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Abstract  The techniques developed by Butscher (Gluing constructions amongst constant
mean curvature hypersurfaces of s"*t1y for constructing constant mean curvature (CMC)
hypersurfaces in S"*! by gluing together spherical building blocks are generalized to handle
less symmetric initial configurations. The outcome is that the approximately CMC hyper-
surface obtained by gluing the initial configuration together can be perturbed into an exactly
CMC hypersurface only when certain global geometric conditions are met. These balancing
conditions are analogous to those that must be satisfied in the “classical” context of gluing
constructions of CMC hypersurfaces in Euclidean space, although they are more restrictive
in the S"*! case. An example of an initial configuration is given which demonstrates this
fact; and another example of an initial configuration is given which possesses no symmetries
at all.

1 Introduction

Gluing constructions of constant mean curvature hypersurfaces. A constant mean curvature
(CMC) hypersurface A contained in an ambient Riemannian manifold M of dimension n + 1
has the property that its mean curvature with respect to the induced metric is constant. This
property ensures that the n-dimensional area of A is a critical value of the area functional for
hypersurfaces of M subject to an enclosed-volume constraint. One very important method
for constructing CMC hypersurfaces is the gluing technique in which a more complex CMC
hypersurface is built up from simple CMC building blocks. This technique was pioneered
by Kapouleas in the context of CMC hypersurfaces in R [6-8]. The idea is that a very
good approximation of a CMC hypersurface can be constructed by forming the connected
sum of an initial configuration of simple CMC building blocks, which can then be perturbed
to an exactly CMC hypersurface if certain global geometric conditions, called balancing
conditions, are satisfied by the initial configuration.
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2 A. Butscher

The gluing technique has been a very successful method for constructing CMC hypersur-
faces in R3, with the proviso that the resulting hypersurfaces are always small perturbations
of the simple building blocks from which they are constructed, namely spheres and nearly
singular truncated Delaunay surfaces. This is because the quality of the approximate solution
that one can construct improves as the approximate solution more and more closely resembles
a union of mutually tangent spheres. Although it is easy to imagine how to use the gluing
technique in ambient manifolds other than R3, provided one has enough simple building
blocks, it is not clear that the gluing technique will be quite as successful, in particular when
the ambient manifold is compact.

In Butscher’s and Butscher-Pacard’s work [2—4], the gluing technique for constructing
CMC hypersurfaces has been successfully adapted to work in the compact ambient manifold
S™+! In these papers, the CMC building blocks of the sphere—namely the hyperspheres ob-
tained by intersecting S" ! with hyperplanes and the product spheres of the form S” (cos(a)) x
S (sin(«)) for o € (0, w/2) called the generalized Clifford tori—are configured in a variety
of different ways, glued together using small embedded catenoidal necks, and perturbed into
CMC hypersurfaces. One should imagine that the hypersurfaces constructed in the papers
are analogues of “classical” constructions possible in Euclidean space. Indeed, there are obs-
tructions for solving the CMC equation on an arbitrary initial configuration in S**! that are
analogous to the obstructions appearing in Euclidean space; and just as in the Euclidean set-
ting, when certain global geometric conditions are met, the obstructions disappear. However,
the geometric conditions found in [2—4] for S"*! constructions, though close analogues of
the conditions identified by Kapouleas for Euclidean space, appear to be somewhat stronger.
This is to be expected since S"T! is compact and the additional requirement that the initial
configurations must close should have ramifications in the analysis of the CMC equation.

The balancing condition is best explained in the more general context found in Korevaar,
Kusner and Solomon’s work [9]. First, suppose that A is a hypersurface with constant mean
curvature 4 in an (n + 1)-dimensional Riemannian manifold (M, g) possessing a Killing field
V. Let U be an open set in A and I{ be an open set in M such that 31/ = U/ U C where C is
a bounded n-dimensional cap which may have multiple components. Then the first variation
formula for the n-volume of I/ subject to the constraint of constant enclosed (n 4 1)-volume
of U in the direction of the variation determined by V implies

/g(v, V) —h/g(n, V) =0 ()

ou C

where v is the unit normal vector field of 92/ in A and 7 is the unit normal vector field of C
in M. This formula can now applied to the approximate solution of the CMC perturbation
problem, having mean curvature approximately equal to 4, in the following way. Choose
the open set U/ as one of the building blocks of the approximate solution. Then 92/ consists
of a disjoint union of small (n — 1)-spheres at the centres of the necks attaching U to its
neighbours, and C is the disjoint union of the small disks that cap these spheres off. The left
hand side of (1) now encodes information about the width and location of the neck regions
of U. If one hopes to perturb ¢/ into a piece of CMC hypersurface for which (1) holds exactly,
then one should expect to start with ¢/ for which (1) holds in some approximate sense, to be
made precise later on. An approximately CMC hypersurface for which this is true is called
balanced.

The balancing condition amounts to a form of local symmetry satisfied by each building
block with respect to its nearest neighbours in the initial configuration that is to be glued
together. This is similar to what happens in Euclidean space. However, force balancing in itself
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Constant mean curvature hypersurfaces in sntl by gluing spherical building blocks 3

is not the end of the story—a balanced approximate solution can not necessarily be perturbed
to an exactly CMC hypersurface. Itis in addition necessary to be able to re-position the various
building blocks with respect to each other so as to maintain the force balancing condition
even under small perturbations. Technically speaking, this amounts to the requirement that
the mapping taking a re-positioned approximate solution to a set of small real numbers via
the integrals on the left hand side of (1) be surjective. This requirement also exists in the
Euclidean case, but is more restrictive in the case of S"*!. In fact, only by imposing a high
degree of symmetry on their initial configurations are Butscher and Butscher-Pacard able to
satisfy both types of obstruction to the solvability of the CMC equation.

One impression that the reader might have, after studying the implementation of the
gluing technique in S"*! presented in Butscher and Butscher-Pacard’s papers, is that it might
be impossible to construct CMC hypersurfaces in S"+! without imposing a high degree of
symmetry. Indeed, the totality of local symmetry conditions imposed by force balancing
and the fact that CMC hypersurfaces in S"*! must close seems to force a degree of global
symmetry on the initial configuration; and the methods developed in [2] do not seem to
apply perfectly to initial configurations with small symmetry groups. However, this paper
will show that it is quite possible to develop a gluing technique that is applicable to initial
configurations with less symmetry.

Statement of results. The theorem that will be proved in this paper can be explained as
follows. Let I := {yy, ..., yr} be a set of oriented geodesic segments with the property that
the one-dimensional variety | J, s has no boundary. Without loss of generality: the points of
contact between any two segments are always amongst the endpoints of the segments; and
two segments are never parallel whenever they meet. Thus the endpoints of each geodesic
segment y; make contact with at least two other segments. Let {p1, ..., pys} be the set of all
endpoints of the geodesic segments and for each pslet Ty 5, ..., T, s € Tp, S+ be the unit
tangent vectors of the geodesics emanating from p,;. Now position hyperspheres of radius
cos(a) separated by a distance 7, along each of the geodesics, perhaps winding multiple
times around S"*!. Note that there is a transcendental relationship between the 7, and the
number of windings around y; that must be satisfied for this to be possible. Denote this initial
configuration of hyperspheres by Alﬁ,r'

In Sect. 2 a procedure will be developed for gluing the hyperspheres in Alﬁ . together by
embedding small catenoidal necks between each pair of hyperspheres to form an approximate
solution [\r,f of the CMC deformation problem. It will be shown in Sect. 4 that 1~\r,r is
balanced if

Ze" 'Ts=0 )

for each point py, where ¢; ; is a parameter related to the separation parameter 7; s along
the geodesic whose tangent vector is T} ;. (Actually, ¢; ; is the width of the neck connecting
the hypersphere at p; to its neighbour in the direction of T ;. The relation with 7; ; will be
established during the description of the gluing process).

Main Theorem 1 Let A# be the initial configuration of hyperspheres described above.
Suppose that balancing condmon (2) holds and also that the mapping between ﬁmte—
dimensional vector spaces which takes small displacements of the geodesics forming AI- .
to the quantity given by the left hand side of (2) has full rank. If T is sufficiently small, then
Z\FJ can be perturbed into an exactly CMC hypersurface Ar .. This hypersurface can be
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4 A. Butscher

described as a normal graph over IN\r,T wherefhe graphing function has small C*P-norm.
In particular, Ar ¢ is embedded if and only if At . is embedded.

The proof of this theorem will follow broadly the same lines as Main Theorem 2 in
Butscher’s paper [2]. That is, it will be shown that the partial differential equation for the
graphing function whose solution gives a CMC perturbation of f\r,, can be solved up to a
error term belonging to a finite dimensional obstruction space spanned by the approximate
Jacobi fields of [\F,r (as explained more fully in [2] and in the proof below). Then it will be
shown that the balancing conditions given in the theorem above are sufficient to eliminate
the error term.

2 Construction of the approximate solution

This section of the paper carries out the construction of the approximately CMC submani-
folds which will be perturbed into exactly CMC submanifolds. The construction is in most
respects identical to the construction carried out in [2] and will thus be sketched somewhat
briefly. An important point of departure from [2] should be mentioned: since less symmetric
configurations are being considered in this paper, it is necessary to build greater flexibility
into the approximate solutions than was needed in [2].

2.1 The initial configuration of hyperspheres

Write R"+2 as R x R"**! and give it the coordinates (x, x!, ..., x"*1). Consider the hyper-
sphere

Se :={x e R"™? : xO=cosa and (x")? + -+ + ("2 = sin’(a)}.

This hypersphere has constant mean curvature H,. An arbitrary configuration of rotated
copies of S, positioned along geodesic segments can be defined concretely as follows.

Firstlet I" := {y1, ..., yr} be a set of oriented geodesic segments with the property that
the one-dimensional variety | J, s has no boundary. Without loss of generality: the points of
contact between any two segments are always amongst the endpoints of the geodesics; and two
segments are never parallel whenever they meet. Thus the endpoints of each geodesic segment
ys make contact with at least two other segments. Let |y;| be the length of y; and use y;(¢) to
denote the point on y; lying a distance ¢ from its starting point. Hence t —— y;(¢) is the arc
length parametrization of y;. Suppose that there is one fixed & € (0, 7/2) along with positive
integers Ny and m and small separation parameters 7y > O sothat |yg|+2mms = NyQa+1y)
foreachs =1,..., L.

Define the points pgr := ys(k(2a 4 t5)) as well as the hyperspheres S’;k = 9By (Psk).
Thus the Sg/‘ for k = 0,..., Ny are a collection of Ny hyperspheres of the same mean
curvature winding around the geodesic y; a number m; times and separated from each other
by a distance ;. The proof of the Main Theorem will in addition require small displacements
of the hyperspheres above from these “equilibrium” positions. To this end, introduce the small
displacement parameters oy € Ts,, S"*! and define the points pgi 1= exp Pk (0sx) as well as
the hyperspheres S;k [osk] := 0By (psk). To avoid ambiguity, the displacement parameter for
any hypersphere corresponding to an endpoint of a geodesics must be unique; this is achieved
by setting the appropriate G0 and G/ N, equal. One should note that each hypersphere Sék
now has at least two nearest neighbours. If £ # 0, N, then Sg;k is situated near an interior
point of the geodesic y; and thus has exactly two nearest neighbours Sg[”‘ —and Sg;k"'l along
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Constant mean curvature hypersurfaces in sntl by gluing spherical building blocks 5

this geodesic. If k = 0 or Ny then S3¥ is situated near an endpoint of the geodesic y; and has
strictly greater than two nearest neighbours corresponding to hyperspheres of the form Sg{’k/
where s’ € {0, ..., L}\{s}and k¥’ = 1 or Ny — 1.

The initial configuration of hyperspheres is defined as follows.

Definition 1 The initial configuration of hyperspheres of mean curvature H, positioned
along the collection of geodesics I having separation parameters t := {tq,..., 77} and
displacement parameters 6 := {710, . .., Gy, } is defined to be

L Ns

Ao, T, 1,61 = | 56w

s=1k=0

Note that there is redundancy in the labeling above due to the intersections amongst the
geodesics.

Finally, one can choose once and for all an SO (n + 2)-rotation Ry [0y ] taking Sg/‘ [Osk]
to Sy as follows. First fix a particular Rgx € SO (n + 2) take §g/< to Sy (here, the choice does
not matter so long as it is fixed a priori). Then let W5, be the distance-one rotation in the
one-parameter family of rotations generated by the (n + 2) x (n 4 2) anti-symmetric linear
transformation given by W, (X) := (Gsk, X) Psk — (Psk, X)0sk for X € R"+2. This is the
unique SO (n + 2)-rotation that coincides with exp Bk (0sk) at pgx. Now define

RklGk] = Ry o Wy, - 3)

A consequence of this choice is that the dependence of Ry [0yx] on oy is smooth.

2.2 Symmetries

Let Gr be the largest subgroup of O(n + 2) preserving the collection of geodesics I'. The
idea is that G should become the group of symmetries of the CMC hypersurface constructed
in the proof of the Main Theorem. Therefore in all steps leading up to the proof of the Main
Theorem, it will be necessary to ensure that invariance with respect to Gr is preserved.

The initial configuration A*la, T, 7,0] is clearly invariant with respect to Gr but once
non-zero displacement parameters are introduced, this may no longer be so. To preserve
Gr-invariance, it will be necessary to choose only special values of the displacement para-
meters. Let N := Zle(Ns + 1) be the total number of hyperspheres in A*[a, T, 7, 0] so
that there are a total of N displacement parameters, each of which belongs to R". Define the
set

N times

Dr = {5 ER"X -vo--- xR" . A*[a, T, 7,5] is Gr—invariant} ) )

Henceforth the condition 6 € Dr on the displacement parameters will be assumed.

2.3 Preliminary perturbation of the initial configuration

As in [2], the first step in gluing the initial configuration A*[a, I, 7, 5] together is to replace
each hypersphere Sgk[6sk] in A¥[e, T, 7, 5] by a small normal perturbation of itself. The
purpose is to give each hypersphere a catenoidal shape near its gluing points.

To proceed, recall that S3¥[G] = Rek[o5k]7" (Sw). Let pi, ..., px be the images under
Ry [Gs] of the points on S3¥ [ ] that are nearest to the neighbours of S$¥[5] amongst the
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6 A. Butscher

hyperspheres of A*[a, T, 7, &]. Introduce a small radius parameter r to be determined later
and define

St lask, 5] = (RG] ™" o exp (GaNo) [ Se\ | Br () | )
j=1
where Gk @ So\{p1, ..., pk} — Ris the function determined by the following procedure.
Refer to (ai, ..., ag) as the asymptotic parameters of S [dsy, ok ].

Let Ls» := Agn + n be the linearized mean curvature operator of S, and recall that
the smooth kernel of Lg» consists of the linear span of the restrictions of the coordinate
functions ¢" := x"|g» fort = 1,...,n + 1. Let §(p;) be the Dirac §-mass centered at
the point p;. Then for each dse = (ay,...ag) € RX, one can find a unique solution
Gk = Se\{P1, ---, px} — Rof the distributional equation

K n
Lo (G) = Y a; (6(p,-)—zx; X -q’) (6)
j=1 =1

that is L?-orthogonal to the smooth kernel of Lg». Here x is a cut-off function vanishing in
a neighbourhood of each of the p; that will be defined precisely later, and the A’j € Rare

coefficients designed to ensure that the right hand side of (6) is L2-orthogonal to all the ¢*,
thereby guaranteeing the existence of the solution.

2.4 Assembling the approximate solution

One must now find the catenoidal necks that fit optimally in the space between the various
perturbed hyperspheres produced in the previous section. Then one can construct a smooth
approximate solution by interpolating from one perturbed hypersphere to the next through
these necks. Here is a summary of how this was done in [2]. The same method works here.

Choose two hyperspheres S and S’ in Af[e, T, 7, 5] positioned somewhere on the geodesic
y along with their associated perturbed hyperspheres S and §'. Let p" be the midpoint
between the centers of S and S’ on y and consider the images in R"*! of § and §’ under the
stereographic projection sending p° to the origin and y to the (y', y?)-coordinate axis. Here
R"*+! has been given coordinates (y!, ..., y"*!). From the formule for normal graphs over
hyperspheres and the properties of the stereographlc projection, one finds that the i 1mages
of S and §' can be given as graphs over the § := (y2, ..., y"t1) factor in the form y!
+G%(||9])) where the function G* has the expansion

L —tan(r/4) - BE 4 o* (cz—czlog(uﬁn)) +OU3IY n=2
gEISI = ™
—tan(z/4) — S o9 nz3

near y = 0. Here ¢2, C2, C3, C4 and C,, are constants, while a* are the asymptotic parameters
corresponding to the gluing points of S and S” under consideration, respectively.

The standard catenoid in R"*1, scaled by afactor e > 0, can be written as the union of two
graphs over the j-coordinates. Thatis X := % U X where XF := {(ZeFUI31/e), D)
91 > e} and the function F : {x € R : x > 1} — R is defined by

F(x) := /(az”*2 -1 24e .
1

@ Springer



Constant mean curvature hypersurfaces in sntl by gluing spherical building blocks 7

In dimension n = 2 this function is simply F'(x) = arccosh(x). Therefore one has the
expansion

N 3 5
elog(2/e) + e log(I§1) — 557 +O(H;W) n=2
eF(|I3ll/e) = 1 o o (8)
eh— g3n— gn—
€ = G2~ 2Gaare O (W) nz3

when ||y || /¢ is large, where ¢, is yet another constant. In order to find the optimally matching
catenoid, one must compare the asymptotic expansions (7) with the asymptotic expansion
(8) and choose &, a* and a~ so that the leading-order terms coincide. As in [2], these
matching conditions determine a® and & completely in terms of the separation T between
the hyperspheres. In fact, one has ¢ = ¢ ! tan(t/4) in dimension n > 3 and ¢ satisfies
tan(t/4) = c2C; e + e log(2/¢) in dimension n = 2.

To complete the gluing, one defines a new surface in R"*! that interpolates between the
images of Sand §” and the appropriately scaled and truncated catenoid ¢ X. This interpolating
surface is the union of the two graphs f);c = {(iﬁft 3,y : IVl € [&, 2r:]} where

Ff () =e(1=nU51/re) FAISI/E) +nd51/re)GAIS )

For () = =& (L=n(I3I/re)) FAIZN/) = nlIFI/r)G AT -

and n : [0,00) — R is a smooth, monotone cut-off function satisfying n(s) = 0 for
s €[0,1/2]and n(s) = 1 for s € [2, 00) while r, := gB3n=3)/Gn=2),

All neighbouring perturbed hyperspheres corresponding to the hyperspheres in the initial
configuration A*[&, T", 7, 5] can now be glued together by repeating the process outlined
above.

(&)

Definition 2 The approximate solution with parameters 7, & is the hypersurface A[,T", 7, G
obtained from the gluing process above.

Note that by choosing the functions G invariant under all p € Gr preserving S;;k[&qk] and
equal to Gy whenever there is p € Gr taking Sg;k [Osk] to S;’k/ [6ox], then Ala, T, 7, 0]
becomes invariant under G as well.

3 The exact solution up to finite-dimensional error
3.1 The analytic set-up

Deforming the approximate solution. Since Ala, ', 7, 5] is a hypersurface, it is possible to
parametrize deformations of ]\[Ol, T, 7, 5] in a very standard way via normal deformations.
These can be constructed by choosing a function f : Ala, T, 7,5] — Rand then considering
the deformation ¢ : Ale, T, 7,0] — S"t! given by ¢ 7 (x) := exp,(f(x) - N(x)) where
exp, is the exponential map at the point x and N (x) is the outward unit normal vector field
of A [a, T, 7, o] at the point x. For any given function f, the hypersurface ¢ f ([\[a, I, t,0])
is a normal graph over 1~\[oz, T, 7, ], provided f is sufficiently small in a C! sense. Finding
an exactly CMC normal graph near Af«, T, 7, o] therefore consists of finding a function f
satisfying the equation H $r(Ale.l\r.5]) = H,, where H, denotes the mean curvature of a
hypersurface A.
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8 A. Butscher

Definition 3 Let &, ; be the operator f — H Hy.

#7(Alo,T,1,6]) —

This is a quasi-linear, second-order partial differential operator for the function f are a
solution of ®, 5 (f) = 0 gives the desired deformation of Ala, T, 7, al.

The strategy of the proof. Finding a solution of the equation ®; ;5 (f) = 0 when t and &
are sufficiently small will be accomplished by invoking the Banach space inverse function
theorem exactly as in [2]. As a reminder to the reader, this fundamental result will be stated
here in fairly general terms [1].

Theorem (IFT) Let ® : X — Z be a smooth map of Banach spaces, set ®(0) := E and
define the linearized operator L := DO (f) = %@(f + su)|S:0. Suppose L is bounded
and surjective, possessing a bounded right inverse R : Z — X satisfying

IR@I = Clizll (10)
forall z € Z. Choose R so that if y € Br(0) C X, then

1
L(x) —D® < — 11
1£(x) MM = 2 llxl 1D
forall x € X, where C > 0 is a constant. Then if z € Z is such that
— FEll < — s
lz I = °C
there exists a unique x € Bg(0) so that ®(x) = z. Moreover, ||x|| <2C|lz — E||.

(12)

As in [2], it is not true that £, 5 is surjective with a bounded right inverse because
of the obstruction caused by the Jacobi fields that generate an eigenspace of £, ; whose
corresponding eigenvalues tend to zero as T — 0. A significant point of departure between
this paper and [2] is that because of the lesser degree of symmetry considered here, the space
of Jacobi fields that needs to be taken into account is much larger. The technique of projecting
L+ onto a subspace of functions which is transverse to the co-kernel associated to suitable
approximations of the Jacobi fields and then constructing a bounded right inverse for the
projected linear operator will once again be used to resolve this difficulty. In conjunction
with the IFT, this technique provides the solution of the CMC deformation problem up to a
finite-dimensional error term lying in the span of the approximate Jacobi fields.

3.2 Function spaces and norms

The CMC deformation problem will once again be solved in weighted Holder spaces since
these properly determine the dependence on the parameter 7 of the various estimates needed
for the application of the IFT. A number of definitions are needed.

Definition 4 Identify the following regions of [\[ot, r,t,o].

o Let V% be the neck region between the kth and (k 4 1)st perturbed hypersphere along
the geodesic y;. Note that A*¥ carries a scale parameter e depending smoothly on
7y and o5 and G5 k1. In the stereographic coordinates N° sk is the set of points (yl, y)
corresponding to [|J]| < 7.

o Let 7°%% be the transition regions associated to the neck A*. In the stereographic
coordinates used to define this neck, 755 is the set of points (y', $) corresponding to
reg < 191l < 2rg, and y! > 0 whereas T5%~ is the set of points S corresponding
tore, < |9 <2re, and y! < 0.
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Constant mean curvature hypersurfaces in sntl by gluing spherical building blocks 9

e Let &% be the spherical region corresponding to the kth neck along the geodesic y;.
This is the set of points in S’;k [ask, Osi ]\ Ule B, (p;j) where pi, ..., pg are the points
of Sglk [0k closest to its neighbouring hyperspheres and r is a small radius chosen to
exclude exactly the neck and transition region connecting S‘;k [Gs, Ogk] to its neighbour
near p;.

LetP = {P:k k=0,...,Ny—lands =1,..., L}bethesetofallpointsofS”‘H upon
which the necks of Ala, I', 7, 5] are centered. Let Ky denote the stereographic projection
used to define the neck A*¥. Fix some rq independent of t such that the balls of radii 2r¢
centered on any two points of P do not intersect.

Definition 5 The weight function {; : Ala, T, T,5] — R is defined by

&sk cosh(s) x =K ear (s), ek (5)0) € N
Interpolation x e T
Lo (x) = \/m x € Ala,T,7,5]N [Bro (PE/()\TM’_ NAN**U TSk’+]
Interpolation xeAla,T,7,61N [ém (sz)\Bro (Pik):l
270 x € Ale, T, 7,61\ Up Bzro(PEk) .

The interpolation is such that ¢; is smooth and monotone in the region of interpolation, and
invariant under the group Gr.

Definition 6 LetZ/ € Ale, ', 7, 5] and § € R and B € (0,1). The Cé’ﬁ norm of a function
defined on ¢/ is given by

|f|c§‘ﬁ(z,1) == |fli,,une +sup sup [( sup [Cr(x)]_‘s)Iflz,ﬁ,a,z,mA;k] (13)

P rel0.r0] | \xeunAsk

using the notation of [2]. The Banach space Cg’ﬂ ([\[a, T, 7, 5]) denotes the C'# functions

of [\[a, T, 7, 6] measured with respect to the norm (13), while Cé”fym(i\[a, I', 7, 5]) denotes

functions f € Cg"s(]\[a, T, 7, 5]) satisfying f o p = f forall p € Gr.

It is easy to deduce that ®, 5 : C;P(Ala, T, 7,51) — Cy%(Ala, T, 7,51) is a well-
defined and smooth operator and that £, 5 : C;"S(i\[cx, r,r,0]) — Cg’_ﬁz(f\[a, I,t,0])is
bounded in the operator norm by a constant independent of 7. Furthermore ® ; and £, 5
can by symmetrized to yield new operators (which will be given the same names) on the

symmetrized Cg’ﬁ spaces.

3.3 Jacobi fields

The obstructions preventing the solvability of the equation ®; 5(f) = 0 on Ao, T, 7,5]
can be explained geometrically as follows. One can imagine transformations of Ala, T, 7, 5]
which rotate exactly one of its constituent hyperspheres or catenoidal necks by a rotation in
SO (n+2) while leaving all the other constituent hyperspheres and necks fixed. The associated
approximate Jacobi field is of the form x gy where x is a cut-off function supported on one
constituent of Ale, T, 7, 5] and qv is one of the exact Jacobi fields for this constituent. It
is known that the linear span of these functions approximates the small eigenspaces of L. 5
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10 A. Butscher

well [5, Appendix B]. An explicit representation of the exact Jacobi fields on hypersphere
and the catenoid will now be given.
1. Jacobi fields of the hyperspheres.

The linearized mean curvature operator of Sy is easily computed to be

Lq:=sin"2(a) (Agn +n) .

The non-trivial rotations of S, are generated by the vector fields

Vi ::xk% —xO% for k=1,...,n+1.
Taking the inner products of the Vi with the normal vector of S, yields the Jacobi fields.
They are the coordinate functions x* restricted to Sg.
2. Jacobi fields of the catenoidal necks.
The linearized mean curvature operator of the standard catenoid & € R™*! with respect
to the Euclidean background metric is

1 0 0 1 nn—1
525:**((15”2 )+ Agnl"'g

¢n ds ¢2 ¢2n
in its standard parametrization given in [2, Sect. 2.1]. The isometries generating the relevant
Jacobi fields of ¥ are as follows. First, the ambient space R"t! = R x R” possesses n

translations along the R" factor and one translation in the R direction, which are generated
by the vector fields

0
=— for k=1,...,n+1.

Vtrans
ayk

Then there are n rotations of R x R” that do not preserve the R-direction, which are generated
by the vector fields
;0

vm‘—y——yi for k=2 n+1
=Ygk 3y .

Finally, the motion of dilation in R"*!, though not an isometry, does preserve the mean
curvature zero condition. Dilation is generated by the vector field
n+1

le] k
-2

By taking the inner product with the normal vector of X, one obtains the following non-
trivial functions:

— trans (i)(S)
Ji(s) := (Ng, V) = 20)
®k
Ji(s,©) i= (Ng, V™) = ————  k=2,....,n+1
¢ 1(s) (14)
Jik(s, ©) := (Nx, Vi) = @k((pi(f()) +¢'s(s)) k=2,...,n+1
Y ()(s) 1

Jo(s) := (Nx, Vil =

o) )
Note that the functions J; with k # 0 have odd symmetry with respect to the central sphere
of X, i.e. with respect to the transformation s +— —s; while Ji; and Jy have even symmetry.
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Constant mean curvature hypersurfaces in sntl by gluing spherical building blocks 11

Also J; is bounded while Jy has linear growth in dimension n = 2 and is bounded in higher
dimensions; J; decays like exp(—(n — 1)|s|) for large |s|; and Jix grows like exp(]s|) for
large |s|.

3.4 The linear analysis

The purpose of this section of the paper is to explicitly define the projected linearized mean
curvature operator of Ala, I', 7, 5] and to find its right inverse on the appropriate Banach
subspace of Cg’_ﬁz’ sym (i\ [o, T, T, 5]). The material that follows is quite similar to [2, Sect. 2.7]
and important differences will be pointed out where appropriate.

The arguments that follow will require two carefully defined partitions of unity for the
constituents of Ala, T, 7, 5]. First, for s € {1,...,L}and k € {0, ..., Ny — 1}, define the
smooth cut-off functions

1 x € N5k
nflléck(x) := 1 Interpolation x e T
0 elsewhere
andfors € {1,..., L}and k € {0, ..., N}, define the smooth cut-off functions
1 x e &k
néft(x) := 1 Interpolation x € any adjoining 7° sk
0 elsewhere

in such a way that Zx’ X ng)/ft + Zq X nf;/e‘ck = 1. In addition, one can assume that these cut-off
functions are invariant under the group of symmetries Gr and monotone in the interpolation
regions. Second, set r; = max i{re,} and fors € {l,...,L}and k € {0,..., Ny — 1}
introduce the subsets N%(r) := A[a, r,t,o]1N B,(p?k) where r € [r¢, ro]. This is a
slightly enlarged version of the neck A/** and its transition regions. Define the smooth cut-
off functions

1 x € Nk (r)
ngck’r(x) := { Interpolation x € NS Q2r\N*k(r)
0 elsewhere
and fors € {1,...,L}and k € {0, ..., Ny}, define the smooth cut-off functions
1 xeeh | | M
Xg)]((t,r(x) = adjoining . .
Interpolation x € any adjoining A% 2r)\N** (r)
0 elsewhere
so that once again > Xg)'ft,, + 25k Xéé(ck,r = 1 and invariance with respect to Gr as well

as the monotonicity in the interpolation regions hold.

The cut-off functions above and the considerations of Sect. 3.3 leads to the definition of
the space of approximate Jacobi fields of Ala, T, 7, 5] needed to construct the right inverse.
Fix r € [re, ro] to be small but independent of 7. Let x be the ™ coordinate function for
t =1,...,n. Foreach s, k recall that Ry[Gy] is the SO (n + 2)-rotation bringing Sg[k[?fsk]
into Sg.
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12 A. Butscher

Definition 7 Define the following objects.

e The approximate Jacobi fields of [\[a, I, 7, 5] are the functions

~ N - _

3l =t (5 s © RoklGad ™)
Set K := spang {g!, all s,1,k}.

e The set of Gr-invariant approximate Jacobi fields of ]\[a, I,1,0]is

Kem :=spang {§ €K : Gop=g VY p e Gr}

e Denote the L2- -orthogonal complement of ICsym in ch s gym(A[a, I,7,5]) by

1
[Cg’,*(l\[a, I, 6])] and denote by

T Clﬁ

oy (Ale. T, 7, a])]

B%m

(Aa. T, 7,5]) — [

the corresponding L2-projection operator.

The preliminary notation is in place and the key result of this section of the paper can now
be stated and proved.

Proposition 8 Suppose that the dimension of A [, T, t,6]isn>3and choose§ € (2—n, 0).
If T and || || are sufficiently small, then the operator

£ c*? (Ale, T, c? AT o]
7,0 8,sym «, T, U]) g §— 2 sym( [, T, 7,0)])
possesses a bounded right inverse R, 5 satisfying the estimate

Reg(Dle2s < Clflos

where C is a constant independent of T and &. If the dimension of Ala,T,7,6]isn =2
then one can choose § € (—1,0) and find a right inverse satisfying the estimate

- )
Res (Dlgas = Celfl o

where ¢ := maXg i {esk} is the maximum of all the scale parameters of the necks ofIN\[oz, I,
7, 0] and C is a constant independent of T and G.

Proof The proof of this result follows broadly the same plan as the proof in [2, Proposi-
tions 12, 13]. The significant differences occur in the first two steps, namely the derivation of
the local solutions on the neck regions and the spherical regions of ]\[oz, I, 7, 5], while the
other steps remain essentially unchanged. Thus only the first two steps will be given here in
full detail, and moreover only in the dimension n > 3 case since the modifications needed
for the n = 2 case can be readily adapted from [2, Proposition 13]. Furthermore, only the
case Gr = {Id} will be presented since the more general case simply amounts to additional
book-keeping.

1
Suppose that f € [C 52, S\m(A[a, I, 3])] is given. The solution of the equation

L 5(u) = f will be constructed in three stages: local solutions on the neck regions will be
found; then local solutions on the exterior regions will be found; and finally these solutions
will be patched together to form an approximate solution which can be perturbed toa solution
by iteration. To begin this process, write f = > ; f. * + D5k fneck where f3K .= f. )(ext ,

and feck - f Xneck re
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Constant mean curvature hypersurfaces in sntl by gluing spherical building blocks 13

Step 1. Local solutions on the neck regions. Consider a given neck A" := N*¥ and for
the moment drop the super- and sub-scripted sk notation for convenience. The function
Joeck == neck and the equation £; 5 (u) = fheck can be pulled back to the scaled catenoid
£ which carries a perturbation of the catenoid metric 4¢2gs. In this formulation, one can
view fhreck as a function of compact support on ¢%. The equation that will be solved in
this step is %Esz (u) = faeck Where %[,‘,82 is the linearized mean curvature operator of ¢ X
carrying exactly the metric 4e%gs .

By the theory of the Laplace operator on asymptotically cylindrical manifolds, there is
a solution uneck € C(Sz”3 (¢X) that satisfies %ﬁgz(uneck) = fneck)ﬁ, where ()F denotes
the L2-orthogonal projection onto the L?-orthogonal complement of the linear span of the
approximate Jacobi fields and the norm is the standard weighted norm on £ £. One can write

n
(fneck)ﬁ = fneck + Z()‘j— Qt’+ + )”z_ Qt'_)
=1
where Q" and Q" are the pull-backs of the functions Xr:e]élj lzr‘is 41 and erlé(ck 2%y to
eX, and

)\.:t o _fgz JSreck + Ji
fsE Qt’i i

One can check that |Ai| < C85_2+"|f| 08 (o3 < C85_2+"|f| 05 where C is a constant

independent of ¢. Hence the estimate Iuneckl zﬂ(sz) < Cl(fneck) | Oﬂ( 5 = < C|f| Oﬁ is

valid, where C is also 1ndependent of e. Flnally, the function upeckx can be extended to all
of A[a T, 7, 5] by defining u® Xneck ,* Uneck- One has the estimate |u

C|f|cg;ﬂ2'

28 <

neck = neck | C;

Step 2. Local solutions on the exterior regions. Consider a given spherical region & := £°%
and again, drop the super- and sub-scripted sk notation for convenience. Given the local
solution Uneck constructed in the previous step, choose a small « € (0, 1) and define fex :=

Sk where
rsk . —s'k’
Jext * Xext Kr f = ‘C’TU z Uneck
/ k/
This function vanishes within an ¢ := gy -independent distance from the union of all the

neck regions associated to £. Therefore one can determine without difficulty | fexdco,ﬂ <
Celf] cOp for some constant C, that depends on « and §. Here, | - [0, is the un-weighted
§—2

Schauder norm.

The function fey can be viewed as a function of compact support on the standard
hypersphere S, vanishing in the neighbourhood of certain points {p1, ..., px} € Sy. The
metric carried by S, in this identification is a perturbation of the standard induced metric
sin?(a) gsn. The equation that will be solved here is Ly (u) = fext up to projection onto the
approximate co-kernel, where L, is the linearized mean curvature operator of S, when it
carries the un-perturbed metric sin?(«) gsn.

Compute the quantities (t; := f Su Gr-x' ' } s, Whereg, € K are the Jacobi fields supported

on S'a [a, o] and pulled back to S, and x’ ’Sa are the coordinate functions restricted to S.
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14 A. Butscher

Set u! v equal to the components of the inverse of the matrix whose components are ;.. (It
can easily be verified that this matrix is invertible because §; is almost equal to x’ |Sa and

these functions form an L2-orthogonal set.) Now

(f:ext)n = fexl - th’ 'l/«”/ '/f:ext -x! !So(

7
1t S

is orthogonal to the coordinate functions restricted to S,. The equation Ly (ttext) = ( fm)ﬁ
can now be solved for uey; in C2P(S,). The solution satisfies the estimate luextlc2.6(s,) <
CK |(fext)n|cg;ﬁz(sw)-

The function ey can be extended to all of A, T, 7,5] as follows. Suppose that
uext(pj) = aj for j = 1,...K and let Aext : Sy — R be a smooth function that is
locally constant near each p; satisfying Aexi(p;) = a;. Then uexy = Aext + lexy Where liext
is smooth function satisfying iiexy = O(dist(:, p;)) near each p;. For j =1,..., K, let J;
be the linear combination of the Jacobi fields Jy and J; defined on the neck adjoining S, at
the point p; that has limit a; on the end of this neck attached to S, and has limit zero on the
other end of this neck. Note that J; = a; + jj where J 7 = O(dist(-, p;)) in the part of this
neck overlapping with S,. Now define

K
—sk .__ J X
Uex = MextUext + E MheckJj -
Jj=1

The extended function uex¢ satisfies the estimate |iex¢| cjﬂ < C¢|( fexl)ﬁl C;).ﬂz for some

constant C, depending on « and § but not ¢.

Step 3. Estimates and convergence. Define the function it := 3" lifl]éck + 26k sk . Then

computations along the lines of those found in Step 3 of [2, Propositions 12, 13] shows that

1
1z .
1Lrs @) = fleos = S1fleos and il 2p = Clf|cos -

The proof of the proposition now follows by a standard iteration argument. O

3.5 The solution of the non-linear problem up to finite-dimensional error

In order to apply the IFT to the CMC deformation problem, it remains to show that 7 o ®; 5 (0)
has small Cg’_ﬁz norm; and it is necessary to show that D(7r o ®; ;)(f) — lli-;, can be made

to have small Cf’ﬁ -operator norm if f is chosen to have sufficiently small C(Sz’ﬁ norm. These
two estimates are in most respects identical to those computed in [2] and will thus only be
sketched here.

Proposition 9 The quantity = o ®, 5(0) satisfies the following estimate. If T and & are
sufficiently small, then there exists a constant C independent of T and & so that

I 0 @ 5(0)] 08 < Cr7° (15)
§-2

where ¢ := max{egy} is the maximum of all the scale parameters of the necks 0f[~\ [, T, t,0]
and ry = gBn=3/Gn=2)
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Constant mean curvature hypersurfaces in sntl by gluing spherical building blocks 15

Proof The estimate (15) can be computed as in [2] by verifying separately in the spherical
regions, in the transition regions, and in the neck regions of 1~\[a, I', 7, o] that the mean
curvature is sufficiently close to Hy, except with one significant modification in the first of
these computations. To see this, consider one fixed spherical region £°% pulled back to the
standard hypersphere S, . The expression for the mean curvature of a normal graph over S,
when the graphing function is G := G, as given in [2], reads

_ —AG+n sin(x + G) cos(x + G)
H (exp(GNy)(Se)) — Hy = Asin(@ + G)

VIG(VG, VG) — cos(a + G) sin(a + G)||VG||2
A3 sin(a + G)

H,

(16)

where V and A are the covariant derivative and the Laplacian of the standard metric of S",
and A = (sinz(oz +G)+ ||VG||2) 1/2. By formally expanding this expression in when G is
small as in [2], one finds that the largest term is — (A 4n)(G). The quantity (A +n)(G) equals
a term in Iﬁsym by definition, and it disappears under L? projection. The desired estimate
follows as in [2]. O

Proposition 10 The linearized mean curvature operator satisfies the following general

estimate. If T and & are sufficiently small and f € C;’g,m(]\[a, T, t,5]) has sufficiently

small Csz’ﬁ norm, then there exists a constant C independent of T and & so that
DT © ®ar5) (/)W) = Lz 50| 5 = C 7 If|canlul 2s (17)
§—2

for any function u € C;’fym (Ale, T, 7, 5]), where & := max{eg} is the maximum of all the

scale parameters of the necks of[\[a, I,z,o]
Proof This follows from a scaling argument exactly as in [2]. O

The non-linear estimates derived above, coupled with the construction of the right inverse
and its estimate carried out in the previous sections now yield a solution of the equation
7 o @ 5(f) =0 up to a finite-dimensional error term contained in the kernel of 7.

Proposition 11 Ift and & are sufficiently small, then there exists f; ; € ng’ﬁ (X) satisfying
7T 0 @1 5(fu.r.5) = 0 and there exists a constant C independent of T and & so that

[felgs < Cle)-r2™?
where C(g) = O(1) in dimension n > 3 and C(g) = O(&%) in dimens{on n = 2. Here
& := max{esx} is the maximum of all the scale parameters of the necks OJiA[Ol, I',t,0] and
re i= £Bn=3/0Gn=2)Ag q result, the hypersurface obtained by deforming Ala, T, T, 5] in the

normal direction by an amount determined by f; 5 is embedded if Ala, T, 1, 5] is embedded.

Proof This follows exactly as in [2]. O
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16 A. Butscher

4 Solution of the finite-dimensional problem
4.1 The balancing map

Proposition 11 shows that the equation CDT 5 (f) = 0 can be solved up to a finite dimensional
error term; i.e. a function f;; € C6 sym(A[a ', 7,5]) can be found so that only the

L?-projection of @, 5(fr.5) to the subspace ICSym fails to vanish identically. Since there is
such a function for each sufficiently small 6 € Dr, one can considerthemaps +— @ ;(fr.5)
as a function of &. It will now be shown that under the hypotheses of Main Theorem 1 there
is a special choice of ¢ for which @ 5 (f;.5) vanishes completely. Therefore the solution
fz.5 for this choice of o yields the desired deformation of [\[oz, T, 7, o] into an exactly CMC
hypersurface. In order to show how this special value of & is found, one must first understand
in greater detail the relatlonshlp between ¢ and the quantity (id — ) o ®; 5 (f;,5) where
is the L2-projection onto ICsym

To analyze this relationship properly, the first step to re-phrase the problem slightly. Let

41, --.,qn be abasis for ICSym constructed from an LZ-orthonormal basis for the eigenfunc-
tions of Ag + n on S, as in Definition 7. Next, define a slightly different set of functions
G, ..., Gy obtained from the g1, ..., gy by replacing each xex,r appearing in the definition

of a gj with Xex,r,. As usual, here & := max{ey} and r, := eBn=3)/0Gn=2) where g4 is the
scale parameter of the k™ neck along the geodesic y;. Now one can decompose

N
(id—7m)0®r5(frs) = . MI@G): BiG)-§;
i,j=1

where MU (5) are the coefficients of the inverse of the matrix with coefficients
/. 67 - (Rla.T\7.5]) gi - é} and B; : Dr — R are real-valued functions of the displacement

parameters defined by
B(G) = / e (fes) (1)
s, - (Ale,T,7,5])

where ¢ - is the normal deformation corresponding to f7 5. One can check that the matrix
M/ is a small perturbation of the identity matrix and is indeed invertible.

Deﬁnitign 12 The balancing map of Ala, T, 7, 5] with respect to the chosen basis {g1, . ..
gn} of ICgyy is the function B, : Dr — RN given by

B (0) := (B1(G), ..., Bn(5)),
and each B; : Dr — R s defined as in (18).

In terms of the balancing map, what remains to be done in order to prove Main Theorem 1
is to find a value of o for which B;(c) = 0.

4.2 Approximating the balancing map and its derivative
The approximate balancing map. The balancing map can be better understood by deriving

an approximation of the map which is independent of f; ;. To see how this is done, note that
each (}; is a Gr-invariant linear combination of the approximate Jacobi fields in Definition
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Constant mean curvature hypersurfaces in sntl by gluing spherical building blocks 17

7, each of which is supported on exactly one of the constituent perturbed hyperspheres of
Ala, T, 7, 5]. Thus it suffices to find a good approximation of the function

B:6 / Oz (o) d

1, ; (AleT,7,5])

where ¢’ = >/ a Xjftyrsqf,k and ¢!, are the Jacobi fields of this hypersphere as in
Definition 7.

Suppose that the (s, k)-perturbed hypersphere in Afe, T, 7, 5] is a perturbation of
Sg/‘ [Osk] := (Rsk[(?sk])fl (Se\{p1, ..., px}). Recall that the infinitesimal generator of ro-
tation associated to qf, « 18 the vector field

. S [yt - ro_ a0 09

Vi = Rldul)y ! [¥' o (RaléwD]  where ¥’ i=x'—=5 —x"= 0 (19)
Set Y := > aY!, and g := >} | a;q". An analysis of the function B reveals the
following.

Proposition 13 Let g be as above. Then the function B can be decomposed as
B(G) = B@G)+ E®G).

In this decomposition, B:Dr — Ris defined as follows. Suppose that pj := exp, (aT})
where T} is the unit vector in T,,OS”Jrl tangent to the geodesic connecting po and p ;. Then

K
BG) = Zwa;—1<T,-, Y). (20)
j=1

Furthermore, E : Dr — R satisfies the estimate
IE@)lc> = Cry
where C is a constant independent of T and .

Proof The integral defining B is invariant under rotation, so that one can assume that R [0 ]
is the identity so that B integrates over the standard punctured hypersphere Sy \{p1. ..., px},
which shall be denoted here by $°[5y]. Denote the nearest neighbours of S°[Gy] by S/ [ il.
Let these be connected to $°[5y] through necks A; with scale parameters ¢ ;. Finally, denote
by D; the disk {(0, y) € R x R" : |||l < ¢;} pushed forward by the canonical coordinate
chart corresponding to the neck \V; andletc; = 8 D ;. In other words, c; is the smallest sphere
in the throat of A/; and D; is an n-dimensional cap for ¢;. Denote by J\/j_ the component of
Nj\c; that is attached to $969] at the point pjandset N7 =N U--- UN.

Consider now the integral defining B. The idea is to apply the Korevaar—Kusner—Solomon
and Kapouleas balancing formula (1) for the integral of ®, 5 (f7 5) := H¢’fr NONTRRX H,

to replace this integral with a sum of boundary terms. Then the fact that f; 5 is small gives
an approximate expression that pertains solely to the initial configuration of hyperspheres.
These calculations are
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18 A. Butscher

B(a) = q)r,&(fr,&) s Xext,re © 4

—

b7, 5 (S°[G01UN)

cbr,&(fr,&) -q+ O(Vg)

\

b7 ~( [Go]UN™)

K
Z Y)+ 0@
Jj=l (c./)

‘m

fr

K
_ Z/(v,-,y)+0(85+”—‘|f|caz,ﬁ>+0(r§> @)

J:]cj

where v; is the outward unit normal vector field of ¢; tangent to N'/:~. Note that the || D;

terms have been absorbed into the error term. This is because when & is small then these
quantities are much smaller than the [, ; terms.

Finally, the calculation of the integrals fL ; (vj, Y)in (21) can be carried out in the stereo-
graphic coordinate chart used to define AV;. This is very straightforward and yields a quantity
proportional to the (n — 1) dimensional area of c¢; in the form wa}'_l (yj(a), Y) where y; is
the geodesic from pg to p; while w is a constant independent of ¢. But since Y is a Killing
field, this quantity remains constant along y; and can thus be transported to po. The desired
formula follow. O

The calculations of the previous proposition show that the balancing map consists of a col-
lection of principal terms like (20), one for each perturbed hypersphere in Ala, T, 1,51, plus
error terms which are of size O(r]). The principal term corresponding to a given perturbed
hypersphere depends on the displacement parameter of this perturbed hypersphere, as well as
on the displacement parameters of all neighbouring perturbed hyperspheres. It is important
to realize that the principal term depends on no other displacement parameters. As defined
i{l the introduction, an initial configuration of hyperspheres is approximately balanced if
B(0) = 0.

The derivative of the approximate balancing map. A formula for the derivative of the
approximate balancing map at ¢ = 0 will also be needed in the sequel. To this end, a
more explicit formula illustrating the dependence of B on & is needed. In what follows,
denote once again the (s, k)-perturbed hypersphere by S°[Gy] and suppose it is centered on
poloo]. As before, one can assume that S910]is a perturbation of the punctured hypersphere
So\{p1s ..., px}. Denote the nearest neighbours of S°[5y] by S/ [cjlfor j =1,...,K
and suppose these are centered at p; [o ;1 with p;[0] = p;. Denote the geodesic connec-
ting polool to p;[6;] by v;[00,G;]. Let the tangent vectors of y;[Go, 5;] at polop] and
pjlG;1be Tj[6o, 6] := cse(tj + 2a) (p;[6;]1 — poloo] cos(tj + 2a)) and T/[&o, ojl =
cse(tj 4 20) (poloo] — pjlaj]cos(t; + 2a)).

The map B can be related to & explicitly as follows. First, the relationship between the
scale of the neck used to connect two perturbed hyperspheres and their separation (found
in Sect. 2.4) gives ¢; := &(t;) where t; := dist(polool, p; [5.,-]) —2aande : R — Ris
some universal function determined via the matching process. Recall further that S/ [& il =
We; (S i [0]) for j =0,..., K where Ws; is the unique SO (n + 2)-rotation that coincides
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Constant mean curvature hypersurfaces in sntl by gluing spherical building blocks 19

with the exponential map at p;[0] in the direction of ;. Moreover, the basis of infinitesimal
generators of the rotations of SO[50] are of the form (Wg )* Yo W&_I where Y is a linear
combinations of the vector fields given in (19). One therefore obtains the formula

K
5= = - -1 -1 - o
B(op,01,...,0K) = Za)e']’ <(W;,O)* Tjloo, 0}], Y> | potor - (22)
j=1
This illustrates completely how B depends only on &y and Ggiforj=1,...,K.

Proposition 14 Let V be a tangent vector at the origin in the space of displacement para-
meters. Suppose that Vo € Tp0] S**1 is the component of V corresponding to the perturbed
hypersphere $9G0] and Vi € Tp, [O]S"“ are the components of V corresponding to the
nearest neighbours S [6jl1for j=1,..., K. Then

K .
DEO)(V) = — z(n _ l)we;’*zé(rj) (<V||j, Y> — tan(t; + 2a) <[VJP]IIJ ’ Y>)

j=1
K
1 1 g1t
> o (VO : Y> — tan(z; + 20) [Vj‘] % (23)
j=0
where Xi and X+ denote the projections of a vector X parallel and perpendicular to
7,10, 0] while

ve . Vi = polOl(polOL. V)
7 sin(ry +20)

is the re-scaled orthogonal projection of V; into T,,O[O]S”'H.

Proof The various terms in the formula (22) for B(5) must be differentiated at & = 0. Let
oo(t) = tVp and G (f) = tV; be paths in the displacement parameter space, where Vj and
V; are considered as vectors in Tp,0;S" ! and Tp;10) S+ respectively. First,

d
a ej(tVo,tVj) = é(tj) - — arccos ((po[tVo], pj[th]))
t =0 dt =0
_ (@) - ((Vo. p;l01) + (polO]. V;))

- /1= (pol0]. p;10])

The first term in the formula for DI§(O)(V) involving the parallel parts of Vj and V; follows
from this using the formula for 7;[0, 0] as well as (po[0], Vo) = (p,[0], V;) = 0.

Next, realize that (Wgo);l Tj[ov, ;] is the tangent vector of the geodesic connecting the

point po[0] to W(;Ol o Ws; (p;[0]) at po[0]. A calculation reveals

W) 51— Wil o Ws, (10D = (W5, 0 W, (0D, pol0]) - pol0]
00 J e :

*

-1 2
1= (W3 o W, (pj10D), pol0])
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Together with the definition of W5, one then finds after some work

d 1
— W), TiltVo,tV;]=
dr t=0

710,01 - ((V;, polO1) + (Vo, p;101)) - (p;101, polO])
1 — (p;[0], pol0])?

n V]’.i Vo (p;[0], polO]) '
\/1 — (p;[0], pol0])?

The second term in the formula for Dé(O)(V) involving the transverse parts of Vj, V?
follows. o

4.3 Conclusion of the proof of Main Theorem 1

The finite-dimensional inverse function theorem will be used to locate a zero of B;. The first
step is to approximate B by the simpler mapping B; : Dr — RX obtained by replacing
each B; term in (18) by the corresponding function B i Dr — R of the form (20). The
mapping By is independent of f; ; and therefore depends only on the geometry of initial
configuration A*[a, T, 7, 5]. The hypotheses of Main Theorem 1 assert that Ao, T, 7,0]
is balanced, meaning that lg’f (0) = 0. By Proposition 13, one now has B;(0) = E;(0) where
E.(5) := B.(6) — B;(5). This error term satisfies || E; (0)|| = O(r?') which is smaller than
the operator norm of DB(0). One can therefore attempt to use the finite-dimensional IFT to
find a nearby & so that B; () = 0.

It is important to incorporate into the analysis the fact that B; can often not be a full-
rank mapping. To see this why this is so, let Yi, ..., Y; be a basis for the infinitesimal
generators of one-parameter families of rotations of $"*! that are equivariant with respect
to the symmetries of Alw, I', 7, 5]. This means p«(Yj o p) =Y forall p € Gr and this
ensures that the functions (Y, v) : 1~\[a, I', 7,0] — R, where v is the outward unit normal
of Ala, T, 7, 5], are invariant with respect to Gr. Now the first variation formula for the
volume of hypersurfaces, applied to the volume-preserving deformation given by rotation in
the Y; direction, leads to the equation

/ Q. 5(f) (vnY;))=0 Vj=1,....d
¢¢(Ale.T,7.5])

where v is the unit outward normal vector field of ¢ ¢ ([\[a, I, 7, 5]). Therefore one sees
that there are maps ; : Dr — RK for j = 1,...,d with

[B:(®)] - [¥i@)]=0 Vj=1,....d (24)

where - denotes the Euclidean inner product. Hence the rank of B is at most K — d.
The correct interpretation of (24) is to say that the graph {(c, B; (7)) : ¢ € Dr} is contai-

ned in the submanifold {(&,5) : b - V() = --- = b - Yg(6) = 0} of Dr x RX. Therefore
it suffices to show that the equation pr o B;(c) = 0 has a solution, where pr is the orthogo-
nal projection to the orthogonal complement of the subspace spanned by Y1 (0), ..., Vs(0).

Note that the linearization of pr o By at zero maps into this orthogonal complement, and thus
D (pr o B;) (0) = DB, (0). In addition, the calculations of the proof of Proposition 13 show
that (id — pr) o DB;(0) = L where L is a linear operator with O(r]) coefficients.
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The hypotheses of Main Theorem 1 assert that A*[a, T, 7, ] has the property that Dét 0)
has full rank. Hence (id — pr) o DI%I (0) and DB (0) do as well. Furthermore, the operator
norm of D1§r (0) is O(C(e)e"~1). Hence B () = b will be solvable for b inside a ball
centered on pr o E;(0) whose radius is O(C(e)e" ). When ¢ is sufficiently small, O is
contained within this ball. Hence the equation B;(c) = 0 is solvable for small ¢ € Dr. The
proof of Main Theorem 1 is complete. O

5 Applications of the balancing formulae
5.1 A simple example

A simple example serves both to develop intuition for the approximate balancing map (20)
and its derivative (23), as well as to show that the kernel of the derivative of the approximate
balancing map can be quite large in the absence of symmetries. While this feature is also
present in the CMC gluing construction in Euclidean space, it is here much more restrictive
because the trick of imposing decay conditions at infinity to reduce the size of the kernel of the
Euclidean analogue of the approximate balancing map is not available. Therefore one must
impose symmetry conditions or else expect to work quite hard to find an initial configuration
of hyperspheres that can be glued together and perturbed into an exactly CMC hypersurface
using the gluing technique.

Consider exactly one geodesic, without loss of generality the (x°, x')-equator y, and let
Rg ! be the rotation by an angle 6 in the (x°, x!)-plane that translates along y. Position N
hyperspheres of radius cos(«) around y, separated by a distance of T from each other, so
that (r + 2a) N = 2mzm for some integer m. These hyperspheres are of the form S§ =

(R(T)}‘_Za))k (Sw) which are centered at py := y ((t + 2)k). Let A* := U,iv;Ol Séj. Note that
this initial configuration is balanced because the vanishing of the approximate balancing map
is equivalent to the equal spacing of the hyperspheres along a single geodesic.

The initial configuration A* yields the Delaunay-like hyperspheres in Butscher’s paper
[2] using the gluing technique together with imposing as many symmetries as possible on the
deformations. Now, however, no symmetries will be imposed and as a result the approximate
balancing map becomes non-trivial. In the absence of any symmetry conditions constraining
the displacement parameters of A¥, there are n displacement parameters for each hypersphere
in A*. For each hypersphere Sfl, these will be decomposed into one displacement parameter
corresponding to the displacement of Sf; along y and n — 1 displacement parameters cor-
responding to the displacement of Séj perpendicular to y. To parametrize these displacement
parameters in a uniform way, note that T,,,(S”+1 is spanned by T := y((r 4+ 2w)k) and

3 3

T2 B Thus one can set

n
0
~k . _k k
0" =0 T, + E crj—axj
j=2

as the displacement parameter for SX. Note that 3° = ¢V by periodicity.

It will now be shown that the kernel of the derivative of the approximate balancing map
is very large. Note that Main Theorem 1 still applies because each element in the kernel of
DE(O) is induced from a rotation of S"t!. Let V¥ := (Vl", Vzk, e, V,f) denote infinitesimal
displacements satisfying V0 = VN To compute Dé(O, R 0)(‘71, A VN) one needs
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formulz for the re-scaled orthonormal projection operators X — X* that appear there. It is
easy to deduce

(Vki]) _ Vl T

tan(t + 2a)
k
o 8 j=2.....n
J sin(t + 2a) 9x/ Y

Consequently, the derivative of the approximate balancing map on the k™ perturbed hyper-
sphere takes the form

DBO) (VA VA, A1) = —we"=2 (2vf = vI~! = Vi)
— we"! (2V}< — sec(t +2)(VE! 4 V]“‘)) :

The recursion formulae 2V1k - Vlk_1 — V]]‘Jrl = 0and 2V]’.‘ —sec(t +20¢)(V}‘_1 + V;‘H) =0

for elements in the kernel of D B (0), together with the periodic boundary conditions V/Q =V jN
forall j =1,..., N, are easy to solve and yield '

vi=1 forall k=0,...,N

V;‘ = sin ((t + 2a)(ko +k)) for j=2,...,n and kg€ {0,...,N —1}.
There are either %N (n—1)+4+1or N(n — 1) 4+ 1 linearly independent solutions of this
type, depending on whether N is even or odd. These solutions correspond to the change of
displacement parameter induced by the rotation of S"*! parallel to y and transverse to y.

5.2 An unachievable configuration

The intuition gained from the preceding example can be used to explain why a reasonably
simple configuration, possessing an analogue in Euclidean space, cannot be achieved using
the methods developed in this paper. The configuration in question consists of positioning
hyperspheres around two intersecting geodesics that make an arbitrary angle to each other at
the point of intersection. This is a slightly less symmetric version of the configuration consi-
dered in [2] where a CMC hypersurface is created from hyperspheres positioned around two
orthogonally intersecting geodesics. One should note that the existence of a CMC hypersur-
face of this kind has not been ruled out; it is just that the techniques developed herein are not
sufficient for its construction.

The reason the methods of this paper fail for the less symmetric configuration can be des-
cribed as follows. First, let Rej be the rotation of the (x?, x/)- plane. Let y; be the (x9, x7)-
equator for j = 1, 2. Choose «, T € (0, 7) and integers m, N so that (t + 2«)N = 2mm.
Also, choose N of the form N = 4Njy. The initial configuration in question, which shall be
denoted Az, consists of the hyperspheres S2 kit — R0 Tpo (R%_za)k(Sa) fork =0,..., N—1.
When 6 # /2, the maximal symmetries one can impose on the deformations of the approxi-
mate solution constructed from Az are: all orthogonal transformations of the x3, ..., Xl
coordinates; and the reflections sending x/ to —x/ and keeping all other coordinates fixed, for
Jj =0,1,2. As aresult, there are two sets of invariant approximate Jacobi fields. These are:
the translation of S(%’k"*' along the geodesic Rgl (y2) for k € {1, ..., No — 1} and extended
by symmetry to S2%~, §27%* and 52 2NoHhE and the rotation of §2k+ in the (x9, x1)-
plane transverse to Rgz(y) and similarly extended by symmetry. None of these invariant
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approximate Jacobi fields are induced by rotations of §"*!. Note that there are no Jacobi
fields associated to §2:0-%, sé’NO*i §2:2No-% and S§’3N°’i.

In order to apply Main Theorem 1 to the hypersurface described above, one would have
to apply the balancing arguments as in Sect. 4.3 to deal with the invariant approximate
Jacobi fields. Clearly Az is balanced for each 6 because the separation parameters between
all hyperspheres are equal and its geodesic segments meet in parallel pairs. Thus it would
remain to check only that the derivative of the approximate balancing map has full rank
(which corresponds to being invertible in this case because the imposed symmetries rule out
all co-kernel coming from induced rotations of $"*1). However, the analysis of the simple
example of Sect. 5.1 shows that the kernel of Dé(O) is one-dimensional and consists of
the transverse motion V¥ = sin((t + 2a)(No + k) 821 and extended by symmetry. This
approximate Jacobi field is induced by the change of the #-parameter and not by a rotation
of Sph™+!. Therefore Main Theorem 1 does not apply to Ag unless & = /2, in which case
there is an additional symmetry (invariance with respect to the rotation Rg}z) that eliminates
this approximate Jacobi field from consideration.

s

Remark The analogue of the example above in Euclidean space consists of two Delaunay
surfaces with non-parallel axes meeting at a common spherical region. It is possible to glue
this initial configuration together and perturb it into a CMC hypersurface. This is because
the decay conditions at infinity that are built into the function space used in the analysis rules
out the approximate Jacobi fields corresponding to the change-of-angle parameter and the
translation parameter.

5.3 A related achievable configuration

A modification of the previous example yields an initial configuration of hyperspheres to
which Main Theorem 1 does apply. The key is to “freeze” the motion of the f-parameter
without imposing additional symmetries, which can be achieved by adding another set of
spheres along the geodesic orthogonal to the initial configuration of Sect. 5.2. The requirement
that the spheres at the intersection points of the geodesic with the initial configuration of
Sect. 5.2 match perfectly is what freezes the motion in the 6-parameter. That is, choose an
integer ko and let

N—-1 N—-1
A= [U sy U sg’k’—} U [U S;’k:|

k=0 k=0

where S(l'k = (R% ., HK(S,). Note that A¥ has the same group of symmetries as before.

T+«
Its approximate Jacobi fields are those described before as well as the translation of Sol/k
along the geodesic y; for any given k € {1, ..., No — 1} and extended by symmetry. Again,

there are no approximate Jacobi fields associated to the hyperspheres SOI[’O, Sol[’NO, 501,’2% and
13N,
S0

The initial configuration A* is balanced because the separation parameters between all
hyperspheres are equal and its geodesic segments meet in parallel pairs. Thus to apply Main
Theorem 1 it remains to check that the derivative of the approximate balancing map is

invertible. Let Ty := 1 ((t + 20)k) and To 1 = (Roil(r +2w),q)))* Y2((t + 2a)k) be the

tangent vectors of the geodesics y; and y» at the centers of the hyperspheres of A* and define
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VIR = kT

. Bl
prkE . Uk’iTZ,k,i + whE 1
0x

as the displacement parameters of these hyperspheres. Note that
ubF=vf* =0 k=0 mod4

0.+ _ ,2NoE _

k —k — _,2Notk _ 2No—k | No—1

and similarly for v* and w* by symmetry. In addition u* = w%* since the corresponding
hyperspheres coincide. Thus it is only necessary to analyze the action of DB(0) on the vector
Vo= (VI VLN-l g0 00 PNy and set vf i= okt and wk = wht,

One finds

—(n — Dwe"2¢ (2uk — uk_l)
DBO)(V) := | —(n — Dwe" 2 (20% — vk+1 — k1)

—wg”_l (2wk _ wk+l _ wk—l)

If the equations in Dl%’(O)(\7) = 0 were uncoupled, then the kernel would be of the form
found in the simple example of Sect. 5.1. If the boundary conditions are included, then it
follows that vF = 0 for all k, as well as u¥ = ¢ for all k and w* = ¢/ sin((t + 2a)(k + Np))
for ¢, ¢ € R. But the coupling 2w0 — 2 sec(t 4+ 2a)w! = 2uk0 — 2 sec(t 4 20)w! = 0 then
forces ¢ = ¢/ = 0. Hence DB(0) is invertible and Main Theorem 1 applies to allow A* to
be glued together and perturbed into a CMC hypersurface.

5.4 An achievable configuration without any symmetries

The previous example has much less symmetry than the examples constructed in [2] but
still possesses a large symmetry group. Further modifications of the ideas of the previous
sections leads to examples of initial configurations to which Main Theorem 1 applies with
few symmetries or no symmetries at all. These example are naturally quite hard to write
down, and in any case the purpose of this final section of the paper is to give the reader the
necessary ideas for constructing these examples, so it is sufficient to proceed in the n = 2
case.

The first modification leading to a much less symmetric example is to consider A* from
Sect. 5.3, except with the new geodesic tilted into the x3-direction by some angle which
is not r /2. Such an example would still be balanced because its geodesic segments would
continue to meet in parallel pairs. Also, such an example would clearly possess no symmetries
other than the x — —x reflection sending a point on S? to the antipodal point. However, it
is not immediately clear that it is possible to tilt the third geodesic so that equally spaced
hyperspheres of radius cos(c) along the third geodesic line up exactly with the hyperspheres
of the same radius along the first two geodesics where these geodesics meet. But a moment’s
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thought reveals that what is needed for some configuration of equally spaced spheres of some
radius winding some perhaps large number of times around S? to exist is that all the geodesic
segments have lengths which are rational multiples of 2. This, in turn, can be achieved if
the three unit vectors Ni, N», N3 orthogonal to the planes containing the three geodesics
have (N;, Nj) € 27 Q for all i, j € {1,2,3}. This can be achieved. The details of the
balancing arguments that prove that Main Theorem 1 applies are identical to the arguments
of Sect. 5.3 and thus the configuration above can be glued together and perturbed into a CMC
hypersurface.

One final modification of these ideas leads to an example without any symmetries at
all. The idea is to perform the same trick of adding in a tilted geodesic to a configuration
which does not have the x — —x antipodal symmetry. Such a configuration is the following:
consider three half-geodesics of the form jozr /3 (y1([0, 1)) and choose a fourth geodesic

which is tilted into the x3-direction. The reader can verify that the fourth geodesic can
be chosen in such that equally positioned hyperspheres match appropriately and that the
balancing arguments needed to apply Main Theorem 1 hold. Hence this configuration can be
glued together and perturbed in a CMC hypersurface as well.
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