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Introduction

We give in the first two chapters an introduction to the basic objects appearing in Geometric Measure
Theory, with an emphasis on the tools most useful to understand the technical details of the series of
papers of Fernando Codd-Marques and André Neves, partly in collaboration with Yevgeny Liokumovich
and Kei Irie, culminating in the proof of the Yau’s conjectures about denseness of minimal hypersurfaces
in Riemannian manifolds of generic metrics of dimension less or equal than 7 ([MN17], [MN16], [LMN16],
[IMN17)).

Notations

We fix for all subsequent chapters an integer n > 3, and a Riemmanian submanifold M C R™. This
is not restrictive thanks of the Nash embedding theorem [Nas56]. We fix notations for the sets we will
consider, as they differ slightly from the ones of Pitts. Let x € R*, 0 <7 < s < 0.

Bz,m)=R"n{y:|ly—z| <r}

Bz,r) =R"N{y: |y —=| <r}

A(z,r,s) =R"N{y:r <|y—z| < s}
(

Az, r,s) =R"N{y:r < |y —x| <s}

<

and we define likewise notations Bas, Bas, Aar, Ay with R™ and replaced by M and the Euclidean
distance replaced by the geodesic distance of M.

EX

T2
NCEEY
is the Hausdorff measure on R™ (equipped with its euclidean distance) associated in the Carathéodory
construction with the function

Definition. For 0 < s < oo, we note «a(s) = . Let n > 2. Referring to [Fed69] (2.10), 7*

diamA \ °
5 .

() = ate)

This is the standard normalisation, which shows that for a k-submanifold of R", s#* coincides with
the induced volume form. For all definitions on measure theory, we refer to Federer [Fed69]. We recall
some of the most basic definitions.

Definition. Let (X, u,d) a metric measured space space, 0 < s < co and x € X. We define the s
dimensional lower and upper densities of p at x by

jov/

(:v,r))

©%(u, x) = lim sup At e

r—0+ @
s oy i (B T)
M O

ol =~

If these two numbers coincide, we denote this common value ©°(u, ) and we call it the density of u.

Our definition of k-rectifiability coincides with the definition of countably (%, k)-rectifiability of
Federer ([Fed69], 3.2.14), as we will not need the stronger notions of rectifiability.

Definition. If k is an integer such that 1 < k < n and A C R"™ is " measurable, we say that A is
Ek-rectifiable if A is % measurable and if there exists a sequence of Lipschitz function fi: RE — R™
(j > 1) such that

a4 avJren | o

j=1



Chapter 1

Introduction to currents

1.1 Preliminary definitions

Theorem 1.1.1 (Besicovitch covering theorem). There exists a positive integer B(n) with the following
property. Let A C R™, and A be a family of balls such that all point of A is the center of a ball of A.
Assume that A is bounded or the radii of the ball of  uniformly bounded. Then there exists disjoint
Jamilies 1, -+, Bpn) of # such that

B(n)

Ac g U

Remark 1.1.2. Note that the hypothesis of radius boundedness of necessary in this theorem if A is
unbounded, contrary to the version quoted by Allard ([All72]). However, the reference cited therein is
correct ([Fed69], 2.8.14). We can easily show that B(n) < 23" (see [Aus12], 2.1.4), and this had been
proved that there is an exponential lower bound of C' (see for example [FL94]). This theorem shows the
advantages to work in R", as Besicovitch theorem is false in general. Aside from the counter-example of
the Heisenberg group, see also the work of Séverine Rigot ([Rig04]).
We first start by recalling the definition of Radon measures.

Definition 1.1.3 ([Fed69], 2.2.5). A Radon measure on a locally compact topological space X is a Borel
regular locally finite measure.

We shall need the following simple property of Radon measures.

Lemma 1.1.4. Suppose that X has a topology with a countable basis, and let {j,}, . be a family of
Radon measures such that

pr < pe V1 <os.

Then for £ a.e. r € R, there exists a Radon measure p'(r) on X such that

() = tim B0 () g e o (x).

Proof. Let ¢ a countable base of C¢(X). For all f € Cc(X), there exists a sequence {f;},.y C ¢ and a
function fo, € € such that

[f(x) = fij(@)] €277 foo(), Vo eX

As for all f € C.(X), the real function r — pu,(f) is increasing, it has in particular a locally bounded
variation, the limit

i P () = pr(f)
h—0 h



exists for Z! a.e. r € R. Defining for all g € ¢ the set

Ny=RnN {lim frsn(f) = prlf) does not exist} (1.1.1)
h—0 h

we obtain .21 (N,) = 0, and as ¢ is countable, we obtain £ (UyesNy) = 0. As
‘Nr(f) - Nr(fj)| < 2_jlur(f00) Vj €N,
we deduce that for all r € R\ N

M NrJrh(fj) _Mr(fj)

li = lim li eR
P h Jggo 0 h
and we conclude the proof thanks of the Riesz representation theorem. O

1.2 First definitions and theorems

The currents were first introduced by De Rham and their application to Geometric Measure Theory
was made possible thanks of Federer and Fleming in their seminal paper Normal and Integral Currents
([FF]).

Let (M™, g) be a fixed (non-necessarily compact) Riemannian manifold (C* is sufficient) and for all

k € N let Q¥(M) c A*T*M be the vector-space of compactly supported k-differential forms.

Definition 1.2.1. A k-dimensional current of a Riemannian manifold M is an element of the dual of
QOF (M), equipped with the weak sequential topology. We denote this space 2 (M), and we say that a
sequence {7}, converges towards 1" € Z;,(M) if for all w € QF(M), we have

lim Ty (w) = T(w).

k— o0

The first operation that we can define is the boundary 0T € Z)_1(M) of a current T € Z,(M) which
is characterised by the requirement that

T (w) = T(dw) for all w e QF~1(M).
The sign convention is made in order to make Stokes theorem true for currents of integration on a C*
sub-manifold with boundary.

The reference of this paragraph is the monograph of Federer 1.7 and 1.8 ([Fed69])).

Let V be a real vector space of dimension m > 1 equipped with an inner product (-, -) and let
| -] =+/(, -) be the associated norm. This scalar product induces norms on A,V for all 1 < k < m, still

denoted by (-, -). They are characterised by the following property : if (e, ,e,,) is any orthonormal
basis of V, 1 < k < m is a fixed integer and v, w € A,V are written in the base (e1, - ,en) as
V= Z Viy,oe i€y N NeEgy,, W= Z Wiy, i €0 N oo N €gy
1<ig < <ip<m 1<in < <i<m

then the scalar product
(v,w) = > Vi o i Wiy oo i
1<ii <<, <m

is well-defined independently of the orthonormal basis (e, -« ,e,,) of V. We also denote by | - | the
associated norm of this scalar product on A;V. We can define analogously a scalar product on A*V, but
the notion we will need is another norm, called the comass. For all w € A¥V, the comass of w is

lw|| = sup{w(v) : v € ALV, v is simple, |v] < 1}.



For all v € AV, the mass of v is
lv]| = sup {w(v) s we AV, [lw|l < 1}.

We always have the inequalities

m
el <tol < (7)ol (12,0

If (&1, ,&mn) is the dual base of an orthonormal base (e1,- - ,e,,) such that

V= Z Uiy, i€y AN oo N €y, #0

1<ip < <ip<m

and w € A*V is chosen such that

Viy oo i
W= > leyvlﬂk i N Ny

1<ig < <ip<m

we have

ol = max il oy
1<ii<-<ig<m  |v]

and w(v) = |v|, so we obtain |v] < ||v|]| and the left-hand side inequality of (1.2.1). For the other
inequality, we see that for all w € A*V such that

W= Z wih"wikgh/\"'/\fik’
1<ii <<, <m
the condition ||w|| < 1 implies that |w;, .. ;| <1forall 1 <i; <--- <i < m, so we obtain

LLJ(’U) = Z Wiy, i Vig,eee yig S Z |’U7;1,..47¢k|

1<iy < ip,<m 1<ii<--ip,<m

m% 2 _m%
) S wear) = ()

1<iy <---<ip<m

IN

and this yields the right-hand side inequality of (1.2.1).

More generally, if M™ is a Riemannian manifold and w € Q¥(M), the comass of w is
lwll = sup [lw(=)|.
zeM

This finally allows us to define the mass of a current T' € (M) as
M(T) = sup{T(w) : [lw]| <1}.

Remark 1.2.2. This is somewhat unfortunate to use the same letter for the ambient manifold and the
mass, but this convention was adopted consistently in the papers which will be the object of study so we
chose to keep this terminology to get the reader used to this abusive notation.

We now introduce the most useful classes of currents (our terminology for cycles differs from the one
of Federer). To introduce the class of cycles we first need a definition for the admissible sets for cycles.

Definition 1.2.3. We say that a subset A C M is a local Lipschitz neighbourhood retract if there exists
a neighbourhood U C M of A and a locally Lipschitzian map f : U — A such that fj4, = Id4.



Definition 1.2.4. A current T' € Z;,(M) is called rectifiable if there exists a k-rectifiable subset A C M,
a /% |_ A integrable k-vector field i such that T = (% _ A) A 5 such that for s#* almost all z € A,

n(x) is simple,  [n(z)| € N\ {0}
TH(A" L A) is associated with n(z).
We denote this space of currents by %y (M) and we define
I(M) =% (M)N{T : 0T € Zr—1(M)}

which are called integral currents.If B C A C M are local Lipschitz neighbourhood retracts, we define
the space of cycles % (A, B) as

Z:(A,B) = (M) N {T : supp(T) C A, supp(dT) C B}.
If B = &, then we write more simply 2%(A) = 2, (4, ).

The appropriate topology to study sequences of currents is the flat topology, first introduced by
Whitney. One of it main features is that it makes the boundary operator d continuous. For all T €

S (M),
F(T) =sup{T(w) : |lw|]| <1 and ||dw]|| < 1},
=inf {M(R)+M(S): T=R+09S, R€ %,(M),S € Zy+1(M)}.
The flat topology on # (M) is the topology induced by the distance F defined for all S,T € % (M)
by
F(Th,Ty) = F(T1 — Tv).

Remark 1.2.5. To my best knowledge (see [Fed69] 4.1.12), the equivalence of the two definitions relies
on the axiom of choice (otherwise we would only have the inequality <).

One of the fundamental contributions of Federer and Fleming in [FF] is to show compactness within
these special classes of currents.

Theorem 1.2.6. Let {T,}, .y C Fx(M) a sequence of integral currents such that

lim sup M(T,,) + M(97T,,) < oo,

n— oo

then there exists an integral current T € S, (M) such that {T,,}, cyy converges to T in the flat topology.
In particular, we have

M(T) < lim inf M(T5,).

n— o0

1.3 Integral currents modulo v

In the papers in study, it will be necessary to work with integral currents with Zy = Z/27 coefficients,
and we will recall below the necessary adaptations in the definitions of flat norm and mass.

For all T € %), (M), we define
F (T)=inf {M(R)+M(S): T=R+09S+vQ, Re€ % (M),S € I11(M),Q € Zr(M)}.

For all S,T € .#,(M), we say that S =T mod v if F,,(S—T) =0, and for all T € % (M), we denote
by [T], the class of T modulo this equivalence relation. Then we define

Re(M,Z,) = {[T), : T € % (M)}.



The boundary operator 9 still makes sense modulo v and by keeping the same notation we define
I (M, Z,) = Z(M,Z,) N {[T], : for all T € [T)],,0T € Z(M)} (1.3.1)
The definitions are rather cumbersome and it would be more natural to define .# (M) as
(M, Z,) = F(M) /w5 (M), (13.2)

but the completeness and compactness of %, (M, Z,) were not known to hold with these definition. The
equivalence of these two definition remained an unanswered question of Federer ([Fed69], 4.2.26) which
was only recently solved by Robert Young in 2013 for M = R™ ([Youl8] his result is more general and also
applies to flat chains modulo v, a notion which will not be necessary in these lectures). However, when
one wishes to localise, the definition (1.3.1), the alternative definition (1.3.2) need not be equivalent.

For an instructive example, we refer to the discussion in [Pau77] about the claimed counter-example
of Federer ([Fed69], 4.2.26).

We also one define 2% (M,Z,) in an analogous fashion.
Finally, for T € #.(M,Z,), we define

M"(T) = inf {M(R) : R € (M), F*([R],, T) < ¢} .

The main point of these definitions is to allow one to obtain the compactness theorem for integral
chains modulo v and notably the isoperimetric inequality, which will be one of the main ingredients of
the geometrical constructions.

In the next sections, we will drop the v indices for the flat norm and the mass as all papers in study
deal with flat chains modulo 2.

1.4 Deformation theorem and isoperimetric inequality

All proofs of the isoperimetric inequality for currents available in the literature seem to make use in one
form or another of the deformation theorem of Federer and Fleming. To introduce it, we first need to
define polyhedral chains.

Definition 1.4.1. Let U C R™ be an open subset and K C U be a fixed compact subset. We define
P,k (U) as the additive subgroup of Z;(U) generated by the oriented simplexes Ay, of dimension k such
that the convex hull of Ay be included in K. The abelian group &2 (V') of integral polyhedral chains is
the union of the groups &, i (U) for all compact subset K C U.

Remark 1.4.2. An alternative definition (and probably more natural one) of rectifiable currents is the
following : let V' C R™ be some open subset and L be a compact subset of U. We say that T' € %, (V)
if for all € > 0, there exists an open subset U of R¥, a compact subset K of U, and a Lipschitzian map
f:U — V with f(K) C L and an integral polyhedral chain P € & (U) such that

M(T— f#P) <e.

Then Z(V) is the union of all abelian groups %y, (V) corresponding to all compact subsets L of V.

The equivalence is given in ([Fed69], 4.1.28), and gives some intuition on the following theorem, which
implies in particular that %, (R™) is the F closure (resp. M closure if k = n) of £2;(R").



Theorem 1.4.3 (Deformation theorem, [FF] 5.5, [Fed69] 4.2.9). Let T € %, (R™), fix some positive
number 0 < & < oo and let ¢c; = c1(n, k) = 2n**+1) . There exists an integral polyhedral chain P €
P(R™), and integral currents Q € S (R™), S € F11(R™) satisfying the following properties:

(1) T=P+Q+0S.
(2) P e Z(R™) is an integral linear combination of disjoint k-dimensional cubes with side length 2.

(3) supp (P) Usupp (S) C supp (T) + B(0,2n¢e) and supp (OP) Usupp (Q) C supp (0T) + B(0,2n¢) if
k> 1.

(4) If 1 <k <n, we have

M(P) _(M(T)  M@T)Y  M@P) M)

o < ( B ) N (14.1)
M@ _ M@T) M(S) _ ., M@)

ok = ATk RS

(5) If k=0, then Q =0, M(P) < M(T), and M(S) < ¢1eM(T).

The second conclusion is the key feature will allow isoperimetric inequalities to holds for currents.

Corollary 1.4.4. Let T € #,(R™) be such that OT = 0. Then there exists S € 1 (R™) such that
0S =T and furthermore

k+1

M(S) < c;M(T) "+ .

kel 2(k+1)?
3 .

where co = ca(n, k) = c1(n, k)% =92 n= %

Proof. Suppose that T' # 0, otherwise there is nothing to prove. Let ¢ > 0 such that ¢;M(T) = ¥, and
consider P € Z,(R"), Q € Z(R"), S € #;41(R™) given by theorem 1.4.3 such that

T=P+Q+0d5. (1.4.2)
As 9T = 0, we have @ = 0. Furthermore, by (1.4.1), we have
M(P) < e;M(T) = .

However, by the second conclusion of theorem 1.4.3, M(P) € (2¢)*N, so P = 0.
Finally, we deduce from (1.4.2) that T'= 0S5 and

k1 k+1

M(S) <e-e;M(T) = eF 1 = ¢ M(T) "+ .
This concludes the proof of the corollary. O

A basic property required in the constructions of the papers of question is to ask for a localisation of
support in the isoperimetric inequality, and this will only be possible by making a smallness assumption
on the volume.

Theorem 1.4.5. Let K be a compact set admitting a local Lipschitz retraction from a neighbourhood U
of K. There exists constants 0 < 01(n, K, k), cs(n, K, k) < oo such that for all integral cycle T € 23, (R™)
such that supp (T) C K, and M(T) < &, there exists S € 7(R™) such that supp (S) C K and

k+1

M(S) < esM(T)" .



Proof. Let a = a(K) > 0 such that K + B(0,«a) C U, and let f : U — K a local Lipschitz retraction.
Choose §; = 2& and suppose that
n

Let 0 < £ < &; such that ¢; M(T) = €. By theorem 1.4.3 (applied for €), there exists P € 9 (R"),
Q € Z:(R™) and Sy € Fi1(R™) such that

T=P+Q+05.

As M(P) < ¢;M(T) < ¢, and M(P) is an integral multiple of (2¢)¥, we have P = 0, and as 9T = 0,
we also obtain @@ = 0. Furthermore, as ¢ < §;, we have

supp (Sp) C supp (T) + B(0,2n¢) € K + B(0,a) C U.
As supp (T) C K, and f|K = Idg, we have f4T = T, so with S = fSo, we obtain
T =08 = f4T =9 (f450) = f (T —05) =0
and

k41

M(S) < Lip(f)""M(So) < coLip(f)" " M(T) *

K) and ¢y = es(n, k)Lip(f)+1. -

«
so we get the conclusion with §; = 3
n

All these theorems extend to integral currents modulo v, and to state a general result, we introduce
the following definition.

Definition 1.4.6. We say that a group G is admissible if G = Z or G = Z,, for some integer v > 2. We
denote by S (U, G) and Z%(A, B, Q) the associated sets of currents. We denote M = M” and F = F¥

whenever the context is clear.
Remark 1.4.7. This is a sub-class if the groups Almgren calls admissible in his set of unpublished notes.

Theorem 1.4.8. Let M™ be a compact smooth Riemannian manifold and G be an admissible group.
There exists a positive numbers & = 61(M),c5 = c3(M) depending only on M™ with the following
property. For all 1 < k < m and all cycle T € Z,(M,G) such that M(T) < 41, there exists S €
Ie1(M, G) such that S =T and

k+1

M(S) < esM(T)" .

Proof. By Nash’s isometric embedding theorem, it suffices to check that any C* compact sub-manifold
M™ C R"™ is a Lipschitz retraction of some open neighbourhood. This is a classical theorem of Whitney
([Whi57]) that C* sub-manifolds of R™ are C* retract, so we are done (the converse holds and is due to
Federer - 3.1.20 [Fed69]). O

Definition 1.4.9. An element S € % 1(M) as in theorem 1.4.8 such that 95 = T and M(S) <
03M(T)% is called an M-isoperimetric choice.
The next two corollaries are due to Almgren ([Alm62], corollaries (1.13) and (1.14)).

Corollary 1.4.10. Let M™ be a compact Riemannian manifold and G be an admissible group. For all
p € N, there exists 0o(M,p) > 0 such that for all 1 <k <m and for all Ty,--- , T, € I (M) such that

T+ +T, € Z(M), sup M(T;) < d2(M,p),
1<j<p

there exists an M-isoperimetric choice S € Fp11(M) of Th + - - - + T}, such that
M(S) < sup M(Tj).

1<j<p



61 (M

Proof. Let 69 < 1(M)
b

M-isoperimetric choice of T'= T} + - --T,,. Then by the triangle inequality

be some positive real number to be fixed later and let S € %1 (M) be an

k+1
k k+1
k

M(S) < e;M(T) % < [ S M(T)) | <exp™ ( sup M(Tj)> < esp toF sup M(T)).
j=1 1<j<m 1<j<m
01 (M 1
By choosing d2(M, p) = min { 1(p ), (D) } this finishes the proof. O

The next corollary is more important as it will be the basic ingredient in the homotopy arguments
as we take families continuous in the flat topology F (but not in the mass topology M).

Corollary 1.4.11. Let M™ be a compact Riemannian manifold and G be an admissible group. There
exists a constant d3 = d5(M) > 0 such that for all cycle T € 23, (M) such that F(T') < d3, there exists
S € 1 (M) such that 0S =T and

M(S) = F(T). (1.4.3)

01 (M
Proof. Fix 3 < 1(2 )
theorem 1.4.8), assume that F(T") < d3 and let 0 < < 1 be any positive real number. By the definition
of the flat norm, the set

dy = I (M) x I (M)N{(R,S): T = R+ 85, and M(R) + M(S) < (14 n)F(T)}

be a positive real number to be chosen later (here d; is the constant given by the

is non empty for all 0 <7 < 1, and for all (R, S) € «,, we have
T=R+05, and M(R) +M(S) < (1+ ) F(T) < 255 < by,

so there exists by theorem 1.4.8 some integral current @ € £ 1(M) such that 9Q = R and

k+1

M(Q) < esM(R)F < e3((1+ ) F(T)EM(R) < ¢5(203)F M(R) < M(R),

1
for 95 < 2ok Therefore, we obtain T' = 9(Q + S) with
C3

M(Q+ S) < M(R) +M(S) < (14 n)F(T).

By compactness and by letting n — 0, we see that there exists S € #11(M) such that S =T and

M(S) < F(T).
which trivially implies by the definition of the flat norm that M(S) = F(T). Therefore, choosing
(M 1
03 = min{ 1(2 ), W} yields the conclusion. O

1.5 Homotopy groups of the space of cycles

We fix some admissible group G in this section and some compact Riemannian manifold (M™, g), that
we suppose isometrically embedded in some euclidean space by Nash’s embedding theorem ([Nas56]).

As was noticed by Federer, any cycle T € Z,(M, G) induces a well-defined element [T] € Hy(M,G).
Indeed, such cycle is the limit in the flat topology of a sequence of polyhedral chains by the deformation
theorem 1.4.3, and as we can represent any element of Hy(M,G) by polyhedral chains we obtain an
isomorphism

AO Zﬂo(gk(M,G),f) —>Hk(M,G) (151)

This prompted Federer to propose the following theorem as a PhD subject for Almgren.

10



Theorem 1.5.1. For all k > 1, there exists a canonical isomorphism

Al : ﬂl(fk(M, Z),J:) — Hk+l(M, Z).

The notation (25, (M,Z3),F) means that we take equivalence classes of map f : (I',0I') —
2 (M, %5) continuous in the flat topology.

It was pointed out by Larry Guth in [Gut08] that the extension to Z, coefficients is not available in a
published reference. Nevertheless, one can see a proof of this extension in the unpublished mimeographed
notes of Almgren ([Alm65] section 13), and we will assume in this set of notes that the following more
general result holds.

Remark 1.5.2. A new and simpler proof of the injectivity of the isomorphism for Z cycles in the codi-
mension 1 case by Marques and Neves (using the constancy theorem, see [MN18] ) appeared after these
lectures were given. However, to our knowledge, [Alm65] remains the only reference (and unpublished)
for the general case.

Theorem 1.5.3. Let (M™, g) be a compact Riemannian manifold and let G be an admissible group. For
all 1 > 1, there exists a canonical isomorphism

Al : Wl(yk(M, G),]:) — Hk+l(M, G)

If this theorem holds, it will imply that 2% (M™,G) is an Eilenberg-MacLane space K(G, m — k).

Remarks 1.5.4. We recall that an Eilenberg-MacLane space K(G,n) is a topological space X whose
homotopy groups are all trivial, except for m,(X) which is isomorphic to G. One of the basic properties
of these spaces is that they do exist for any (necessarily abelian) group G if n > 1 in the category of
CW-complexes and are unique up to weak homotopy equivalence. It was showed by Serre (in [Ser53])
that one can compute explicitly the cohomology ring H*(K(Z2,n),Zs) for any n > 1.

In particular, we deduce that
Tm—k(Ze(M™,G), F) ~ Hp,(M™,G) ~ G,

and as codimension 1 cycles will be the main object in study in the next chapters, we stress out the
following corollary.

Corollary 1.5.5. Let (M"*1 g) be a compact Riemannian manifold and G be an admissible group.
Then

T (Z, (M G), F) ~ G.

To make the notation lighter, we will write in the following = instead of ~ for the equality of homotopy
groups.

We recall that the infinite projective space RP* is a K (Z, 1), that is 71 (RP*>°) = Zg and 7;(RP>) =0
for ¢ # 1. This observation will prove useful when we will introduce the p-sweep-outs.

We will only check directly the surjectivity part of the case [ = 1 of theorem 1.5.3. The injectivity is
the main part of [Alm62] (see section 13 of [Alm65] for the adaptation to Z, coefficients).

Proof. (of the case | =1 theorem 1.5.3) The proof of surjectivity uses only the isoperimetric inequality,
so is valid for any admissible group thanks of corollary 1.4.8.

Step 1 : Construction of an homomorphism 71(2%(M,G), F) = Hi11(M,G).

Let ¢ : [0,1] — 2%(M,G) a continuous map in the flat topology such that ¢(0) = ¢(1). Introduce
for all j > 1 the cube complex I(1,5) on I = [0, 1] whose 0 cells are [i - 377] = [a;] for 0 < i < 37 and
1-cells are

[073_j]a [3_j72 : 3_j]a T [1 - S_ja?’_j]'

11



Let j large enough such that

d3

T for all 2,y € [a;,a;41], 0<i <3 —1, (1.5.2)

Flp(x), ¢(y)) <

if 3 = 05(M) is the constant given by corollary 1.4.11 In particular, there exists by corollary 1.4.11 some
integral current S; € #41(M, G) such that

(o2

3

05; = plai+1) —p(a;) and  M(S) = Fle(ai), plaitr)) < 7 (1.5.3)

As (1) — ¢(0) = 0, we have

391 371
> S (laiss) = (@) = o(1) = p(0) =0
=0 1=0

and we define

391

ZS EHk+1MG>

Step 2 : The homomorphism A; : 7, (2% (M,G), F) — Hip11(M,G) is well-defined.
To make sure that this is well-defined, let T; € #11(M, G) such that

oT; = 95; = p(aiy1) — p(a;)
forall 0 <i <37 —1. Then F(S; —T;) < 53 for all i = 0,---,37 — 1, so there exists R; € Fy12(M,G)
such that
OR; = S; — T;.
Therefore, we obtain

391 391 391

Z S; = Z T; + 0 Z R; |,
1=0 1=0 1=0

so that
371 371
Z SZ = Z T, | € Hk+1 M G)
i=0

Step 3 : The homomorphism A, : m(%;(M,G),F) = Hip+1(M,G) does not depend on the
subdivision of the unit interval.

Wo check that this construction is independent of all large enough j > 1. For all 0 < i < 37 — 1, we
divide the interval [a;, a;41] into three equal pieces [a},al 4], [a?,a? 1] and [af, a3, ] and by (1.5.2) and
corollary 1.4.11, we obtain three integral currents S}, S?, 52 € %, 1(M) such that

dS! = p(alyy) — p(al)

3

and M(S!) = F(p(al,,) — p(al)) < 6743 Therefore, we obtain by (1.5.3)

M(Si — (S 4+ 82 + S?)) < 83,

12



which implies that there exist R; € #2(M) such that
OR; = S; — (S} + 57 + 53).

This implies that

39 -1 391
AQ Z S :AQ (371 +S,L2 +Sf) € Hk+1(M, G)
=0 =0

and concludes the proof of the third step.
Step 4: The homomorphism A; : m (2, (M,G),F) — G is surjective.

It suffices to construct a map ®; : Hy11(M,G) — 71(2% (M, G), F) such that Uy o A; = Id. Here
we suppose that (M™, g) is isometrically embedded in some R™ and we consider a neighbourhood U of
M admitting a Lipschitz retract f : U — M. Assuming without loss of generality that M C [0,1]™,
we can represent each class 7 € Hyy1(M,G) by an integral current T = Ay’ (1) € 25..1(U,G) (if
Ayt m0(Zey1 (M, G), F) — Hyy1(M,G) is the Federer isomorphism (1.5.1)) and we consider ¥y :
[0,1] = Z:(U,G) defined by

Uo(t) = O(TL {zn < t}).

If we perturb slightly T so that no face is parallel to the a face of unit cube (actually, the top face suffices),
then Wy (t) has finite mass and as TL{z,, < t} € % (U), we know by the Boundary Rectifiability Theorem
(to be proved in 3.2.3) that Uo(t) € % (U) and we obtain trivially ¥o(t) € 2% (U, G).

Then for all 0 < 51 <t < s9, we have

.F(\IIQ(Sl),\I/()(t)) < M(Tl_{51 <xp < f,}) — 0

51—t

.F(\Ilo(SQ),\Ifo(t)) < M(Tl_{t <z, < 52}) — 0

So—t

so Uy is continuous in the flat topology. Then we define Uy(7) = [fx o ¥y : [0,1] — Z(M,G)].
As fu o Wq is continuous in the flat topology, and this map does not depend on the representative
T = Ay*(7) as it chosen by the fixed isomorphism Ag : mo(Z2% (U, G), F) — Hy11(U, G), we get a well-
defined homomorphism Hy1(M,G) — 71 (2% (M), G),F). Then we still have ¥y continuous in the flat
topology, and by construction we have

Ao \111(7') = Ao(T) =TE€E Hk+1(M,G)

which concludes the proof of the theorem.

Step 5 : The homomorphism A; : m(Z2,(M,G),F) — G is injective. For G = Z this is the
main content of [Alm62], and for G = Z,, the necessarily replacements are described in [Alm65], section
13. O

13



Chapter 2

Almgren-Pitts theory

We fix a compact Riemannian manifold (M™, g) and an admissible group G for this whole chapter.

2.1 Introduction to varifolds

Definition 2.1.1. A Radon measure on a topological space X is a Borel regular measure locally finite.

Definition 2.1.2. Let 1 < k < n. We note G(n, k) the space of non-oriented k dimensional subspaces
of R™. If M C R™ is a smooth submanifold, and A C R" is any subset of R™ we define

G (A) = (MNA) xGn,k)n{(z,S): SCT,M}.

A k varifold on M is simply a Radon measure on %, (M ). We note this set V. (M), and equip it with the
topology of weak star convergence (see lecture 2). Whenever V' € Vi (M), we associate a Radon measure
||[V]] on M by

IVII(A) = V(% (4)) = /

1{(2,5):cca}dV (z, S).
G (M)

If E C R™ is a k-rectifiable set, we associate a varifold |E| € Vi (R™) such that for all A C % (R"),
|E|(A) = #*LE{z: (z,T,E) € A},
and as the map
T.E:R" — G(n, k)

is /% L E measurable, if |E| is simply the image measure by the application (Id, T.E) : R® — %,(R")
of #*_E.

In this special case, we note that || |E||| = #*L E. If § : % (R") — R,, and 6 € LY (%(R"), |E|),
we also have |E| A0 € Vi(R™), and the space RV (R™) of rectifiable varifolds is the set of convergent
sums of such varifolds, i.e. V' € RV, (R") if there exists a sequence of k-rectifiable sets {£;},  and

0; : %, (R™) — R4 such that
V=> |E;|Nb;.
j=1

If we take instead 6 : 4, (R™) — N, we obtain the set of integral varifolds, denoted by I'Vj(R"™).

Finally, if G is either Z or Z,, for an integer v > 2 and T € . (R", G) is a G-valued rectifiable current
(see [Fed69], 4.1.22-4.1.31), as T' = (4% L Er) A nr with Ex C R™ a k-rectifiable set, nr the orienting
k-plan, and 07 = |nr| € LY (Er, #7%), we define

|T| € TV,(R™)
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by
|T| = ‘ET| A Op.

Now, we define sets of varifolds in a submanifold M C R™ as follows.

RV (M) = RVp,(R")N{V :supp |V|| C M}
IV (M) =IVip,(R")N{V :supp ||V|| C M}

V(M) = % (M) for the weak * topology.
and if U C U is any open set, we define

%”yk(M, U) = ”f/].c(M) n {V : VLgk(U) S %df/k(M)}
IV WM, U) = V(M) N {V : VLG (U) € IV (M)}

2.1.1 Mapping varifolds

Let f:R™ — R™ a C! proper map, and V € Vi (R"). We define fxV € Vi(R") by the condition
faa) = [ T @)V (2. 9)
G (F~1(A))

where JP f(z) = | A, D f(x)0S] is the Jacobian associated to the k-plan S € G(n, k), and F : R — ¥, (R")
is defined by

F(z,5) = (f(x), Df(x) - 5), V(z,5) € G(R").

This requirement is made to ensure compatibility with area formula and mapping of currents. The
function fyg : Vip(R™) — Vi (R™) is continuous for the weak * topology. Furthermore, if ¢ : M — R" is
the inclusion map, then we have a natural identification

L#:Vk(M) —>A//]€(M) CR"”

and we shall in the following use the latter definition of varifolds in a submanifold, as V(M) is not a
subset of V},(R™).

2.1.2 Variations, metrics

Let U C M an open subset, I C R an open interval containing 0, and ¢ : I x M — M a l-parameter
group of diffeomorphism, such that ¢ = Idy,. If

d t
%@H:O = f € F(TU)v

we define for v € N, the v-variation of V' by

v d” t
V() = 2 (I VIOD)
and if v = 1, we simply note §! = 4.

Definition 2.1.3. We say that V € ¥,(M) is stationary in U if 6V = 0, i.e. for all f € T'(TU),
SV (f) = 0. We say that V is stable in U if it is stationary and if for all f € I'(TU), 52V (f) > 0.

It is elementary to show that these definitions coincide with the definition of minimal surface and
stable minimal surface in the smooth setting. If g € 2(M,R™), we extend the definition of v-variation
by defining

3"V (f)=0"V(f)
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if f € T(R™) is any extension of g. Note that in the right-hand member, we see V € Vi.(M) C Vi(R™).
As we easily check (see [All72], 2.4) that for all f € T'(T'M),

5V(f)[£(M) divg g(x) dV (z, S)

therefore, for all vector field f € 2(M,R"), if H is the mean curvature tensor, an elementary computation
([AN72], 2.5, 4.4) shows that

6V(f)=[g(M) divsf(x)dv(x,g):/

divs T () dV (z, S) — / F(2) - H(M, 2, 8) dV (z, S)
Gy (M)

G (M)

so a varifold V' € ¥, (M) is stationary if and only if for all f € 2(M,R™). We have

/ divg f(z)dV(x,S) = —/ f(z)-HM,z,S)dV(z,S)
G (M) G, (M)
where T : TR" — TM (resp. L: TR™ — (TM)1) is the orthogonal projection.

Let us see how to derive this formula for the first variation. We have

Ji (@) = V/det (D! (2)[S)* - (D¢ (2)]5))

Let (e1,--- ,ex) orthonormal vectors spanning some S € G(n, k). As ¢° = Id, we have for all 1 <i < k

D' (x) - e; +t Df(x) - e; + O(t?)
so that
(D" (2)|S)" - (D' (2)[S) = (aij(t))1<i,j<n
with
a;j(t) = (e; +tDf(z) e, + O(t?)) - (ej +t Df(z) - ej + O(t?)) = 6;; + t (De, f() - €; + D, f(z) - €;) + O(t?)
and as for all k x k matrix A, there trivially holds

det(Id +tA) = 14+t Tr(A) + O(+?),
we deduce as /1+z =1+ g + O(x?) that

k
Jiot(z) =1 +tZDe1;f(33) e, + O(t?) = 1+ tdivs f(x) + O(t?)

i=1
so that the claimed formula holds true.

Definition 2.1.4. If U C M is open, K C M is compact, we note Fx the flat norm for currents and
M the mass. We define a third metric on varifold, the distance function F : Vi, (R™) x V;(R") — R4, by

F(Vi, Vo) = sup {Vi(f) = Va(F) : f € W' (G(R")) N Col@(R™) 1 lygnequny < 1}
for all V1, V5 € Vi, (R™). For all Borelian A C R"™, we define
FaA(V1,V2) = F(ViL Gi(A), VoL Gi(A)).
One easily check that for all 0 < C' < oo, the weak * topology coincides with the d metric on

Ve([R™) n{V = [V[(R) < C}
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and for all 71, Ty € Z,(R™, G), we have
F(|T1], |T2]) < M(Th — T3).
On the space of integral currents %, (M) we define the F-metric by
F(Th,Ty) = F(Th, T2) + d(|T1 1, | T2|),
and for all Borelian set A C R™ the restriction
Fa(T1,T>) = F(|T1| L 9:(A), | T2 | L 9 (A)).

Remark 2.1.5. The F-metric has for principal advantage over the flat norm F to make the mass M
continuous in the F distance. We have the following inclusions for any two rectifiable currents 77 and T5

F(Th,Ty) <F(T1,T2) <2M(T1,T»).

Remark 2.1.6. This is unfortunate that the same notation F is used for two metrics, but this bad
notation was adopted consistently in the subsequent literature.

2.1.3 Compactness

The first theorem is a very useful corollary of Allard’s compactness theorem.

Theorem 2.1.7 (Allard’s compactness theorem). Let 0 < C' < oo, and U C M an open bounded subset.
Then

ZV (M, U)O{V - ([VII+ [[6V]) (M) < C}.
and
IV (M, U)NA{V (V| + |6V (M) < C}.

are compact in the weak * topology.

2.2 Terminology and definitions of discrete homotopies

This section follows mostly the exposition of [Riv15].
We let I denote the unit interval [0, 1] and we define for all j > 1 a cube complex I(1,5) on I = [0, 1]
whose 0 cells are [i - 377] = [a;] for 0 < i < 37 and 1-cells are

[073_j]7 [3_j72 . 3_j]7 R} [1 - 3_j73_j]‘

More generally, I(n,j) = I(1,7)®---®I(1,j) is the cube complex of the n-dimensional cube I = [0, 1]"
whose p-cells are the elements o = a1 ® - - ® a,, € I(n,j) such that

Zn: dim(a;) = p.
i=1

Furthermore, we denote for 0 < p < n by I(n,j); C I(n,j) the sub-complex p-cells. The most important
in the construction is probably I(n,j)o, which identifies to the vertices of I(n,j). Finally, we write
0I(n, j)o for the intersection between I(n, j)o and 9[0, 1]™. This complex comes with a natural boundary
operator 0 : I(n,j) — I(n,j) such that

d([a]) =0 for all 0-cell [a] € I(n, 7)o
9([a,b]) = [b] — [a] for all 1-cell [a,b] € I(n,j)1

n

304=Z(—l)"(i)oq®-~-®8ai®--~®an

i=1
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where

ai) = Z dim(ayp).

p<i

The distance between two vertices z = (11377, ,2,377) and y = (11377, -+ ,y,377) of I(n,j)
(that is, between two elements z and y of I(n, j)o) is given by

n
d;(z,9) = 3 | — gl = 3]z — gl
=1

if |z — y|; is the 1-norm on R™. If ¢, : I(n, j)o — 2%(M, G) is any map, we define the fineness of ¢; by

M(p;(z) — ¢i(y))
dj (1”7 y)

Remark 2.2.1. This should really be seen of a norm for continuous and not for Lipschitz functions.

f(goj)sup{ vz, y € I(n, j)o and:c;éy}

Then, it we will have to construct a notion of homotopy for maps I(n, j)o — 2% (M, G) with different

Let L,O}l and cpi two such maps. If j; = jo, we say that Lp; is homotopic to gp? for the fineness § > 0
if there exists a map

HI(L])O x[(n,j)0—>ff}c(M,G)
such that
0, ) :9031 and H(lv ) :§02

( 3
(I(1,5)0 x 8I(n,j)o) = {0}
f(H) <.

H
H

If j1 < ja, we let p(ja, j1) : I(n,j2) — I(n,j1) be the nearest point projection for the d;, distance!, and
we say that <p;1 is homotopic to <p§2 for the fineness ¢ if <p]1-2 = gp}l o p(ja, j1) is homotopic to @?2 for the
fineness 4.

Definition 2.2.2. Let n € N\ {0} be a fixed integer. We say that a sequence ¢ = {g;}, \ is a
(M, G)-valued (n, M)-homotopy sequence if for all j € N, each ¢; is a map from I(n, j)o to Z5(M, G)
and the following properties are satisfied:

(1) For all j € N, ¢; is homotopic to ¢, for some fineness §; > 0,

j—o0o

(3) sup sup Mi{p;()) < co.
JjeEN zel(n,j)o

This allows us to introduce the notion of discrete class of homotopy.

Definition 2.2.3. Let ¢! = {@Jl'}jeN and ¢? = {gp?}jeN two 24 (M, G)-valued (n, M)-homotopy se-
quences. We say that they are homotopic if there exists a sequence of positive real numbers {J; }j en such
that :

(1) For all j € N, the map <p]1 is homotopic to the map @? for the fineness d; > 0,

j—o0

Lit is well-defined as we took intervals of length 377, but with 277 we would not be able to define this projection.
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The set of equivalence classes of this equivalence relation is denoted by 77 (2% (M, G), M), and the class
of a (n, M)-homotopic sequence by [¢].

Recall that by admissible groups, we mean Z or Z, for some integer v > 2. This is slightly more
restrictive the the definition of Almgren, which allows finite direct sums of Z, (for different values of v)?.

Theorem 2.2.4 (Pitts [Pit81]). For all 1 <n <m and for all 1 < k < m —n, the following groups are
naturally isomorphic

T Z6(M,G), F) =~ 78 (2%(M,G),M) ~ H, 1(M™,G).

We deduce in particular that the fundamental group of the space of hyper-cycles with G-coefficient
is isomorphic to G.

The next definition will allow us to define min-max methods for discrete classes of homotopy.

For any 24, (M, G)-valued (n, M)-homotopy sequence ¢ = {¢p; }jeN, we define

L(p) =limsup max M(gp;(z))

j—oo z€I(n,5)o

as a replacement of the maximum function for continuous min-max. The next definition finally permits
to make sense of the value or width given to a class of discrete homotopies.

Definition 2.2.5. Let n € N, 1 < k < m be fixed integers and let IT € 7/ (25 (M, G), M). The width
of the min-max associated to II is

L(ID) = inf L().,

and we say that ¢ is critical if L(y) = L(II).

Now let ¢ = {p;},cy a Zk(M, G)-valued (n,M)-homotopy sequence. We define the limiting space
of v in ¥, (M) by

K(p) = %(M) N {V (V= jlggo |ojr(z;/)] for a sub-sequence j' and {zjrtjien C I(n,j’)o}

Finally, we define the critical set of ¢ as

Clp) =K(p) n{V: V] =L(p)},
which is a compact non-empty set.

The main theorem in the existence part is to show that width are positive when they correspond to
a non-trivial homotopy class and can be attained.

Theorem 2.2.6. Let M™ be a compact Riemannian manifold and 1 < n < m, 1 < n < m and
1 <k <m—n such that H,(M,G) # 0. Then there exists Il € 7} (2%(M,G),M) such that L(II) > 0
and a critical 25, (M, G)-valued (n, M)-homotopy sequence p, i.e. such that L(yp) = L(II). Furthermore,

© can be chosen such that every element of C(p) is stationary.

2.3 Almost minimizing property

2.3.1 Definition

Throughout this section, M C R™ is an embedded C* submanifold, U C M is a bounded open subset,
K is a compact set such that U C K C M, and G is an admissible group. Let p a distance on varifold,
i.e. one of the three distances M (the mass), F (the canonical distance on varifolds), and Fx (the flat
norm).

2The following theorem would also hold for this definition of admissible groups.
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Definition 2.3.1. For all 0 < ¢, < oo, we define the
Gr(Ue,8,d,G) € Z(M, M\ U, G)
of the cycles T satisfying the following property. If T'= Ty, Ty, , Ty € Z(M, M \ U,G), and
supp (T —T;) C U, fori=1,---,m
o(T;, Ti—1) <6 fori=1,---,m
M(T,)) <M(T)+9, fori=1,---,m,
then M(T) — M(T,,) < e.

Definition 2.3.2. We say that V' € ¥;,(M) is G almost minimizing in U if for all € > 0, there exists
d>0,and T € Gi(U,¢,9d, Fix,G) such that dx (V,|T|) < e.

We say that V € #;(M) is G almost minimizing at € M if it almost minimizing in a neighbourhood
of z.

The possibility to localize the first part of this definition is obvious as the property of almost-
minimizing is independent of the compact K. In the following, we shall write the distance d and the
group G only if necessary, as they will be in general d = Fg, and G = Z.

Proposition 2.3.3. We have the following properties.

(1) Gx(U,e,0,Fx) C Gr(U,e,6,F) C G(U, ¢, %,M) for all positive real numbers € and 4.

(2) If T € Gi(U,e,9), then S € G,(U,&,0) if S € Zx(M,M\U) and TLU =SLU.

Proof. The only assertion non-trivial is the first one, and it is easily checked by looking as the inclusion
of the topologies induces by the three metrics on currents. O
The next theorem is fundamental to understand the motivations hidden behind these definitions.

Theorem 2.3.4. Almost minimizing varifolds are stationary and stable.

Proof. Indeed, let g € T'(U), then if {'},.; is the local 1-parameter group generated by the vectorfield
g, if we define for all t € T

ot Y.(M) —> R
(x,8) — |/\kDgot(x) . S|
Then
d. 4 d t
5V(9) = @Ilw#VII(M)\t:o = ﬁv(‘b )It:0~

We argue by contradiction. If V' is not stationary, then there exists g € I'(U) such that §V (g) < 0. Then
there exists an open interval J C I containing 0, 7 € J a positive number, and 0 < € < oo, such that for
all W e ¥.(M), if dy(V,W) < e then t — W (®") is strictly decreasing, and

d
W (@t) <0, VtedJ
dt
W(®%) — W(®7) > e.
T e Z(M,M\U) and dy(V,|T|) < e, for all § > 0, there exists a subdivision of 0 =ty < t; < -+ <
t,, = 7 such that

‘FK((SDti#isDti—l#)T) <6a 1=1,---,m
M(goti—l#T) > M((pti#T)7 t=1,---,m
M(T) = M(pmyT) > ¢,
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which contradicts the fact that V' is almost minimizing.

If V is stationary but not stable, let g € T'(U) such that 62V (g) < 0. We choose n > 0 such that
(—m,m) C I, e >0, and 7 € (0,n) such that for all W € ¥ (M), if dy(V, W) < ¢, then

d
t— W (dq)t) is strictly decreasing on (—n,7n)

d” =
w (dth) ) <0
W) — W (7)) > ¢
W(@) —W(®™7) >,

hence t — W (®?) is strictly decreasing on [0, 7] if W (g) < 0, and strictly increasing on [—,0], so we
get contradiction by the same argument of the first part of the proof. O

2.3.2 Construction of the pseudo harmonic replacement

In this subsection we construct a class of comparison surfaces, in an analogous spirit as the harmonic
replacement of Colding and Minicozzi [CM11] (although this remark may seem anachronistic). The
existence of such construction is provided by the almost minimizing property.

Let L C U C K a compact set, V € #,(M) a G almost minimizing varifold in U. We shall not write
the group G in the following procedure.

Step 1: By definition, there exists sequences {J; }, oy , {€i };eny C (0, 00) converging to 0, and {7} }, . C
Z (M, M\ U), such that for all i € N, T; € G(U,¢&;,9;), and Fy (V) |T;]) < e;.

Step 2: For each j € N, let y; the infimum of all numbers M(S) corresponding to all S € 25, (M, M\
U) for which there exists a sequence T; = le, It =S € 25 (M, M\ U) with

U supp (T; — Tj) CcL

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

max Fg (T} —T;*) < 6;.
1<i<m

Then we choose a finite sequence T; = le, c Tt =TF in 25,(M, M \ U) with the above properties
such that M(T]T") = p;. Then the six following properties are true.

1) T; € G(U,e;,6))
2) 0< M(T}) — M(T*)ggj
3) TjL(R*\ L) = T*L (R*\ L)

5

(1)
(2)
(3)
(4) M(T) < (S) for all § € 24(M, M \ U) with supp (S — T;) C L and Fx (S — T}) < 4.
(5) |T;| is stable in Int L.

(6)

6) For each p € Int L, there exists a positive number r such that M(S) > M(T}) whenever S €
Z%(M, M\ U) with supp (S — T5) C B(p,r).

As almost minimizing varifolds are stable, we have (5), and as T; € G (U, ¢;,9;) (2) follows immediately,
and (1), (3) and (4) are obvious. So we need only prove the final assertion.

Let p € Int(L), and r > 0 small enough such that M C B(p,r) C Int(L), and
* || 1 6.7
175 1B < 2.
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Then if M(S) < M(T}) for some S € 24,(M, M \ U) with supp (S —T;") C B(p,r), we have

T L (R"\ B(p,r)) = SL(R"\ B(p,7))
ISI1B(p,r) < IT5 |1 B(p, )
Fr (8 =17) < (ISI + I751l) B(p,7) < 4;
which contradicts the fact (4).
Step 3 : For each j € N, we define

Vi=|T;|L%(U)+ VLY (R"\U)
Step 4 : We say V* ¢ Z(V,U, L) if V* € #,(M) is the limit of a sequence {Vj*}jeN constructed
from steps 2 and 3, 7.e. is the closure of the sets of {V}*}jeN in the weak * topology. By Banach-Alaoglu
theorem, #(V,U, L) is compact and non-empty.

Theorem 2.3.5. Let V € ¥, (M), V is almost minimizing in U, K C U is a compact set, and V* €
B(V,U,K). Then the following five properties are true.

(1) VLY R\ K) =V*L%(R"\ K).

(2) V* is almost minimizing in U.

(3) [VII(M) = [[V*[|(M).

(4) For all e > 0, there exists T € 23,(M,M \ U) such that Fy(V*,|T|) < e and T Z is locally area

minimizing for all compact Lipschitz neighbourhood retract of Int(K).

(5) V* € IV (M, Int(K)).

Proof. The claims (1), (2) are trivial consequences of the construction.

Claim (3). As we used the varifold metric F under which the mass is continuous and thanks of
Step 1 and property (2) of Step 2, we obtain the point (3) of the theorem.

Claim (4). This follows from the property (6) of Step 2.

Claim (5). If suffices to show that for all open subset Z C U such that Z C Int(K), and ||[V*||(0Z) =
0, we have V* € SV (M, Z).
Let {Vi*},en C A V5(M, Z) such that V;* — V. By assertion (5) of step 2 of the construction
71— 00

V}* is stable in Z so it is stationary in Z, and V;* € ¥ (M,Z) (i.e. V} is integral in Z), so by the

compactness theorem, as

lim VL% (2) = V*L%(2)

1—> 00

we have V* € Y (M, Z). O
Finally, we close this section with the important theorem, independent of the unquoted theorems of
chapter 3 of [Pit81].

Theorem 2.3.6. Let V € ¥,(M) a stationary varifold in an open subset U C M. If for allp € U, there
exists a finite positive number s such that V is almost minimizing in A(p,r,s) for all 0 < r < s, then
VedVy(M,U). If V is almost minimizing in U, the condition of stationariness is redundant.

2.4 Existence theorems

We simply quote the main result of chapter 4 of [Pit81], to understand why one needs to have a regularity
theory in the case of annuli and not simply balls (contrasting with the classical results of Allard [All72]).
The first result shows that one can choose the critical sequence to be almost minimizing in all annuli.
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Theorem 2.4.1. Let M™ a compact Riemannian manifold and 1 < n < m such that 1 < n < m and
1<j<m-—nand Hyy1,(M,G) # 0. Then there exists Il € 7t (2%(M,G),M) such that L(II) > 0 and
a critical 25, (M, G)-valued (n, M)-homotopy sequence p, i.e. such that L(p) = L(IT). Furthermore, ¢
can be chosen such that every element of C(p) is stationary and almost minimizing in all sufficiently
small annulus.

From this one deduce the main existence result.

Theorem 2.4.2. Let M a compact C* Riemannian manifold such that H,,(M,G) # {0}. Then for all
1 <k <m, there exists V € ¥, (M) such that the following four statements are true.

(1) V is stationary in M.

(2) For all p € M, there exists a positive number s such that V is G almost minimizing in Ap(p,r,s)
forall0 <r < s.

(3) The set of points of M where V is not G almost minimizing is finite.
(4) Ve sVi(M).

2.5 Regularity of stationary almost minimizing varifolds

This is the topic of chapter 4. The main statement which is proven is the following.

Theorem 2.5.1 (Pitts). If2 < k <5, max{4,k} < v < oo, N¥*1 g C*! submanifold of R™, p € N,
0<r<oo, Ve N),V is stationary in N N B(p,r), and V is almost minimizing in N N A(p, s, )
for all 0 < s < r, then supp |V|| N B(p,7) is a k dimensional minimal C¥ submanifold of N N B(p,r).

This theorem of Pitts combined with the existence theory and the extension for k = 6 of theorem
2.5.1 by Schoen and Simon yields the following result.

Theorem 2.5.2. Let M™ a compact Riemannian manifold of dimension m < 7. FEwvery stationary
integral almost minimizing varifold V on every open annulus is the varifold associated to the current of
integration of an embedded smooth minimal hypersurface.

Finally, we obtain the first major conclusion of Almgren-Pitts min-max theory.

Theorem 2.5.3. If 2 <n <7, max{5,n} < v < oo, M"™ a compact C*¥ Riemannian manifold, then
there exists a non-empty embedded C¥~' minimal submanifold of M.
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