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The Steklov spectrum and coarse discretizations
of manifolds with boundary

BRUNO COLBOIS, ALEXANDRE GIROUARD, AND BINOY RAVEENDRAN

Abstract: Given k,rg > 0 and n € N, we consider the class
M = M(k,r9,n) of compact n-dimensional Riemannian mani-
folds with cylindrical boundary, Ricci curvature bounded below by
—(n — 1)k and injectivity radius bounded below by rg away from
the boundary. For a manifold M € M we introduce a notion of
discretization, leading to a graph with boundary which is roughly
isometric to M, with constants depending only on «,rg,n. In this
context, we prove a uniform spectral comparison inequality be-
tween the Steklov eigenvalues of a manifold M € M and those
of its discretization. Some applications to the construction of se-
quences of surfaces with boundary of fixed length and with arbi-
trarily large Steklov spectral gap o2 —0o; are given. In particular, we
obtain such a sequence for surfaces with connected boundary. The
applications are based on the construction of graph-like surfaces
which are obtained from sequences of graphs with good expansion
properties.

1. Introduction

Let M be a smooth compact Riemannian manifold of dimension n > 2, with
smooth boundary ¥ = dM. The Steklov problem on M is to find all ¢ € R
for which there exists a non-zero function u such that

{Au:O in M,

ou=ocu onx,
where A is the Laplace-Beltrami operator acting on functions on M, and 0,

is the outward normal derivative along the boundary . It is standard that
the Steklov spectrum is discrete:

0=01(M) <oo(M) <--- /7 o0.
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Our goal in this paper is to understand the interplay between the Steklov
eigenvalues o;(M) and large scale geometric features of the space M. Dis-
cretization methods which are classical in the context of the Laplace operator
are developed in the context of manifolds with boundary. In order to single out
large scale phenomena, we restrict our attention to a class of manifolds with
bounded geometry. Throughout the paper, we therefore assume the existence
of constants x > 0 and r¢ € (0, 1) such that

(H1) The boundary ¥ admits a neighbourhood which is isometric to the
cylinder [0, 1] x X, with the boundary corresponding to {0} x X

2) The Ricci curvature of M is bounded below by —(n — 1)x;

3) The Ricci curvature of ¥ is bounded below by —(n — 2)k;

4) For each point p € M such that d(p, ) > 1, inj,,(p) > 7o;

5) For each point p € ¥, injs,(p) > ro.

A~ N N

H
H
H
H

The class of compact n-dimensional Riemannian manifolds with smooth
boundary satisfying these hypotheses is denoted M = M(k,rg,n).

Remark 1. The conditions defining the class M are natural. Indeed we use
methods from [3] on the boundary ¥ of manifolds M € M which require cur-
vature and injectivity lower bounds. The product structure near the boundary
is used to avoid situations where the Steklov eigenvalues become very small
and could not be detected through a discretization. For instance, it is known
that if two boundary components become close to each others, then each o
tends to zero. This could happen for a very short cylinder (see Lemma 6.1 of
[6]) or for a surface which has a “thin passage” as described by Figure 3 of [11,
Section 4]). It is also of interest to study the effect of drastic perturbations
of the the Riemannian metric away from the boundary. This is the subject
[7, 5]. The above conditions ensure that none of these situations will occur
for manifolds in M.

1.1. Discretization and spectral comparison

Our aim is to study spectral properties of manifolds in the class M up to
rough isometries.

Definition 2. A rough isometry between two metric spaces X and Y is a
map ¢ : X — Y such that, there exist constants a > 1,0 > 0,7 > 0 satisfying

(1) a td(zy, 20) — b < d(®(x1), P(29)) < ad(zy,z0) + b
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for every x1,z9 € X and which satisfies

U B(®(z),7) =Y.

zeX

Given € € (0,79/4), we will define a discretization procedure
M(k,19,n) ——  Graphs with boundary

such that the e-discretization I'y; of a manifold M is roughly isometric to M
with constants a, b, 7 controlled in terms of the geometric constraints defining
the class M(k,rg,n). A graph with boundary is simply a graph I' = (V, E)
with a distinguished set of vertices B C 'V that is treated as a boundary. In
Section 3 we will introduce a natural notion of Steklov spectrum on graphs
with boundary:

0= Ul(FaB) < 02(F7B) <. < O'k(F,B),

where k = |B| is the number of vertices in the boundary.
Our main goal is to establish a relation between the Steklov eigenvalues
of M and the Steklov eigenvalues of the discretization of M.

Theorem 3. Given ¢ € (0,19/4), there exist numbers A, B > 0 depending
on k,ro,n and € such that any e-discretization (T'ar, V) of a manifold M €
M(k,19,n) satisfies

O'Q(M)

(2) A< 702“‘7\/2)

< B.

Moreover, if oi(M) is small enough, a similar result holds for for each k <
|Vx|: there exists a constant C' > 0 (which depends at most on k,€e,n) such

that, if o, (M) < C/k, then

or(M)

——— < B.
(T, Vy)

(3) A<

Without this last hypothesis, the following weaker estimate holds for each

(4> ak(I‘,Vg)
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Comments and discussion Coarse discretizations have been used for a
long time in spectral geometry of the Laplace operator on closed Riemannian
manifolds. They were used by Buser [2] to construct compact hyperbolic
surfaces with large area and uniformly positive A\y. They were also used by
Brooks [1] to study the first non-zero eigenvalue of towers of covering. For
the eigenvalues of the Laplace operator, a result similar to our Theorem 3
appeared in the work of Mantuano [16]. Our proof will be in the same spirit,
but some serious technical difficulties occur because of the important role
played by the boundary. As in [16], many of the tools that we use are from
Chavel’s book [3], particularly from Section VL.5.

It is important not to confuse this type of discretization with those used
in numerical analysis. Our goal is to discretize in a coarse sense, which is
not sensitive to the local geometry. In particular, the interesting applications
of our method are performed using a fixed value of the “mesh parameter”
e € (0,r9/4). It is worth observing that any compact manifold is roughly
isometric to a point. The emphasis is on the control of the constants a,b, 7.
In fact, if we let € — 0, the control of the constants is lost: the manifold is
not approximated in a better way for smaller values of €. Note also that in
the present context any e-discretization is a finite graph.

1.2. Applications and examples

We will give three applications of our method to the construction of sequences
of surfaces with large Steklov eigenvalues. Each of these are in the same spirit:
a graph G = (V,E) will describe a pattern to be used in the construction
of a corresponding surface Q2g. Roughly speaking, a finite set Dy, --- , D,, of
fundamental pieces is given. These are used to build a surface by associating a
copy of one of the D;’s to each vertex, and the graph structure prescribes the
pattern to follow for gluing the various fundamental pieces together. It is often
natural to expect the geometric and spectral properties of the initial graph to
be related to those of its induced surface. We will consider a sequence of graphs
which displays some “spectral expansion” and show using our discretization
results (Theorem 3 and Proposition 16) how to transplant these expansion
properties to the induced surfaces. This method is classical. See [8, 9, 1].
Related methods were also introduced in [20].

Application 1. The following surprising fact follows from Theorem 1.3 of
[6]: let €; C R™ be a sequence of domains with smooth boundary ¥;, with
[ € N. If n > 3 and if the isoperimetric ratio

Vol (%)
~ . - n-1

T(8n) == Vol, ()%
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tends to oo, then the normalized Steklov eigenvalues ak(Ql)Voln,l(El)l/(”_l)
tend to 0 as I " 0o. We will prove that the condition n > 3 is necessary.

Theorem 4. There exists a sequence of planar domains Q C R? with smooth
boundary ¥;, with | € N, such that

1. The isoperimetric ratio 1(€)) — oo as | — oo;
2. There exists a constant C' > 0 (independent of 1), such that for each I,
oo () |%] > C.

Application 2. In Theorem 2 of [6], it was shown that if @ C R™ is a domain
with smooth boundary >, then

(5) or(Q)Vol,_1(2)Y "D < ()K",

where C'(n) is a positive constant depending only on the dimension n. As the
domains under consideration are Euclidean, it is a natural question to decide
whether or not a similar estimate holds for more general flat Riemannian
manifolds. The following Theorem shows that it is not the case.

Theorem 5. There exists a sequence {4 }ien of compact flat Riemannian
surfaces with boundary ¥; and a constant C' > 0 (independent of 1) such that
for each 1 € N, genus(y) =141, and

o2 () L(%) > CL.

Remark 6. One could use the present method to give an alternative proof
of Theorem 1 from [8], or a version of Theorem 5 for surfaces of constant
curvature —1.

Application 3. In [8] two of the authors constructed surfaces modelled on
regular graphs and developed an ad hoc spectral comparison inequality which
allowed the construction of a sequence of surfaces €; with boundary ¥; such
that

lim 09()L(%;) = +o0.

=00

This sequence also satisfies lim;_, o genus(€);) = +oo, which is a necessary
condition since it is known [15] that

02()L(%;) < 8m(genus(2) + 1).

In the construction proposed in [8], the number of boundary components of
the surface €); is also proportional to [. It is natural to ask if we can reduce



362 Bruno Colbois et al.

the number of boundary components. By studying this construction in the
context of discretizations, we will prove that it is possible to choose each €
to have exactly one boundary component.

Theorem 7. There exist a sequence {4} en of compact surfaces with con-
nected boundary and a constant C > 0 such that for each | € N, genus(€;) =
1+1, and

oo () L(OY) > Cl.

Remark 8. The surfaces that we construct in the above three applications
are not necessarily in the class M, but they are uniformly quasi-isometric
to such manifolds. For instance, if a sequence of manifolds M, is replaced by
manifolds X; which are quasi-isometric to M; with the same constants a, b for
each | € N, then oo(M)) tends to 0 if and only if 09(X;) does. This will play
a crucial role in Section 6.

1.3. Notations

Some of the constants appearing in various results will have to be reused later
on. These are numbered successively as C, Cy, - - -. Each C} is used precisely
once in the paper. These constants can depend on the bounds k, 7y and on
the dimension n and parameter ¢ > 0. This dependence will not be stated
explicitly each time. The symbol f is used for the averaging operator on its
domain. Given a function F' € C°(M), we write

[Els: = (1[5 [lz2(s)
We will write V* for the gradient operator on C*(X) and also
IV=Flls = [V*(F [5) ]l L2()-

When the volume form is clear from the context, it will be omitted. Given
a graph I' = (V,E), the set of all real valued functions on the vertices V is
written £2(V), understood with its natural ¢ inner product.

1.4. Plan of the paper

In Section 2 we introduce a coarse discretization of manifolds in the class
M(k,19,n) and study its basic properties. This is followed in Section 3 by the
introduction of Steklov eigenvalues for graphs with boundary, and a spectral
comparison for roughly isometric graphs is proved in Proposition 16. In the
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next section several tools are introduced: a comparison inequality for the
Dirichlet energy of a function and its restriction to the boundary (Lemma
19), a local Poincaré inequality on cylinders (Lemma 21). This is followed by
the introduction of discretization of smooth functions, and the smoothing of
discrete functions. In Section 5 the proof of the main comparison inequality
(Theorem 3) is presented. Finally, in the last section we present the three
applications to surfaces with large Steklov eigenvalue 5.

2. Discretization of compact manifolds with boundary

In this section, the geometric discretization of the manifold M is introduced.
Because we are considering the Steklov problem, the boundary plays a crucial
role. It is therefore natural that the discretization will lead to a graph with
boundary.

Definition 9. A graph with boundary is a pair (I', B) where I' = (V, E) is
a graph and B C V is a distinguised set of vertices. The path-distance on V
is defined as follows: given z,y € V, the distance dr(z,y) is the length of the
shortest path between x and y, where two adjacent vertices are at distance 1.
There is a natural graph structure on B defined by Eg C E, where e € Eg
iff the edge e joins two vertices of B. However, on the graph (B,Eg), we
consider the extrinsic distance dr(x,y).

Given 0 < e < 19/4, let Vg be a maximal e-separated set in X. This
means that for p,q € Vy distinct, the balls B(p,¢) and B(g, €) are disjoint,
and for each point p € ¥ there exists ¢ € Vy such that d(p, q) < e.

Let V& be a copy of Vy located 4e away from the boundary:

&= {4e} x Vg C M.

Let V1 be a maximal e-separated set in M \ [0,4€) x ¥ such that Vi, C V.
(See Figure 1.) The set V = Vy U V7 is given the structure of a graph IT" by
declaring

e any two v, w € V adjacent whenever d;(v,w) < 3¢ and v # w;
e any v € Vy adjacent to v’ = (4¢,v) € Vi, C V.

The graph I' = (V,E) together with boundary B = Vy is called an e-
discretization of M. The path-distance on I' is dr.

Remark 10. The key features of this discretization are:



364

Bruno Colbois et al.

Vs \%S4

B;\[(”z 36)

<
———-——-0--—- @ -----——

Figure 1: The discretization close to the boundary.

The regions C,, := [0, 3¢) x Bx(v, 3¢) and Bjs(v', 3¢) (which are shaded
in Figure 1) have a large enough intersection. This will be important in
the proof of Lemma 23, which controls the energy of the discretization
of a function.

Because the interior vertices are separated by a strip of width 4e from
the boundary, Bjs(v,4€) N X = () for each v € V. This will allow the
use of Kanai’s inequality for functions f € C*°(Bjys(v, 4¢)) (See Lemma
21).

The interaction between the boundary of the graph and its interior is
simple, and it reflects the product structure of the manifold M. This
will lead to the existence of a suitable partition of unity, in Section 4.4.
The results are not sensitive to the specific definition of the discretiza-
tion that we use. For instance different constants could be used, but the
proofs would need to be adjusted accordingly.

Remark 11. It follows from the Bishop—Gromov theorem that the degree of
each vertex v € V is bounded above in terms of x and e. The total number
of vertices can also be controlled. See [3, p. 147].

Lemma 12. For any 0 < € < 19/4, and any e-discretization (I', Vy) of
M, the natural inclusion V.C M is a rough isometry. Indeed, the following
stronger estimate holds:

idr(x,y) — 10 < dpy(w,y) < dedp(z,y).
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Proof. Let z,y € V with dp(x,y) = k. This means that there exists a sequence
of vertices

r=1T9,%1,.,Tp =Y EV
with dr(z;,x;11) = 1 which represents a shortest path between x and y.
By construction of the discretization, we have dy(x;,z;41) < 4e, and by
compactness, there exists a path on M between x; and ;41 of length < 4e.

By concatenation of these paths, we find a path joining x and y on M whose
length < 4¢k. This implies

dy(z,y) < dek = dedp(z,y),

which completes the proof of the second inequality.
To prove the left-hand-side inequality, consider z,y € V with dys(x,y) =
a. There are three cases to consider.

Case 1: z,y € Vy, that is z and y are not points of the boundary B = Vg
of the graph I'. Because of the product structure near the boundary, there
exists a geodesic parametrised by arc length

v:[0,a] = M
between = and y on M whose length is a. It follows from convexity that
Im(vy) C M\ [0,4¢) x X

a geodesic entering [0, 4¢) x ¥ would be trapped.

Let k € N be such that £ —1 < 2 < k and define ¢; = %, 1=0,...k.
and x; = v(t;) € M. Note that zo,x; € V, but that this is in general not
the case for the other points z;. However, by construction, U,cv, B(z,€) =
M\ [0,4¢) x ¥ so that there exist yo = %o, y1, ..., Ys—1,9x = y € V with
dp(yi, x;) < € and

du (Yiv1, Yi) < du (Y1, Tivr) + dar(wign, ) + dag (yi, 71) < 3e
so that y; and y;11 are connected in I' and dr(y;, yi+1) < 1. It follows that
« 1
dr(z,y) <k < (; +1) = ng(‘Tay) + 1.

Case 2: v € B = Vy and y ¢ B: this means that there is exactly one point
x1 € V§ which is connected to g = x and dp(zg,z1) = 1. Now, 21 and y are
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as in the first step, so that we have

dr(z,y) < dp(z,21) + dr(z1,y)

1
<1+ —du(z1,y)+1

€

1 1 1
<2+ E(dM(xlax) +du(z,y)) =2+ 2(46 +du(z,y)) =6+ EdM<xvy)-

Case 3: z,y € B = Vx: we do as in the second step and get
1
dr(z,y) <10+ EdM(lHy)-

End of the proof: we have to show that | ¢y B(z,4€) = M. We already know
that this is true for points in M\ [0, 4¢) x ¥ because V7 is a maximal separated
set in this space.

If x € [0,4¢) x X, there is y € ¥ or y € {4e} x X with dys(x,y) < 2¢. By
construction, there is a point z € Vy in the first case, or a point z € V& in the
second case such that d(y, z) < ¢, and we deduce that dy/(z,x) < 4e. O

3. Spectrum of roughly isometric graphs

Let (I',B) be a graph with boundary. The Dirichlet energy of a function
f:V=>Ris

v~w

To simplify notations, we will write || f||s for || f [B ||;2(B). Similarly,
2
w(f)= Y  (f)=fw)"
v~w,v,weB

Definition 13. For each j = 1,-- -, |B]|, the j-th Steklov eigenvalue of (T, B)
is defined by

, q(f)
6 0;(I', B) = min max .
o B = R
where the minimum is over all j-dimensional linear subspaces E of 2(V).

In particular, o1(T', B) = 0 is realized by locally constant functions on V.

Remark 14. Note that for B =V, 0; = \;(£) is the j-th eigenvalue of the
graph Laplacian L. See [16]. Steklov eigenvalues on graphs have also been
studied in [18, 12].



The Steklov spectrum and coarse discretizations 367

The notion of rough isometry between metric spaces was presented in
Definition 2. A specialized version will be useful.

Definition 15. A rough isometry ® between two graphs with boundary
(T'1,B1) and (T'2,Bs) is a rough isometry of the underlying graphs which
sends B; to Bs. In other words, the restriction of ® to B is a rough isometry
B; — By when considering extrinsic distances on By and Bs.

The easiest situation in which spectral comparison occur is for rough
isometries between graphs. This will be useful for applications in Section 6.

Proposition 16. Given a > 1 and b,7 > 0, there exist constants A, B de-
pending only on a,b, 7 and on the mazimal degree of vertices, such that any
two graphs with boundary (T'1,B1) and (T'y, Ba) which are roughly isometric
(through ®) with constants a,b, T satisfies

A < O_k(l—‘17 Bl)

ML
= ox(9,By) —

for each k < min{|B4], |Ba|}.

This proposition is in the same spirit as Theorem 2.1 of [16]. Nevertheless,
the presence of a boundary brings many new difficulties. For instance, the
following inequality for f: V(I's) — R was proved in [3, Lemma VI.5.4]

I£1IB, < I/1F, < Ca(f) + 2" fIE,,

for constants C' and C” which only depend on a, b, 7 and the maximal degree
of both graphs. Here and elsewhere in the paper, ®*f = f o ® is the pullback
of f by ®. It is used in [16] to obtain a lower bound on [|®* f||f, . Because we
consider Steklov eigenvalues, a lower bound on [|®* f||E, is needed.

Lemma 17. Given a rough isometry ® : (I'1,B1) — (T, B2) between two
graphs with boundary, there exist constants C1, Co which depend only on the
constants a, b, 7 of the quasi-isometry and on the maximal degree of the graphs,
such that any function f: V(I's) — R satisfies

(7) 118, < Cra(f) + Cal| @ f3,-

Proof of Lemma 17. We have to adapt Lemma VI.5.4 of [3] to graphs with
boundary. The rough isometry ® has a rough inverse (See the introduction of
[13] for a discussion.) That is a rough isometry ¥ from (I'y, B2) to (I'1, By),
with W(By) C By such that any x € V; and y € V5 satisfy

da, o d(a) < K d(y, o U(y) < K
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where K is a constant depending on the constants a, b, 7 of the rough isometry
®. For y € By,

(8) Fy) <2(f(y) — (Do W) f(y))* +2(D o V) f(y)*.

In order to bound >° g, f(y)?, the two terms on the right-hand side of
this inequality will be estimated. As d(y,® o U(y)) < K, there is a path
Y1 =Y, Y2, -, Yo = P o U(y) of length at most K, and it follows from triangle
and Cauchy-Schwartz Inequality that

n—1

(f(y) = (@o®) f(y))* < KD (f(yis1) — i)™

i=1

This sum only involves points that are at a distance at most K from y € Bo.
As the number of points in a ball of radius K is bounded above in terms of
the maximal degree, there exists a constant C (depending only on K and on
the maximal degree) such that

2 (fly) = (2o 0)f(y))* < C(K)a(f).

yEBz

We also have to estimate 3, g, ((® o W)*f)?(y). Observe that

D (@oW) [ (y) = D (" F)*(¥(y)).

yEB; y€B2

But ¥(y) € By, which may be the image of at most a finite controlled number
of vertices y € By. Therefore there exist another constant Cs such that

2 (2oW) f)*(y) < C2 Y (2°f)*(2).

y€B2 z€B1

The results follows by substitution of the previous two inequalities in (8). O
The previous Lemma will be the main tool used in the following proof.

Proof of Proposition 16. Let ® be a rough isometry between (I'y,B;) and
(T3, By), with constants a,b, 7. Given a function f : Vo — R, define ®*f :
Vi = R by & f(z) = f(®(z)). The following inequality follow from Lemma
VL5.2 of [3]:

(9) q(®"f) < Csq(f),

where C3 depend on the maximal degree and on a,b, 7.



The Steklov spectrum and coarse discretizations 369

We will treat separately the situations where o4 (I'2) is smaller or larger
than ﬁ

Situation 1. Suppose that o (I'2) < ﬁ

Let f1,---, fr be eigenfunctions corresponding to o1(IT'2, Ba), - , 0% (T2,
Bs) respectively. The space Ej, := span(®* f1,-- -, ®* f;.) will be used in the
variational characterization of o(I'1,Bq). So, if f € Ej and g = ®*f, we
have in particular to show that the restriction g to the boundary By of I'; is
large enough. More precisely, we have by (7),

lglis, = 19" Fl13, = G5 (Ifllk, — Cra(h))

_ 1
> Cy B, (1 = Crow(T2) > T@Hf”]z?)g > 0.

Using (9) and the above inequality leads to % < 203C,.

Situation 2. Suppose that oj(I'y) > ﬁ
In this case, 0(T'1) < 2Cy0,(T'1)ok(T2) and

k(T'1)
O'k;(l_‘g)

Q

S 2Clak(I‘1).

The conclusion now follows from the fact that o4 (I'1) is bounded above uni-
formly in terms of the maximal degree of the graph. O

Remark 18. This proof is typical. In fact, the proof of Theorem 3 has a
similar structure to that of Proposition 16. Nevertheless, the techniques are
much more involved in this latter case.

4. Preliminary results

In this section some results which will be used in the proof of Theorem 3 are
presented.

4.1. The Dirichlet energy on a manifold and on its boundary

On a graph with boundary (T', B) one immediately sees that

v,weB
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That is, restricting a function to the boundary reduces its energy. There is
no such simple formula for compact manifolds with boundary. Nevertheless,
under more restrictive hypothesis, some control can still be granted.

Lemma 19. For each Steklov eigenfunction F € C*°(M) corresponding to
o < 1/4, the following holds:

1
(10) IV=FIE < SIVEIR-

Proof. Let (fx) C L*(X) be an orthonormal basis corresponding to the eigen-
values \; of the Laplacian on . Let F' € C°°(M) be a Steklov eigenfunction
corresponding to o. On the cylindrical neighborhood 3 x [0,1] the Fourier
decomposition of F is

F= iak(r)fk(ﬁ) rel0,1], 6eX.

As the function F' is harmonic on M, and hence on the cylinder, the following
holds

o0

AF(r,0) =Y [~ai(r) fi(8) + ar(r) M fi(6)] = 0

k=0
which implies that a}/(r) = Agax(r) and hence

ar(r) = ax(0) cosh(v/ A1) + 0) sinh (v/Ar).

1 !/
el
Moreover, on the boundary X2,

oF ,
0=0F(0) = 5-(0) = >_(0a(0) + ai.(0)) f(6),

k

which implies gag(0) 4 a,(0) = 0 whence by substitution leads to

a(r) = )[cosh(v/N\er) — \/_smh (V)]

and

ah (1) = a(0)v/ A [sinh(v/ A1) — \/_cosh (V)]

The Dirichlet energy on the boundary and on the cylinder are expressed by

IVEF|% = ap(0)M
k
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and
2 ' 2, .2
(1) IV P oy = 32 [ Hai? + aihular
k

Now using x = v/ Ax leads to

2 o’ 2 g

a2 (r) = a2(0) |cosh?(zr) + — sinh®(2r) — — sinh(2z2r)
x x

and

o? o
(ay)?(r) = d2(0)a? [sinh2(xr) + g cosh?(xr) — - sinh(2zr)1

Substitution in equation (11) and evaluation of the integrals give
2 2 2 [
VPl = Sato [
k 0
2\ sinh(2z) o

= Y ap(0)2* |1+ 0—2 ——— — — (cosh(2z) = 1)|.
x 2z x
K

Moreover, for o < 1/4, it follows from tanh(z) < x < z/40 that cosh(z) —

29 sinh(x) > 1 cosh(z), whence

<1 + UQ) sinh(2z) _ o (cosh(2x) — 1)

2 2
(1 + U—2> cosh(2xr) — = sinh(2:m")1 dr
T

T

2 2z 2

- sinl;(x) <Cosh(x) - 2% sinh(z) + Z—zCOSh(x)>

sinh(z) (1 cosh(z) + 02>

-z 2 72
. 2 .
_ sinh(z) cosh(z) = o sinh(z) S 1 O
2z 2?2 2

In order to use the above Lemma in estimations of higher eigenvalues,
one needs to consider linear combinations of eigenfunctions.

Corollary 20. Let F' € C°°(M) be a linear combination of the first k Steklov
eigenfunctions Fy, - | Fy. If o, < % then ' = a1 Fy + - - - + ax Fy, satisfies the
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following:
k
IVEFIE < SIVEI

Proof. Tt follows from Green’s formula that

/<VE,VF]>:/ AFlFJ‘F/aVEF]:/O'ZEFJ,: oidij.
M M 2 2

It follows from the Cauchy-Schwarz inequality that

VPR3 = | / (VEF,VEF)|
>

k
1> aia; E<V2Fi,V2Fj>!

ij=1
k 1/2 1/2
<Y aa (/ <v2Fi,vEFi>) (/<VEF]»,VEFJ->) |
i,j=1 x by
k
< Y laillag|IVEE sV Ells.
ij=1

It follows from Lemma 19 that
1 & 1 &
IVYFIIE < 5 > laillalIVENMIVE vy = 5 Y lalla;|v/oiy/a;.
2 2
3,j=1 3,5=1
We also have
k k
||VF||?\/[ = Z aiaj<VFi, VF]> = Za?ai.
ij=1 i=1

Now, in general, for a;, a; > 0, it follows from the Cauchy-Schwarz inequality
that

k
Z a0 = (Z a)? < kZa?.

1,j=1

Setting «; = |a;|\/04, and using o; < % it follows that

k k
VEF2<E 2.<§ 2-—EVF2 O
| HZ—QZaial—SZaigl_8” 13z

i=1 i=1
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4.2. Local Poincaré-type inequality on products

The following Lemma is similar to Lemma 8 of [14]. See also Lemma Vi.5.5
in [3, p. 177].

Lemma 21. For each § > 0, there exists a constant Cy = Cy(n, K, ) with the
following properties: Given p € ¥, let C' = Bx(p,0) x [0,0]. Then any smooth

function F' € C*(C') satisfies

/ F — Fl 304/ VE,
C C

where Fo = fC F is the average of F on C.
Proof of Lemma 21. Using (x,t) € C' as coordinates, the integral is split

(12) /C]F—FC\ S/C|F(m,t)—]€§F(m,s)ds +/C
:/Bz(p,5) /06 F(x,t)—]géF(x,s)ds
S o

We will estimate the two terms in the right-hand side of this inequality sep-
arately. It follows from Kanai’s inequality (Lemma 8 in [14]) that

r

Moreover, the average of the function G : B — R defined by

5
][ F(z,s)ds — F¢
0

5
][ F(z,s)ds — F¢
0

5 5
F(w,t)—]g F(x,s)ds §C'4/0 |0 F|.

is Fo. Therefore, it follows (again from Kanai’s inequality) that

/ - [ je-rlza[ v
BE(p76) BE(p76) Bz(pﬁ)

)
=C, / ][ VEF‘.
BZ(pv(s) 0

5
][ F(z,s)ds — F¢
0
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Substitution in (12) now leads to
/ |F — Fo| < 04/ 0. F| + ]vZF]. O
c c

4.3. Discretization of smooth functions

Let M € M(k,r9,n). Given € € (0,79/2) let T be an e-discretization of M
with boundary V. The discretization f = DF : V — R of a smooth function
F € C*(M) is defined as

fBZ(U73€) F if ve Vs,

(13) flv)= {fBM(vﬁe) Foifvev,

The symbol f is used for the averaging operator on its domain.

Remark 22. Throughout, we follow Chavel’s convention from [3] that func-
tions on M are denoted with upper case F, while functions on (vertices of)
the graph I' are denoted with lower case f.

Lemma 23. There exists a constant Cs which only depends on k,rg,n with
the following property. Let F € C*°(M) be a linear combination of the first
k Steklov eigenfunctions Fy,--- , Fy. If o, (M) < 1/4, then the discretization
f = DF satisfy

q(f) < Csk|[VF|3;.

Proof. Given a boundary vertex v € Vg, write v/ = (4¢,v) € V; for the
corresponding interior vertex. The energy ¢(f) is the sum of the following
three quantities

Ev= Y |f(v)~ fw)]

VW
v,weEV

Ey= Y |f(v) = f(w)]

VW
v,wEVy

Ey= ) |f(v) = f()P

vEVy

The first term FE; is bounded using the same argument as in [3, D:iii,p.
178]: there exists a constant A such that

B < A|VFI,.
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To bound FEy one also uses [3, D:iii,p. 178] to obtain a bound in terms of
[VEF|| and then in terms of the interior Dirichlet energy using Corollary 20:
there exists a constant B such that

Ey < BE||VF|j3,.

Let us bound Es. Let § = 3¢. Given v € Vy, define f(v) to be the average of
F on the cylinder C, :=[0,0) x Bx(v,0) C M :

It follows that
(F0) = £ <2 ((F(0) = F0)? + (F) = Fw))?).

The fundamental theorem of calculus leads to

f(v) = f(v)] =

][ [F(x,0) — F(z,t)]dA(z)dt

v

1
< ][ ( /0 0, F (2, r)| dr) dA(x)dt

§
1
= O F(x,r)|drdA(x) = ———— o F|.
]{92(0,6)/0 | ( )| ( ) |B(p76)| Cu‘ |

N

The argument used to bound | f(v") — f(v)| is similar to that of D:i, [3, p. 178].
Let 8 = |Byu(v',3¢) N C,| and observe that

s fol=f, 1) )

s][ F— ()| +|F - f)
By (w,3¢)NCY

1 N
< 5 (/C |F — f(v)] +/Bz(w72€) IF—f(w)\> :

These two terms are bounded using Lemma 21 and Kanai’s inequality (|3,
p.177]), so that

1

|f(w) = f(v)] < 3

(Cy + C) /c |VF.
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The crucial point is that 5 is bounded below in terms of the geometry. Indeed,
let p = ({2€},v). The ball By(p,e) C Bu(v',3¢) N C, and it follows from
Croke’s inequality [Croke1980] (See also Proposition V.2.3, [3, 136]) that

B> |Bu(p,€)| > C'e",

where C’ is a constant which depends on only on the dimension n. It follows
that

Es < C||VF|j3,.
The bounds on F1, Es and Es3 lead to

q(f) < (A+ Bk +O)|VF|3; < (A+ B+ O)k|VEF|3;.
The proof is complete, with C5 = A+ B + C. O
4.4. Smoothing of discrete functions

The balls B(v, 3¢) for v € V form an open cover of the manifold M. Indeed,
it follows from the fact that V; is a maximal e-separated set in M\ [0, 4€) x ¥
that
M\ [0,4¢) xS C |J B(x,3e).
eV

Now, if z € [0,4€) x 3, there is y € ¥ or y € {4e} x ¥ with d(z,y) < 2e. But,
by construction, there is a point z € Vy in the first case, or a point z € V§
in the second case such that d(y, z) < ¢, and we deduce that d(z,z) < 3e.

The existence of a partition of unity with controlled energy is a standard
tool in geometric analysis. Nevertheless, we could not locate a construction
completely adapted to our present context. For the sake of completeness, we
therefore proved the following result.

Lemma 24. There exists a smooth partition of unity {¢,}tvev C C®(M)
subbordinate to the cover B(v,4€) which satisfy the pointwise bound

[Voo| < Afe
where A = A(kpr) is a constant which depends only on the lower bounds on

Ricci curvature.

Proof. We will construct a partition of unity {¢,} subordinated to the open
cover {B(v,4€)},ev. Choose 4e < 1y < inj(M). Note that with this choice,
the covering is uniformly locally finite. Indeed, it follows from the theorem
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of Bishop-Gromov that a point is contained in a finite number of balls of the
covering, and because ¢ < 1, this number is bounded above by a constant
A1 (k) depending only on the lower bound x of the Ricci curvature.

Let x : Ry — [0,1] be a smooth function with x(t) = 1 if ¢ < 1% and
x(t) =0 if ¢t > 1. The family of functions {¢, },ev is defined by

() = x(o-d(z,v)).

Note that 1, is of class C*°: for x = v, d is not smooth, but 1), is constant,
and around the cut locus and after, where again d may not be smooth, 1,
is constant, equal to 0. The function 1), is equal to 1 on B(v,3¢) and to 0
outside of the ball B(v, 1§¢).

As partition of unity, we choose {¢, }vev, with

Yo(2)
ZwEV ww (‘T) .

Control of the derivative of ¢,. We have

Vb () Ywev Yu(®) — Vo) pev Viou ()
(EweV Y (7))

bu(T) =

Vou(z) =

with
3 3A2
o !
V()] = (max /) |Vl < 322

where Ay = max |x/|. As ¥, cv Yw(x))? > 1, it follows that

(Voo ()| < [Vipo(2)] Y tu(@) + thu(x) Y [Vibu(z)

weV weV
< 6A1 (/{)AQ .
- 10e

O

The smoothing F = SMf € C°(M) of a function f : V — R is defined

by
F=3 fv)o

veV

The following two Lemmas are very simple, but fundamental since they
will allow the use of some arguments from [3].
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Lemma 25. The functions ¢, |x with v € Vy form a partition of unity on
the boundary Y. This allows the definition of the smoothing operator

S% A(Vy) = C®(%),
which commutes with restriction:

Ve (V).

(1) s°(1],.) =)

)
P

Proof. This follows directly from the fact that a function ¢, for which v € V
is supported away from X. O

Lemma 26. Let f be a function on V. If v € Vx, we have
(DS[)(v) = (D*S*f)(v)

where D> and S* denote the discretization and the smoothing on ¥ with the
induced Riemannian metric.
If F' is a differentiable function on M and x € ¥, we have

(SDF)(z) = (S*D*F)(x)

Proof. The proof is a direct consequence of the definition of the discretization
we associate to M and of the way to discretize and to smooth.

The restriction to X of the smoothing of f takes only account of the values
of f at point of Vy, and the restriction of the partition of unity we have defined
is a partition of unity on X. So, for # € ¥, we have (Sf)(z) = (S¥f)(x).

By definition, the same is true for the discretization because in order to
discretize a function F' at points of Vyx, we take the mean of F restricted to
balls of X. So, for v € Vy, we have (DF)(v) = (D*F)(v).

From these two facts, we deduce immediately the lemma. O

Lemma 27. There exist constants Cr, Cg, Cy depending only on k,rq,n such
that any f € (*(V) satisfies

ISFlI3 < Crll IR
IVS £l < Csa(f),
ISFII% < Coll £l
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Proof. The proof of the two first inequalities follows exactly the same argu-
ments as that of paragraph (S :4i) and (S : i) in [3, section VI.5.2].

For the last inequality, we use the observation of Lemma 25: using again
paragraph (S :4i) and (S : #i) in [3, section VI.5.2], we get that

1S%(¢|. )lls < Cuollfllvs-

Vs
But we have
S™(f],) = (5P,
and
I£sllvs = 11],,_IIv- =

5. Proof of the main comparison inequality

The proof of Theorem 3 is broken down between Proposition 28 and Propo-
sition 30.

Proposition 28. There ezxists a constant C11 depending only on k,7o,n such
that

ak(I‘, Vg) S Cllkdk(M).
Let F1,--- , F} be Steklov eigenfunctions on M. The space

Ey :=span(DFy,--- ,DFy)

will be used in the variational characterization of o(I", Vy). One first needs
to ensure that this space is k-dimensional. This is not true in general, but will
hold for low energy functions thanks to the following quantitative injectivity
property.

Lemma 29. There is a constant 0 < C1y < 1/4 with the usual dependance
such that o, (M)k < Cy2 implies

C—l
(15) IDFllv, > “T 1P,

Proof of Lemma 29. Observe that Lemma 27 and the triangle inequality im-
plies

(16) IDFllvy > C7HISDF s > C7 (| Flls = |F = SDF|5).
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The argument in [3, p. 183] shows that
| = SDF|s < Ci3]|VF]|s,

for some constant Cy3. Together with inequality (16) and Corollary 20 this
leads to

(17)
IDFllv, = C7H(IFlls — Cis[|V*Fls)
-1 \/_ HVEFHM -1
(18) =GPl - kCl:sW) > |FllsC7lI(1 = CraVkoy,).
One can therefore take C1o = min((2C13)72,1/4). O

Everything is now in place for the proof of Proposition 28

Proof of Proposition 28. In the situation that o (M )k < Cia, it follows from
Lemma 29 that the space Ej is k-dimensional and because Cy < 1/4, Lemma
23 leads to

o(DF) IV FI,
I''Vy) < <4050
7V = [ppyg = 45

On the other hand, if o (M)k > Cio, then one has

O'k(F, Vg) < kCl_Qlo'k(M)Uk(F, Vg).

Now, let v be the maximal degree of a vertex v € Vy. Then for k = |Vy,
one has 04 (I") < v, so that

or(T, Vy) < CRlkvo,(M).
It follows that
ox(T, V) < (4C5C2 + CRtkv)op(M) < (4C5C2 4 ORv) ko (M)

and one concludes by setting Cy; = (4C5C2 + C5'v). O
We are know ready to move on to the second comparison inequality.

Proposition 30. There exists a constant B such that the following holds for
each k < |Vygl:

ox(M) < Bop(T', Vy).
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Let fi1,- -+, fx be Steklov eigenfunctions on the graph (I', V). The space
Ey :=span(Sfi,---,Sfk)

will be used in the variational characterization of ox(M). As in the smooth
case, we show that this space is k-dimensional.

Lemma 31. There exists constants Chy,C15 > 0 such that ox(T', Vy) < C14
implies
1SFI% = Cusll fIY, VS € Bx

Proof of Lemma 31. Let f = a1f1 +...+apfy and F = Sf = a;Sf1 + ... +
arS fr, € E.

We denote by F* and f* the restriction of F' to ¥ and of f to Vg,
respectively. Because we are working in the closed manifold ¥, we can use
point (8) from the paper [16], which states in our situation that

IDZF*|lv, < C|IF* s,

for some constant C' depending only on k,n, rg. It follows that
1 1
1725 2 ZID%F2lv, 2 & (I7lvs — I = DPS%%vs,)
Working on ¥ and using point (10) of [16]:

If = DZS* vy, < C'q7(f) < C'a(f),

for another constant C’. Here ¢*(f) is the energy of f restricted to the bound-
ary Vs C V. Because f € Span(fi,---, fx), we have

q(f)

IS < Uk(P> V2)~

1%,
Setting Cy = %, observe that the inequality oy (T, Vy) < Chy4 implies
|F|1% > 551 f1I3,.- The proof is complete, with Ci5 = 5. O

We are know ready to finish the proof of the comparison inequality.

Proof of Proposition 30. In the situation that ox(T, Vr) < Ci4, it follows
from Lemma 31 that the space Ej = span(Sfi,---,Sfx) is k-dimensional. In
combination with Lemma 27, this lead for each I’ € Ej to

IVF|?
(19) op(M) < <
* IF[3,
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On the other hand, if (T, Vi) > C14, then one has
Ok(M) S Cﬁlak(I‘, VE)O'k(M)

The proof is completed by giving a rough upper bound on oy (M ). Because k <
|Vs| and Vy C ¥ is e-separated, there exists k disjoint balls By, ..., By C X
of radius €. Let f; be a first eigenfunction corresponding to the first Dirichlet
eigenvalue A\ (B;). Each function f; is extended to a function ¢; : B; x[0,1] C
M — R defined on this set by

¢jx,t) = fi(x)(1 1),
and then extended by 0 elsewhere in M. It follows that
IVe;llRe _ IVEHIE + 1155115

A58~ 145113,
Now, Cheng’s theorem [4] states that A\i(B;) < C, for some constant C' =
C(n,k,€). As the functions ¢; are compactly supported in the disjoint do-

mains B; x [0,1], the min-max characterization of o, implies that oy (M) <
C + 1. Hence

= )\1(Bj) + 1.

ow(M) < (C+1)Cii'ox(T, V).
Together with Inequality (19), this implies that

o(M) < Bog(T', Vy),
for B = max{(C + 1)C;}, CsC5'}. O
6. Applications

In this section, we present the three applications which were mentionned in
the introduction. They are similar to each others. The general strategy is as
follows:

e Construct a sequence of graphs {Gj}eny with some desired spectral
property;

Construct a sequence of surfaces {€; };en associated to Gy;

Obtain an e-discretization (I';, B;) of €;

Prove that I'; and Gy are roughly isometric;

Conclude using Theorem 3 and Proposition 16.
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6.1. Spectral stability under quasi-isometries

In order to compare the Steklov spectrum of our manifolds with the discrete
Steklov spectrum of a discretization, it was necessary to suppose that a neigh-
borhood of the boundary ¥ is isometric to the product ¥ x [0, 1[. This is a
strong hypothesis, which however can be relaxed to having a quasi-isometry
with the product ¥ x [0, 1[, with uniform control on constants.

Proposition 32. Let M™ be a compact manifold with smooth boundary X
and let g1, g2 be two Riemannian metrics on M. Suppose the existence of a
constant A > 1 such that for each x € M and 0 # v € T, M we have

1))
A = go(z)(v,v) <A

Then the Steklov spectrum with respect to g1 and go satisfies the

1 < Uk(M7gl)

< p2ntl
At = gy (M, g2) — ’

and for the normalized Steklov spectrum, we have

1 or(M 91) 2
< L < A2
AF2 = 5y (M, g2) —

Proof. This follows directly from the variational characterization of the
Steklov eigenvalues oj. The earliest paper where this principle was used ex-
tensively is that of Dodziuk [10], where the spectrum of the Laplace-Beltrami
operator acting on forms is studied. O

6.2. Planar domains with large eigenvalues
The proof of Theorem 4 is based on gluing copies of three different planar

building blocks.

Definition 33. A planar fundamental piece is a domain D C R? bounded
by smooth successive arcs v1,'1, ..., Yn—1, ['n—1, ¥n = 771 meeting orthogonaly
(see Figure 2) such that the arc I'; is a straight segment of length 1 and in a
neighbourhood of each I';, D is isometric to I'; x [0,1] (a square of side 1).

Let us denote by N(J) the é-neighbourhood of v := U;~;, that is

N() ={z € D :d(z,v) <d}.
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Figure 2: A flat cross domain.

Lemma 34. Let D C R? be a flat fundamental piece. Let gy be the Euclidean
metric. There exist numbers K,§ > 0 and a Riemannian metric g on D such
that

e (N(0),q) is isometric to v x [0, 1];

e The Riemannian metrics go and g are quasi-isometric with constant K ;

e The Riemannian metrics g and gy are homothetic on D\ N(30) and on
the square ends of D.

Proof. Let s be the arclength parameter along . Using the distance ¢ to v as
a second parameter leads to the Fermi parallel coordinates, which are defined
in a neighborhood O C D of 4. In this coordinate system, the Euclidean
metric is expressed by

gO(Sa t) = ¢(Svt)d82 + dtz)

where the smooth function ¢ satisfy ¢(s,0) = 1 (Gauss Lemma). Let 6 > 0 be
such that the restriction of ¢ to N(39) is smaller than 2. On this neighborhood
the Euclidean metric g is quasi-isometric with ratio 2 to the product metric
¢', which in Fermi coordinates is expressed by ¢/(s,t) = ds? + dt?. Let x :
[0,30] — [0,1] be a smooth increasing function taking the value 0 on [0, d]
and the value 1 on [24, 3d]. Using the Fermi coordinates again, define a new
metric on N(30) by

95(s,t) = x(t)go(s, 1) + (1 = x(1))g' (s, 1).
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/
\
-
\
-
\_

Figure 3: A puzzle domain with three fundamental pieces.

On N (0) this metric coincide with the product metric ¢, while on N(34) \
N(20) it coincides with the euclidean metric go. It can therefore be extented
to a metric (still denoted gs) which is defined on the full domain D.

Note that on the square ends of the fundamental piece D, one has g5 =
g = go. In order to obtain a cylindrical boundary of length one, define the
metric

1
9= 6—295 :

This metric satisfy all the required condition. Indeed it is 2 quasi-isometric
to 5390 by construction, and equal to 3590 on D\ N(3§) and on the square
ends of D. O

Let Dy,---,D,, be planar fundamental pieces. Let 2 C R? be a planar
domain of the form

n
) = interior U¢:1Qi
where each €); is one of the fundamental piece, with the external boundary

of each piece included in the boundary 9. We call such a domain a puzzle
domain (See Figure 3).

Corollary 35. Let Dy,---,D,, be planar fundamental pieces. There exist
constant K, k,rqg > 0 such that any puzzle domain Q) based on Dy, --- |, Dy, s
K -quasi-isometric to a Riemannian surface (€, g) in the class M(k,r0,2).

Proof. This follows from Lemma 34 and the fact that a finite number of
fundamental pieces are used. ]
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Remark 36. One way to think of €); intuitively is that it is a “thickening”
of the graph G; (perceived as a subset of the usual lattice Z? C R?), that is
by considering a tubular neighbourhood of the corresponding lattice graph.
Nevertheless, it is easier to analyse the situation precisely when we build
by gluing fundamental pieces.

We are now ready to proceed with the proof of our first application.

Proof of Theorem 4. For each | € N, consider the graph G; = (V, E;) defined
through the usual lattice Z? C R? as follows:

Vi={(a,b) €Z* CR*: 0<a,b<1}

and declare the vertices (a1, b1) and (ag, by) to be adjacent if they are related
in the lattice Z2. In order to obtain a graph with boundary, a distinguished
subset of vertices has to be chosen. For the present application, chose B; = V.
In this very special situation where the boundary coincide with the full graph,
the spectrum of the discrete Steklov problem on coincide with the spectrum
of the combinatorial Laplacian of the graph (See Definition 13 and Remark
14).

Vertices of G; are either of degree 2,3 or 4. To each of these degree,
their correspond one planar fundamental piece: Do, D3 and Dy, as illustrated
in Figure 3. For each [ € N, these are used to construct a puzzle domain
; C R? as follows:

e To each vertex v € V;, a congruent copy 2, of the fundamental piece
Dgegy is attached,;

e If v,w € V are adjacent in the graph G; = (V, E;) then Q, and Q,,
are placed so as to touch along a common straight I'-segment of their
boundary.

It follows from Corollary 35 that there exists a constant K > 0 independent
of I € N such that each domain ; C R? is quasi-isometric (in the Rieman-
nian sense) with constant K to a Riemannian surface (M, g;) in the class
M(k,19,2) for some constants x,79 > 0 which are also independent of [.
Moreover, it is clear from the construction that (M, g) is roughly isometric
to the graph Gy, with uniform constants a, b, 7.

Let € € (0,70/4) and consider an e-discretization (I'(M;), Vx(M;)) of the
surface M;. This graph is roughly-isometric to M; by Corollary 12.

We are now in position to conclude. It follows from Proposition 16 that
there exists a constant A; > 1 not depending on [ such that

i < Ug(Gl)
A~ oo(Iy)

< A;.
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From our main comparison result (Theorem 3) we get a constant As > 1 not
depending on [ such that

1 _ oa(S)
— < < A,.

Ay T op(Ty) =

As for the graph G; we have B; = Vi, we have 02(G;) = \(Gy). It is well
known that the first non-zero eigenvalue of the the discrete Laplacian on this
so called lattice graph is 8sin?(7/l) (see [17]). In particular, this implies the
existence of a constant Az such that

A-
02(G1) = Xa(Gy) > T;

The conclusion is that there exists a constant C' depending on A, Ay, As, A3
but not depending on [ such that

O'Q(Q ) Z

= Q

Now it is obvious by construction that there exists By, Bs > 0 with
B2 <Vol(Q) < Bol?, Bl < L(%) < Byl

This implies first that
O'Q(QI)L(EZ) 2 BlC

and that
L(%)) Bl
() = >
)=o) = VB,
So that 1(€;) — oo as | — oo and 02(Y)L(%;) > B C. O

6.3. Flat surfaces

The proof of the second application is similar.

Proof of Theorem 5. 1t follows from the classical probabilistic method that
there exist a an expanding family {G;}en of 4-regular graphs such that the
number of vertices |[V(Gy)| = [ (See [19]). In particular, lim;, [V(G;)| =
+oo and A1(Gy) is uniformly bounded below by a positive constant c. In
order to obtain a surface {; from the graph Gy, a “flat cross domain” is used
(see Figure 2). This domain is a fundamental planar piece in the sense of
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Figure 4: The fundamental piece M for k = 4.

Definition 33. The construction of §2; is similar to that used for the previous
application, but it is simpler since only one building block is required: a flat
cross 2, is associated to each vertex v € V(Gy), and the graph structure
is used to glue them together. It follows exactly as in Corollary 35 that the
surface € is K-quasi-isometric to a surface M in some class M(x, g, 2) for
some constants K, k, g which are independent of [ € N.

Given € € (0,7r9/4), let (I'p,, Vy,) be an e-discretization of M. Lemma
12 says that M; is roughly-isometric to (I'ys,, Vy,) for some constants a, b, 7
independent of [ € N.

The end of the proof is exactly as that of the previous Theorem 4. O

6.4. Surfaces with large eigenvalues and connected boundary

The basic idea behind the proof of Theorem 7 is similar to the two previ-
ous examples and to the construction of [8], but some care has to be taken
to guarantee the presence of only one boundary component. Intuitively, we
proceed as follows: consider a family G; of expander graphs of degree 4 and
genus N + 1 as in the previous paragraph, and use it to construct a sequence
S; of closed surfaces, using exactly one building block of the form given in
Figure 4. Consider a mazimal tree on the graph G; = (V, E;). One would
like to embed this tree in the surface S; and remove a neighbourhood from O,
the closed surface S;. Because this neighbourhood is a topological ball in Sy,
the surface € := S; \ O; has exactly one boundary component ¥;, which is
spread out in the surface: it visits each and every fundamental piece that was
used to construct Sy, and its length is proportional to . Nevertheless, it is not
easy to embed the graph Gy in the closed surface S; while controlling a quasi-
isometry class for O;. To get around this difficulty, four different fundamental
pieces will be used (See Figure 5). These fundamental pieces already carry
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Figure 5: Carved fundamental pieces.

part of the boundary of €, which is built using the maximal tree and the
five pieces which correspond to the degree of each vertex in the tree. What
we have gained through this construction is that each fundamental piece has
a fixed geometry, and this implies the existence of a quasi-isometry from a
neighbourhood of the boundary ¥; to ¥; x [0, 1) with constant not depending
on N. The rest of the proof is essentially the same as those of the two previous
examples.

Proof of Theorem 7. Let My be the smooth surface of genus 0 with 4 bound-
ary components illustrated in Figure 4. Each boundary component By, - - , By
has a neighbourhood which is isometric to the cylinder [0, 1] x S, with bound-
ary corresponding to {0} x S. Moreover, the surface My is symmetric with
respect to rotations of 90 degrees. From M, we build 4 new surfaces by carv-
ing out smooth curves as illustrated in figure 5. These surfaces are such that
they match together seamlessly, so that they can be used like the basic build-
ing blocks of a puzzle. Let G = (V,E) be a finite connected regular graph
of degree 4. Let T be a maximal tree in G. To each vertex v € V, a copy
M, of one of the four building blocks is associated, according to the degree
of v in the maximal tree T". These blocks are then glued together to obtain a



390 Bruno Colbois et al.

surface {2g, T, with one boundary component g . It is clear from this con-
struction that each Qg 1 is K-quasi-isometric to a surface Mg T in the class
M(k,19,2) for some constants Kk, 9 which are independent of the graph
G and maximal tree T. See Lemma 34 for details in the planar case.

Exactly as in the previous two applications, it follows from Proposition
12 that any e-discretization (I'azg, Vg ) of Mg T is roughly isometric to
Mg 1, with constants a, b, 7 independent of the graph G and of the maximal
tree T. Moreover, the discretization is roughly isometric to the original graph
(G, T).

The rest of the proof is also exactly as that of the previous Theorem 5, us-
ing an expander sequence of graphs G; and applying the spectral comparison
Proposition 16 and Theorem 3. O

Remark 37. In all construction presented above, a choice is involved when
we glue various building blocks together: we did not specify which bound-
ary component of one fundamental piece is glued to the other. In the first
construction (planar domains), there was no ambiguity, since we are using
congruent copies of the fundamental pieces in the plane. For the last two
applications, the choice involved does not affect the end result, despite the
surface not being uniquely defined by the procedure. One way to resolve this
non-uniqueness is to label the edges emanating from each vertex and label
the gluing boundaries. See [8] for more details.
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