ON THE TOPOLOGY AND INDEX OF MINIMAL SURFACES II
OTIS CHODOSH AND DAVI MAXIMO

ABSTRACT. For an immersed minimal surface in R3, we show that there exists a lower bound
on its Morse index that depends on the genus and number of ends, counting multiplicity.
This improves, in several ways, an estimate we previously obtained bounding the genus and
number of ends by the index.

Our new estimate resolves several conjectures made by J. Choe and D. Hoffman con-
cerning the classification of low-index minimal surfaces: we show that there is no complete
two-sided immersed minimal surface in R® of index two, complete embedded minimal surface
with index three, or complete one-sided minimal immersion with index one.

1. INTRODUCTION

Let X : ¥ — R? be a complete minimal immersion. We assume throughout ¥ has finite
Morse index. By work of Fischer-Colbrie and Gulliver-Lawson [FC85| IGL8G, [Gul86] in the
two-sided case, and Ross [Ros92] and Ros [Ros06] in the one-sided case, this is equivalent to
Y having finite total curvature. Thus, such a ¥ is conformally equivalent to a closed Riemann
surface 3 of finite genus g with finitely many punctures pi, ps, ..., pr, which correspond to
the ends of X. We refer the reader to the introduction of [CM16] for a thorough overview of
existing results concerning the index of complete minimal surfaces in R3.

In our previous work [CMI16], we established the following lower bound for the index of
two-sided surfaces:

(1.1) index(3) > g (g+7)—1.

We used this to prove the non-existence of embedded minimal surfaces of index two. However,
. fails to account for the multiplicity of the end and thus is not very useful for the study
of immersed minimal surfaces![l]

In this work, we substantially improve our estimate both in terms of the numerical
constants and also so as to account for the multiplicity of the ends. As a consequence, we
obtain several new classification results for complete minimal surfaces of low index. Our
main results are as follows.

Theorem 1.1. Let X : ¥ — R? be a two-sided complete immersed minimal surface. Suppose
Y) has genus g and r ends Ey, Fs, ..., E,., with multiplicities respectively dy,ds, . ..,d.. Then

1
index(X) > - (29+QZ (dj +1) —5)

7=1

Date: August 20, 2018.

IFor example, applying [MR91, Corollary 15] to the kth-order Enneper’s surface X : C — R (the
minimal surface with Weierstrass data g(z) = z*,dh = z¥dz in the notation of [HK97]), we find that
index Xy = 2k — 1 — 0o as k — oco. On the other hand, the right hand side of is —% for all k. Note
that Theorem [1.1] yields the lower bound %(2k + 1).
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This is stronger than our bound (|1.1)) from |[CMI6] even in the case when there are no
multiplicities (i.e., the ends are embedded). Indeed, we have:

Corollary 1.2. Let X : 3 — R? be a two-sided complete immersed minimal surface of genus
g and with r embedded ends. Then,

1
index(X) > 3 (29 +4r —5).

Our method also extends to the one-sided case, in which case we find

Theorem 1.3. Let X be a one-sided complete immersed minimal surface in R? of finite total
curvature. Suppose that the ends of X, E1, Fs, ..., E,., have multiplicities dy, ... ,d, and that
the genus of the two-sided double cover ¥ is g. Then,

index(X) > % <g +2) (dj+1) - 4) .
j=1

Our proof of Theorems [1.1] and [1.3| proceed as in [CM16] but with a more delicate choice
of weighted space (see Section . Our new weighted spaces allow us to consider harmonic
1-forms in the stability inequality with even slower decay towards the ends of the minimal
surface than those considered previously. We note that the construction of the index in this
space (in the sense of Fischer-Colbrie [FC85]) in Section {4 is somewhat subtle. Indeed, the
role of the parameter « in the cut-off function % defined in Section plays a crucial role
in this section. This might be useful elsewhere.

Example 1.4. For example, on the catenoid ¥ = C\ {0}, the weighted spaces used in [CM16]
allowed us to plug in (the real and imaginary components of) %. Here, our new weight allows
the additional forms dz and %. This yields the sharp lower boun of index(X) > 1.

1.1. Applications. As noted above, our improved bounds yield new classification results for
low-index minimal surfaces. In [CM16], we proved there are no complete embedded minimal
surfaces in R? of index two. Here, can improve this in two ways: in Theorem we extend
this to rule out immersed index two surfaces and in Theorem [L.7 we extend this to rule out
embedded index three surfaces. We also show that there are no index one one-sided minimal
immersions in Theorem [L.8

The following was conjectured by Choe [Cho90, p. 210].

Theorem 1.5. There is no complete two-sided minimal immersion into R® with index two.

Proof. Consider X : ¥ — R? of index two. By [Cho90, Theorem 7] or [Nay90, Corollary
3.3], we can assume that ¥ has genus g > 1. Applying Theorem , we find that

29+2) (dj+1) <1L.
j=1
This implies that ¢ < 2. If g = 2 then

T

> (dj+1) <3,

J=1

2We have 6 linearly independent harmonic 1-forms to start. We subtract 3 to remove the “linear” forms
xdxt, xdz? +dx3. Finally, we must divide by 3 when using the method developed by Ros [Ros06] to estimate
the index.
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implying that r = 1 and d; € {1,2}. If d; = 1, then X (X) is a flat plane, a contradiction.
Moreover, if d; = 2, we obtain a contradiction from the monotonicity formula (cf. [HK97,

Proposition 3.1]).
Thus, g = 1. In this case, Theorem [L.5] yields

T

D (dj+1) <4

j=1

Combined with the Jorge-Meeks formula ([2.1)), we find

/HZ —8m,
b

where k is the Gauss curvature of X. By work of Lépez [Lép92], because g = 1, the only
possibility is that X : ¥ — R? is the Chen-Gackstatter surface (cf. [HK9T, §2.2]). However,

the Chen-Gackstatter surface has index 3 by work of Montiel-Ros [MR91), Corollary 15].
This concludes the proof. 0

Remark 1.6. We note that a similar argument can be used to give a new proof of the
classification of complete immersed minimal surfaces of index one by Lépez—Ros [LR89)
(they must be either Enneper’s surface or the catenoid).

The following was posed to us by Hoffman (see [CM16], p. 402}).
Theorem 1.7. There is no complete embedded minimal surface in R? with index three.

Proof. Consider an embedded minimal surface ¥ C R? with index(X) = 3. Using Theorem

[I.1] we find
g+2r <T.

Because r > 3 and g > 1, we find that ¢ = 1 and » = 3. Thus by Costa’s characterization of
embedded minimal tori with 3-ends [Cos89, [Cos91], 3 must be a member of the deformation
family of the Costa surface, as constructed by Hoffman—Meeks (see [Cos91] and [HK9T, §4]).

We show in Section [7] that the three ended tori in the in deformation family have index at
least 4] This is a contradiction. O

We also confirm the following conjecture of Choe [Cho90, p. 210]:
Theorem 1.8. There is no complete one-sided minimal immersion in R3 with index one.

Proof. Consider X : ¥ — R? a complete one-sided minimal immersion with index one.
Theorem implies that

g+2) (di+1)<T.
j=1
Because )7, (d; + 1) > 4 (cf. [HK97, Proposition 3.1]), this is a contradiction. O

3Nayatani has shown that the index of the Costa surface itself is exactly 5 [Nay93] (see also [Nay92}
Mor(09]). However, it seems to be unknown how the index behaves along the deformation family [Nay17,
Morl7]. Choe’s vision number argument [Cho90, Corollary 5] applies in this case to prove that it is at least
3, but this does not suffice for us here.
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Remark 1.9. Ambrozio-Buzano—Carlotto—Sharp have observed [ABCS18b] that our previ-
ous work [CM16] (along with Lépez—Ros [LR89] and our worlf] with Ketover [CKMI7] on the
degeneration of bounded index minimal surfaces) leads to compactness results for minimal
surfaces with low index but comparably large genus in (non-bumpy) Riemannian 3-manifolds
with positive scalar curvature. Our Theorems and can be used to sharpen some of
their results.

We also note that the same authors have observed that our work [CM16] is also relevant to
the study of boundary degeneration of index one free boundary minimal surfaces [ABCS18a].
The analysis of the index of free boundary surfaces in a half-space has some features in
common with our arguments in Section [7] concerning the index of the deformation family.

Finally, we explain how our main results imply a qualitative version of the fact that finite
index is equivalent to finite total curvature. Theorems and [1.3] combined with the
Jorge-Meeks formula yield the following result (the upper bound is dueﬂ to Ejiri-Micallef
[EMOS]).

Theorem 1.10. If X : ¥ — R3 is a non-planar two-sided minimal immersion, then
1 1 3
— —k) <index(X) < =3+ — [ (—k).
3t e 2( k) < index(X) < -3+ 5 2( K)
For X : ¥ — R? a non-planar one-sided minimal immersion, we have

14_ ! (—k) < index(X) < —6 + §/(_’f)

3 6_7T ) m

That such a bound should hold was originally conjectured by Fischer-Colbrie [FC85] and
more explicitly by Grigoryan—Netrusov—Yau [GY03,(GNY04]. It can be seen as a quantitative
version of the fact that finite total curvature is equivalent to finite index [FC85| [GLS6, [Gul86].
We emphasize that by combining [Nay93| Theorem 4] with [Ros06, Theorem 17] one can give
a different proof of the lower bound in the case of two-sided surfaces, albeit with a much
worse constant.

Proof. Tf X : ¥ — R? is a two-sided minimal immersion, then Theorem yields

<zg+2i(dj +1)— 5)

J=1

index(X) >

Wl =

r

:%(g—1+%i(dj+1)>+%Z(dj+1)—1

1 1
= —— — d: +1) — 1.

j=1
The final equality follows from the Jorge-Meeks formula (2.1]). Since Z;zl(dj +1) > 4 for
a non-flat minimal surface (cf. [HK97, Proposition 3.1]), we find

1 1
index(X) > - — —
mex()_3 o E/@,

4See also the subsequent work of Buzano-Sharp [BSTS].
®The same bound with a worse constant was originally proven by Tysk [Tys87]. See also [Nay93, [GY03].
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as claimed.
On the other hand, [EMOS8, Theorem 3.2] yields

(e

1
index(X) < ——//-i+2g—3
s

3 r
— 2 =Y+
27T . j:1(] )

3
o 21 »

In the second step, we have used the Jorge—Meeks formula .

The argument in the one-sided case uses a similar argument based on Theorem for the
lower bound. For the upper bound, we combine [EMO0S8, Theorem 3.2] with the fact that the
index of the two-sided double cover is at least the index of the one-sided surface (and the
total curvature is doubled). O

K—3

1.2. Acknowledgements. We are grateful to David Hoffman, Filippo Morabito, and Shin
Nayatani for valuable discussions related to the index of the deformation family. O.C. has
been supported in part by the Oswald Veblen Fund, and the NSF grants DMS-1811059 and
DMS-1638352. D.M. was supported in part by an NSF grant DMS-1737006.

1.3. Organization. In Section [2] we give the relevant definitions and background, as well
as recalling several useful computations. In Section [3| we descrbe our new weighted space
and study the harmonic forms lying in this space. In Section [ we construct weighted
eigenfunctions realizing the index. In Section [5] we prove the main theorem, Theorem
and in Section [f] we prove the non-orientable version, Theorem [I.3] Finally, in Section [7] we
study the index of the deformation family containing the Costa surface.

2. FINITE MORSE INDEX IMMERSIONS

Throughout this note, we shall always assume that X : ¥ — R3 is a complete immersed
minimal surface in R? of finite index. Apart from Sections [2.2] and [6] we shall always assume
that ¥ is two-sided. We will denote by | - | the Euclidean distance and by Br = {z € R? :
|z| < R} the extrinsic ball of radius R. Moreover, C' will denote a positive constant, allowed
to change from line to line.

2.1. Two-sided immersions. For X : ¥ — R3? two-sided minimal immersion in R3, we
consider the stability operator defined by L := —A + 2k, where A is the intrinsic Laplacian
associated to X*(grs), and the associated quadratic form

Q(6.6) = /E VP + 20

Here, x is the Gauss curvature of 3. We note that ¥ is of finite index if and only if it has
finite total curvature [FC85] and, hence, it is conformally equivalent to a compact Riemann
surface 3, punctured at finitely many points py, ..., p, [Oss64]. Moreover, the Gauss map
extends across the punctures as a meromorphic map and, in particular, such a > is properly
immersed and we may also compute the index by taking the limit of extrinsic balls:

index(X) = I%im index(X N Bg).
— 00
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where index(X N Bg) is the number of negative eigenvalues of L in ¥ N Br(0) with Dirichlet
boundary condition. We refer to [CM16] and the references therein for details.

For a each j = 1,2,...,p,, we consider D; a small punctured disk neighborhood of p; in
3. We refer to E; = X(D;) as an end of 3. Following [JM83], for a fixed R > 0, we consider
I'r; ={q € S*| Rq € E;}, where S? is the unit sphere in R?, and observe that I'p ; converges
smoothly as R — oo to a great circle of S? with finite multiplicity, which we refer to as the
multiplicity of E; and denote by d;. Moreover, Jorge-Meeks [JM83] showed that:

1

1 T
2.1 - — —qg—1+ = d. .
(2.1) 47 gﬁ g +2<T+; ])

2.2. One-sided immersions. For an one-sided immersions X : ¥ — R3, the Morse index
and total curvature can be defined using the two-sheeted orientable covering:

W:i—)Z.

For instance, if 7 : 5 — 3 denotes the change of sheets involution and N is the unit
normal vector of i, then 7o N = —N and an infinitesimal compactly supported deformation
of ¥ correspond to a function ¢ with compact support in 5 satisfying ¢ o 7 = —¢. Thus,
if () is the quadratic form associated with the second variation of area for f], the index of
> may be defined as the number of negative eigenvalues of () with respect to deformations
that are anti-invariant with respect to 7.

The total curvature of X, on the other hand, is equal to the degree of its “Gauss map”
n: Y — RP?, which in turn can be defined via the following diagram:

where p : S — RP? is the standard covering of RP?. It follows from Ros [Ros06, Theorem 17]
that 3 has finite Morse index if and only if it has finite total curvature. The total curvature
of ¥ can then be estimated by applying the Jorge-Meeks formula to ¥. Indeed, if ¥ has

genus g and s ends, then s must be even, say s = 2r and the ends of 5) must be of the form
E\,Ey,....E..7(Ey),7(Ey),...,7(E,), and so:

deg(n) = deg N
1 S
=

Finally, since E; and 7(E;) must have the same multiplicity, the above reduces to:

1 T
(2.2) ~ 5 En:deg(n):g—1+<r+jzldj>.
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2.3. Distance function at an end F;. We finish this part of the paper with Sections
through [2.5] They carry important calculations that will be used later, but could be skipped
at first reading. We assume two-sidedness again until Section @ (where we will apply these
computations to the two-sided double cover).

The following calculation will be important for proving integrability. Write X : D;\{0} —
R? for a conformal parametrization of one of its end F; with multiplicity d;. Assume that
the Gauss map satisfies g(0) = 0. If z is the local coordinate in D;\{0}, we follow the proof
of [CM16, Lemma 10] (cf. [HK97, Proposition 2.1]) and write the Weierstrass representation:

X(2) = Re / (61, 62, 65)

61(2) = < dA + Bléfz)) dz

where

z4it1 2%
A
do(z) = <Z;H . ngj)) dz
¢3(z) = (Bj(gf)) dz,

for By(z), Ba2(z), B3(z) holomorphic on D; and A € C\ {0}. Integrating this, we see that

A A
X(Z) = Re (__Z_dj + O(Z_dj+1), _Z_Z— i O(Z_dj+1)’ O(Z_dj+1)> 7

d; d;
SO

(2.3) |X (2)] =~ |2|7%.
Continuing on, because g(z) = O(z), the unit normal can be written as
2Re(g) 2Im(g) |g* - 1>
= y y == 0’07 —1 + O Z).
(Gt e gren) = 00+ 06)

This allows us to estimate N - Vgs|z| as z — 0,

X(2)
N - Vgs|z| =N - = O(z).
: X(2)]
Since | X (2)| ~ |2|~%, we find that
(2.4) IN - Vps|z|| < C|z| < Cla| 7Y%,

2.4. The Gaussian curvature at an end E;. Assuming as in the previous section that
X : D;\ {0} — R? is conformally parametrizing the end E;. Write d; for the multiplicity of
E; and assume that g(0) = 0. Write

Bs(0) = bz" + O(z"*)
for some n > 0 and b # 0.
Recall that the Weierstrass representation gives (see [HK97, Theorem 2.1])
1 l

(012 02(2).0(2)) = (307" = ) 367 + g an ).
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for ¢; considered above. Note that

. ¢3 _ B3(Z)Z _ b n+1 n+2
T 1 —ide 24+ 2(Bi—iBy) 24° +0(E")

g
and
dh = bz—dj—i-n + O(Z—dj“rn'i‘l)‘

Now, recall that the Gaussian curvature can be written in terms of g and dh (see [HK97,
(2.10)]) as

_ —16 dg/g’2
(gl +lgl=")* | dh
We compute
dg/gl*  (n+1N*| o n
W‘ {3 2PV (1 4+ 0(2))

Thus, there is ¢ > 0 depending on E; so that

k(X (2)) = —c|z|2(dﬂ'+”+1)(1 + 0(2)).

— dj

It is useful to write this using | X (2)| ~ |z|~% as

g 20
(2.5) k(x) = O(|z] ).
for © € B with |z| — oco. All that will matter in the sequel is the super-quadratic decay.

2.5. A one-parameter family of cut-off functions. Let £ : R — R be a smooth function
satisfying x(s) = 0 for s < 0 and x(s) = 1 for s > 1. In particular, there exists a constant
C' > 0 such that ||, || < C. For any av > 1 and R > 1, we define ¢% : ¥ — R given by:

@%(l‘) =¢o 77/)%(17),

where Y% (z) = 1+ =15 — %. Note that 1% is a modification of the standard log-cutoff
function (which corresponds to taking ov = 2). We will use v = 2 in most places throughout,
but will take « large in the proof of Proposition [4.3]

Note that ¢% satisfies ¢%(z) = 1 for |z| < R and ¢%(z) = 0 for || > R*. The goal of
the remainder of this section is to estimate |Vp%| and |Ap%| where V, A are the intrinsic
gradient and Laplacian associated to X*(grs). These are clearly supported in the compact

region X '(Bga(0) \ Bz(0)). First, we note:

Vil = €1Vl
1
<C \%
~  |lz|(a=1)log R &
C

< .

~ |z|(a—1)log R
Next, since 3 is minimal, we recall that |z|Alz| = 2 — |V|z||*>. Hence:

1 1
Alog |z| = EA’QJ‘ - —
2
= (1= |V

]2

(2.6)

V|| [*

|2
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Since the gradient of |x| in ¥ is just the tangent projection of the gradient of |z| in R3, we
have that 1 — |V|z||> = (N - Vgs|z|)?. Using this:

(N - Vialz|)?
AYg(z) = =2
V(@) (@ — D[z log R’
and thus, by (2.4)), if £ = min{d;,ds, ...,d,}, we get the estimate:
C

ApG < :

[Ar()] < (a — 1)|z[*+?/klog R
Therefore, we finally obtain (taking C' > 0 larger if necessary):

< C n C
~ z)2(a—1)2log? R (a0 —1)]z[>t2/*log R’

(27)  [Apgl < [E"IVERI” + €A

3. A NEW WEIGHTED SPACE AND MORE HARMONIC 1-FORMS

We define the weighted space L?(X) to be the completion of smooth compactly supported
functions with respect to the norm

12205 = / P+ J22) 7 log(2 + []) 2,

where |z| is the Euclidean distance. This norm clearly comes from an inner product, making
L3(Y) into a Hilbert space.

3.1. Harmonic 1-forms. We will show next that the extra logarithmic weight allows for
more harmonic 1-forms. Write #(X) for the space of all harmonic 1-forms on X.

Proposition 3.1. If X : D\{0} — X be a conformal parametrization of an end E; of ¥. If
z is the local coordinate in D\{0}, the 1-forms %, %2, Ce Zd‘j% are all integrable in L2(E;),
where d; is the multiplicity of Ej.

Proof. Letw = %, where 1 <1 < d;+1. By (2.3)), we have that | X (z)| = [z|~%. Additionally,

because the squared norm of a 1-form times the area element is a pointwise conformally
invariant quantity, we can estimate:

dz||? 1
i < / —21(1 + ‘iU’Q)*l(log(Q + ’$|))72‘d2|2
My~ ooy 2]
1 ]z|2di 1
=¢ dz|?
- /DJ'\{O} |22 1 4 [2]*% 1og?(2 + |Z!—2dj)| |
1
< C/ P2d =0+ (106 1)=2 gy
0
For any [ € {1,...,d; + 1}, the above integral is ﬁniteﬁ -

Proposition 3.2. If ¥ has genus g and r ends, with multiplicities dy,ds, . .., d,, the dimen-
sion of A1 (X) N Li(X), i.e., harmonic forms in LI (X), is 29 +2377_,(d; +1) — 2.

/
5Note that ( 1 ) = —r"1(logr)~2

logr
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Proof. By Osserman [Oss64], ¥ is conformal to a Riemann surface with genus g and r punc-
tures, say pi,ps2 ..., pr, corresponding respectively to the ends Ey, Fs, ... E,.. By Riemann-
Roch the dimension of holomorphic 1-forms on ¥ which have poles of order at most d; +1
at the point p;, for j =1,...,r is exactly

g+ (di+1)— 1
j=1
By taking real and imaginary parts, we find at least 2g 4 2 Z;Zl(dj + 1) — 2 harmonic forms
in L2(X).

Conversely, for any harmonic form w € L?(X), the form @ := w+i*w is holomorphic on ¥
(cf. [FK80, 1.3.11]). Using and the definition of L#(X), it is easy to check that & must
extend meromorphically to 3, with a pole of order d; + 1 at each point p;. This proves the
assertion. ([l

4. WEIGHTED EIGENFUNCTIONS

Proposition 4.1. Suppose f € L?(X) is a smooth function on X satisfying the weighted
eigenvalue equation:

Af —2kf + A1+ |2[*) " (log(2 + |z])) 2 f = 0.
Then |V f| € L*(2).

Proof. Let ¢ = ¢% with o = 2. We will show integrability of |V f| by proving that [, *|V f|?
stays bounded as R — oco. First we compute:

2 2 _ 2 _1 2 2
[rese == [ @rar-3 [ veovs
B _ 1
—— [ [ PP P)  os2 4 1al) 2 - 5 [ Vi vr

Since k decays super-quadratically by (2.5, and f € L? we only need to check the integra-
bility of fz V¢? - Vf?as R — oo. Then:

- [vevr [ rag
(1) =2 [ Posp+2 [ Pl

We analyze each term separately. First note that, by (2.7):

/ f%m\ < [ Pleliag

_ Clel
49 < 2 |90‘ / 2
(42 —/ iR " o WP og R

0 ()

where k£ > 1 is the highest multiplicity of an end of X.

"Specifically, this follows by considering the divisor 4l = H;Zl p; in e.g., [FK80, §I1I.4].



ON THE TOPOLOGY AND INDEX OF MINIMAL SURFACES II 11

Because ¢(z) is only nonzero for |z| € [R, R?], we have:

C log”
(D:/fQ Isolz So/fz ] log \x|2
s |z|*log” R s |z?log” |z|log” R
< O/ f2 |90‘10g2 R2
—  Jg7 |z|?log? |z|log® R

<C [—

Sn(B\Br) |z|?log” |z|

This tends to zero as R — oo since f € L2.
Moreover, because |p| < 1, we get:

Cly| 1 loglz]
= [ P <C & ,
|z[>+2/*log R SN (B2 \Br) || log? || [z[*/*
which also goes to zero as R — oo, since f € L? and |z|*/* > log|z| as 2 — oo.
Finally, for the second term in (4.1)):

C
f2 VQO 2 S / f2—
/ZJ ’ ‘ ¥N(Bgr2\BR) |.I‘|2 10g2 R

<c / o bl
SN(Bpe\Br) | %[?10g” |z|log” R

< C/ ) log® R?

B EN(Bg2\Br) |2 10g2 || 10g2 R

<C f? !

Sn(Bu\Br) |22 log? |z]

This tends to zero as R — oo, like before. This completes the proof. 0
Lemma 4.2. For w a I-form in L*(X) N 21(X), we have that

/ IVuw|? < 0.

Proof. Using the Bochner formula as in Lemma 13 of [CM16], the proof follows similarly to
Proposition [4.1] above. O

We now prove that the weighted analogue of Fischer—Colbrie’s result constructing the
index on a complete minimal surface [FC85, Proposition 2] holds for L2(X).

Proposition 4.3. Suppose that 3 has index index(X) = k < oo in the usual L*-sense.
Then there exists a k-dimensional subspace W of L2(X) with an L?-orthornormal basis of
L2-eigenfunctions for the stability operator fi,..., fr. Letting the associated eigenvalues be
A1,y Ak, each Ny < 0 and moreover Q(¢, ) > 0 for ¢ € C(X)NWL, where WL C L2(X)
is the L2(X) orthogonal complement of W.

Proof. Choose Ry sufficiently large so that & = index(X) = index(X N B,) for p > Ry. Let
{fips- s fep}t and {X1,, ..., Ay} denote the L2(X N B,)-weighted Dirichlet eigenfunctions
and eigenvalues, respectively, of an L?(X N B,)-orthonormal basis constructed by minimizing
the Rayleigh quotient

Q(6,0)/ 61172 (s,
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(note that there are exactly k such eigenfunctions since the L? and L? norms are equivalent
in B,). It is not hard to check that this implies that

Afip—26fip+ Nip(1+|z|*) " (log(2 + [x]) 2 fi, = 0

in XN B,

Our goal is to prove that f; , converges to the desired eigenfunctions as for an appropriate
sequence of p going to infinity. To that end, note that X\ Bg must be stable for any R > Rj.
Thus, if 7 is any smooth function vanishing in Bg, the stability inequality implies that for
any ¢ € C(%),

(43) - / ()’ < / Vo) = / IV + 206 (V. Vo) + 62|Vl

In particular, arguing this as in [FC85, Proposition 2| and [CMI6l Proposition 8|, choosing
n=1-— %, with a = 2,

/E (1= )|V + 266%) < Q) + /E 6 (Vi V) + 62| Vi
< Q6.9 + / PIVP + 26|V

ZOBRQ

<20(6,0) + / 207V — 2w,

EHBRQ
Thus, we find

) _¢C 2
(4.4) /mR Vol? <2Q(¢, ¢) + <R2 og I + zi%iz 4|f<a|> /WRQ ¢°.

[

-~

:=2CR

Because max{\; ,,..., Ay} is decreasing with p, there is ¢y > 0 so that for p > R > Ry,
we have \;, < —ep. On the other hand, the inequality we have just proven shows that
Aip > —Cr(1 + R?)log?(2 + R?).

Moreover, yields

[ VRS [ g <200 Bl s R,
YNBgr EﬂBRz

From this, as in [FC85| [CM16], for every i fixed, a diagonal argument (together with the fact
that W12(2 N Br) compactly embeds into L?(X N Bg)) implies the existence of a sequence
pj — oo and a function f; € L#(X) such that

fip, = fi in LK)

for any compact domain K of 3. Because \; , is uniformly bounded from below, it is clear
that f; is an LZ-eigenfunction with eigenvalue \; = lim;_,n, Aip; < 0.

To finish our proof we must show that no mass escapes to infinity, i.e., that || f;l[ .2y = 1.
To this end, we return to and plug in ¢ = f; , (extending ¢ to be zero outside of B,)
and n =1 — ¢%, for some o > 1 and R > Ry to be chosen below. We compute:

- / 26(nfip)* < / IV fipl® 4+ 20 fip (N0, V fi) + [,V
M >
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= [ WIVI 5 (VL) + £

= [ IV I = (oo 4 [V 1l?) + £

- /E J2 I — i f A

- /Effp\vnl2 = 26(1fi0)* + Nipp (1 + [2[*) 7 (log(2 + log [2]) *(nfi,p)*.
Hence,

=Nip)nfiollZ2 (s

/ fzp|Vn|2

( )2R21 g R”flPHL? (X\Br)

(1+ R?)1og*(2 —i— R)
( . )2R21 Hflp”LQ (X\Br)

< (1+ R*)1og*(2 + R)
(a —1)2R2log> R~
This implies that there is some ¢ > 0 (independent of p, R, ) so that
(1+ R*)1og*(2+ R)
(a —1)2R2log* R’

IN

IN

(45) Lw (1+ 22) [log(2 + 2] 22, < ¢

for any R € (Ro, p'/*].
First, we choose any R > Ry and consider it fixed below. Given any 0 < § < 1, note that
we may find o > 1 and integer jo € Z,, both depending on 4, such that for any j > jo:

(a) pl/ “ > R, so that we may use equation (4.5)), and
1+ R?)1og*(2+ R
() (- 12z LHEE @),
0R?log” R
Thus, we have a compact set K = > N Bgao such that for every 7 > jo:
||fi7pj|’Lg(m7) < 0.

This proves that f; , does not loose any mass at infinity. The proof may now be completed
as in [FC85l p. 126]. U

5. PROOF OF THEOREM [L.1]
We first recall the notation of [CM16]. For w harmonic 1-form, we write:
Xy = ((w,dxy) , (w, dxg) , (w, dx3)).
By |[Ros06, Lemma 1], we have
AX, — 26X, = 2(Vw, h) N
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where this equation is to be interpreted in the component by component sense. Here, h is
the second fundamental form. Moreover, if (Vw,h) = 0, then w € span{*dz!, xdz?, xdz®}
by [Ros06, Lemma 1].

As in [CM16], for vector fields X and Y along ¥ with components (X7, X5, X3) and
(Y1,Y5,Y3), we denote by Q(X,Y) the sum Zf’zl Q(X;,Y;). For example, for a vector field
X along X, we have that

Q(X, X) = —/Z<AX kX, X)),

where the integrand is the Euclidean inner product of the following vector fields along X
(AXl — 2/€X17AX2 —QKXQ,AXg —2/'{X3) and (Xl,XQ,Xg).

By Proposition[d.3] there are L2-eigenfunctions fi,..., fi € L*(3) which span W C L(%)
and so that for ¢ € C5°(X) N W, we have Q(¢, ) > 0. By Proposition [3.2 V := L2(X) N
(X)) has dimension

20+2) (d;j+1) -2
j=1

Suppose that w € V satisfies X, € W+ (where the orthogonal complement is taken with
respect to the L%-inner product). We will prove that w € span{xdx,, *dwy, *dxs}. This
finishes the proof (cf. [CM16, §5]).

Suppose that w € V satisfies X,, € W+. Following [Ros06, [CM16], we will show that
Q(X,,Y) = 0 for any compactly supported smooth vector field Y with Y € W+. Choose R
sufficiently large so that By contains the support of Y. We set

X = r(Xo +tY + fici + -+ + fuCh),

where g is the test function constructed in Section [2.5| with o = 2. Here, the vectors
¢; € R? depend on X, ¢ and are chosen so that X; € W+. In particular, we are requiring
that

/ZQDR(X“ +he - fil) (1 )7 (log(2 + [2]) 7 = 0,

where we have used the fact that Y € W and ¢pY = Y. Because X, f; € L%(X) and
the fi,..., fr form an L2-orthonormal basis for W, the dominated convergence theorem
guarantees that the ¢; tend to 0 when sending R — oo.

As in [CM16], the stability inequality implies that:

Q(X,, Y)? <QV,Y)
: 2
(5.1) x| QUorXu, 0rX0) 42 QlerXy, orfit) + Y Qlerfid, ©rfiC)
EIr) =1 (I‘?) i,7=1 (I‘ﬂ)

We claim that the term in parenthesis tends to zero as R — co. To show this, we consider
each term in ([5.1)) separately. We have

(1) = QlonXo, prX.) = / (V(orXo)P + 26(pm)2|X[?)

= —/ (A(prXy) — 26pR Xy, PRXW)
b
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_ /(QORV (AX, — 25X, X))
>
- / (orAGRIX P + 2 (ViorXe, prV X))
>

= /(SORASOR‘X’ + = <V ©R) V!Xw\2>)

/|WR| X2
lz[log R |1gR’

C
/ Vorl| X2 < / P
= SN(Bjy2\Br) |[z[*log™ R

1 log?
S C/ |Xw|2 5 5 0g2|ZL‘|
SN(Bpa\Br) |z[?log” |z| log” R

Since |Vg| < we have:

Note that max, ¢ g2 @ = 4 so taking C' > 0 larger, we find:
€[R, ]log R g

1 log?
< O/ Xl sy 0g2|x|
£N(Byz2\Br) |z[?log”(|z]) log” R

1

< C/ | Xo
$A(Bp2\Br) |z|* log™ ||

1
= C/ Xl
S\Br |z[21og” ||

Since |X,,| € L?(X), this converges to 0 as R — oo.
For the second term, we compute:

(II) = Q(¢rXw, rfiCi)

- /E o (Xun &) (Alprfs) - 2w0nf)

= - /Z(SOR)2 (X, c) (Afi = 26fi) — /z or (Xu, G) (Aprfi+2(Ver, Vi)
(5.2) =\ /E(SOR)Z (X, @) fi(1+ |2*) " (log(2 + []) % — /z wrAPR (X, C) fi

p / or (X ) (Vor, V).
>

The first term in ([5.2)) tends to zero as R — oo by the dominated convergence and choice of
X, € W, The second term in (5.2)) tends to zero as follows. By (2.7):

o N CSOR
/EchAsoMch»fi §|Cz‘|/|‘2|1—2‘|Xw||fz‘|

z O|<PR|




16 OTIS CHODOSH AND DAVI MAXIMO

Since X,,, f; € L?(X), by arguing as in (4.2)), the above integrals are bounded as R — oo and
thus the right-hand side converges to zero since |¢;| — 0.
For third term in (5.2), we use Holder’s inequality:

Xo.2) Vor VN < 1@l ( [ 1verPixol) ([ 1vee)
[ en ) (T f><|0|</2| onl) |) (/| f|)

Since |V f;| € L? by Proposition [.1} & — 0 as R — oo, and [ [Vir/|?|X,|? also converges
to zero, this also converges to zero as R — oo.
Finally, we have that the third term in ([5.1]) satisfies

(I1T) = Q(&C fi, rE; )
1

1
=3 (Ci, Cj) /z orfi(A(Qrfi) — 260Rfi) — 3 (G, Cj) /z orfi(A(prf;) — 260R[;)

= 1(/\i+>\j)(5i,5j>/90§zf¢fj(1+ |z|*) " (log(2 + |]))* — <5i75j>/90RAS0Rfifj
2 5 .
- (@,53')/903 (Vor, iVfi+ iV i)
>

= S E5) [ GRAH+aR) Qo8+ 1)) + (5.5 [ [Venl S

This tends to zero as R — oo because the ¢; are tending to zero and, by arguing as above,

so does fz \Vorl?|fif;l, since fi, f; € LZ(%).
The above computations show that Q(X,,Y) = 0 for all compactly supported smooth
vector fields Y € W+. Finally, fix an arbitrary smooth vector field Y € W+ and let

Y/R = QDR(Y/ + fici + - -+ fuCh),

where the & are chosen so that Yz € W. Observe (as above) that & — 0 as R — oo by

the dominated convergence theorem. Hence, because Yz has compact support, we have that

0= Q(Xwa Y/R)

— /E <AXW _ 2KXW,}7R>
- —Q/E(Vw, h) <N,Y/R>.

Lemma shows that |Vw| € L*(X), and because the second fundamental form satisfies
Ih| < (1 + |22)~20+0) (cf. @25)), we may use the dominated convergence theorem to see

that
/ (Vw, h) <N,}7> — 0.

Similarly, we may show that for any vector @ € R? and eigenfunction f; € W from Proposi-

tion [£.3] then
/ (Veo, b (N, f,d) = 0.
>

Putting this together, we obtain (Vw,h) = 0. Thus, w € span{xdxy, *dxs,*drs}. This
completes the proof.
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6. PROOF OF THEOREM

We will prove Theorem [[.3] by essentially redoing the proof of Theorem [L.1] for anti-
invariant harmonic 1-forms in L2(3), where 3 is the two-sided double cover of ¥.
Note that the space #1(3) decomposes as

HE) = AN E) @ D),
where (D) = {w € H#(E) | 7w = dw}. Note that the Hodge star operator * of 5. gives
an isomorphism between 21(S) and .#°1 (). In particular, the dimension of 271 (£)NL2(Z)

is equal to g+22d]~ +1-1
j=1

The key point is that if w € ji”_l(i) N Lf(i) then X, o7 = — X, so its coordinates can
be used as test functions for @) as in the proof of Theorem suppose w € SN (S) N L2(D)
and Y : ¥ — R3 is compactly supported with Y o7 = =Y, we consider the cutoff function
YR : I R, taking R big enough so that ¢z = 1 on the support of Y. Then, since
YR O T = g, the vector

X; = opX +tY = op(X + 1Y)

is anti-invariant. Given this, we can argue precisely as for Theorem [I.1]

7. ON THE DEFORMATION FAMILY OF THE COSTA SURFACE

Consider {¥;}+>1 the l-parameter family of embedded genus one minimal surfaces with
three ends, see Costa [Cos91]. Recall that each ¥; is conformally equivalent to C/L(it) \
{m(0),7(1/2),m(it/2)}, where L(it) = {m + int | m,n € Z} and 7 : C — C/L(it) is the

canonical projection. We way arrange that the following isometries of R?:
T1(21, T, ¥3) = (=71, 72, 73), To(T1, T2, 73) = (71, —T2, T3)

descend to ¥, as reflections in z and y coordinates through the center of L(it), where we
write z = x + 4y for the canonical coordinate of C, see [Cos91l [HK97].

By work of Nayatani [Nay92], we know that index(X3;) = 5 and, by Choe [Cho90], that
index(X;) > 3 for all . Suppose that index(X;) = 3 for certain parameter t. We will show
that this leads to a contradiction.

7.1. Decomposing the 1-form argument with respect to the symmetries. By Propo-
sition [3.2) 1 (%) N L2(%;) has dimension 12. Thus, if we write . for the subspace of such
1-forms on ¥, that are L2-orthogonal to xdx!, *dz?, *dx3, then dim J# = 9.

Lemma 7.1. Suppose that
H=HTT T oA

1s the decomposition of € into eigenspaces of 11, 7o. Then:

dim #TT =2
dim#t =3
dims#~*t =3

dims7— = 1.
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Proof. Write H = HA(3) N LA(Y,). Because *dzt, xdz?, xdz® are of type +—, —+, ——
respectively, it suffices to show that the decomposition

H=H e oA A

has
dim 7+ =2
dim s+ = 4
dim 7+ = 4
dim # = 2.

Observe that the forms da and dy on the torus 3, are of type —4 and +—, respectively.
Moreover, these span s (%;) N L2(%,).

Consider w € S+ (the other cases will follow similarly). Define the associated holomor-
phic 1-form oo = w + 7 * w. We will work near the end 7(0). We have that

d d
a = al—Z + &2-5 + O(l)
z z

near z = 0. Observe that
dz xdr+ydy  xdy—ydx
— = 1

z r? + 1 x? + y?

dz (2% — y*)dx + 2zydy N (2* — y?)dy — 2xydx
- — )

2 (22— y?)? + Az (22 — y2)2 1 da?y?

and that the real and imaginary components of these forms obey the following parity rela-
tions:

1-form type
xdx + yd
vdz + ydy L
x? + y?
xdy — ydx
x? + y?

(22 — y*)dx + 2xydy
(22 — y2)2 + day?
(2% — y)dy — 2xydx
(22 — y2)2 + day?

+_

Because w = Rea was assumed to be in jz/z**, we thus find that oy € R and as = 0.
A similar computation holds at the other ends 7(1/2) and =« (it/2). By [FK80, Proposition

—~

I1.5.4], the sum of the residues of w equals zero. Thus, because ST+ N L*(3;) = {0}, we
find that dim 2t < 2. More specifically, to each w € " we have an injective map

w — (Resr) o, Resr(1/2) o, Resqir/2) )

whose image is contained in the two-dimensional subspace {(u,v,w) : u+v +w = 0} C R3.
This yields the asserted inequality. Arguing similarly, for the other parities, we find that the
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assertion in the lemma holds in the weaker form where inequalities replace the equalities.
However, since dim 7 = 12, this implies the full assertion. 0

Next, we also decompose the space of smooth functions as on X; as:
(7.1) CeE)=C"eCTaC Tl .

Let W be the span of eigenfunctions in L? with negative eigenvalue, corresponding to the
Morse index of ¥;. Recall the we are assuming W has dimension 3. We decompose W

according to (7.1]) as
W=wrew oW TeWw "

and write dim W** = w**. We will show:
Lemma 7.2. The following inequalities are true:

2=dimZTt <w T +wt +wtt

3=dimAT <w  +w T +w

3=dimA#A T <wrt+w 4w T

l=dms?Z  <w'™ +w T4+w .
Proof. We will prove the first inequality and the rest will follow analogously. Suppose w™" +
wr™ +w™ < 1. For w € 7, note that

<w,d331> cO T, <w,d332> c Ot <w,d333> cCtt.

Thus, the requirement that (w, dz') is orthogonal to W with respect to L? amounts to at most
w~ T linear equations (pairing an element of C~* with e.g., C*" vanishes automatically, by a
parity argument). Thus, requiring that X, is orthogonal to W takes at most w™"+w ™ +w™*™*
equations.

By our assumption, we can thus find such a w € 27+ \ {0} that is orthogonal to W in L2
Repeating the proof of Theorem [1.1] we conclude that w € span{*dz", xdx?, xdz?}, which is

a contradiction since J# is orthogonal to span{*dz', *dx?, *dz3}. O
If we assume that index(3;) = 3, then Y w** = 3. Combined with Lemma we find
(7.2) wt =w =0, wtt =2, w - =1.

We show below that this is a contradiction by comparing with Choe’s vision numberﬁ

7.2. Comparing with the vision number. Write II; = {7;(z) = z} for the {z; = 0}
planes of reflection symmetry in R®. Consider ¢, the Jacobi field coming from the rotation
around the z3-axis. Write H(¢y) = {¢» = 0}. By the symmetries, we have that

H1 U H2 C H(gbz),

so the vision number v(¢y) (i.e., the number of connected components of 3; \ H(¢,), see
Choe [Cho90]) satisfies v(¢¢) > 4. See [HK97, p. 50] for a picture of one quadrant of the
Costa surface.

On the other hand, since we have assumed that index(X;) = 3, we have by Choe [Cho90]:

3 = index(%;) > v(¢yp) — 1 > 3,

8 Alternatively, one may find a contradiction by first showing that w=~ < w™~ < w™™ by using the
variational characterization of w** in a quarter of 3;.
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we find thatf] v(¢¢) = 4. Write ¥’ for one of the components of 3, \ (H, U Hy). Because
v(¢y) = 4, we must have that ¢, does not change sign on the interior of each connected
componnet of ¥’ and vanishes at their boundary. Thus, >’ is a stable minimal surface with
fixed boundary. By the usual argument relating odd symmetry and Dirichlet boundary
conditions, this implies that w™" = 0, contradicting the previous section.

Thus, we find that index (¥;) > 4 for every ¢, completing the proof.
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