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1 Introduction

The aim of this work is to compute some of the k-width of the 2-sphere. Even
in this simple case the full width spectrum is not very well known. One of the
motivations is to prove a Weyl type law for the width as it was proposed in [9],
where the author suggests that the width should be considered as a non-linear
spectrum analogue to the spectrum of the laplacian.

In a closed Riemannian manifold M of dimension n the Weyl law says that
Lg — ¢pvol(M )‘% for a known constant c¢,,, where A, denotes the pt" eigenvalue
P

of the laplacian. In the case of curves in a 2-dimensional manifold M we expect
that

w—f - Cgvol(M)fé,
p2
where Cy > 0 is some constant to be determined.

We were unable to compute all of the width of S? but we propose a general
formula that is consistent with our results and the desired Weyl law. In the last
section we explain it in more details.

By making a contrast with classical Morse theory one could ask the following
two naive questions about the index and nullity of a varifold that achieves the
width:

Question 1: Let (M, g) be a Riemannian manifold and V' € IV;(M) be a critical
varifold for the k-width wi(M,g). Then

k < index(V) + null(V).

Question 2: Let (M, g) be a Riemannian manifold and V' € IV;(M) be a critical
varifold for the k-width wx(M, g). Then

index(V') < k.

Where index(V') and null(V') are the index and nullity of the second variation
8@V on the space of vectorfields in M. By a critical varifold we mean that V
is obtained as the accumulation point of a minmax sequence.
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As a pertubation of our results we will show that Question 1 is false for
one-varifolds on a surface. Regarding Question 2, it was recently shown by
Marques-Neves in [12] that index(supp(V)) < k in the case of codimension
one and 3 < dim(M) < 7. The authors also conjecture that the two-sided
unstable components of V' must have multiplicity one. Our work also gives a
counterexample for that in the case of curves on a surface.

To illustrate these questions we present an example in which it holds and
explain how it fails in our context. Say we are trying to study closed geodesics
by analyzing the energy functional E in the free loop space A = Wh2(S1, M), in
which case we can apply infinite dimensional Morse theory. Take a < b regular
values and suppose we can find a non-trivial homology class a € Hy(Ab, A?)
(A® ={E < a}) then we can find a closed geodesic vy satisfying

E(v)=inf sup E(x).

A€t pesupp A

In this case it is known that index () < k < index(y) + null(+y) (this is encoded
in [8, §1 Lemma 2|, alternatively see [5, Chapter 2 Corollary 1.3]). Compared
to our case v would correspond to V', a non-trivial k-dimensional homology
class corresponds to a k-sweepout and the minmax quantity is analogue to the
k-width. There are two differences between the classical Morse Theory set up
and Almgren-Pitts minmax.

The first is that we are working with varifolds instead of parametrized curves,
which allow degenerations. On the other hand we compute the index and nullity
in the same way, by using vectorfield variations.

As an example, consider the union of two great circles in the 2-sphere. They
define four discs and for each of them take a 1-parameter contraction to a point.
If we follow the boundary of these contractions simultaneously we would have
a non-trivial 1-sweepout. This is not given by an ambient deformation near the
critical geodesics because it breaks the singularity of the varifold.

The other difference is that Almgren-Pitts minmax theory works with ho-
motopies instead of homologies, which forces us to consider different variations
to obtain the critical varifold.

Lastly, we expect the conjecture to remain true if we adapt the way of
computing the index and nullity or if one is capable of defining the minmax
theory with respect to homology only. Meaning, for example, that the index of
the m-covering of a geodesic would be lower or equal to the index of its support
with multiplicity m.

This article is divided as follows. In section 2 we briefly overview definitions
and main properties of sweepouts, currents and varifolds. In section 3 we define
geodesic networks, that will be the candidates of critical varifolds for the width.
Here we prove a structure result for 1-dimensional stationary integral varifolds.
In section 4 we define almost minimising varifolds and characterize the singular-
ities of such varifolds. This will allow us to have a regularity result for critical
varifolds of low parameter widths. In section 5 we compute the k-width of S? for
k=1,...,8. Then we use the regularity results to find the critical varifolds for a



generic ellipsoid. Though we could not explicitly show which width correspond
to each critical varifold we prove that it provides a counterexample anyway.

2 Preliminaries

In this section definitions and notations are established. Throughout this section
M denotes a closed Riemannian manifold of dimension n.

Let us denote by Z,(M) the space of k-flat cycles in M with coefficients
in Zo endowed with the flat topology. We write F for the flat norm and M
for the mass of a cycle.

We adopt the definition of varifolds in [14] which is slightly different from
Allard’s in [1] and some of the definitions in [15]. However, the results in
both references hold true under Pitts’ definition with the proper adaptation.
We denote the spaces of k-dimensional varifolds, rectifiable varifolds and
integral varifolds by Vi, (M), RV, (M) and IV, (M), respectively. These spaces
are endowed with the weak topology induced by the metric E.

Given a rectifiable varifold V' e RV, (M) we write 6,V for the tangent cone
of V' at the point p € supp|V||. We also denote by G(k,n) the space of k-planes
in R” and Gx(M) the k-Grassmanian bundle over M. For a rectifiable set
S c R™ and 6 and integrable function in G (R"™) we write v(S,6) the varifold
associated to S with density 6.

Now we establish a relation between currents and varifolds. Given a k-
current T' (not necessarily closed) we denoted by |T'| € Vi (M) the varifold in-
duced by the support of T" and its coefficients. Reversely, given a k-varifold V'
we denote by [V] the unique k-current such that ©%(|[V]|,x) = ©F(V, x) mod 2
for all € supp||V| (see [17]).

2.1 Sweepouts and the width

In [3] Almgren proved, in particular, that m;(Z;(M)) = Hi,(M;Z3) for all
1> 0. We call it the Almgren isomorphism and denote it by F4. It follows
from the Universal Coefficient Theorem that H" *(Z,(M);Zs) = Zo, denote
its generator by A and AP the cup product with itself p times. For the next
definition we follow [10] and [11].

Definition 2.1. Let X c [0,1]" be a cubical subcomplex for some N > 0 and
f:X = Z(M) a flat continuous map. We say that f is a p-sweepout if

FX(AP) £ 0 e HPP (X Zy).

Denote the set of p-sweepouts with no concentration of mass (see definition
4.3)in M by P,(M).
We define the p-width of (M, g) as

wp(M,g) = inf  sup M(f(x)),
fe P gedmn( f)

where dmn(f) denotes the domain of f.



Note that w, < wp11 since every (p + 1)-sweepout is also a p-sweepout.

2.2 Varifolds in S”

Let (8™, gsn) denote the round sphere of radius 1 in R"*!. Given a varifold
V € Vi(S™) we can define the cone generated by V in R™*!. Tt is sufficient to
define a positive functional in the space C.(Gg+1(R™!)) (see for example |1,

§5.2(3)]).

Definition 2.2. Given V € V;(S™) define C(V) € Vi1 (R™!) to be the measure
corresponding to the functional

co(= [TV

where f € C.(Gri1(R™1)) and f, € C.(G(R™1)) is given by

frz,P®R(x)), if xe€ S" and x ¢ P;

0, otherwise.

o) -
Proposition 2.3. The cone map C : Vi (S™) = Vir1 (RF*Y) satisfy the following
properties:

(i) C(V) is a cone varifold;
(i) If a,b € Ry and V,W € V(S™) then C(aV +bW) =aC(V) +bC(W);
(111) If V e RV, (S™) then C(V') is given by
coN = [T [ 1T () o Rix) 04V a)dnkdr,
O n
where f € Co(Gre1 (R™1)) and Ty (x) c T,S™ is the tangent space of V

defined |V||-almost everywhere in S™;

Proof. (i): We must show that 1o, C(V) = C(V) for all A > 0, where no,x(z) =
Az for z e R*"1. Take any f € C.(Gpi1(R™1)) and compute

Moy COVI) = [ £ P)d(noa,CON), 5
- [ 175 0 @) f (@), Do | - PYAC(V), 5
SR YEY P
= oo [T VU

_ %/Om(t)\)kV(ft))\dt

- C():




Here it was used the definition of pushforward and change of variables ¢ = T in
the second last line.

(ii): This is straightforward from the definition.

(iii): To prove this formula simply use that

V(i) = [, @ Tv@)dlVi

holds for rectifiable varifolds and d||V |, = ©%(V,z)dHE. O

We now want to prove that this cone map is continuous with respect to the
weak convergence.

Lemma 2.4. Let {V,} c V&(S™) be a sequence of varifolds converging to V €
Vi(S™) in the F-metric. Then C(V,) - C(V') with respect to F.

Proof. Tt is enough to prove that C(V,)(f) - C(V)(f) for any compactly
supported function in G (R™*1).
There exist Ry > 0 such that supp(f) c B(0,Rp) xG(k+1,n+1). For 7> Ry

we have
fr(rx,P) =0,

for all z € S™ and P € G(k,n +1). Thus, whenever 7 > Ry,
Valf) = [ $(ra PYA(Va), =0

for all n > 0, and V(f,) = 0. This implies that the sequence h,,(7) = 7*V,,(f,)
is uniformly bounded. By the Dominated Convergence theorem we obtain

R[) RO
lim C(V,)(f) = lim [ ho(7)dr = f lim hy (7)dr
0 n—o00

n—oo n—oo J
Ro
= fo ™V (f,)dr

=C(M)()-
(]

Next we show that the cone of a varifold associated to a rectifiable set in S™
is defined by the cone of the set, as one would expect.

Lemma 2.5. Let R c S™ be a k-rectifiable set, 0 : Gr(R™!') — Ry a locally
H"-integrable function and v(R,0) e RVi(S™). Then

¢ (w(R.0)) -2 (7.6),
where R = Az e R"™HA>0, z € R} and 0: G (R™1) > Ryq is a given by

o 9(1,13 if z#0and P =P (z), with P e G(k,n +1);
0(x,P) = ||

0, otherwise.



Proof. Tt is easy to see that 0 is locally H**!-integrable, R is (k + 1)-rectifiable
and its tangent space is given by Tz () = Tr(5 e ) ( \w\> For f € C.(Ghy1 (R™1))
compute
(*)

(R ()= [ (@ Ta(@)) 0o, Ta()dH R,

= x =z x x T k+1 p )
e o R L R () R

We want to use the Co-area formula (see [7, §3.2.22]), we clarify notation
and make some remarks.

Define the warped product metric on (0, +00) x S™ as g(, ») = d7> +7%(gsn )z,
where ggn» is the round Riemannian metric on S™. Let dg, dg» and do be the
metrics induced by g on (0,+00) x S™, ggn on S™ and the Euclidian metric go on
R™*! respectively. Given any metric d we denote by H¥(d) the k-dimensional
Hausdorff measure associated to d.

Claim 1. The metrics g, gsn» and go satisfy:
(a) F:(1,2)€((0,+00) x S™, g) = 72 € (R™*' ~ {0}, 90) is an isometry;
(b) dg ((T7 2)7 (Tvy)) =Tdgn (Zu y);'

(c) (17)H*(dgn) = 77%H*(d,), where 1, : S™ - (0,+00) x S™ is the inclusion
in the slice {T} x S™.

Firstly, (a) is a well known fact and (b) follows easily from the definition.
Lastly, (b) implies that ¢, is 7~ !-Lipschitz so (c) follows from basic properties
of H*.

For simplicity denote h(z) the integrand in (*). Applying a change of vari-
ables and the Co-area formula for the projection (7,z) — 7 we obtain

u(BO) (N = [, ., g M@WPFT (T (do)- ).

- n+1\{0
_ k+1
—/(07+oo)xsnhoF()\,z)d(H (dg)- (0, +00) x R) |
= ho F(\, 2)dH*(dy)(x.»
o1 FORH ()
[ ho F(A 2)dH*(d z)d’HldT.
ST e PO ) ) 1 )

Changing variables again and using (c¢) we conclude

W) ()= [7(f, phe PO ), )t

S (/RhF °Lf<z>r’“dH’“(dsn)z)dT

fNka h(rz)d(H* R),dr.
0 S'Vl



The proof is finished by replacing h in the formula and 2.3(iii). O
Finally, we can prove the main properties of the cone C(V).
Proposition 2.6. Let V e RV;,(S™) and C(V) € Vi1 (R™1Y). Then the follow-
1mg s true:
(i) C(V) is rectifiable;
(i) if V is integral then so is C(V);
(iii) supp|C(V)| = {A\x e R"*!|z e supp| V| and A > 0};
(iv) if y 0 then O 1(C(V),y) = ©F(V, 1);
(v) if y#0 then

[CV)IB(y; )

IVI(S™) = (k+1) lim o ;

(vi) if V is stationary and k > 1 then so is C(V).

Proof. (i): Let V = limp oo Xjoq U(R;,0;), where R; ¢ S™ is k-rectifiable and
0; : Gx(S™) - Ry is locally H*-integrable for all i > 0. The result follows
directly from2.3(ii), Lemma 2.4 and Lemma 2.5.

(ii): Just note in the proof of Lemma 2.5, if 6 is integer-valued then so is 6.

(iii): First show that supp|C(V)| > {A\z € R"*}z € supp|V| and X > 0}.
Take y ¢ supp|C(V)| and a positive continuous function f : R™*! — Ry sup-
ported in B(y,r), for some r > 0. Define f(x) = f(azx), where a = min{1, |y|}.
So f is supported in B(%,T). If we assume |C(V)[(f) = 0 then it is easy to
check that |V|(f) =0, so y ¢ A. The other inclusion is similar.

(iv): for simplicity put C' = C(V'). It is enough to show that

Yy k+1
g(y)d|C / gy@’“(v,—)cm
Jorry 9@ = [ o) o)

for every continuous function g compactly supported in R™ 1\ {0}.
If feCu(Grsr(R™)) satifies £(0,P) =0 for all P e G(k+1,n+ 1) then,
from rectifiability (property (i)), it follows that

c(h= [ P)dC,, ;
(f) Gror (RPH) f(y,P) (y,P)
= T d||C|,,-
Jovreoy F @ TeIC
On the other hand, by property 2.3(iii), we have

o(f) = fomfk [, 1Ty (@) 0 Ria)O* (V) dHkdr.



Following a computation similar to the proof of Lemma 2.5 we conclude

C — i (__)k i)d k+1
) R”*l\{o}f(y’TV(lyl)) (V’Iyl i

Take a continuous function g : R™*! — R compactly supported in R"*! \ {0}
and define f(y,P) = g(y) for all y e R"' and P € G(k + 1,n+1). The result
follows by replacing such f in the previous formulas.

(v): Fixy#0, 7> 0 and let F: R"! < {0} - (0,+00) x S™ be the isometry
F(z) = (2], ﬁ) Denote A(r) = F(B(y,r)), pri(r,z) = .

If r > |y| then 0 € B(y,r) and

CB ,T:f dcz
1B = [ dcl

_ / @k+1(C,Z)de+l(do)z
B(y,m)~{0}

-/ Ch (V, i)d%’“”(do)z
B(y,r)~{0} |Z|

= OF(V,x)dH " (dy) (r.0)-
o, @ V)t )

Furthermore, pr; (A(r)) = (a(r),b(r)), with a(r) = inf_cp(y.r)|2] = 0 and b(r) =
SUD,cg(y.r 12 = ly|+7. Note also that pry' () = {7} xS™ for 7 <r—|y|. Applying
the Co-area formula with respect to pr;we get

[yl+r
1= [ [ | ONV.n)aH ) ndr
ny‘f OF(V, 2)dH" (dy) (o d
"o Jipsn o T 9) )T

+yl K k
+ f_l( OV, a)dH (dy) e
T pri (7

Iyl

r=ly|
:/ kas OF(V, ) dH" (dgn ) (oydr
O n

r+y| k k
+f f_l( OV, a)dH (dy) 1y
r prit(r

-yl
The first term in the sum is given by
)k+1

=yl -
[ O (V, ) dH* (dgn ) (pydr = LW

A vies.

Since pry!(7) c {7} x S™, the second term is bounded by

(r+ )" = (e = ly)™*!
k+1

r+y|

Lo, O V) (g i < VIs™).

|yl



When we divide by r**! and take the limit r — oo, the first term converges to
IVIGS™) and the second term tends to zero.

(vi): Since we assume k > 1 it is enough to prove that C(V) is stationary
outside the origin.

Fix a vector field Y with compact support supp(Y) ¢ R** < {0}. We can
write Y(y) = h(y)y + X(‘Z—‘) where X is a compactly supported vector field in
S™ and h is a compactlyl supported function. The first variation is given by

0C(Y) =6C(h(y)y) + 6C(X(‘Z—‘)). Let us compute the first term:

SO = [ divp(h))C, 5
k+1
:fo ™ fSn divry (oyer(e) (h(T2)T2)d|V |2 dT
:f Tk/ Dh‘ 12+ h(T2)dive, (2)er() (T2)d||V | dT
0 n TX

/ f Tk(TDh‘ ~I+h(7'17)(k+1))d“w|zd7-
0 n TX

Sl Gl nen)ar]amvi.
0

In the last line we used that h has compact support away from 0.
Using that X doesn’t depend on the radial direction, that is, div)(X) =0,
we compute the second term

Yy . Y
0C(X(=)) = divs(X(-=))dC,, »
( (|y|)) Groar (RP#1) 1VP( (|y|)) (y,P)

- /OmTk fsn divey, (2)er() (X (2))d| V] .dT

B fo Tk [5 divy, (z)(X) + divge) (X)d| V] zd7
= fomT’féV(X)dT

=0.

Thus finishing the proof of the proposition. o

3 Geodesic Networks

In this section we are concerned with 1-dimensional varifolds whose support
are represented by geodesic segments. Our aim is to prove that any stationary
integral 1-varifold has this structure. Throughout this section M will denote a
closed Riemannian manifold of dimension n.

Definition 3.1. Let U ¢ M be an open subset. A varifold V € IV; (M) is called
a geodesic network in U if there exist geodesic segments {a1,...,q;} in M
and {01,...,0;} c Zsp such that



VeGr(U) = zl:g(aj nU,0;).

J=1

(b) Let Xy = Uézl(aaj) N U, we require each p € Xy to belong to exactly
m =m(p) > 3 geodesic segments {¢;,,...q;,, } and

Z 9jk aljk (0) =0.
k=1

Here we are taking the arc-length parametrization with start point at p.

We call a point in Xy a junction. We say that a junction is singular if there
exist at least 2 geodesic segments with 0;, o, (0) # —0;,,c;,,(0) and regular
otherwise. A triple junction is a point p € 3y such that p is the boundary of
only 3 geodesic segments with multiplicity 1 each.

The following properties can be derived straightforwardly from the defini-
tion.

Proposition 3.2. Let V' be a geodesic network in U c M. The following holds:
(i) V is stationary in U;

(i1) if p ey and {(®j,,05,),..., (e, ,05,.)} define this junction then the tan-
gent cone at p s given by

Mz

(gpv = g(cone(aljk(o))?ejk)

k=1

where cone(aj, (0)) = { A}, (0) € T, M|\ >0} and o, (0) = p.

Corollary 3.3. Let U c M be an open set. If V is a geodesic network in U and
O (V,z) <2 for all x € supp| V|, then every p € v is a triple junction.

Proof. First note that the condition ©(V,z) < 2 at regular points imply that
6; =1 for all j. By proposition 3.2(ii) the density is given by

0'(V,p) =0'(%,V,0) =Y. %
k=1
Since 605, =1 we must have m < 4 thus m = 3. O

Corollary 3.4. Let M be two-dimensional and V e W1 (M) be a geodesic net-
work with density ©Y(V,p) <2 for all p e supp|V|. Then either

(i) V has triple junctions or

10



(i) v has only regular junctions and

!
V=3 u(v1)
=1

where v; are closed geodesics (possibly repeated) and Vi, N7y, NYig =D for
i1,19,13 all distinct.

Proof. In view of Corollary 3.3 all of the junctions with multiplicity less than
2 are triple junctions. Let us assume that (i) is false and we will show that V'
must satisfy (ii), that is, V' has no triple junctions so all of the singular points
have multiplicity 2. If there is a geodesic segment of multiplicity 2, then it
cannot intersect any singular point, because of the multiplicity bound. The
only possible singular point is one formed by 4 distinct geodesic segments of
multiplicity one each. We want to show that two of these must have opposite
directions at the singular point, which implies that so do the other two.

Denote by vy, v, v3, v4 the unitary tangent direction of each geodesic segment
at the singularity. We are assuming that at least 2 of these are distinct and not
opposite to each other. Without loss of generality we may assume it is v; and
v9. Since we are in dimension 2 we can use them as a basis and write v3 and vy
in terms of v; and wve. If one solves the system

{vl +vg + v3 + v4 = 0 (stationary condition)

[vi]l = 1 (multiplicity one)

then it is easy to see that, for example, v3 must be opposite to either v or vs.

For the second part of (ii), take C' c supp||V| a connected component. If
V. C is given by a closed geodesic with multiplicity 2 then the density condition
implies that it cannot have junctions and the statement is true. Otherwise, by
what we showed above, each geodesic segment can be extended through the
singular points. Again, because of the density hypothesis we cannot have 3
geodesics intersecting at the same point. O

The main result is a structure theorem for 1-varifolds proved in [2]. Here we
state a particular case and refer to the original article for a proof.

Theorem 3.5. Let M be a closed manifold and U c M an open set. If V e
W1 (M) is stationary in U then V is a geodesic network in U.

Proof. Simply note that the definition of interval in [2, §1] is equivalent to the
image of a geodesic segment. The hypothesis for the theorem in [2, §3] are true
because V is integral. Finally, note that the set Sy is the same as our set of
junctions Xy . O

Now we prove the property that we are mainly interested for geodesic net-
works in S™

Theorem 3.6. Let (S™,go) be the round sphere of radius 1, U ¢ 8™ and V €
W1 (S™,U) be stationary in U with total mass |V||(S™) < 2wd for some positive
integer d. Then V is a geodesic network satisfying ©*(V,x) < d for all x € S™.

11



Proof. We know by Theorem 3.5 that V is a geodesic network. Let us prove
that |V (S™) < 2md implies ©'(V, x) < d for every z € supp|V|.

Using proposition 2.6(iv) and (v), the Monotonicity formula for stationary
varifolds (see [15, §17.8]) and a2 =7 we compute

1 2 . HCHB(%T)
0 (V,z) =07(C(V),z) = 1{13)7
i 1CIBGT)
T rooo a2r2
_ VIS
20[2
<d.

O

We can also prove a weaker version of this theorem for metrics that are
sufficiently close to the round metric in S™.

Theorem 3.7. Let g be a Riemannian metric in S™. If g is sufficiently C*°-
close to the round metric then any varifold W € IV1(S™) stationary with respect
to the metric g satisfying [W|(S™) < 2n(d+ %) is a geodesic network such that
O (W, z) <d for all x € supp|W]||.

Proof. By Theorem 3.5 we know that W is a geodesic network with respect to
the metric g. It remains to prove the second statement.

Assume false, that is, there exist a sequence of metrics g; converging to gg
and a sequence of integral varifolds W; stationary with respect to g; satisfying
[Wi| < 2m(d+$) and ©'(W;,p;) > d for some p; € supp|W;|. In fact we must
have ©'(W;,p;) > (d + 5) because W; is a geodesic network.

Since the first variation is continuous with respect to the metric, we may
assume that each W, has bounded first variation in the metric gg. By the
Compactness Theorem we may suppose that W; converges to an integral varifold
V stationary in the round metric and p; converges to p € supp|V|.

Furthermore, we have |V | < 27 (d + ) which implies that ©'(V,z) < (d+ 3)
for all = e supp||V|, by following a computation as in the previous theorem. As
before we must have ©'(V,2) < d. On the other hand, the density is upper
semicontinuous with respect to weak convergence of varifolds. In particular,
(d+1) <O (Wi,pi) <©'(V,p) <d for all i, which is a contradiction.

O

4 Almost minimising varifolds

In this section we define Zs-almost minimising varifolds and show that such
1-dimensional varifolds cannot admit triple junctions.

12



Definition 4.1. Let U c M be an open set, ¢ >0 and § > 0. We define
A (U;e,d) c Z,(M)

as the set T € Z,(M) such that any finite sequence {T1,...,Tn} ¢ Zi(M)
satisfying

(a) supp(T-T;) cU forall i =1,2,...m;

(b) F(T;,Ti-1) <0 foralli=1,2,...m and

() M(T;) < M(T) + 6

must also satisfy
M(T,,) > M(T) - e.

Roughly speaking, if T' belongs to A (U;e,d) then any deformation of T
supported in U that does not increase mass at least &€ must be J-far from T in
the F metric. Note that we define the elements of 2 are closed cycles in M
instead of relative cycles as defined in [14].

Definition 4.2. We say that a varifold V € V(M) is Zo-almost minimising
in U if for every € > 0 there exists § >0 and T € A (U;e,d) such that

E(V,|T]) <e.

A varifold V' € V(M) is said to be Zz-almost minimising in annuli if for
every p € supp| V| there exists r > 0 such that V' is Zy-almost minimising in the
annulus A = A(p;s,r) forall 0 <s <.

Definition 4.3. For a cubical subcomplex X c IV, we say that a flat continuous
map f: X — Z(M) has no concentration of mass if

limsup{| £ ()| (B(g,r)) sz € X and g e M} =0,

The next theorem shows the existence of Zs-almost minimising varifolds.

Theorem 4.4. Let X c IV be a cubical subcomplex and f: X — Z(M) be a
p-sweepout with no concentration of mass, p > 0. If we denote [ f] the homotopy
class of f and write

L{f]= inf sup M(g(z)),
g€[flzex

then there exists V € IV (M) such that
(1) [VI(M) = L[f];
(i1) V is stationary in M;

(111) V is Za-almost minimising in annuli.
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This was first proven by Pitts (see [14, §4.10]), for another proof (when
k=dim(M)-1) we refer to [11].

Note that this is a weaker statement than in [11], but it remains true for all
dimensions and codimensions. This is because for every flat continuous homo-
topy class we can construct a discrete homotopy class just as in [11, Theorems
3.9] with the same width. The final statement then follows from [14, §4.10].
Since we are not interested in finding regular critical points, this will be enough
for our applications.

Now we will explain how we can locally deform an almost minimising varifold
so that it can be approximated by locally minimising currents. First we define
what we mean by locally mass minimising.

Definition 4.5. Let T € Z,(M) and W ¢ M be an open set. We say that T is
locally mass minimising in W if for every p € supp(T") "W there exists r, such
that B(p,mp) ¢ W and for all S € Z,(M) satisfying supp(T - S) c B(p,rp) it
implies

M(S) > M(T).

In the one dimensional case we have the following characterization:

Proposition 4.6. Let W c M be an open set, Z c¢ W compact and T ¢
Z1(M; G) be locally mass minimising in W. Then each connected component of
supp(T) N Z is the restriction of a geodesic segment with endpoints in W \ Z.

Proof. Let A c supp(T)NZ be a connected component. Cover A by finitely
many balls B; = B(p;,r), i =1,...m such that each ball is contained in a convex
neighborhood and r < rp,, for all i. Denote C' = supp(T)N(B1U...UBy,), then
each component C'N B; is the unique minimising geodesic connecting the two
points in C' N 9dB;. In particular the endpoints AN 0Z belong to the interior of
a geodesic segment with endpoints in int (Z) and W \ Z. We conclude that A
is given by the image of a broken geodesic with singular points in the interior
of Z.

Now, for each singular point ¢ € A there exist r, such that T B(q,7q) is
mass minimising relative to its boundary. Thus it must be a geodesic segment,
that is, ¢ is a smooth point in A. This implies that C' is the image of a geodesic
segment with endpoints in W \ Z. The proof finishes by simply noting that
A=CNZ. O

Corollary 4.7. Let W c M be an open set, Z ¢ W a compact set and T ¢
Z1(M) be locally mass minimising in W. Then, viewing T as an integer coef-
ficient current,

k .
T Z = Zi(ﬁu [1]761')7
i=1

where B; : [0,1] = Z are geodesic segments for each i =1,...,k with endpoints
in 0Z.
In particular, the associated varifold |T'| € W1 (M) is stationary in W.

14



Proof. We simply need to apply the Constancy Theorem (see [15, §41]) to each
connected component. Since we are working with Zs coefficients the density in
each segment must be constant 1. O

The replacement theorem for almost minimising varifolds can be stated as
follows:

Theorem 4.8. Let U ¢ M be an open set, K ¢ U compact and V € Vi (M)
Zs-almost minimising in U. There exists a non-empty set R(V;U, K) c Vi (M)
such that every V* e R(V;U,K) satisfy:

(’L) V*\—Gk(M N K) = V\_Gk(M N K),
(i) |V*[(M) = [V](M);
(111) V* is Za-almost minimising in U;
(iv) V*_ G (int (K)) e IV, (M) and

(v) for each € >0 there exists T € Z,(M) locally mass minimising in int (K)
such that F(V*,|T)) <e.

Proof. The proof of (i)-(iv) is exactly as in [14, §3.11]. To show (v) one need to
modify the construction in [14, §3.10] using our definition of almost minimising.
o

4.1 Almost minimising Geodesics Networks

Here we will treat the particular case when V' is a geodesic network with finitely
many singularities. Our main goal is to prove that the almost minimising prop-
erty excludes the existence of triple junctions.

The rough idea is to use the replacement theorem and approximate V* by
closed currents with coefficients in Zs. We will show that V* can be described as
a non-zero Zso-cycle but triple junctions always have boundary in Z,. From now
on, given a varifold V' we will denote by V* a replacement given by Theorem
4.8 whenever V satisfies the conditions of the theorem.

First we need to prove the existence of local mean convex neighbourhoods.

Lemma 4.9. Let (M,g) be a complete Riemannian manifold, a,b € M and
a:[-1,1] > M the minimising geodesic segment with a(-1) =a and a(1) =b .
If a,b are contained in a sufficiently small ball then there exist a mean convez
neighbourhood E = E(a,b) of a(-1,1) such that a(-1,1) is a deformation retract
of E. Furthermore E N a(-1,1) is foliated by strictly mean convex ellipsoids
S(a,b;o) that converge to a(-1,1) as o — 0.

Proof. Suppose « is contained in the convex ball B(a(0),¢) for some € > 0, then
a(t) = expg gy (tvo) for vo € Ty o) M satisfying exp, gy (vo) = a. Define the solid

ellipsoid
L2
(u,v0)2+(|uf;|) <1},
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where (-,-) = exp,(p)“g and u* denotes the projection of u onto the subspace
orthogonal to vg. Clearly E(vo;0) is strictly mean convex in T o) M. If € and §
are sufficiently small we can assume that E(a,b;d) = exp, ) (£(vo;d)) is mean
convex in M and so is the smooth hypersurface

S(a,b;0) = E(a,b;06) ~int (E(a,b;cd))

for all o <1. It is easy to see that F(a,b;d) can be retracted onto a(-1,1) and
S(a,b;0) > a(-1,1) in the Hausdorff topology. O

To prove the next technical lemma we will need the following theorem proven
in [18] by B.White and is used to prove a maximum principle for varifolds.

Theorem 4.10. Let N be a n-dimensional Riemannian manifold with boundary
and p € ON such that k1(p) + ...+ km(p) > 1, where kK1 < ... < K1 are the
principal curvatures of ON with respect to the inward normal vectorfield vy .
Then, given € > 0 there exists a supported vectorfield X on N such that X (p) #+0
is normal to ON and

(X,vn) 20 in ON
and
oV(X)<-n [ IXIdIV]

for every VeV, (N).

We remark that the same theorem is true with all its inequalities reversed,
the proof is exactly the same (see [18]).

Corollary 4.11. Let M be a closed Riemannian manifold and N an open set
with strictly mean convex boundary with respect to the inward normal vectorfield.
If V e Vi (M) is stationary, p € supp|V||nON and supp|V|nB(p,e)nN = &

then supp| V| n B(p,e)n (M N\ N) = @.

Proof. First suppose there exists € > 0 such that supp||[V|nB(p,e) c N, that is,
W =V_Gi(B(p,e)) € Vi(N). Since ON is strictly mean convex, we can choose
n > 0 in Theorem 4.10 and obtain a vectorfield X in N such that supp(X) c
N n B(p,e) and

5W(X)+gf X <0.
This is not a contradiction yet because X is not a smooth vectorfield in M.

However, we can construct a extension X such that supp(X) c B(p,e), X is
Cl-close to X and

~ ﬂ ~
5W(X)+2/|X|<O.

By construction supp(X) ¢ B(p,e) hence 6V (X) = 6W(X) < 0. This is a
contradiction because V is stationary, thus supp|V|nB(p,e)n(M\N) +@. O
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Lemma 4.12. Let V e IVy (M) be a geodesic network and p € Xy be a junction
point. If V is almost minimising in annuli at p then there exists r >0 and a
compact set K c A(p;r,3r) such that

(i) V is almost minimising in A = A(p;r,3r) and B(p,4r) is convex;
(ii)) R(V;A,K) ={V}.

Proof. Firstly choose r > 0 such that 4r <r,, B = B(p,4r) is a convex ball and
take A = A(p;r,3r). We know that V is almost minimising in A and

V_Gi(B) = ig(aj,t%)

J=1

where ; : [0,47] — B is a minimising geodesic parametrized by arc-length for
each j =1,...,m. By abuse of notation we identify the curves o; with its image,
specifying the domain whenever necessary.

Secondly, for 0 < r we define a;(d) = a;(2r-9), b;(d) = a,j(2r+0). Applying
Lemma 4.9, let K;(6) = E(a;(6),b;(6)) and S;(0d) = 0E(a;(5),b;(6);06) the
foliation for the set K;. If we choose § sufficiently small we may assume K;(6)n
K;/(0) =@, whenever j #j', and K = K1(6)u... UK,(J) c A.

oy p/

Finally we take V* € R(V; A, K) a replacement for V. By property 4.8(i) it
is only necessary to prove V*_ G1(K) = Vo G1(K).

Claim 1. supp|V*| c supp|V].

First we want to show that supp||V*|| n K, # @ implies supp|V*= G1(K;)| c
supp| V- G1(Kj;)|.

Define og = inf{o > O|supp|V*|| n S;(c’0) = @, for all o < ¢’ < 1}. From
Corollary 4.11 we get that o9 < 1. Indeed, if that was not the case then we would
obtain a point p € supp||V*|| n 0K different from a; and b;. Then Corollary
4.11 would imply that supp|V*— G1(M \ K)||n B(p,e) # @. However, we know
that V* coincides with V' in M \ K and we know that supp|V'| only intersects
K; at the points a; and b;.
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Once we know that supp||V*|| doesn’t intersect S;(o) for some o < 1, the
same argument shows that oo = 0. The result follows because S;(c) converges
to a;([2r - 6,2r +6]) = supp| V| n K.

Now, note that it is impossible to have supp||V*| n K; = @ for all j because
[V*|(M) = |V]|(M). Furthermore, whenever supp||[V*| n K; # @ the already
know that |V*|(K;) < |V|(K;). For the same reason we must have supp|V*||n
K; # @ for all j, hence supp|V*| c supp| V.

In particular,

supp|[V*= G1(A)[ & U o (r,3r)

j=1

and supp||V*|na;(r,3r) # @ for all j =1,...,m. We know that V* is stationary
in A because it is almost minimising. Hence, by the Constancy theorem (see
[15, §41.1]) we have

VLG (A) - i w(a(r,31),¢;)

for constants ¢; # 0. Since V' G1(ANK) = Y72 v(a;n(ANK), 0;) we conclude
that c; = 0, for all j =1,...,m, which finishes the proof. o

The last result we need relates flat convergence of Zg-currents and the weak
convergence of the associated varifold. This was proven in [17] by B.White.

Theorem 4.13. Let M be a Riemannian manifold, {W;} c V(M) be a se-
quence converging to an integral varifold W. Suppose that:

(I) Each W; has locally bounded first variation;
(II) O[W;] converges in the flat topology.
Then [W;] converges to [W] in the flat topology.
Finally we prove our main result of this section.

Theorem 4.14. Let M be a closed manifold, V e W1 (M) a geodesic network
and p € Xy a junction point. If V is Za-almost minimising in annuli at p, then

@1(V,p) € Z>0-
In particular p is not a triple junction.

Proof. Let r >0, B = B(p,4r), A = A(p;r,3r) and K c A as in Lemma 4.12.
Applying property 4.8(v), Corollary 4.7 and the Compactness theorem for Zo-
chains (see [17, Theorem 5.1]) we may assume there exists a convergent sequence
{T;} ¢ Z21(M;Zs3) and T € Z1(M;Zs) such that

(a) T; — T in the F-norm;
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(b) V; =|T;| is stationary in int (K') and
(c) Vi = V in the F-metric.

Even though convergence of chains in the flat norm do not correspond to
weak convergence for varifolds, in the stationary case, with convergent boundary,
it does.

We want to apply Theorem 4.13 for the sequence {V;o G1(int (K))}i»1. We
know that O[V;— G1(int (K))] - 0T int (K) by the definition of V;. Together
with property (b) it means that the sequence satisfies the hypothesis of the
theorem. We conclude that

Teint (K) = [V Gy (int (K))].

Since V- G1(B) = X711 v(ay, 0;) for some geodesic segments a; and 0; € Zso,

we have

3

[V G (imt (K)) = X ez int (K, [6;])

<
I

and [6;] is non-zero only when 6; is odd.

If 0, is even for all j then the density at p must be an integer and we finish
our proof because geodesic segments with even multiplicity contribute to the
density at p with an integer number.

In case some 6; is odd we have that T' # 0 and supp(T") c supp|V|. We can
view T'= B as an integer chain and apply the Constancy theorem for integral
currents (see [15, §26.27]) and the fact that T and [V] coincide in int (K) to
conclude that

T-B =) t(ay,[05],0;).
j=1

Now we simply note that p is a boundary point for 7" unless the number
of #; such that [6;] # 0 is even. That is, there is an even number of geodesic
segments «; with odd multiplicity and in particular its density contribution is
an integer number. This finishes the proof because 7" must be a closed chain.

O

5 The width of an Ellipsoid

Here we will apply the previous results to estimate some of the k-width of
ellipsoids sufficiently close to the round sphere.

5.1 Sweepouts of S?

Let (52, go) denote the round 2-dimensional sphere with radius 1 in R3. We will
construct k-sweepouts of S? as families of algebraic sets in R®. This is similar
to how it is done in [10] for the unit ball.
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Denote by x1, 2, x3 the coordinates in R3 with respect to the standard basis.
Let p; : R? - R denote the following polynomials for i =1,...,8:

pj(x) =x; for j=1,2,3,;
pa() =I12;

p5(7) = 21225

pe(r) = T173;

p7(w) = w273

ps(x) = x4,

Note that we skipped the polynomial z32. The reason for this is because we

are only interested in the zero set restricted to the sphere, which is given by
the equation z12 + x2% + 232 — 1 = 0. That is, p4, ps and x — x5? are linearly
dependent so their linear combinations will define the same algebraic sets.
Now, put Ay = spang (1 uf;l pj) ~ {0} and define the relation g ~ Ag, for
A >0 and g € A;. Note that the zero set is invariant under this relation, that is,
{Aq =0} = {g =0} so it makes sense to define the map Fj : (Ax/ ~) - Z1(S5?) as

Fi([q]) = [{g=0} nS?],

where [R] denotes the mod 2 current associated with R c S?. We would define
it as 0 if {g = 0} coincides with S2, but we already excluded this when choosing
the polynomials. It is clear that F' is well defined and it takes values in one
dimensional currents in S2.

We can identify (Ag/ ~) with RP* and we observe that F}, is flat continuous
and it defines a k-sweepout. The proof is exactly the same as in [10, §6] with
the appropriate adaptations and we leave it to the reader.

To see that these sweepouts have no concentration of mass, one must simply
intersect any curve on the image with a small ball in $? and apply the Crofton
formula to estimate its length. This will show that the length of such curves
are not greater than 4w sin(r), where r denoting the radius of the small ball is
sufficiently small.

Theorem 5.1. If S? is the round 2-sphere of radius 1, then
(1) w1(8?) = w2(5?) = w3(S?) = 2m;
(Zl) W4(S2) = W5(S2) = w6(52) = W7(S2) = w8(S2) =4m.

Proof. (i): By the Crofton formula we have that, M(F(q)) < 27 for all ¢ € RP*
and k£ =1,2,3. In fact, it is not hard to see that sup M(Fx(q)) = 2m. That is,
wg < 27.

Suppose wy, < 27, then there exists another k-sweepout F' such that L[F] <
47 then Theorem 4.4 would give us a stationary Zs-almost minimising integral
varifold with |V||(S?) < 2. This is a contradiction because Theorem 3.6 tells
us that the density would be lower than 1 everywhere. Hence F}, is optimal and
wr =27 for k=1,2,3.

For the next item we need a lemma whose proof we give in the Appendix.
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Lemma 5.2. Let S? be the round 2-sphere of radius 1, then wy > 27.

(ii): When k =4,5,6,7,8 the degree of the polynomials are less than or equal
to 2, thus, using the Crofton formula again, M(Fj(q)) < 47 for all g e RP*. As
before, it is trivial to check that sup M(F%(g)) = 47 from which we get wy, < 4.

By Lemma 5.2 and the previous item we already know that wy >= w4 > 27.
Suppose wy < 47 then, as before, we have a k-sweepout F such that wy <
L[F] < 4. From Theorem 4.4 we produce V € IV (S?) stationary and Zy-almost
minimising. It follows from Theorems 3.5 and 4.14 that V" has density constant
to 1. Hence V corresponds to a closed regular geodesic, that is, |V (S?) = 2,
which is a contradiction. O

5.2 Geodesics on Ellipsoids

Our goal here is to find the varifold that realizes the k-width of an Ellipsoid
sufficiently close to the round sphere.

Let E? = E?(a1,a2,a3) be an Ellipsoid defined by the equation a;z? +azx3 +
aszr3 —1=0 in R3. If the parameters aj, as, a3 are sufficiently close to 1 then it
is clear that the induced metric in E? is C*-close to the round metric in S2.
We can assume other properties that we summarize here.

Proposition 5.3. Let v; = {xz; =0} fori=1,2,3 be the three principal geodesics
in E?, %.(T) be the r-covering of v; for r € Zso and wi(E?) denote the k-width
for k € Zso. If we choose a1 < az < as sufficiently close to 1 then the following
18 true:

(i) 2m(1-3) < L(m) < L(y2) < L(73) < 2m(1+ 1);
(i1) index(”yi(r)) =i+2(r-1) and null(’yi(T)) =0 fori=1,2,3 and r < 100;

(111) if o is a smooth closed geodesic with L(a) < 1007 then o = 7 for some
1=1,2 or 3 and r > 0;

(iv) lwe(E?) = wi(S?)| < 1 for all k <100;

By index(y) and null(y) we mean the Morse index and nullity as smooth closed
geodesics, that is, critical point of the energy functional.

Proof. (i): Note, for example, that 71 is a planar ellipsis with axes ai and -,
similarly for the other two. So, as long as a; are close to 1 each ell1ps1s is close
to a circle of length 27.

(ii): See [13, XI,Theorem 3.3].

(iii): See [13, XI,Theorem 4.1].

(iv): Note that every sweepout of E? is also a sweepout for S2, simply by
the fact they are both diffeomorphic and the definition of sweepout does not
depend on the metric. Since the metric in E? can be chosen sufficently close to
the round metric we can prove that each k-width is continuous by simply using
the same approximating sweepouts. The uniform convergence follows directly
because we are considering only finitely many k-widths. O
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Given these three main ellipses we are able to define the varifolds that will
be candidates to realize the first 8 widths of E2?. Define

Wi=u(v,1),5=1,2,3;

Wy =v(m,2);
Ws =v(71,1) +2(72,1);
We = v(72,2);

Wz =v(m,1) +v(ys,1);
Ws =uv(v2,1) +u(v3,1);
Wy = v(73,2).

Remark. Suppose E? is sufficiently close to the round sphere of radius 1. Since
these are all possible combinations of the three principal geodesic networks with
density less than or equal to 2, Theorems 3.7, 4.14 and Corollary 3.4 imply that
these are also the only almost minimising geodesic networks with mass less than
2m(2+ 3).

They also correspond to the zero set (counted with multiplicity) of the poly-
nomials p;, defined in the previous section, intersected with E? (except for Wp).

Before proceeding to the main theorem we need a technical lemma that was
proved in [11, §6] under a different context. We explain how to obtain our result
from their proof in the Appendix.

Lemma 5.4. Let E? be an ellipsoid as in Proposition 5.3. Then w; < w;y1 for
i=1,...,7.

Theorem 5.5. Let E? be an ellipsoid as in Proposition 5.3. The following
holds:

(i) ifi=1,2 or 3 then w;(E?) = |W;|(E?);

(i3) if i = 4,...8 then w;(E?) = |[Wi||(E?) for some | =4,...,9 without repeti-
tion.

Proof. Firstly, it follows from Proposition 5.3(iv) and Theorem 5.1(i) that
wi(E?) <2m(1+ i), for i =1,2,3 and
wi(E?) <2m(2+ i), fori=4,...,8.
In either case we claim that there exists an optimal sweepout for w;. Indeed,
if no such map existed for some i we would have a sequence of sweepouts {F}, }

satisfying L[Fis1] < L[Fr] < 2m(2+ 1). Each F}, provides us a distinct almost-
minimising geodesic network with mass less than 2w (2+ i) by Theorem 4.4, and
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the characterization of stationary integral varifolds (Theorem 3.5). However, as
we have already remarked, there only finitely many such varifolds (that is to
say, the previously defined W;) so we have a contradiction.

Secondly, Lemma 5.4 tells us that wy < ... <ws. Hence, each optimal sweep-
out gives us an almost-minimising geodesic network V; satisfying |Vi|(E?) =
wi(E?) and |Vi|(E?) < Vi | (E).

(i): For i = 1,2,3 we have |V;[(E?) < 2m(1 + 1) so each one of these must
correspond to one Wj, j = 1,2,3. Since the W;’s are also ordered as |[W1||(E?) <
[Wa||(E?) < |W3|(E?) we must have V; = W;, i =1,2,3.

(ii): For j=4,...,8 the W;’s are not necessarily ordered by their mass. To be
specific, we cannot guarantee for a general ellipsoid that |Ws| (E?) < |W=|(E?)
or vice-versa. However, we know that each V; corresponds to one of the W;’s
and this correspondence must be one to one, which finishes the proof. O

At last we give a counterexample to Question 1.

Corollary 5.6. Let E? be as in Proposition 5.3, then Question 1 is false for
E2.

Proof. First of all we observe that if the support of V' is given by a smooth closed
geodesic v then index(V) and null(V') as a varifold are the same as index(7)
and null(+y) has a critical point for the energy functional.

Now, Theorem 5.5(ii) tells us that wy(E?) = |W;|(E?) for some j =4,...,9.
Where Wj, j =1,...,8 are as before. Since there are 6 varifolds to choose for 5
widths we know that one, and only one, will not correspond to a width.

The first 3 varifolds are ordered as |[Wy|(E?) < |Ws| (E?) < |[Ws||(E?) which
implies that wy must correspond to either Wy or Ws. If wy(E?) = |[Wy|(E?)
we are done because the number of parameters is 4 and index(V') + null(V') =
3+ 0 <4, as given by property 5.3(ii).

If this is not the case, then Wy is the only varifold that does not correspond
to any width and all the other ones must correspond to one, and only one,
width. As we have already pointed out, the comparison between |Ws|(E?) and
|[W7||(E?) is not known in general. In any case, Ws must correspond to either
ws G [We(E2) < [Wel (E?)) or we (if [We| (E) < [Wg|(E2)). On the other
hand, index(Ws) +null(Ws) = 4+ 0 < 5, which disproves the conjecture in either
case. (]

Remark. The proof above also gives us an example of a unstable min-max critical
1-varifold with multiplicity. As described above, we will either have vy; or s
(that have index 1 and 2 respectively) with multiplicity 2.

It is conjectured (see [12, p.2]) that this should not happen for min-max
critical hypersurfaces. The main difference is because in the hypersurface case
one could be able to de-singularize two minimal surfaces (for example two great
spheres in S% approaching a sphere with multiplicity 2) along their intersection
and obtain a min-max “competitor” with very similar area, but embedded and
with different topology. Such procedure doesn’t exist for curves and our example
settles this question for the one dimensional case.
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6 Further Problems

We would like to propose a general formula for the width of the round sphere
S2. First let us give our conjecture and then explain the motivation. We expect
that

wj =27k, if je {k%,..., (k+1)% -1}.

A simple computation shows that this would imply the Weyl law for S2. Of
course, to prove the Weyl law it is not necessary to compute the width spectrum,
one is only interested in its asymptotic behavior. This is a much stronger
conjecture.

Denote by P[R3,d] the space of real polynomials of degree less than or equal
to d in 3 variables. For each p € P we can define {p = 0} n S? as we have already
done. However, any polynomial that contains the fact (1% +x2%+x3%~1) do not
define a 1-cycle in S? so we have to quotient these out. That is, we are interested
in the space Ay = P[R3,d]/(x1? + 222 + 3% — 1)4, where (212 + 222 + 232 — 1)4
denotes the ideal generated by (12 + 222 + 132 — 1) intersected with P[R?,d].

Now, note that the complementar of Ay2_; in A((k+1)%-1) are exactly the
space of homogeneous polynomials of degree k quotiented by the ideal (z12+222+
232 — 1)1, let us denote it by Hj. This space is isomorphic to the eigenspace
of the k' eigenvalue of the laplacian in S2. Furthermore, for every p € Hj,
we have M({p = 0} n S?) < 27k, by the Crofton formula. We know that it is
possible to construct I-sweepouts from the space 4; and if [ € {k?,..., (k+1)?-1}
the supremum mass is 2wk. However, I do not know how to prove that these
sweepouts are optimal.

This is motivated by Lusternik-Schnirelmann theory on manifolds. We be-
lieve that the width will be realised by a combination of great circles with pos-
sible multiplicities. Lusternik-Schnirelmann theory indicates that if wi = Wi, N
then there exists a N-parameter family of varifolds with constant mass wy. More
generally, one would expect the space of critical varifolds with mass wy to have
Lusternik-Schnirelmann category greater or equal to N In the case of S? the
space of k-combinations of great circles is simply the space of unordered k-tuples
of great circles, that is, it is given by SP¥(RP?). We denote by SP*(X) the
quotient of X* by the action of the k-symmetry group Si. It is known that
SPE(RP?) = RP? (see [4]), whose Lusternik-Schnirelmann category is 2k + 1.
Finally our conjecture implies that the equality gaps in the width spectrum is
given by wy2 = w(k41)2-1, Which is consistent with the Lusternik-Schnirelmann
motivation. As a brief remark we would like to point out the for higher dimen-
sions the same ideas would violate the category of the critical set.

Unfortunately none of this has been proved. Neither the category ideas or the
optimality of the polynomial sweepouts are known. The Lusternik-Schnirelmann
theory for smooth functions on manifolds (see [6]) does not carry over to our
case directly.
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Appendix A

First let us extract a weaker version of the results in [11]. From the proof of
[11, Theorem 6.1] we can obtain the following general, but weaker, proposition.

Proposition A.1. Let M be a closed Riemannian manifold and {wi(M)} be
the width spectrum corresponding to 1-cycles in M. If wp(M) = wre1 (M) for
some k, then there exist infinitely many geodesic networks with mass wi (M)
and that are almost-minimising in annuli at every point.

The proof is similar to [11, Theorem 6.1], however we cannot use Schoen-
Simon’s Regularity Theorem or the Constancy Theorem (as in [11, Claim 6.2]).
To overcome this one must note that is a sequence of varifolds converge to a
geodesic network then the sequence of associated currents converge to a sub-
network of the limit. This is true because the support of the limit is contained
in the varifold geodesic network, then we can apply the Constancy Theorem to
each geodesic segment whose intersection is non-empty. If we assume that the
set of geodesic networks is finite, then so is the set of all its subnetworks and
the rest of the proof follows what is done by Marques-Neves.

With this proposition we can prove Lemmas 5.2 and 5.4.

Proof of Lemma 5.2. Suppose wy(S?) < 2m(1+ ) and choose and ellipsoid E?
sufficiently close to S2 so that Proposition 5.3 holds. In particular there are only
3 almost minimising geodesic networks with length less than 27(1 + i) in E?
(namely, the three principal geodesics). Indeed, any such geodesic network must
have density less than 2 by Theorem 3.7 and the almost minimising condition
excludes triple junctions. Note also that ws(E?) < 27(1 + %)

We claim that there exist an optimal sweepout for ws(E?). If that is
not the case we would be able to produce a sequence of sweepout F; with
L[Fi41] < L[F;] < 2n(1 + %) and each F; would give us a distinct almost-
minimising geodesic network with length less than 27 (1 + %) (Theorem 4.4),
which is a contradiction.

It follows that there exists an almost-minimising geodesic network V' such
that |V (E?) = ws(E?). Thus, V must be one of the three principal geodesics
which implies that wy(E?) = wi1(FE?) for some k = 1,2,3. This is a contra-
diction because Proposition A.1 would imply the existence of infinitely many
almost-minimising geodesic networks with length wy,(E?) and we already know
that this is not possible.

We conclude that our initial assumption is false, thus w4 (S?) > 27. O

The next proof is very similar to the previous one.

Proof of Lemma 5.4. If the ellipsoid is sufficiently close to S? then we can
assume that w;(E?) < 2m(2 + 1), by Theorem 5.1. As we have already re-
marked, there are only 9 almost-minimising geodesic networks with mass less
than 2m(2 + i) (namely the W; previously described). If we had equality
w; =wi41 for any ¢ =1,...,7 then Proposition A.1 would give us infinitely many
almost-minimising geodesic networks with mass w;, which is a contradiction. [
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