points removed.

There are two types of finite Riemann surfaces. One type has boundary
having only punctures and no one dimensional components, while the other
type also has at least one smooth codimension-1 boundary component. The
first type of is always parabolic (unless it has no punctures, in which case it
is compact) while the second type is always hyperbolic.

An alternate description of a finite Riemann surface X can be given as
follows: X is a (not necessarily compact) manifold with compact boundary,
and in addition X can be decomposed as

N
X = Xcore U U Uja

=1
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where X is a compact manifold with smooth boundary, and each U;
is biholomorphic to a punctured disk whose outer boundary is one of the
smooth boundary curves of X.oe. (Of course, X, may have some other
boundary components that do not meet one of the U;.) The U; correspond
to the punctures.

While every finite Riemann surface with no one dimensional boundary is
obtained from a compact Riemann surface by removal of a finite number of
points, there is an almost equally simple way to construct hyperbolic finite
Riemann surfaces; simply take a compact Riemann surface and remove a
finite number of smooth Jordan curves so that the resulting surface as two
components. Then either component is a finite Riemann surface, and one
can further remove any finite number of points.

In fact, all finite Riemann surfaces are of this type. Indeed, we can fill
in the punctures complex analytically (since they are just punctured disks)
to obtain a compact Riemann surface with boundary

N
X = Xcore ) U 7]'7
j=1

and then form the so-called double of X. For more on this well-known
construction see, for example, [7].

Analytic-geometric properties of finite Riemann surfaces

Theorem 4.1. Let X be a finite Riemann surface with extremal fundamental
solution E. Then for each sufficiently small o € (0, Rx) there is a constant
C = C, such that for all z € X and all ( € D,(z) the following estimate
holds.

1
(4.1) oS " op.(Q)F < C.

Remark. As we have already pointed out, locally one has

E(’Zv <) = lOg |< - Zl + h(Z, <)7
and thus p.(¢) = |z — ¢|e"*¢). Differentiation then gives

09.6) = =2 e) (L4 (= Q0uh.0) )

so that 4e (©) = 200 and
2

9h(z, C)
a¢
In particular, the right hand side of (4.2) is well defined, since this is the

case for the left hand side.

(12)  O1op(QF = MO |1y a(g )
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Proof of theorem 4.1. We shall break up the proof into the hyperbolic
and parabolic case.

(The case of bordered Riemann surfaces.) We realize X as an open subset of
its double Y. Since X = X U 0X is compact, it suffices to bound the right
hand side of (4.2) in a set U N X, where U is a coordinate chart in Y. For
coordinate charts whose closure lies in the interior X, it is clear that this
can be done. Indeed, if U CC X and z,{ € U, then h is a smooth function
that is harmonic in each variable separately, and p,({) =< |¢ — z| uniformly
on U. Thus by taking o sufficiently small, we obtain the estimate (4.1) for
all z € U and ¢ € D,(z). We thus restrict our attention to the boundary.

There are two types of boundary points; zero dimensional and one di-
mensional. However, the Green’s function ignores isolated zero dimensional
boundary components, since they have capacity zero. (In particular, the dis-
tance p, fails to be proper when there are punctures.) Thus we may assume
that there are no punctures.

Let U C Y be a coordinate neighborhood of a boundary point x € 0X.
By taking U sufficiently small, we may assume that U is the unit disk in the
plane, that U N X lies in the upper half plane and that 0.X lies on the real
line. It follows that the Green’s function is given by

E(z,¢) = log|z — (| —log|z — (| + F(=,(),

where F'(z,() is smooth and harmonic in each variable on a large open set
containing the closure of U. Indeed, the Green’s function for the upper half
plane is log |z — (| — log |z — (|. The regularity of F' then follows from the
construction of Green’s functions on finite Riemann surfaces using harmonic
differentials on the double. (See [7, §4.2].) It follows that in U,

5 Oh(z,€) 1 OF(z,() IZ—CI
o~ z-¢tiTac o A0y
Thus
Oh(z,() |z — (| OF(z,()
‘2“”) o ‘ < gtk _C" ‘
|_C| /
C C'p,
< |—C|< p=(¢),

where the constant C” depends only on the neighborhood U. The proof in
the hyperbolic case is thus complete.

(The case of compact Riemann surfaces with punctures.) Let E be the chosen
extremal fundamental solution of X. Fix p € X and choose r so large that
the set X — D,(z) is a union of punctured disks Uy, ..., Uy. We may think
of each U; as sitting in C, with the puncture at the origin.
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Since D,(z) CC X, each x € D,(z) has a neighborhood U for which
the expression (4.2) is bounded above and below by positive constants, de-
pending only on U, whenever p,({) < o for some sufficiently small o again
depending only on U. Indeed, in any such neighborhood the function A is
very regular, and p,(¢) is uniformly comparable to |z — (].

Next, for all but one of the punctures, our kernel is again regular by our
choices. (See the remark in the first paragraph of Section 2.) Thus we may
focus on the one puncture where we have a singularity, which we call Uj.

For z,( € Uj, the Evans kernel has the form

(4.3) E(z,¢) = log|z — (| —log |¢[ + F(z,¢),

where F'(z, () is smooth across the origin (see [3]). Indeed, using the method
of constructing harmonic differentials with prescribed singularities (see [7,
§2.7]) we can construct a function with the right singularities, defined every-
where on X. Such a function clearly can be written in the form (4.3) near
the puncture. Thus by the uniqueness of the Evans kernel for a surface with
a single puncture, this function must differ from E by a constant.

It follows that in U,

Oh(z,() 1 0F(z()

h(z,() —h((, () ~1, 2 =——4+ —<
(:0) = h(¢.0) =
e 2= ¢
Z J—
Thus
2(¢C—= < + 2z = (| |———=
(¢ - 92 a2
|z — ¢l
< C
Iq
< C//)z(ov
where again the constant C” depends only on the neighborhood U. The
proof of Theorem 4.1 is thus complete. |

Proposition 4.2. Let X be a finite Riemann surface. Then there exists a
constant C' such that, for sufficiently small o > 0 and all z € X,

(4-4) sup exp (é —G(w,g)e”(C))

we Dy (2) T JDay(z)

<C inf )eXp <é —G(w,()e”(o> < +00,

weDy (2 T J Doy (2)

where G is the Green’s function for the domain Do, (2).
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Sketch of proof. Once again we can use compactness properties of finite
surfaces. The finiteness of the integrals in question is easy, since extremal
fundamental solutions have only a logarithmic singularity, and are thus lo-
cally integrable. Thus we restrict ourselves to estimating near the boundary.

The local analysis used in the proof of Theorem 4.1 shows that, near the
boundary, the disks D, (z) are simply connected and that the metric e™ is
equivalent to the Poincaré metric of the disk in the hyperbolic case, and the
metric |z|72|dz|? in the parabolic case.

The hyperbolic case follows from the fact that the Green’s function
G(w, ¢) is comparable to the Green’s function of the disk. In the parabolic
case it is easier to work with the complement of the unit disk rather than
the punctured disk. Then the metric e™ is comparable to the Euclidean
metric, the Green’s function G(w, () is comparable to the Green’s function
of the plane, and the necessary estimate follows as in the Euclidean case.
This completes the sketch of proof. [ ]

Lemma 4.3. Let X be a finite Riemann surface. Let o > 0 be a fized,
sufficiently small constant. If ¢ is a function for which €Ay is bounded

above and below by positive constants, then there is a constant C' = C, such
that, for all z € X and all w € D,(z),

(45) exp (f ~G(0,08¢(0)) < C

T J Dag(2)
Proof. By Theorem 4.1, Proposition 4.2 and the boundedness of Ay, it

suffices to prove the result when Ap(¢) = dp.(¢) A *dp.(¢) and w = z. In
this case, it is easy to show that the integral is equal to 802. |

The next result we will need is a global version of the Cauchy estimates
on a Riemann surface with Riemannian metric.

Proposition 4.4. Let X be a finite Riemann surface and let g be a con-
formal metric for X. Then for every o € [0, Rx) and € > 0 there ezists a
constant C. , such that for any v € X the following Cauchy estimates hold.

(4.6) sup |h? < C., [ |h]?dA,,
DE(CC) DU(Z’)
and
(4.7) sup |0p.| 2N > < C.p | |B|?dA,.
Ds(m) Do(fE)

To establish Proposition 4.4, we need the following lemma.
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Lemma 4.5. Let X be a finite Riemann surface. Then for every x € X
there exists a function K* : X x X — R such that the following hold for any
o€ [0, Rx)

L. In the sense of distributions, A, K*(z,() = 56.(C) for all z,¢ € Dy(x).

2. For every e < o/4 there exists a constant C. , such that for any x € X
the following estimates hold:

Ops OK*(2,¢) |
4.8 su / e? '—7 <C.,
(48) zEDEI:()I) Vo (2) o¢ ¢ ’
- PE*(z )|
4.9 sup |0p.(z 2/ e?10p, |2 | ——22 | < C.,
49) s o [ | ,

Here V,(x) := Dy () — Dyja().

Sketch of proof. In the case of a bordered Riemann surface with a finite
number of punctures, one can find a function K* that does not depend on
the point x. This is done as follows. Let Y be the double of X, and fix
any smooth distance function on Y. We let X. be the set of all x € Y
that are a distance less than ¢ from X. For e sufficiently small, X, — X
is a finite collection of annuli whose inner boundaries form the boundary
of X. We may take for our Cauchy-Green kernel the Green’s function of X..
We leave it to the reader to check that the relevant estimates hold.

In the case of an N-punctured compact Riemann surface, one decom-

poses X as
N

X = Xeore U U
j=1
where X o is a bordered Riemann surface, and each U; is a neighborhood of
a puncture biholomorphic to the punctured disk. Each surface in the union
has a Cauchy-Green kernel by the construction in the bordered Riemann
surface case, and thus we are done. |

Proof of Proposition 4.4. Let f €C5°(D,(z)) and write KZ(¢)=K*(z,().
Applying formula (2.1) with A({) = KZ((), we obtain

z

)= [ K*ddf = | Of nOK®.

2 Do (2) Do (2)

Now let € < ¢/4 and let x € C5°(]0,30/4)) be such that

5
X|[0,0/2] =1 and sup|Y'| < —.
o
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If h € O(Dy(x)), then with z € D.(z) we have

(4.10) bz) = [ I(p2)0p. 1 0K

Dg(z)
An application of the Cauchy-Schwarz inequality and the estimate (4.8) gives
the inequality (4.6), while differentiation of (4.10) followed by an applica-
tion of the Cauchy-Schwarz inequality and the estimate (4.9) gives inequal-
ity (4.7). |

Remark. Note that were it not for the requirement that C. , be independent
of x, Proposition 4.4 would follow without (4.8) and (4.9).

Discrete subsets in finite Riemann surfaces

Let X be an open Riemann surface. Our work on sampling and interpo-
lation sequences requires the notion of the separation of a sequence. For a
measurable subset A C X, let

D,(A) ={w e X ; we D,(a) for some a € A}.

We define two separation conditions on a sequence I', both of which are given
in terms of the distance induced by the extremal fundamental solution.

Definition 4.6. Let I' C X be a discrete set.

1. The separation constant of I' is the number

o(T') = sup{r; D,(v)ND,(y) =0},
and say that I' is uniformly separated if o(I") > 0.

2. We say I' is sparse if there is a positive constant N, ., depending only
on 0 < r,e < Ry, such that the number of points of I' lying in the set
D,(D.(z)) is at most N, . for all z € X.

In both the complex plane and the unit disk, the triangle inequality
allows one to estimate the diameter of a set D.(D,(a)) in terms of € and r,
and thus show that a uniformly separated sequence is sparse.

Such an diameter estimate can always be found if it is allowed to depend
on the base point a. This situation can be made uniform when X is a finite
Riemann surface. As in the proofs of Theorem 4.1 and Propositions 4.2
and 4.4, we can take advantage of the compactness in the picture. In par-
ticular, we have uniform estimates if we have them in neighborhoods of the
boundary. But on the boundary, the potential theory of X is either like that
(near the boundary) of the upper half plane or (near infinity) of the plane,
where we know, from triangle inequalities in those cases, that the needed
estimates hold. We thus have the following proposition.
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Proposition 4.7. In a finite Riemann surface X every uniformly separated
sequence 1s sparse.

Remark. We do not know whether Proposition 4.7 holds if one removes the
finiteness condition.

5. Compact Riemann surfaces

Cohomological criterion for interpolation and sampling

Let X then be a compact Riemann surface and let V' — X be a holomorphic
line bundle. We denote by V, the fiber of V over x € X. Then I is
interpolating if and only if the evaluation map

(5.1) H(X,L)3s— > s(v) e PV,

is surjective, and sampling if and only if (5.1) is injective.

Let A be the line bundle corresponding to the effective divisor I'. One
can understand the situation completely using the short exact sequence of
sheaves

0 — Ox(L® A") — Ox(L) - PV, =0,
vel
where V,(U) =V, if v € U and V,(U) = 0 if v ¢ U. Passing to the long
exact sequence, we have that
0 — HYX,L®A)-SHX, L) @V, H (X, L® AY)
~yel'

SLHY(X,L) — ...

We see that e is injective if and only if Image(ig) = {0} and surjective if
and only if 4; is injective, i.e., Image(dy) = {0}. We then have the following
proposition.

Proposition 5.1. Let X be a compact Riemann surface of genus g, I' C X
a finite subset and L — X a holomorphic line bundle.

1. If #I' < deg(L) + 2 — 2g, then T is interpolating.
2. If #1" > deg(L), then T is sampling.

Proof. To establish 1, note that by Serre duality, h' (X, LoA*)= h°(X, Kx®
A ® L*), and the latter vanishes if

#I+29—2—deg(L) =deg(Kx ® A® L*) < 0.
Similarly, if deg(L) — #I' = deg(L ® A*) < 0, then h°(X, L@ A*)=0. A
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Analytic proof of Proposition 5.1(1)

Part (1) of Proposition 5.1 can also be proved using Theorem 2.6. Because
it is similar to the proof of our main interpolation theorem, we sketch this
method here.

Let > v, € @V,. First, observe that there is a smooth section n of L
such that n(y) = v, for all v € I'. In fact, by the usual cutoff method, we
can take n supported near I' and holomorphic in a neighborhood of T'.

Fix a conformal metric e ¥|dz|?> on X. Let 7 be the canonical section
of A corresponding to the divisor I'. By the degree hypothesis, there is a
metric e~% for the line bundle L ® A* such that the curvature v/—199(p+1))
of L ® A* @ K% is strictly positive on X. Then e~#/|7|? is a singular metric
for L such that the curvature current of e~ (**¥) /|7|2 is still strictly positive
on X. Moreover, since n is holomorphic in a neighborhood of I'; we have
[ 10n?|7|2e7¥ < +00. By Hormander’s Theorem there is a section u of L
such that Ju = Jn and [, |u|?|7|"%e~®*¥) < +oo. But since 7 vanishes
on I'; so does u. Thus o = 1 — u is holomorphic and solves the interpolation
problem. |

Remark. We note that if e™¥ is a metric for a holomorphic line bundle L,
then

1
deg(L) = E/XAQD.

This fact shows the resemblance between Proposition 5.1 and our main the-
orems.

6. Functions and singular weights

A local construction of a holomorphic function

In the proofs of Theorems 1 and 2 we will need, for each v € I', a holomor-
phic function defined in a neighborhood of v and satisfying certain global
estimates. For reasons that will become clear later, the size of this neigh-
borhood cannot be taken too small. As a consequence, we must overcome
certain difficulties presented by the topology of the neighborhood.

Lemma 6.1. Let X be a finite open Riemann surface. Assume e’Ay is
bounded above and below by positive constants. Let I' be a uniformly sep-
arated sequence. Then there exists a constant C = Cr > 0 and, for each
v € I', a holomorphic function F, € O(D,(7)) such that F,(v) =0 and for
all z € D, (),

(6.1) éew(w) < }6*90+2Fq} < Ce ¥,
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Proof. Let G be the Green’s function for the domain D, (7). Consider the
function

1
@i [ -G 0a)
T D2U('Y)
By Green’s formula, we have that
1
2T,(2) = ~0(2) + 52 [ PO+ G 0)
27 Js20(9)

We claim that the harmonic function

hy = [ p(0) % deG(z,Q)

I 27r 520 (7)

has a harmonic conjugate, i.e., it is the real part of a holomorphic function.
Indeed, if C is a Jordan curve in D,(7), then

(6.2) /C wdh,(z) = % [ o0 ( /C *dZG(z,g)).

Since Sy,(y) NC = 0, the function z — G(z,¢) is harmonic and thus
xd,G(z, () is a closed form. It follows that the term in the parentheses on the
right hand side of (6.2) depends only on the homology class [C] € H,(X,Z).
Since Hq(X,Z) is discrete and *d,G(z, () is continuous in (, we see that the
right hand side of (6.2) vanishes, as claimed.

Let

H,=h,+vV-1 />x<dh7
¥

be the holomorphic function whose real part is h., and let F, := H,—H,(v).
We have

0(7) = w(2) + 2Re E(2)] = 2|5, (v) = T, (2)] < 2[T5(7)[ + |5, (2)].

Taking exponentials and applying Lemma 4.3 completes the proof. |

A function with poles along I

For z,( € X and r < Ry, let
I(¢,2) = &(C,w)E(w, 2)e™" ™/ —1dw A dw

= 2w (/St(C)E(w,z)*dEc(w)) dt.
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Since F is a fundamental solution to the Laplacian,

CONTCE) = G [ &G o) = F6(C )

Next it follows from (2.5) that, since E(+, z) is subharmonic, E((, z) < I((, 2)
and, since E(-, z) is harmonic in the region {w € X : pc(w) > r}, E((,2) =
I(¢, 2) if p,(¢) > r. Moreover, in view of (2.2), an application of (2.3) shows
that

1
T Js:(¢)
We see that

T p=(¢) T
1¢2) = i—(log@z(o) st /tf(t)logtdt>

T p=(¢)
if p.(¢) < r. Note that
1 T
= [ uw log<t>dt' <D,

Cr =2(¢)

where D, depends only on r. We then have

1S, 2)] < Korp2(C) [log(p=(C))| + D

for all z,( € X satisfying p,(¢) < r. Since the expression on the right hand
side is bounded by a constant that depends only on 7, we have

(6.3) (¢, 2)] < G,

whenever p,(¢) < r.
Let I' be a discrete sequence. We define the function

UT(Z) = Z (E(”V,Z) - ](772)) :

verl’

By the preceding remarks, v,.(z) < 0 and

v(z)= Y (Bly,2) —1(7,2)).

~yeI'NDy(2)
Moreover,
s
(64) GVAUT = 5 Z(GV(SV - 67’(’% ))

~yel'
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Writing
Xre = {z € X ; minp,(z) > 8} ,
~yel'
we have the following lemma.

Lemma 6.2. Let I" be a sparse, uniformly separated sequence and let & <
o(I"). The function v, is uniformly bounded on Xr.. Moreover, v, satisfies
the following estimate: if v € I' and p,(z) < o, then

(6.5) vy (2) —log py(2)] < Cie.

Proof. Let z € Xt .. Since I' is sparse, there are at most N = N, o members
of I', say 71, ...,7n, lying in D,(z), and so

N
|vr (2 |<Z|E%, A+ (v 2)) <D (log(p=(1)] + Cr) -
7j=1

7j=1

Note that the number N does not depend on z. Since € < p,(y;) < r, the
term involving the logarithm has a bound that depends only on € and r. We
thus see that v, is uniformly bounded on Xr ..

Let v € T". Since I' is sparse, there are at most N = N, . elements of
I that lie in D, (D.(v)). We write I' N D,.(D-(v)) = {m,-..,7n}, where
v1 = 7. Again, N does not depend on z. Then

[vr(2) — log p.(7)] < (Z |E(75,2)| + Z If(vj,2)|> +|E(y, 2) —log p.(7)]-

The first sum is bounded because o(I') < p,(y;) < r for j =2,...,N. The
second sum is bounded by (6.3), and the third term vanishes. This completes
the proof of the lemma. [ |

A function with bumps along I

Let
dAg(C) :==dp,(¢) N *dp,(¢) and Ag.,(D):= /DdAE,,Y.

Given a distribution f, we consider its regularization

1 /
fdA7
Ap(Do(2) Jp.o? 07

using the area element dAg -, where v € I
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Observe that

Aps(De(7) = / dpy N xdpy = / pydpy N*dE(7, )
=(7) De(v)

(6.6) = / t </ *dE (7, -)) dt = 27r/ t dt = 7e?.
0 St() 0

Consider the function

be(2) = 13 =5 [ (BG )~ 16, 2) dAss(0)

~er e <(7)
where 0 < ¢t < 1.

Lemma 6.3. The function v,. has the following properties.

(1)

e’ Avre(z) = tz |dp7 )|21D5(z)

~yel'
: /
—t — gr(', Z)dAEW.
; 2¢ Jp.()

In particular,

llin(]e A'Ur,a = tz 57’ Y ))

vel

in the sense of distributions.
(2) There exists a positive constant C, . such that
(6.7) zeX = —C.<v.(2)<0

and for any v € T,

(6.8) py(2) <e =

weld) -5 [ B¢ z)dAEﬁ@)\ <c,.

e v)

Proof. 1. The formula for the Laplacian is a straightforward calculation,
and the limit is a standard consequence of the regularization of currents.

2. Since E((,z) = I(¢,z) whenever p,({) > r, we have, in view of for-
mula (6.6),

= Y L /D (E(C.2) — I(G. 2)) dAga(0).

2
’yEDg(D»,»(z)) me 5('7)



524 A. SCHUSTER AND D. VAROLIN

Choose v € I'. Since T is sparse, there exist 71,...,7y € I' = {7} such that
for all z € D.(7)

t
Vre(2) = — E((, z)— dAg -
() /Dm)( () — I(C, 2))

Te?
g —I(¢ dAg .
m‘?/s(w (€2 R

Moreover, N is independent of v, and depends only on r and €. It follows
that

t
Vre(2) — —Z/E(~,z)dAE,Y

e JDe()

< [ |dAE7+Z / N+ 11 2)]) dAg.,.
57]

7T€ D, ('Y

We have estimates for I((, z) as in the proof of Lemma 6.2, and since, by
uniform separation, p,(¢) > o for any ¢ € D.(v;), we can estimate the right
hand side by a constant that depends only on r. This proves (6.8), and (6.7)
follows from (6.8), Lemma 6.2 and the fact that v, <O0. |

Lemma 6.4. For any z € D.(7),

1 1 1
(6.9) —AE,W(DE(’V)) /Diigz, ()dAg~(¢) <log . + 3

Proof. Observe that if z € D () and t € (0, <], then

/ xdcE(z,() = / de x dcE(z,() = 2mlp, ) (2) < 27.
S5¢(7) Di(v)
Applying Green’s formula (2.1) with f = E(z,-) and h = E(v, ), we obtain

/ E(z¢) *dcE(7,() = / E(v,¢) # deE (=, 0).
St () St(7)
We thus have

—/logpzdpw*dpv = —/ t(/ E(z,C)*ch(%O) di
Ds(')/) 0 st(V)
= - [e( [ Ee0iEeo)a
0 St(v)
= —/ tlogt (/ xdcE(z, ()) dt
0 St(7)
€ 1
< —2%/ tlogtdt = me? <§ —log6> )
0

The lemma now follows from (6.6). |
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7. Proof of Theorem 1

Let (s,) €Bi(yp,g). We first construct a smooth function n€ L*(X, e ?dA,)
that interpolates (s,). To this end, let x € C§°(]0, o)) satisfy

0<x<1, x]|[0,0/2]=1 and |X/|§§.
o

We define

n(z) = ZX °© pv(z)SWGFW(Z)a
verl

where F, is as in Lemma 6.1. Observe that n(vy) = s, for all v € I, and that

/XlnlzewdAg = Z |57|2/

) |x © p,y|2 }€2F”7<P‘ dA,

’YEF DU(’Y
< O [sy?e PN Ag(Do () < +00.
~yel'

Next we wish to correct n by adding to it a function U that lies in
L*(X,e ¥dA,) and vanishes along I'. The so-called Hormander-Bombieri-
Skoda technique is to solve the equation OU = dn with singular weights,
using Theorem 2.6. We will use the singular weight ¢ := ¢ +v,.. Lemma 6.2
implies that ¢ is comparable to ¢ on the support of 97, which lies in V,(v) :=
Dy(v) — Dg (7). One computes that

(7.1) =" X'(py)0pysse™.

vyel

and thus we then have the estimate

_ . C - _
[ 0P < S I e [ jop

~erl Vo ()
C _ _— _
< S lsPee [ g e
~erl Do ()
< C/Z|57|26@(7)/ e
’YEF DO’(’Y)
< +00,

where the first inequality follows from Lemma 6.1 and the second to last
inequality follows from (4.1).
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Since Dy (T') < 1, there exist 7 < Rx and ¢ > 0 such that

e"(Ap+0y) = e (Ap+0y,)+e"Av,

> e"(Ap+0y) <1 - Z %)

> 0e’(Ap+ 0y),
where the first inequality follows from (6.4). It follows from the admissibility

of the metric e ¥|dz|? that for ¢ > 0 sufficiently small there exists § > 0
such that
)
£

~ or,
— ¢ (rul(AG + A) — Ary — —|%

N AT, €
¥

oty
0z

2>>5.

By Ohsawa’s Theorem 2.6, there is a function
Ue L*(X,e ?dA,) C L*(X,e ¥dA,)
such that OU = 0. Moreover, since

S
|z —~|?

for z sufficiently close to v, we see that U(y) = 0 for all v € I'. Thus the
function

f=n-U¢€B%(e.q)

interpolates (s,), and the proof of Theorem 1 is complete.
8. Proof of Theorem 2
Let ¢ := ¢ + v,¢.
Lemma 8.1. Let g=e ¥|dz|? be an admissible metric. For each h€ %% (p,g),
(8.1) / W2 %¢ (Ap + ©,)dA, > 0.
X

Proof. Consider the function S = |h|2e=(#*¥). Then

AS 1 1 .
< = Alog S + §|8S|2 = §|8S|2 + Alog|h)? — A(p + )
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and thus
e"AS > —Se"A(p + ).

/ e’ AS dA, = / SAT,.
X X

To prove the claim, let zp € X. Take A\ € C3°([0,1/2]) such that A(f) = 1
for 0 <t <1/4, and put

We claim that

Xa(r) == Ar*(1 — a)).
Then

/6_(¢_V)AS:/ TwAS: llm/ TanopzoAS
¥ X a/1 Jx

—1lim [ SA (7 (Xa 0 prg
lim [ SA(ry - (xa 0 )

=lim [ S ((A7y)xXa © pzo + (97p) A O(Xa © pzy)
a/1 Jx

+(5Tw) A a(Xa © pZO) + TwA(Xa © pZO))
=lim [ S((ATy)Xa © Pz + T A(Xa © Pz)) 5
a/1 Jx

where the third equality follows from Stokes’” Theorem. Now,

lim / SryA(Xe 0 pi) = lim / St (X (0|09l + X (p20) Ap)
a/1 Jx a/1 |

: Xo (P
~tim [ 5m (W2l + 2220 ) oy
a1 Pe 20

/
=t [ e (o) + X2 ) i P, =
a1 Jx Pzo

where the last equality follows from (4.1) and the definition of x,. Thus we

have
/TwAS:/ SATy,
X X

/X SAr, = Ser (472 A,

as claimed. Now,

It follows that
/ Se”(Ap + @w)dAg = / Se” (A(@ + ) — %) dA,
X X

- / S’ A(@ +)dA, — / ¢’ ASdA, > 0.
X

X
The proof is complete. [ |
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Conclusion of the proof of Theorem 2. Let h € %$%(p,9). By
Lemma 6.3,

¢"D(Ap +0y)(2) = e (Ap + @w)(Z) + "D Av, . (2)

— /) (AQD + @TZJ (1 — tz 92 / o) iipa_z(z)w)( ) dAEW(Q

Applying the hypotheses D;(F) > 1, the admissibility and g and the es-
timate (4.1), we see therefore that, for ¢ sufficiently close to 1, there exist
r,0,C > 0 such that

(8.2) e’(Ap + @¢) —te’ (Ap + @q/} ((5 Cz €2¢ 1Ds( )).

yel’

We then apply Lemma 8.1 to get
/ |h|? e ?dA, < / |h|2e™?dA, < C/ e’ (Ap + 0,)|h|%e ?dA,
b's b's b's

2 [ iy
< C/ZE—Q/D B+ O,

yel’
< C”ZEQ / [hPe?dA, <O 5 / |h*e™?dA,,
verl verl’

where the first inequality follows from Lemma 6.3, the third inequality fol-
lows from integration of (8.2) together with Lemma 8.1 and the last inequal-
ity follows from Lemmas 6.3 and 6.4. Now,

/ |h|Pe”¥dA, = / |he™ By |Zemet2ReFrg A,
5(7) 5(7)

< Ce?0) / |he t7|2d A,
=(7)

' e~ (1) 2 2 su M
< CAD.() (Ih(v)l et sup Lo

< C'A,(D. ()1 (Ih(v)lz rec., | |he-Fv|2dAg)
D

o(7)
< CADa()e () + €74, (D)) [ Ineas,
Do (v
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where the first and last inequalities follow from Lemma 6.1, the second
inequality follows from Taylor’s theorem, and the third inequality from the
Cauchy estimate (4.7).

Next, since e™% < Ce™ for some C > 0, we see by Theorem 4.1 that

Ay(D:(7)) = C e’ < Co |0p,]? = 7Coe?

De(v) De(7)

for all sufficiently small ¢ and some C' independent of ~, where the last
equality follows from (6.6). We thus obtain

Jinkein, < 3 (Lolnebe D a)+ Gt [ pean,)

yel’ Do ()
< Z( ol (7)]% _@(W)AQ(DU(V))) + 0252_%/)( |h[2e™?dA,.
~er

By taking e sufficiently small, we obtain the left hand side of the sampling
inequality in Definition 1.1(2). For the right hand side of the sampling
inequality, we argue as follows.

Y WP P A (Dy (7)) = Y h(y)e O Pe D Ay (Do (7))

vyel yel’
< 00226 el / e F2dA,
~er o (7)
< c’Z/ |h|?e%dA, < C”’/ |h|2e%dA,,
~er ¥ Da(7) X

where the first inequality follows from (4.6), the second from Lemma 6.1
and the third from the definition of the separation constant. This proves
Theorem 2. ]
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