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Abstract
We show that if (X,d, m) is an RCD(K, N) space and u € W,;! (X) is a solution of the minimal surface equation,

loc
then w is harmonic on its graph (which has a natural metric measure space structure). If K = 0 this allows to
obtain an Harnack inequality for u, which in turn implies the Bernstein property, meaning that any positive
solution to the minimal surface equation must be constant. As an application, we obtain oscillation estimates and
a Bernstein Theorem for minimal graphs in products M x R, where M is a smooth manifold (possibly weighted

and with boundary) with non-negative Ricci curvature.
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1 Introduction

In [12] Bombieri, De Giorgi and Miranda showed that the only entire positive solutions of the minimal surface equation
in Euclidean space are the constant functions. If we replace the Euclidean space with a Riemannian manifold the
validity of the aforementioned result depends on the geometry of the manifold. For this reason the following definition
was introduced in [19].

Definition. We say that a Riemannian manifold (M, g) has the Bernstein Property if the only entire positive solutions
of the minimal surface equation are the constant functions.



For example, positive non constant solutions of the minimal surface equation in the hyperbolic plane were con-
structed in [43], while the Bernstein Property holds for manifold with non-negative Ricci curvature and a lower
sectional curvature bound thanks to [46]. Recently this was improved in [19] to manifolds with non-negative Ricci
curvature and no sectional curvature constraint (see also [18] for an even stronger result in the same fashion),
while Ding proved in [21] that the Bernstein Property holds in manifolds that are doubling and support a Poincaré
inequality.

The fact that manifolds with non-negative Ricci curvature have the Bernstein Property and the recent gener-
alization of some properties of minimal surfaces to RCD spaces (i.e. metric measure spaces with a notion of lower
bound on the Ricci curvature) suggest that an analogue of the Bernstein Property might hold in this setting as well.
We recall that an RCD(K, N) space is a metric measure space where K € R plays the role of a lower bound on the
Ricci curvature, while N € [1,4+00) plays the role of an upper bound on the dimension. This class includes measured
Gromov-Hausdorff limits of smooth manifolds of fixed dimension with uniform Ricci curvature lower bounds and
finite dimensional Alexandrov spaces with sectional curvature bounded from below. With this in mind we can state
the main result of this note.

Theorem 1. Let (X,d,m) be an RCD(0, N) space and let u € Wlloi(X) be an entire solution of the minimal surface
equation. If u is positive, then it is constant.

The previous theorem, as anticipated, is part of a wider class of recent results that aim at generalizing to the non
smooth setting properties of minimal surfaces ([10], [25], [14], [42], etc.). Moreover, specializing Theorem 1 to the
smooth category, we obtain that the Bernstein Property holds for certain weighted manifolds with boundary. This
is the content of Theorem 2. Given a manifold (M, g) we denote by m, its volume measure and by d, its distance.
If V: M — Ris a smooth function, we say that the metric measure space (M",dg, efvmg) is a weighted manifold.
Given Q C M, we say that a function u € C*°(QQ) is a solution of the weighted minimal surface equation on 2\ IM if
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We say that the boundary of a manifold with boundary is convex if its second fundamental form w.r.t. the inward
pointing unit normal is positive.

):0 on O\ M.

Theorem 2. Let (M”,dg,e’vmg) be a weighted manifold with convex boundary such that there exists N > n
satisfying
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If u € C*(M) is a positive solution of the weighted minimal surface equation on M\ OM whose gradient vanishes on
OM, then u is constant.

Ricy + Hessy —

The previous result is new (to the best of our knowledge) both in the boundaryless weighted setting and in the
framework of unweighted manifolds with boundary.

A second consequence of Theorem 1 is that the oscillation of minimal graphs in an appropriate class of pointed
manifolds grows with a uniform rate as one moves away from the base point in each manifold. This is stated precisely
in Theorem 3 below. Given a pointed metric space (M,d,z), r > 0 and f : B,.(x) — R, we define

Oscyr(f) := sup{|f(y) — f(2)| : y € Br(x)}.

Theorem 3. Let n € N be fized. For every T,t,r > 0 there exists R > 0 such that if (M™, g,x) is a pointed
manifold with non-negative Ricci curvature and u € C*°(Bg(x)) is a solution of the minimal surface equation such
that Oscy (u) > t, then Oscy g(u) > T.

In Section 5 we actually prove a more general result involving weighted manifolds with boundary and a stronger
notion of oscillation (see Corollary 5.13) but we preferred to state Theorem 3 in this form for simplicity. We remark
that while Theorem 3 follows combining the Harnack inequality for minimal graphs given in [21] with a compactness
argument where an RCD space arises as limit of manifolds, the stronger version given by Corollary 5.13 truly relies
on Theorem 1 (and the same compactness argument).

We now turn our attention to the proof of Theorem 1. To this aim let (X,d, m) be an RCD(0, N) space and let

u € Wl1 (;i(X) be a solution of the minimal surface equation. The proof that we give follows the one in [21] to prove the



analogous result for manifolds supporting a doubling volume measure and a Poincaré inequality. In that work Ding
shows first that Sobolev and Poincaré inequalities hold on the graph of u (see also [22]) and then uses a Moser-type
iteration argument, which relies on the fact that u is harmonic on its graph, to obtain the Harnack inequality for w
and the Bernstein Property.

The first obstacle for adapting the previously outlined strategy is that the graph of w in our setting has very little
structure, and it is not clear what it means for u to be harmonic on its graph. A key result in order to give the graph
of u a metric measure space structure is Theorem 4 (which holds for RCD(K, N) spaces). We denote by Epi(u) the
epigraph of u.

Theorem 4. Let u € Wlll;i(X), then the following conditions are equivalent.

1. Epi(u) is locally perimeter minimizing in X x R.
2. Epi(u) is perimeter minimizing in X X R.
3. u solves the minimal surface equation on X.

Remark. Thanks to Theorem 4, if we assume that the spaces in question satisfy appropriate parabolicity constraints,
then Theorems 1, 2 and 3 follow from the fact that parabolic RCD(0, N) spaces have the Half Space Property (see
[20]). We stress that the proofs of these theorems in our setting (i.e. without any parabolicity assumption) use
completely different techniques from the ones of [20].

Thanks to the previous theorem, if u € wit

1oz (X) is a solution of the minimal surface equation, we can consider the
closed representative of Epi(u) (which exists since this is a perimeter minimizing set), and we can define a complete
separable metric measure space which plays the role of the graph of u. More precisely, we consider (G(u),dg, mg),
where G(u) := 0Epi(u), dg4 is the restriction of the product distance in X x R to G(u) and my is the restriction of
the perimeter measure of Epi(u) to G(u). We also denote by uy : G(u) — R the height function on G(u). With this
definition of graph space, the Sobolev and Poincaré inequalities for u, on G(u) follow mimicking the proofs in [21]
(with the due modifications), so that the problem reduces to proving that u, is harmonic on G(u) in a generalized
sense that allows to repeat the iteration argument in [21].
The key results in this sense are given by Theorems 5 and 6 (which hold for RCD(K, N) spaces). Given f :
G(u) — R and z € G(u), we denote by lip,(f)(z) the local Lipschitz constant of f at z. At every point of G(u) where
it makes sense, given a second function g : G(u) — R, we define

i, (£) - lip, (g) := (i, (F +)° ~lip, (f — 9)°).

One then shows that there exists a sufficiently large family A9 of functions on G(u) (and its compactly supported
version A9) where the previously defined product behaves according to the usual rules of products of gradients. This
is the content of Theorem 5.

Theorem 5. Let u € Wlloi (X) be a solution of the minimal surface equation. The function - : A9 x A9 — L] (G(u))
given by

(¢1, 2) = lipy(#1) - lipy(p2)

is symmetric, bilinear, it satisfies the chain rule and the Leibniz rule in both entries and

lipy(¢1) - lipy(¢2) < lipy(¢1)lipy(o2).

Notably, the class A9 contains the cut off functions on G(u) that are needed to repeat the iteration argument
given in [21]. Theorem 6 is then the analogue in our setting of the fact that in the smooth category u, would be
harmonic on its graph. This matches the usual definition of harmonicity in distributional sense if u is assumed to be
locally Lipschitz, as the Corollary of Theorem 6 shows.

Theorem 6. Let u € Wlloi(X) be a solution of the minimal surface equation. If ¢ € A%, then lip,(¢) - lip,(u,) €
LY(G(u)) and

/ lip, (@) - lipy(ugy) dm, = 0.
G(u)



Corollary. Let u € Lip;,.(X) be a solution of the minimal surface equation, then for every ¢ € Lip.(G(u)) we have

/ lipy (@) - lipy(ugy) dmy = 0.
G(u)

Finally, we outline the main ideas in the proofs of Theorems 5 and 6. We will assume for simplicity that u is
locally Lipschitz on X and we will denote by V the relaxed gradient on X (for Lipschitz functions this coincides with
the local Lipschitz constant lip thanks to [17]). Both theorems can be easily obtained if one can show that given
¢ € Lip(X) and the projection on the graph i : X — G(u), then the Local Lipschitz constant of ¢ oi~! (i.e. ¢ seen as
a function on the graph G(u)) satisfies

(V¢ - Vu)?

e m-a.e. on X.
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To obtain such an identity (which is what we would get on a Riemannian manifold) we use a technical blow-up
argument so that we reduce the problem to the Euclidean case.

To outline such argument we first need to recall a blow-up property of Lipschitz functions on metric measure
spaces due to Cheeger (see [17]). Let (VY,d,, m,) be a space with a locally doubling measure which supports a local
Poincaré inequality (i.e. a PI space) such that for m-a.e. y € Y the blow-up of Y at y is a Euclidean space R¥. Given
a point y € Y of the previous type, we denote by ¥, : B]Fk (0) — (Bf/n (z),nd) the Gromov Hausdorff maps realizing
the blow-up (see Definition 2.13). Thanks to [17] we have that for every 6 € Lip(Y), for m-a.e. y € Y there exists a
linear function A : R¥ — R, called the blow-up of # at y, such that

In(6 0 ¢hn = 0(y)) = 6 < (g2 (gy) = O-

Moreover, we have that the relaxed gradient V,6(y) of 8 in y (which coincides with the local Lipschitz constant
lip(0)(y)) and the local Lipschitz constant lip(6°°)(0) of 6°° in 0 coincide.

In particular, this blow-up property of Lipschitz functions holds for X and G(u) as these are both PI spaces (since
u is now assumed to be Lipschitz). So we fix ¢ € Lip(X) and we pick a point € X where the blow-up of X is realized

by the Gromov Hausdorff maps v, : B%{k (0) — (Bi(/n(x), nd) and the functions u and ¢ admit blow-ups u> and ¢*°
respectively. Let then j : R¥ — Graph(u®) be the projection on the graph. It turns out that the maps

W, =iot, 0 §(BY (0) = (i(BY, («)), ndy)

are Gromov Hausdorff maps realizing the blow-up of G(u) at (z,u(x)). In particular this implies that the blow-up
of poi~t on G(u) is ¢>° 05~ L. From this and the fact that blow-ups of functions preserve the Lipschitz constant, we
obtain that

(lip(¢>°) - lip(u))*
1+ lip(u)?

lip, (¢ 0i~")?(i(z)) = lip(¢™ 0 j )% = lip(¢>)* — M)(x).

= 2 _
<|V¢| 1+ |Vul?

If u is not Lipschitz, the above strategy needs to be modified to ensure both existence of a blow-up of u on points
in X and existence of blow-ups of functions in Lip(G(u)) on points in G(u). Note in addition that in both cases we
need the Lipschitz constant of the blow-up to coincide with the local Lipschitz constant of the initial function. The
existence of blow-ups for u is addressed by using a geometric property of perimeter minimizers, i.e. the fact that
these admit tangent balls to their boundary (see [42] for the proof of this property in the non-collapsed case).

To deal with blow-ups of functions on G(u) we consider the notion of “strong blow-up” (see Definition 4.2). The
Lipschitz constant of a strong blow-up trivially coincides with the local Lipschitz constant of the initial function but
it might be harder to prove that such a blow-up exists. For this reason we introduce the class A9 (appearing in the
statements of Theorems 5 and 6) of functions admitting strong blow-ups on sufficiently many points and we conclude
by showing that this class is large enough to deal with the iteration argument of the proof of the Bernstein Property
later on.

The note is organized as follows: Section 2 contains preliminaries, Section 3 contains the proof of Theorem 4,
Section 4 contains the proofs of Theorems 5 and 6, while the final section contains the proofs of Theorems 1, 2 and
3.

Acknowledgements. I would like to thank Prof. Andrea Mondino for the many discussions we had about the
content of this note and for his valuable advice and guidance throughout this project.



2 Preliminaries

Throughout the note will work on metric measure spaces (X, d, m), where (X, d) is a separable complete metric space
where balls are precompact and m is a non-negative Borel measure on X which is finite on bounded sets and whose
support is the whole X. Given an open set 2 C X we denote by Lip(Q2), Lip;,.(€2) and Lip.(2) respectively Lipschitz
functions, locally Lipschitz and Lipschitz functions with compact support in Q. If f € Lip;,.(Q2) and = € Q we define

lip(f)(z) := liI;lj;lp W and L(f):= zs;lepﬂ W

Given a closed interval I C R, we say that a rectifiable curve v : I — X is a geodesic if its length coincides with
the distance between its endpoints. Unless otherwise specified we assume that geodesics have constant unit speed.
Throughout the note d. will be the Euclidean distance in any dimension. In many proofs we will use the notation
c1, C2, etc. for constants that are independent of the other quantities appearing in the statement that we are proving.

2.1 Sobolev spaces and Gromov Hausdorff convergence

We now recall some basic notions about Sobolev spaces in the setting of metric measure spaces, the main references
being [17], [5], [6] and [26].

Definition 2.1. Let (X,d, m) be a metric measure space, 2 C X an open set and let p > 1. A function f € LP(Q) is
said to be in the Sobolev space WP () if there exists a sequence of locally Lipschitz functions {fi}ien C Lip;,.(2)
converging to f in LP(Q) such that
limsup/ lip(f;)? dm < 4o0.
Q

1—+00

A function f € L? (Q) is said to be in the Sobolev space WP () if for every 7 € Lip.(Q) we have fn € WhP(Q).

loc loc

For any f € WLP(Q) one can define an object |V f| (a priori depending on p, but independent of the exponent in
the spaces that we will work on) such that for every open set A C Q we have

/ VfIP dm = mf{hmmf/ lip(fa)? ds|(fa)n © L7(A) 0 Lipyoe(A), llfu = Flluocay = 0.
A A

n—-+o0o
The quantity in the previous expression will be called p-Cheeger energy and denoted by Ch,(f) while |V f| will
be called relaxed gradient. Later we will often write Ch in place of Chy for simplicity of notation. We define

[fllwee) == [ fllr@) + Chp(f). One can check that with this norm the space W'?(Q) is Banach. We now
introduce functions of bounded variation following [39] (see also [3]).

Definition 2.2. Let (X,d,m) be a metric measure space and let 2 C X an open set. A function f € L}(Q) is said
to be of bounded variation if there exists a sequence of of locally Lipschitz functions { f;};en C Lip;,.(2) converging
to f in L1(Q) such that

limsup/ lip(f;) dm < 400.
Q

1—+o00
The space of such functions is denoted BV(Q). A function f € L}, () is said to be in BV,,.(Q2) if for every n € Lip.(Q2)
we have fn € BV(Q2).

For any f € BV(Q2) and any open set A C  we define

ID51(4) = inf {imaint [ (A ) dm|( ) © L1(A) 0 it () o = Fllrca) = 0},

One can check that the quantity in the previous expression is the restriction to the open subsets of (2 of a finite
measure. We define || f|lgv(q) := || fllL1 @) +[Df|(22). One can check that with this norm the space BV(X) is Banach.
A function f belongs to WH1(Q) if f € BV(2) and |[Df| < m. In this case we denote by |V f| the density of |Df]|
with respect to m.



Definition 2.3. Let (X,d, m) be a metric measure space and let 2 C X be an open set. For every p > 1 we denote
by W,*(2) the closure in W?(Q) of Lip, ().

Definition 2.4. A metric measure space (X, d, m) is infinitesimally Hilbertian if the space W12(X) is a Hilbert space.

If (X,d, m) is Infinitesimally Hilbertian and £ C X an open set, for every f,g € wi!

1o (€2) we define the measurable
function Vf - Vg : Q — R by

IV(f+9)I? = IV(f - 9)P
- .

As a consequence of the infinitesimal Hilbertianity assumption, the previously defined product of gradients is
bilinear in both entries. We then define the Laplacian in the metric setting.

Vf-Vg:=

Definition 2.5. Let (X,d,m) be infinitesimally Hilbertian and let {2 C X be an open set. Let f € W12(Q). We say
that f € D(A, Q) if there exists a function h € L?(Q2) such that

/ghdm:—/ngfdm for any g € W5 (Q).
Q Q

In this case we say that Af = h in Q.
We also have the following more general definition.
Definition 2.6. Let (X,d, m) be infinitesimally Hilbertian and let  C X be an open set. Let f € Wl’l(Q) and let

loc
1 be a Radon measure on Q. We say that Af = p in  in distributional sense if

/hdu:—/Vg-Vfdm for any g € Lip.(£2).
Q Q

Similarly we define what it means to be a solution of the minimal surface equation.

Definition 2.7. Let (X,d, m) be infinitesimally Hilbertian and let 2 C X be an open set. We say that f € Wlloi Q)
solves the minimal surface equation on  if for every ¢ € Lip.(2) we have

Vf-Vé¢

——dm
o V1+|Vf|]?

We now recall the main definitions concerning Gromov Hausdorff convergence, referring to [49] and [28] for an
overview on the subject.

Definition 2.8. Let (X,d,,z) and (Y,d,,y) be pointed metric spaces and let § > 0. we say that a map f: X =Y
is a 6-GH map if

o f(z)=y.
® sup, pex (dz(a,b) —dy(f(a), f(b))| < 0.

e The image of f is a §-net in Y.

Lemma 2.9. Let (Y,d,y) be a metric space and let A C R¥ be either an open set or a closed non-trivial ball. Fix
§>0andlet f: (A, de,z) CRF =Y be a §-GH map. Let {y;}™, CY. There exists a 46-GH map g: A C RF - Y
such that g # f on at most m points and {y;}7, C Im(g).

Proof. For every i let y} be in f(A) and d-close to y;. Let x; be an element such that f(z;) = y} and if some of them
coincide, replace them with sufficiently close points, in such a way that f(x;) is 20-close to y; and the points {z; },
are all distinct. Consider the map
fla) a#=x
gla) := { @) )

Yn a4 = Tn.

It is easy to check that g has the desired properties. O



Definition 2.10. We say that a sequence of pointed metric spaces (X,,d,,z,) converges to (X,d,z) in pointed
Gromov Hausdorfl convergence if for every §, R > 0 there exists IV such that for every n > N there exists a 0-GH
map f% : Br(z,) = Br().

Definition 2.11. Let (X, d) be a metric space and « € X. We denote by Tan,(X) the (possibly empty) collection of
(isometry classes of ) metric spaces that are pointed Gromov Hausdorff limits as 7 | 0 of the family (X,r~1d, z).

Definition 2.12. We say that a sequence of pointed metric measure spaces (X,,, dy,, m,, z,) converges to (X,d, m, z)
in pointed measured Gromov Hausdorff convergence if it converges in pointed Gromov Hausdorff sense and the maps
foft: Br(xn) — Bgr(z) given by Definition 2.10 satisfy (f5%)x(m, L Br(x,)) — mL Br(z) weakly in duality with
continuous boundedly supported functions on X.

Definition 2.13. Let (X,d, m) be a metric measure space such that for m-a.e. z € X we have Tan,(X) = {(R*,d.)}.
Given a sequence {€, }nen C (0,+00) decreasing to zero we say that (en,1,) is a blow-up of X at z if there exists a
sequence 4, decreasing to zero such that 1, : B1(0) C R¥ — (B, (z),¢,'d) is a 6,-GH map.

We recall that in the case of a sequence of uniformly locally doubling metric measure spaces (X;, d;, m;,x;) (as in
the case of RCD(K, N) spaces), pointed measured Gromov-Hausdorff convergence to (X, d, m,x) can be equivalently
characterized asking for the existence of a proper metric space (Z,d,) such that all the metric spaces (X;,d;) are
isometrically embedded into (Z,d.), x; — x and m; — m weakly in duality with continuous boundedly supported
functions in Z (see [28]).

2.2 General properties of RCD(K, N) spaces

We now recall some properties of RCD(K, N) spaces, i.e. infinitesimally Hilbertian metric measure spaces with Ricci
curvature bounded from below by K € R and dimension bounded from above by N € [1,+00) in synthetic sense.

The Riemannian Curvature Dimension condition RCD(K, o) was introduced in [6] (see also [26, 9]) coupling
the Curvature Dimension condition CD(K, co), previously pioneered in [47, 48] and independently in [38], with the
infinitesimal Hilbertianity assumption. The finite dimensional counterpart RCD(K, N) is then obtained coupling
the finite dimensional Curvature Dimension condition CD(K, N') with the infinitesimal Hilbertianity assumption and
was proposed in [26]. For a complete introduction to the topic we refer to the survey [1] and the references therein.
Let us mention that in the literature one can find also the (a priori weaker) RCD*(K, N). It was proved in [23,
7], that RCD* (K, N) is equivalent to the dimensional Bochner inequality. Moreover, [16] (see also [37]) proved that
RCD*(K, N) and RCD(K, N) coincide. We now recall the properties that we will use later on in the note.

The RCD(K, N) condition implies that the measure is locally doubling (see [47]) and the validity of a Poincaré
inequality (see [45]). In particular if f is a locally Lipschitz function on a RCD(K, N) space, its relaxed gradient
coincides with its local Lipschitz constant lip(f) (see [34, Theorem 12.5.1] after [17]). The aforementioned properties
are recalled in the next two propositions.

Proposition 2.14. Let (X,d, m) be an RCD(K, N) space. For every R > 0 there exists C(R) > 0 such that for every
z e Xand 0 <r < R we have
m(By(2)) < C(R)m(B(x)).

For RCD(0, N) spaces the function C' can be taken to be the constant function with value 2.

Proposition 2.15. Let (X,d,m) be an RCD(K, N) space, then for every f € WH2(X), z € X and r > 0 the following
Poincaré inequality holds:

/ |f = for|dm < 4re|K|”2/ IV f| dm.
B, (x)

BQT (Z)

The next theorem can be found in [24, Theorem 6.12]. The proof in the RCD(K, N) setting is analogous.

Theorem 2.16. Let (X,d, m) be an RCD(K, N) space and let f € BV(X). Then for every e there exists a Lipschitz
function f. such that m({f # f}) <e.

The content of the next theorem can be found at the very end of [27].

Theorem 2.17. Let (X,;d,m) be an RCD(K,N) space and p € [1,4+00). Then Lipschitz functions are dense in
WL (X).



The next theorem follows from [41, 15].

Theorem 2.18. Let (X,d,m) be an RCD(K, N) space. There exists k € NN [1,N], called essential dimension of X,
such that for m-a.e. x € X we have Tan,(X) = {(R¥,d.)}. Any such point will be called a regular point for X.

A compactness argument due to Gromov and the stability of the RCD(K, N) condition under Gromov-Hausdorff
convergence (see [48] and [28]) give the following result.

Theorem 2.19. Let (X,,d,, My, z,) be a a sequence of pointed normalized RCD(K, N) spaces. Then, modulo passing
to a subsequence, they converge in pointed measured Gromov Hausdorff sense to an RCD(K, N) space.

We now consider a Sobolev type inequality when K = 0. Given a metric measure space (X,d,m), a function
f:X—=R, pe(0,+00) and B C X Borel we define

Il = (f 11 am) ™"

The proof of the next two theorems can be adapted from the one in the smooth case found in [44, Theorem 7.1.15,
Theorem 7.1.13] (see also [31]).

Theorem 2.20. Let (X,d,m) be an RCD(0, N) space and let f € Lip(X), then there exists C(N) > 0 such that for
every t > 0
N

tyTm({|u—up, )| >t} < Cr¥Tm(B (@) [lip(H) 5 -

Theorem 2.21. Let (X,d,m) be an RCD(0, N) space and let f € Lip(X), then there exists C(N) > 0 such that for
everyv € [1, :25], € X and r >0
1f .5z < Crlllip(f)ll1, B, )

We now recall some properties of the heat flow in the RCD setting, referring to [9, 6] for the proofs of these results.
Given an RCD(K, N) space (X,d,m), the heat flow P, : L2(X) — L%(X) is the L?(X)-gradient flow of the Cheeger
energy Ch. It turns out that one can obtain a stochastically complete heat kernel p; : X x X — [0, +00), so that the
definition of P;(f) can be then extended to L* functions by setting

lﬂﬂ@%=éf@m@wﬂﬂ@~

The heat flow has good approximation properties, in particular if f € W%2(X), then P;(f) — f in WH2(X); while if
feL>(X), then P, f € Lip(X) for every ¢ > 0.

The next proposition follows combining the contractivity estimates for the heat flow of [27] with a standard lower
semicontinuity argument.

Proposition 2.22. Let (X,d, m) be an RCD(K, N) space, let Q C X be an open set and let f € BV(X). If |D f|(09Q) =
0, then
lim [DP,()[(92) = [ DFI(©).

2.3 Sets of finite perimeter and minimal sets

For the results of this section, unless otherwise specified, we will implicitly assume that we are working on a fixed
RCD(K, N) space (X,d,m).

Definition 2.23. Let E C X. We say that E has locally finite perimeter if 15 € BV;,.(X). For every Borel subset
B C X We denote |D1g|(B) by P(E, B).

When considering the perimeter as a measure under an integral sign we will use the notation Per(F,-) instead of
P(E,").



Definition 2.24. Let (X;,d;, m;,x;) be a sequence of RCD(K, N) spaces converging in pmGH sense to (Y,d, m,y).
We say that the Borel sets E; C X; of finite measure converge in L! sense to a set E C Y of finite measure if
m;(E;) - m(E) and 1g,m; — 1pm weakly in duality w.r.t. continuous compactly supported functions in the space
(Z,d,) realizing the pmGH convergence.

We say that the Borel sets E; C X; converge in L} . sense to a set E C Y if E; N B, (z;) — EN B,.(y) in L' sense
for every r > 0.

The next proposition is taken from [2, Corollary 3.4].

Proposition 2.25. Let (X;,d;, m;,%;) be a sequence of RCD(K, N) spaces converging in pmGH sense to (Y,d, m,y).
Let E; C X; be Borel sets such that

sup P(E;, By(x;)) < 400 for every r > 0.
ieN

Then there exists a (non relabeled) subsequence and a Borel set F C Y such that E; — F in L}

loc*

Definition 2.26. Let £ C X be a set of finite perimeter. We say that a regular point x € X such that x € OF is
in the reduced boundary FE of E if for every sequence {¢; };en decreasing to zero, the sets E; := E in the rescaled
spaces (X, ¢; 'd, m(B,,(z))"'m, x) converge in L} sense to a half space in R¥.

The next proposition is taken from [14, Corollary 3.15].
Proposition 2.27. Let E C X be a set of finite perimeter. Then the perimeter measure is concentrated on FE.

The next proposition is taken from [13, Theorem 5.2 and Proposition 6.1]. We first introduce some notation.
Let A CC X be a set of finite perimeter and let g € Lip,,.(X). We denote by A() the set of points where A has
density 1. Assume that g has distributional Laplacian which is a finite Radon measure. Then there exists measures
11, o < |D14| such that as ¢ — 0 we have

14VP(14)-Vg— p1 and 1c4VP(14) Vg — uo
in weak sense testing against functions in Lip.(X). We denote the density of 1 and pg w.r.t. |D1 4] respectively by
(v.g : VE)int and (Vg : VE)ezt-

Proposition 2.28. Let A CC X be a set of finite perimeter and let g € Lip;,.(X). Assume that g has distributional
Laplacian which is a finite Radon measure. Then for any f € Lip,(X) we have

fdAg+/ Vf-ngm:—/ f(Vg-vE)in: dPer
AW A FA

and

/ fdAg+/ Vf-Vgdm= —/ f(Vg-vE)ext dPer.
AMUFA A FA

Proposition 2.29. Let Q cC Q' C X be open domains. Let ¢ : ' — R be a 1-Lipschitz function such that
|Vé| =1 m-a.e. on Q' and ¢ has bounded Laplacian in distributional sense on Q'. Then for M-a.e. t € R such that
{p =t} NQ £ the set {¢ <t} has locally finite perimeter in Q and

(Vo V{¢<t})mt = -1
Next we consider a variant of Theorem 2.20 concerning sets of finite perimeter in RCD(0, V) spaces.

Proposition 2.30. There exists C' > 0 such that if E C X has finite perimeter, r > 0 and x € X, then
m(B,(2))¥ min{m(E N B,(2)), m(B,(z) \ E)} ¥ < CrP(E, B,(x)).

Proof. By approximation it is easy to check that Theorem 2.20 holds also when f € BV(X). Applying that theorem
to f = 1g with t = 1/2 gives the desired inequality. O



We now turn our attention to minimal sets.

Definition 2.31. Let 2 C X be an open set. Let E C Q be a set of locally finite perimeter. We say that F is
perimeter minimizing in Q if for every z € Q, r > 0 and F C Q such that FAE CC B,(z) N Q we have that
P(E,B.(z)NQ) < P(F, B.(x) N Q). If we say that F is perimeter minimizing we implicitly mean that Q = X.

Definition 2.32. Let 2 C X be an open set. Let £ C € be a set of locally finite perimeter. We say that FE
is locally perimeter minimizing in 2 if for every x € Q there exists » > 0 such that for every F' C Q such that
FAE CcC By(x) NQ we have P(E, B,(x) N Q) < P(F, B.(x) N Q). If we say that E is locally perimeter minimizing
we implicitly mean that Q = X.

The next theorem comes from [36, Theorem 4.2 and Lemma 5.1].

Theorem 2.33. There exist C,vg > 0 depending only on K and N such that the following hold. If E C X is a set
minimizing the perimeter in Q C X, then, up to modifying E on an m-negligible set, for any x € OF and r > 0 such
that Ba,(x) C Q we have

m(E N B,.(z)) m(B,(x) \ E)
w(B,(x)) " “w(B(x)
and

From the previous result one deduces that locally perimeter minimizing sets admit both a closed and an open
representative, and these have the same boundary which in addition is m-negligible. Whenever we consider the
boundary of a locally perimeter minimizing set, we will implicitly be referring to the boundary of its closed (or open)
representative.

Corollary 2.34. For every R > 0 there exists v > 0 depending only on K, N and R such that the following happens.
Let E C X be the closed representative of a set minimizing the perimeter in Q C X. For everyx € E and 0 <r < R
such that By, C Q we have
m(E N B.(x)) y
m(B,(r))

Proof. Let x and r be as in the statement. If B, o(x) C E then by the local doubling property

m(E N B,(z)) _ m(B,2(x))
m(B,(z)) = m(B,(x)) > O(R).

Otherwise let y € B, /2(z) N OF and note that B, (y) O B.(z) D B, /2(y). Moreover by the local doubling property
m(B,/2(y)) > C(R)™*m(Ba,(y)) > C(R) *m(B,(x)). Putting these facts together and using Theorem 2.33 we obtain

m(ENB@) | ooy

_ m(E n BT/Q(y)) _
- m(B(x) ) 2O

m(Br2(y)

The next proposition is taken from [42, Theorem 2.43].

Proposition 2.35. Let (X;,d;, m;,x;) be a sequence of RCD(K, N) spaces converging in pmGH sense to (Y,d, m,y).
Let E; C X; be a sequence of Borel sets converging in Llloc sense to E C Y. Assume that each E; is perimeter
minimizing in By, (x;) and that r; T +o0o0. Then E is perimeter minimizing and in the metric space realizing the
convergence we have that OFE; — OF in Kuratowski sense.

The next proposition can be found in [8, Theorem 5.1]. Given Q C X and f : Q@ — R we denote by Epi(f) the set
{(z,t) € QxR :t> f(z)} and by Epi’(f) the set {(z,t) € Q xR :t < f(z)}.

Proposition 2.36. Let f € Wlloi(X) For every Borel set B C X we have
P(Epi(f),B):/ VIF VIR dm.
B

10



Given f € Wlloi (X) we will use the notation Wy := /1 + |V f|2.
Proposition 2.37. Let 2 C X be open and let u € Wlloi(Q) be continuous in xo and such that Epi(u) is locally
perimeter minimizing in 2 x R, then there exists an open set A C 2 containing xo such that for every ¢ € WH(A)N

L>°(A) compactly supported in A we have
Vu-V¢
——— dm =0. 2
[ S @)

Proof. Since Epi(u) is locally perimeter minimizing in € x R there exists a cilynder Bs(zg) X (u(zo) — €, u(zg) +€) C
Q x R where Epi(u) minimizes the perimeter. Moreover, modulo decreasing §, we may assume that |u — u(zg)| < €/2
in Bs(xg) by the continuity hypothesis on u. We then set A := Bs(zg). Note that if ¢ is as in the statement,
then the graph of the function u + t¢ restricted to A, for ¢ € R small enough, will be contained in the cylinder
Bs(zg) x (u(zg) — €,u(xp) + €). This implies that the function f : R — R given by

f(t) .= P(Epi(u +t$), A x R)

has a minimum in zero. By Proposition 2.36 we can write f as

ft) = /A V14 |V(u+te)|? dm,

so that by standard arguments involving Dominated Convergence Theorem we have that f is smooth and that

Vu-Vé
"0)= | ———d
Since f is smooth and has a minimum in zero we deduce that f'(0) = 0 as desired. O

Remark 2.38. The same argument of the previous proposition combined with a truncation argument shows that if
uwe Wt () is bounded and such that Epi(u) is perimeter minimizing in  x R, then for every compactly supported

loc
Vu- Vo
———dm=0.
/Q W, m =0

¢ € WH(Q) we have
2.4 Existence of tangent balls to perimeter minimizers

In this section we sketch the main steps to prove Theorem 2.44, which will be of crucial importance later on. In
[42, Proposition 6.44] the same fact is proved assuming that the space is non collapsing, so we will only highlight
the points in such proof where changes need to be made for the general case. For simplicity we will work under the
assumption that £ C X is a perimeter minimizer, although Theorem 2.44 is stated for local perimeter minimizers
in an open set. For the results of this section we will implicitly assume that we are working on a fixed RCD(K, N)
space (X,d, m). The next result is taken from [29, Theorem 5.2].

Proposition 2.39. Let E' C X be a perimeter minimizing set and consider the distance function dg : X — R. There
exists trg v € C((0,+00)) such that in X\ E we have Adg < tg ny odg in distributional sense. If K =0 we can
take tg v = 0.

The proof of the next result follows immediately from the one in [42, Lemma 2.41] while the subsequent corollary
is obtained via the Coarea Formula.

Proposition 2.40. Let E C X be a perimeter minimizing set. There exist constants C,ryg > 0 depending on K and
N such that for every t > 0 and r € (0,trq) we have

m({y € Bi(z) : dg(y) < r}) < CrP(E, Byi()).

Corollary 2.41. Let E C X be a perimeter minimizing set. There exist constants C,ry > 0 depending on K and
N such that the following happens. For every set of full measure A C (0,79) and every sequence {tx}ren C (0, +00)
there exists a sequence {r;}ien C A decreasing to zero such that for every x € OE and for every k fized, if i is
sufficiently large then

P({dg(y) > ri}, By, (z)) < CP(E, By, (z)).

11



The proof of the next result mimics the one of [42, Proposition 5.4] and is only sketched.

Proposition 2.42. Let E C X be a perimeter minimizing set and consider the distance function dg : X — R. Then
Adg is a Radon measure in X and we have Adg = Per(E,-) + Adg L (X\ E) in distributional sense.

Proof. We do the proof assuming that K = 0, the general case requiring only a slight modification. Thanks to
Propositions 2.28 and 2.29 for A-a.e. 7 > 0 and for every positive ¢ € Lip,(X) we have

/ ¢dAdE+/ V¢~VdEdm:—/(deer({dE>r}). (3)
dg>r dg>r X

Now let {tx} be a sequence containing both a subsequence going to +o0co and one going to zero. We consider the
sequence r; given by Corollary 2.41 and, modulo passing to a subsequence, we obtain a Radon measure p which is
the weak limit of the Radon measures Per({dz > r;}) in duality with compactly supported continuous functions (this
exists using the subsequence of {t;} that goes to +00). We claim that p < Per(E,-). Tt is clear that u is supported
on JF, so it is sufficient to prove that there exists a constant ¢ such that for every x € OF, considering the (non
relabeled) subsequence of t; that goes to zero, we have

B
lim sup M(t—k(gj)) <ec.

tr—0 Per(E7Btk ('r)) -
So fix t; and note that
(B, () < liminf Per({dz > r;}, By, (z)).

1—+00
By Corollary 2.41 the r.h.s. is controlled by C'P(E, Bay, (x)), which by Theorem 2.33 is in turn controlled by
C'P(E, By, (x)). summing up we get
,U(Btk (ZE)) < O/P(E7Btk (I)),
as desired.
With this in mind we pass to the limit in (3) along the sequence r; and obtain

lim ¢dAdE+/V¢-VdEdm=—/¢du.
0 Jd g > X X

The first addendum in the 1.h.s. of the previous equation is a linear functional on the continuous compactly supported
functions. Moreover it has negative sign because of Proposition 2.39, so it is represented by a negative Radon
measure v. This implies, by the same equation, that dz has measure valued Laplacian and that Adg L (X \ E) = v,
Adp LOFE = p and Adg L E = 0. To conclude we only need to prove that p = Per(E). Since we know that
1 < Per(E) it is enough to show that for Per-a.e. € OF we have

o ABu@)
te—0 Per(E, By, ())
This follows by the same blow-up argument of [42, Proposition 5.4]. O

Proposition 2.43. Let E C X be a perimeter minimizing set and consider the distance function dg : X\ E — R.
Then for every ¢ € Lip,(X) and A\'-a.e. 7 € R we have

/¢dPer({dE >r})—/¢dPer(E) g/ V¢ - Vdp dm.
X X 0<dz<r

Proof. For every r > 0 define F, := {dz < r}. Applying Proposition 2.28 with A := E, and g = d (this can be
done thanks to proposition 2.42) we get that for every ¢ € Lip;,.(X) we have

¢dAdE+/ 7¢dAdE+/ Vo - Vdg dm
O<dg<r

OF E\E

= _ /X &(Vdg - vE, )int dPer(E,.).

12



Applying Propositions 2.42 and 2.29 we get that for A'-a.e. » > 0 we have
/quPer(E) +/ V¢ -Vdgdm > / ¢ dPer(E,.).
X 0<dg<r X

O

The previous proposition replaces Lemma 6.12 in the proof of the analogue of Theorem 2.44 given in [42, Propo-
sition 6.44]. With this replacement, the argument can be carried out in the same way.

Theorem 2.44. Let ) C X be an open set and let E C Q be a set locally minimizing the perimeter in 2. For Per-a.e.
x € OENQ there exists balls By C E and By C Q\ E such that 0B1 N 0By = {x}. These balls are called tangent
balls to E at x.

3 Minimal surface equation and perimeter minimizers

In this section (X,d,m) is a fixed RCD(K, N) space and  C X is an open set. We will denote by dyx and my
respectively the product distance and the product measure in X x R. We recall that given Q C X and f: Q2 — R we
denote by Epi(f) the set {(z,t) € Q x R:t > f(x)} and by Epi’(f) the set {(z,t) € @ x R:t < f(z)}. The goal of
this section is to prove the following theorem (which coincides with Theorem 4 in the Introduction when © = X).

Theorem 3.1. Let u € Wll(;i (Q). The following conditions are equivalent.
1. Epi(u) is locally perimeter minimizing in Q x R.
2. Epi(u) is perimeter minimizing in  x R.

3. u solves the minimal surface equation on Q.

In Subsection 3.1 we show that 1 implies 3, while in Subsection 3.2 we will show that 3 implies 2.

3.1 Locally perimeter minimizing implies MSE

The proof of the next result is inspired from [30, Theorem 14.10]. We recall that whenever we refer to a locally
perimeter minimizing set we implicitly mean its open representative. Moreover whenever we refer to the pointwise
behavior of u we mean its precise representative defined by

r—0

u(z) = lim sup][ wdm. (4)
Br(z)

1,1
loc

Proposition 3.2. Letu e W
i its Lebesgue points.

(Q) be such that Epi(u) is locally perimeter minimizing in Q X R, then u is continuous

Proof. Let 2 € Q be a Lebesgue point for u and suppose that u(z) = 0. Modulo a vertical translation we always trace
back to this case. Since Epi(u) minimizes the perimeter locally, there exists an open set of the form B.(z) x (—¢,€) C
Q x R where Epi(u) is perimeter minimizing. Now consider r > 0 such that € > 4r and y € B,-(z). Suppose for now
that u(y) > 0.

For every i € N such that 2ir € [0, min{u(y), €/4}] we have that (y, 2ir) is in the closure of Epi’(u) and B,.(y, 2ir) C
X x R is contained in B,y x (—€/2,€/2). Hence, applying Corollary 2.34 in the product space (X x R,dy,my), we
obtain that

my (B, (y, 2ir) NEpi’(u)) > eymy (B, (y,2ir)) > corm(B,.(y)).

In particular we have

/ [u dm > > o (Br(y, 2ir) N Epi’ (u))
Bar () 1€NN[0,min{u(y)/2r,e/87}]

> csr(min{u(y)/2r, e/8r} — 2)m(B,(y)).

13



Using the doubling property we obtain from the previous chain of inequalities that
csT + ][ |u| dm > cs min{u(y), €}.
BZT(CL')

In particular, since u(y) was assumed to be positive, we deduce that

lim sup u <0,
r—0 B, (z)

while considering the case when u is negative we obtain with an analogous argument that

lim inf u >0,
r—0 B,.(x)

proving the continuity of w in x. O

Definition 3.3. Given an RCD(K, N) space (X,d,m) we define the codimension 1 spherical Hausdorff measure to
be the measure obtained with the Carathéodory construction using coverings made by balls and gauge function

B (z) = m(B,(x))/r.
We denote such measure by H”.

The next proposition corresponds to [35, Theorem 4.1].

Proposition 3.4. Let f € W}

loc

(). Then Hh-a.e. x € Q is a Lebesgue point of f.
The next proposition is an intermediate step to prove that 3 implies 1 in Theorem 3.1.

Proposition 3.5. Let u € Wlloi(Q) be such that Epi(u) is locally perimeter minimizing in Q x R. There exists an
open set A C Q with H*(Q\ A) = 0 such that for every ¢ € Lip,(A) we have

Vu-Ve¢
———dm = 0.
/Q W, m=20

Proof. Combining Propositions 3.2 and 3.4 we get that u is continuous H”-almost everywhere. For every continuity
point z of w consider the set A, C € given by Proposition 2.37. And denote with A the union of these sets. It is
clear that H*(Q\ A) = 0. Now let ¢ € Lip.(A) and let {4;}", be a finite subcover of the support of ¢. Let {n;}1",
be Lipschitz functions such that their sum is equal to 1 on the support of ¢, while each 7; is compactly supported in
A;. Tt is easy to check that such functions exist. We get

Vu-Vo - / Vu-V(n;¢)
- dm e _— dm = 0.

O

Proposition 3.6. Letu € Wlloi (Q) be such that Epi(u) is locally perimeter minimizing in QxR. For every ¢ € Lip.(2)
we have

Vu~V¢>d

m = 0.
o Wi

Proof. Let A be the set given by Proposition 3.5 and call C := 2\ A. We claim that we can construct a sequence
{n; }ien of Lipschitz compactly supported functions in §2 that are equal to 1 in a neighbourhood of C N supp(¢) and
such that [[n;|lw1.1(q) — 0 as i goes to +oo.

Assume for the moment that the claim holds. In this case we get

Vu-Vé [ Vu-V(no) Vu- V(1 —ni)9)
; W dm = /Q W, dm + /Q W, dm

B oVu - Vn; /ninqu
= /Q 7Wu dm + o 7Wu dm
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and since |Vu|/W, <1 the last expression tends to zero as i goes to +oo since ||7;[lw1.1(q) — 0.

So we only need to prove our previous claim. We have that C Nsupp(¢) is compact and H*(C) = 0. So for every
€ > 0 there exists a finite collection { B, (xf)};2 of balls with radii in (0, €) and centers in C'Nsupp(¢), whose union
covers C N supp(¢), and such that

o M(Bre (w5))

For every such ball define 75 : X =+ R by

i ()
It is clear that [[7f|[L1(x) < m(Bape (7)) < cxm(Bye (z5)), while

(Bar (27)) m(Bre(27))

€ - €
T i

m
V0l xy <

In particular defining 7. := (3°1"9 1f) A 1 we obtain a Lipschitz function compactly supported in € (if € is small
enough) which is equal to 1 on a neighbourhood of C' N supp(¢) and with |[ne|lwr.1(x) < 2cie. This concludes the
proof. [

Remark 3.7. The result of Proposition 3.6 holds also in the setting of doubling spaces supporting a (1, 1) Poincaré
inequality (without any curvature assumption). This follows taking into account that the density estimates for
perimeter minimizers (that were used in Proposition 3.2) hold in this weaker setting as well.

3.2 MSE implies globally perimeter minimizing

So far we have seen that if u € Wlloi (Q) and its epigraph is locally perimeter minimizing in 2 x R, then u solves the
minimal surface equation. In this section we show that if u solves the aforementioned equation, then its epigraph
minimizes the perimeter.

Proposition 3.8. Let u € Wlloi
lloi(ﬂ) functions that coincide with u out of a compact set of ).

Proof. Let ¢ € Wlloi(ﬂ) be a function that coincides with u out of an open precompact set A CC €. Then the
function f(t) = [, /14 |V (u+ t¢)|? dm is smooth, it satisfies f'(0) = 0 and it is convex, so that it has a minimum

in 0. The statement follows. O

(Q) be a solution of the minimal surface equation. Then u minimizes the area
functional among W

The previous proposition implies that the theory of De Giorgi Classes can be applied to u. The next proposition
follows by mimicking the proof in the Euclidean setting given for example in [11, Theorem 3.9] (and it can be also
obtained combining the results from [32] and [8]).

Proposition 3.9. Let u € w!

10 (82) be a solution of the minimal surface equation, then u is locally bounded.

In the next proposition we consider functions on  x R. Given such a function f we will denote by lip,(f)(z, s) the
local Lipschitz constant in (z, s) of the restriction of f to {z} x R. Similarly, lip, (f)(z, s) will be the local Lipschitz
constant in (z, s) of the restriction of f to Q x {s}. Finally, lip, (f) will be the local Lipschitz constant of f.

Proposition 3.10. Let f € Lip(Q2 x R) and let B C Q be an open set. Suppose that there exist €, 81,82 € R such
that 1/2>€ >0, s9 > 51, f>1—¢con Bx{s1} and f <€ on B x {sa}. Then setting

w(f)(x) = / ? pa)dt.

we have that w(f) is Lipschitz and

/ lip, (f) dm z/ V(1 =26)2 + [Vw(f)|2 dm.
Bx(s1,s2) B
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Proof. By the tensorization property of the energy (see [8]) we have

/ lip,o(f) dm, = / Vi (D2 + Tipy ()2 dm,
Bx(s1,82)

BX(Sl,Sz)

and for every (a,b) € C(Q) x C(Q) such that a® + b> < 1 we get

/ Vi (P2 F Tips (F)2 dimy, > / alip(f) + blip, () dmy
Bx(s1,82)

BX(Sl,SQ)

and by the condition on f this is greater than or equal to

/B [a(1 —2)+b

We claim that lip(w(f)) = |[Vw(f)| < f(sl o) lip,.(f)dt almost everywhere w.r.t. m in Q. If the claim holds, passing

to the supremum with respect to (a,b) in the previous expression we conclude.
Observe that for every x,y € B we have

lip, (f) dt} dm.

(51752)

lw(f)(@) = w(f) ()] < /82 [f(,t) = f(y, )] dt < (52— s1)L(f)d(z,y)

S1

so that w(f) is Lipschitz in B and hence for m-a.e. € B we have |Vw(f)| = lip(w(f)). Moreover by DCT we have

. i @) () i
ip(t 1)) = Jim PUOCEEEDE < [ ) ar

as desired.

Lemma 3.11. Let f,g € Wlloi(Q) and B CC Q be a Borel set, then |P(Epi(f),B x R) — P(Epi(g),B x R)| <
[D(f = 9)I(B).

Proof. The proof is immediate and follows from the fact that

IP(Ei(f). B % B) = P(Epilg). B x ®)| = | [ T¥IV[Pdm— [ JT+[VgPan|
< [ 19s1=1Vsllan < [ 197 =gl

O

The next proposition contains a technical approximation result that will be crucial for the remaining part of the
section.

Proposition 3.12. Let ' cc Q' cC Q be open sets and let f € W21 (Q) and ¢ € BV.(Y) be locally bounded.

loc

There exist functions f; € Lip(Q") converging in L1 (Q") to f + ¢ such that

lirfljélp P(Epi(ft), 2" x R) = P(Epi(f + ¢),Q" x R)

and
ID(f = fl(Q"\ Q') — 0.

Proof. Since the statement concerns precompact sets of 2, modulo using a cut off, we suppose that f € W1(Q) with
compact support in Q. Moreover, modulo enlarging 2", we may also suppose that m(9Q"”) = 0. Whenever we refer to
f as a function on X we implicitly mean its extension to zero. Let B be an open set such that supp(¢) CC B cC .
We claim that for every e > 0 there exists a function f/ € WH1(Q) with compact support whose restriction to Q\ B
is Lipschitz such that

|P(Epi(f + ¢), Q" x R) — P(Epi(f' + ¢), Q" x R)| < e

16



and
ID(f = fIQ"\ Q)| <e

To prove the claim consider an open set A such that
supp(¢) CC ACC B

and let 6 > 0 and v € Lip.(€2) be such that ||f — v[w1.1(q) < J. Let then n € Lip.(B) be a positive function, taking
value less than or equal to 1 and identically equal to 1 on A. We define f' :=nf + (1 — n)v. This function trivially
satisfies f/ € WL1(Q), it has compact support, its restriction belongs to Lip(Q2\ B), |[D(f — f) (2" \ )| < J, and

|P(Epi(f +¢),Q" x R) — P(Epi(f' + ¢), Q2" x R)|
= |P(Epi(f),“A x R) — P(Epi(f'), “A x R)|.
By Lemma 3.11 this last quantity is controlled by
ID(f" = HIA) < [D(1 =n)(v = £HI(Q) < c(n)é.

In particular choosing ¢ small enough we have proved the claim. Taking this into account, it is sufficient to prove
the statement of the theorem under the additional assumption that the restriction of f to ©\ B is Lipschitz (and we
still have that f € W1(Q) and has compact support).

To this aim we define f; := P;(f + ¢) and we claim that these functions restricted to " have the right properties.
First of all the functions f; are Lipschitz by The L* to Lipschitz property of the heat flow. Moreover f; — f + ¢ in
L1(Q2") since we have convergence in L2(X).

We will now show that

ID(f = f)l(Q"\ Q) = 0.
Let 7 € Lip.(©') be positive, taking value less than or equal to 1 and equal to 1 on B. Note that
fe=P((1=7)f)+ P (rf +¢),

and since (1 — 7)f € Lip(X) € WH2(X) we have P,((1 —7)f) — (1 — 7)f in WH2(X) which implies convergence in
WLL(Q) since Q" is bounded. In particular when we restrict these functions to Q" \ Q' we get

ID(f = P((1 = 1) MNIQ"\ Q) = 0.

So to conclude the proof of the second property in the statement it is sufficient to note that by Proposition 2.22 we
have

ID(P(7f + DIQ\ Q) = [D(rf + ¢)[(Q"\ Q) = 0.

We now turn our attention to the perimeter condition. Modulo a vertical translation we can suppose that f+¢ > 0
on ”. Consider then the function F; : X x R — R given by

Ft(l‘, S) = PKXR(IEPI/(JC+¢))(.’E, S).
By Proposition 2.22 and the fact that m(9Q") = 0, we get

lim [ DR R (" x R) = P(EpT(f + 6), 2 x R). (5)

At the same time we have that pX*®((z,7)(y, s)) = pX(x, y)pF(r, s) and that Jgpe(r,s)ds = 1. We claim that this
implies ||V (w(Ft) — fi)llLiry — 0 as t — 0, where

w(Fy)(x) ::/IFt(x,s) ds

and [ is any finite open interval containing 0 and the supremum of u + ¢ in Q".
Indeed

w(F)(z) — fi(x)
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— / / P, )P 5) et () (4 5) di(y) ds dr — / / P )P 8) Lepi (1) (4 8) dim(y) ds dr
I JXxR R JXxRy

_ / / P, g (r, 8) dm(y) ds dr — / / (@, )P, ) Lepir( 0y, (3 8) dmi(y) ds dr.
I JJXXR_ c] JXxR

Note now that the first addendum in the previous expression is a constant, so that to prove our claim it is sufficient
to show that

/ Iipx/ Pt(lEpi/(f+¢)mXXR+)(x,r) drdm(z) — 0.
QII CI

This follows passing the Lipschitz constant inside the second integral and observing first that lip, is controlled from
above by the Lipschitz constant in the product space, and then that Proposition 2.22 guarantees that

lim [ D Py (Legi (. gy, (7 x °T) = 0.
This concludes the proof that ||V (w(Fy) — fi)|[L1(@r) = 0. By Lemma 3.11, this implies that
| P(Epi(w(F})), Q") — P(Epi(f:), ") = 0.

In conclusion if we fix € > 0, for ¢ small enough we have that F; satisfies the hypotheses of Proposition 3.10 and in
addition |P(Epi(w(F})), ") — P(Epi(fi),")| < €, so that

IDF,|(" x R) > P(Epi(w(F},)), Q" x R) — 2em(Q) > P(Epi(f), Q" x R) — (1 + 2m(Q")).

Finally, passing to the limits in the previous expression and taking into account (5), the arbitrariness of ¢, and the
lower semicontinuity of perimeters we conclude. O

Proposition 3.13. Letu € Wlloi(Q) be a solution of the minimal surface equation. Then the epigraph of u minimizes

the perimeter among bounded competitors in BV ,.(2) that coincide with u out of a compact set.

Proof. Let Q' cC Q" CC Q be open sets and let € > 0. Let ¢ € BV.(Q') be bounded. It will be sufficient to show
that for a constant C' independent of ¢ we have

P(Epi(¢p +u), 2" x R) > P(Epi(u), 2" x R) — Ce.
By Proposition 3.12 there exists f € Lip(©”) such that
- Wl,l(QN\Q/) - L1 (Q//) €
If = ull +If = (w+ )l <

and
P(Epi(f),Q" x R) < P(Epi(¢ +u), Q" x R) +e.

Let 1 € Lip.(©") be positive, taking value less than or equal to 1 and equal to 1 on a neighbourhood of €. Note
that f7 4 (1 —n)u € W21 (Q) and differs from u on a precompact set of Q”, so that

loc
P(Epi(u), Q" x R) < P(Epi(fn+ (1 —n)u),Q” x R).
At the same time
|P(Epi(fn + (1 —n)u), Q" x R) — P(Epi(f), Q" x R)| < [D(1 —n)(f —w)|(Q"\ Q) < Cn)e.
Putting these inequalities together we have

P(Epi(¢ +u), Q" x R) > P(Epi(f), 2" xR) — ¢

> P(Epi(fn+ (1 —n)u), Q" x R) = (C(n) + 1)e
> P(Epi(u), 2" x R) — (C(n) + 1))e,
concluding the proof. O
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Theorem 3.14. Let u € Wh!

10c(82) be a solution of the minimal surface equation. Then Epi(u) is a perimeter
minimizing set in X R.

Proof. Let F C Q x R be a set such that Epi’(u)AF cC Q2 x R. Let A C Q be an open precompact set such that
Epi’'(u)AF cC A x R. Modulo translating vertically, since u is bounded in A, we can suppose that u > 0 and
Epi'(u)AF CC A x (0 + o).

Now consider a sequence {f;}ien C Lip(A x R) of functions converging in L'(A x R) to F and such that

P(F,AxR) = 7_lgrnOo . Rlipx(f,-)dmx.
X

Tt is clear that we can assume that f; = 1 on A x (—00,0) and that there exists ¢ > 0 such that f = 0 on A x (¢, +0)
(if this is not the case we multiply by a cutoff and obtain a better approximation).
Using the notation introduced in Proposition 3.10, we obtain by the same proposition that

P(F,A xR) >hmsup/ V14 |Vw(f) |2dm*hmsupP(Ep|( (fi),A).

1—+00 1—+00

Moreover the L! convergence of Epi(w(f;)) to Epi(w(1lr)) in A x R and the lower semicontinuity of the perimeter
gives, passing to the limit in the previous expression, that

P(F,A x R) > P(Epi(w(1p)), A).

Moreover since each w(f;) is Lipschitz we deduce that w(1r) € BV(A). By definition w(lp) # w on a precompact
subset of A, so that by Proposition 3.13 we deduce that

P(F,A x R) > P(Epi(w(Lr)), 4) > P(Epi(u), A),

as desired. O

4 Harmonicity of u on its graph

In this section we prove Theorems 5 and 6 from the Introduction. This is the central and most technical section of
the note. We first introduce the abstract machinery of strong blow-ups and then we apply it to v and its graph.
This can be done thanks to the refined blow-up properties of u analyzed in Section 4.2.

4.1 Blow-ups of functions

The idea of considering blow-ups of functions comes from [17], and in this section we apply the results of the
aforementioned work to define strong blow-ups. The key results are Corollaries 4.7 and 4.9, as they show that a
function and its strong blow-up share the same local Lipschitz constant (note that this may not happen for blow-ups,
in general). In the rest of the note when we consider the L> norm of a function we mean its supremum. Moreover,
if we are working with functions that are defined modulo negligible sets, we will be implicitly fixing a representative.

Definition 4.1. Let (X, d) be a metric space and let f : X — R be a function. Given a sequence {¢, }nen decreasing
to zero, we say that a triple (€,, %, f) is a blow-up of f at z if (e,,,) is a blow-up of X at z and f~ : R¥ — R
is a linear function such that

||6;1(f oYy — f(x)) — fOOHLOO(B[le(O)) — 0.

Definition 4.2. Let (X,d) be a metric space. We say that a triple (e, ¥, f*°) is a strong blow-up of f at x if it is
a blow-up and the following holds. For every {4/, },en going to zero and every sequence {9/, }nen of 8,-GH maps

v BY(0) = (Be, (2), 5 'd)
such that !, # 1), for at most a finite number of points we have that (e,,v!, f°°) is a blow-up of f at x.

The next theorem follows from [17, Theorem 10.2].
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Theorem 4.3. Let (X,d,m) be an RCD(K, N) space, let Q@ C X be an open set and let f € Lip(?). Then for m-a.e.
x € Q, for every blow-up (€,,vn) of X at x there exists a (non relabeled) subsequence such that (€, vy, f°) is a

blow-up of f at x and |V f|(z) = lip(f)(x) = lip(f>°)(0).

Corollary 4.4. Let (X,d,m) be an RCD(K,N) space, let Q@ C X be an open set and let f € Lip(Q)), then for m-
a.e. © € Q for every blow-up (€,,10n) of X at x there exists (modulo passing to a subsequence) a strong blow-up
(€nyUn, [) of [ in x. We say that f is differentiable in any such point.

Proof. Let x € Q be a regular point of X. Since f is Lipschitz Theorem 4.3 guarantees that for every blow-up (€., ¢n,)
of X at x there exists (modulo passing to a subsequence and asking that x lies out of an appropriate m-negligible set)
a blow-up (€5, ¥n, f°) of f at . Let now (e,,%)],) be another blow-up of X at x such that for every n € N we have
¥l # 1, on at most a finite number of points. By the previous theorem, modulo passing to another subsequence,
there exists a blow-up (e,,9), f'°°). It is easy to check that f>° and f’° coincide out of a countable set so that,
being linear, they coincide everywhere, concluding the proof. O

Proposition 4.5. Let f : R™ — R be a smooth function and let ¢q, ..., oy : & — R be functions admitting blow-ups
{(€ny ¥n, §°) Y2y in x. Then f(d1, ..., 0m) has blow-up (€n, Yn, f°), where

7 =V(01(@), o I (@) - (677 -, D)
The same statement holds replacing blow-ups with strong blow-ups.

Proof. We will suppose w.l.o.g. that (¢1, ..., ¢m)(z) = 0 and that f(0) = 0. To lighten the notation instead of writing
¢; o 1, we will write simply ¢;. Since f is smooth we have

|E;1f(¢17 ey Qbm) - foo|
= |€;1Vf(¢1, ’(bm)(x) ' (¢1) ""¢m) + 67_110(|(¢17 7¢Tn)|) - foo‘

_ o(|(¢1, -+ om)) [(D1, -, )|
S 6nlvf ¢17"'7¢m z)- ¢17"-;¢m _foo + .
| ( )(z) - ( ) | TR .
The first addendum goes to zero uniformly in B;(0) by definition of f*°. Concerning the second, the quantity
(A1, .-y m)/€n is bounded in modulus by the existence of the linear blow-ups, so that the second addendum goes
to zero uniformly in B;(0), concluding the proof of the first claim. The statement on strong blow-ups follows
similarly. O

Proposition 4.6. Consider a metric space (Y,dy), a point y € Y, and a function f : Y — R. Suppose that

o)y =l H) =T

n—too  dy(Yn,y)

and set €, := dy(y,yn). Let R¥ D A D B1(0) be either an open set or a closed ball and let Y D A, D Be, (y). Assume
that {8, tnen decreases to zero and that we have 8,,-GH approzimations ¥y, : A — (An,€,d,) such that there exists
a linear function f> :RF = R such that

e (f o thn — (@) = ¥l (ay = 0.

Assume moreover that if {0 }nen decreases to zero and {1],} is another sequence of 6,,-GH approximations between
the same sets such that ¢!, differs from 1, on at most a finite number of points we have that

len ' (f oy, — f(y)) = FllLoe(ay = O

Then lip(f)(y) = lip(f)(0).

Proof. We first show that lip(f)(y) < lip(f°°)(0). By Lemma 2.9 for every n € N there exists a 46,-GH map
Yl A — A, such that ¢/, # 1, on at most one point and y,, € Im(¢),) with ¢/ (z,) = y,. By hypothesis we then

have
[f(yn) = f ()]

ay (gt — f®(zn)| — 0.
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Moreover since f° is linear and |z, | tends to 1 as n increases we have

lip()(0) > limsup =T >y up 720 ()]

n—-4o0o |-'17n| n—-4o0o

Summing up we obtain

lip(f)(y) = lim O i 1G] < Bn()(0),

n—-+oo dy(yn; Yy n—-+oo

proving the first inequality.
We now show that lip(f>°)(0) < lip(f)(y). Since f°° is linear there exists zo € R™ such that |zo| = 1 and
lip(f*°)(0) = f*°(xs). By hypothesis we then get that

|€n71|f(wn(xoo)) - f(y)| - foo(xoc” - Oa
with dy, (¢ (o), y) < €n(1+ 05). Therefore

lip(f>°)(0) = f*(20) = lim 6n_1|f(wn<x00)) - f(y)

n——+00

=TT 6 (). )

concluding the proof. O

< lip(f)(v),

Corollary 4.7. Consider a metric space (Y,dy), a pointy € Y, and a function f:Y — R. Suppose that

() — i H) =7

n—+oo  dy(Yn,¥y)

and set €, :=dy(y,yn). If f admits strong blow-up (€,,%n, f>) then lip(f°°)(0) = lip(f)(y).

As remarked at the beginning of the section, in the rest of the note, when we consider blow-ups of Sobolev
functions we assume that we are working with a fixed representative.

Proposition 4.8. Let (X,d,m) be an RCD(K, N) space, let Q@ C X an open set and let f € Wlloi(Q) For m-a.e.
x € X, if there exists a strong blow-up (€n,Vn, [*°) of [ at z, then |V f|(x) = lip(f°°)(0).

Proof. Fix € > 0 and consider the Lipschitz map f. such that m({f # fe}) < e given by Theorem 2.16. By the
locality of relaxed gradients for m-a.e. = € {f = f.} we have

V(@) = [Vfe|(x) = lip(fe)(z).

So to conclude we only need to show that for m-a.e. x € {f = f.} for every strong blow-up (€, ¥, f°) of f at x it

holds
lip(fe)(x) = lip(f>)(0). (6)

We claim that in every point « € {f = f.} where {f = f.} has density 1 and f. is differentiable the previous equality
holds. To prove the claim, given the strong blow-up (€., ¥y, f°°), we consider (modulo passing to a subsequence)
the strong blow-up (€, ¥, £&°), which exists by our choice of x.

Then we fix 1/8 > § > 0, a basis {e;}¥_; of R¥ and we consider points

z € B§€n ("l}n(ez)) n {f = fe} N Ben (l‘)

Such points always exist if n is large enough by the density condition of {f = f¢} in . By Lemma 2.9 for every n
there exists a 46,-GH map 1), with same domain and codomain as 1, differing from ¥, on at most k points and
such that {z7}¥_ | C Im(¢}). Now let {y"}*_; C B;(0) be points such that 1/, (y?) = 27 and, modulo passing to a
subsequence, let y; € B;(0) be the limit of y? as n increases to +0o. Observe that {y;}*_; is a basis for R* since for
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every i we have d.(y;,e;) < 8. As (€n, ¥p, [°°) and (e, ¥n, f2°) are strong blow-ups we have that (e,, ¥/, f°°) and
(€n, ¥l [2°) are blow-ups as well.
In particular (assuming for simplicity that f(z) = 0) for every é; > 0 and ¢ there exists n € N such that

1F2 ) = £ o)l < 1) = £ (i) + 6

and
1f 01y, = FlLee By (0y) + I1fe 0 Wn = FEllLoe (B4 (0)) < O1-

So we get

12 (e) = FE W)l < 1= (wit) — £ Wit) | + 01
< [f(WnWi') = fe(pn (yi))] + 201 = 26,

In particular as d; was arbitrary we get that for every ¢ we have f*°(y;) = f°(y;) and since these functions are linear
and {y;}¥_, is a basis for R* we deduce that they coincide. Equation (6) then follows by Theorem 4.3. O

Corollary 4.9. Let (X,d,m) be an RCD(K, N) space, let Q C X be an open set and let | € Wlloi(Q) For m-a.e.
x € Q, if for every sequence {e,}nen, modulo passing to a subsequence, there exists a strong blow-up (€, Un, f°),

then [V f|(z) = lip(f>°)(0) = lip(f)(z).
Proof. 1t follows combining Corollary 4.7 and Proposition 4.8. O

Note that the previous corollary fails if we replace strong blow-ups with normal blow-ups. To see this consider
the Dirichlet function f: R — R given by f(z) =1 if x € Q and f(z) = 0 otherwise. It is easy to see that for every
€n — 0 there exists a blow-up (€,,%,) of R at 0 such that the function f admits (e, 1,,0) as blow-up (but not as
strong blow-up), but lip(0) = 0 while lip(f)(0) = 4o0.

4.2 Refined blow-up properties of Epi(u)

In the remaining part of Section 4, (X, d, m) will be a fixed RCD(K, N) space with K < 0, Q C X will be an open set
and u € Wlloi(Q) will be a function satisfying one of the equivalent conditions in Theorem 3.1. When writing Epi(u)
we will always implicitly refer to its open representative while W will denote the quantity /1 + |Vul?.

We recall that whenever we refer to the pointwise behavior of u, we implicitly assume that we are considering
it is precise representative (see (4)). In particular this means that the graph of w is contained in OEpi(u). We will

denote by v : 2 — R a generic function such that
Graph(v) C OEpi(u). (7)

The results of this section hold for any v of the previous type, as they depend on the geometric properties of Epi(u),
rather than the specific representative that we choose. The key result of this section is Theorem 4.15, showing that
each function v of the previous type admits a strong blow-up at m-almost every x € X. Let k be the essential
dimension of X.

Remark 4.10. Let By, Bo C Q x R be tangent balls to Epi(u) in (x,u(x)) and let u(z) = 0. Modulo replacing one
of the balls with a smaller one we can suppose that they have the same radius. In this case the real coordinates of
their centers are one the opposite of the other one.

We say that a geodesic v : I — X x R is horizontal if it is contained in a set of the form X x {t} for some t € R.

Lemma 4.11. For m-a.e. x € Q there exist interior and exterior tangent balls to Epi(u) in (z,u(x)), and the geodesic
connecting their centers is not horizontal.

Proof. By Proposition 3.2, u is continuous in its Lebesgue points, so that for every such point x € 0 we have
{z} x R N OEpi(u) = {(z, u(x))}.

Suppose now by contradiction that there is a Borel set B C 2 of positive measure m(B) > 0 such that for every
x € B the set Epi(u) does not admit a pair of tangent balls at any point in {} x R. Because of Proposition 2.36
we would get that the set {(z,t) C JEpi(u) : x € B} has positive perimeter in JEpi(u) and its points never admit
tangent balls, contradicting Theorem 2.44.
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In particular for m-a.e. x € Q there exists a point (z,¢) € 0Epi(u) where Epi(u) has tangent balls, and by our
initial remark on Lebesgue points we have that for m-a.e. z € Q) there exist tangent balls in (x, u(z)).

We will now prove that for m-a.e. point of the previous type the geodesic connecting the centers of the tangent
balls is not horizontal. To this aim let zy € £ be a Lebesgue point for v and |Vu| such that Epi(u) admits a pair
of tangent balls in (xg,u(zo)) and assume for simplicity that u(zg) = 0. We claim that in every such point the
aforementioned geodesic cannot be horizontal. Suppose by contradiction that this is not the case.

Consider for every n € N the dilated function

nu: (Q,nd,C,m) — R,

where C,, := m(B,-1(7))~!. We will denote by B?(y) balls in the dilated space (X,nd,C,m) and by |V"| the
gradient; it is easy to check that |[V"| = |V|/n. Observe moreover that the space (X,nd,C,,m) is an RCD(K/n?, N)
space, so that these spaces all admit a (1,1)-Poincaré inequality with the same constants by Proposition 2.15. We
obtain

/ |V*nu|C,, dm = [Vu| dm — ¢, (8)
B (z0) By /n (o)

where the last limit is due to our initial assumption on xzy. Moreover for every n € N there exists a constant ¢,, such
that

/ |nu — ¢, |Ch, dm§4e‘K‘/ |V nu|Cy, dm,
BY5 (o) BT (z0)

which together with (8) gives that for every n € N sufficiently large

/ Int — en|Cp dim < 4eVE1(c 4 1), )
B?/Q(IO)

Consider now the tangent balls B,.((p,0) C Epi(u) and B,.((g,0)) C Epi’(u) in (20, 0) which, without loss of generality,
we suppose to have the same radius r. For every n € N sufficiently large let p,, € £ be the point on the geodesic
connecting p and zo which is distant 2- from zo. Observe that BY),(pn) C By'(20), and since Cpm(Bf (x0)) = 1,
from the doubling property we deduce that there exists a constant C' independent of n such that C’nm(B{L/ 4(Pn)) >
C. Repeating the exact same construction with respect to ¢ we obtain ¢, such that B{L/4(qn) C BP(x0) and
Ger(B?/él(Qn)) Z C.

Our goal is now to show that there exists a sequence {a,}n,en C Ry increasing to 4+o0o such that nu > a, on
BY),(qn), while nu < —ayn on By),(pn). If we are able to prove this, keeping in mind that Cr,m(B}),(pn)) = C and
Crnm(BY4(qn)) = C, we contradict (9).

The desired sequence can be constructed observing that on B?/4(qn) the graph of u lies above the ball B,.((g,0)),

and so in particular
nu > ny/r2 — (r —1/(2n))? = \/nr — 1/4,

while an analogous argument gives nu < —y/nr — 1/4 on Bf/ 4(Pn), as desired. O

Let v : [0, L(v)] = X x R be a geodesic, where L(y) denotes its length. We denote by ~(¢)g and ~(t)x respectively
the real and the X component of v(¢). Observe that both yg and yx are geodesics in the respective spaces.

Definition 4.12. Let v : [0, L(y)] — X X R be a geodesic, where L(y) denotes its length. We define the slope of v as

— (0)r = y(L(7))r]
O)=T e

In the next lemma we will denote by e; a fixed element of modulo 1 in R*¥. We recall that we denote by v a
generic function whose graph is contained in JEpi(u).

Lemma 4.13. Let x € Q be a regular point for X where Epi(u) admits interior and exterior tangent balls of radius
r at (z,u(x)) and suppose that the the geodesic v connecting their centers is not horizontal.
Consider {e, tnen such that ne, < ry/1—s(v)? and suppose that we have {6, }nen decreasing to zero and the
0n,-GH maps
U BY(0) = (B, (0), ¢ d).

NEn
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Let p,, be the point on the portion of yx connecting p and x at distance ne,, from x and let q, be the analogous point
replacing p with q. Suppose moreover that ¥, (ne1) = qn, ¥n(—ne1) = p, and ¥y, : B]f{k (0) C Bi(n (z). Then we have
that

e (v(Whn) — v(x)) — U™ |[Loe (2" (0)) = 0; (10)

where u>® : RF = R zs the linear function whose graph is perpendicular to the line connecting

(e1,8(7)//1—s(7)?)) and ( 617—5(7)/W)).

Proof. Assume for simplicity that u(z) = 0. Consider the maps (¢, €,id) : Bfk (0) x R — (BX. (%) x R, e, 'dy)
given by
(wnaenid)(yat) : (wn( ) €n )

and note that these are d,,-GH maps. We claim that

(anaenid)(Bn—mS nelans /\/ 1- 5 C B(n Sn)en Qnanen /\/ 1- 5 (11)

and

(d’na enid)(Bn—%n(_nelv _ns /\/ 1- 5 C B(n 5n)en pnvnens /\/ 1- 5 (12)

where we implicitly assume that the balls appearing in the left hand sides of these inequalities have been restricted to
the domain of (¢, €,id). We only prove (11) since (12) is analogous. To prove the claim we note that by construction

(¢na€n|d) nelvns /\/ 1- 5 Qnanens(’Y)/ V 1- 8(7)2)7

so that (11) follows because the maps (¢, €,id) are §,-GH maps as noted earlier.
We now show that the graph of €, 1(v(1,)) cannot intersect the balls

B, _as, (nep,ns(y)/+/1 — s(y
and
Bn—25n (77161, 7718(’7)/\/@)

Indeed if (y, €, *v(1,(y)) belongs to the first ball (resp. the second), then by (11) its image

(s nid) (y, € 0(Un(y)) = (2,0(2))

belongs to

Bn—s,ye0 (@nsn€ns()/v/1 = 5(7)%)

(resp. B(n—s,)e, (Pns —n€ns(y)/+/1 —5(7)?)), and this is a contradiction since we will see that this ball is contained
in the tangent ball to Epi(u). Indeed the point (g,,ne,s(v)/v/1— s(y)?) lies between (x,0) and the center of
one of the tangent balls to Epi(u) since ne, < ry/1—s(y)2. Moreover ne, is less than the distance between
(gn,nens(y)/+/1 — s(7)?) and (z,0), so that the desired inclusion follows. O

In the next lemma we use the notation p, and ¢, introduced previously.

Lemma 4.14. Let x € Q be a regular point for X such that Epi(u) admits interior and exterior tangent balls of radius
r at (x,u(x)) such that the the geodesic vy connecting their centers is not horizontal. Let {e,}nen be decreasing to
zero. We can pass to a subsequence such that ne, < ry/1— s(v)? and there exist {0, tnen decreasing to zero and the
on-GH maps
— ok _
Un By (0) = (B, (2),€,"d)
such that
i wn(nel) = dn; ¢7L(—’I’L€1) = Pn;

o ¥ (BF(0)) € BX (x).
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Proof. Let i € N be fixed. Modulo passing to a (non relabeled) subsequence of {e,},en, there exists {, }nen
decreasing to zero and d,,-GH maps

—mk — _
W, BY(0) = (BX, (o), ea™'d).

We will denote by p; , the point on the portion of the geodesic yx between p and xy at distance ¢e,, from z¢, while

gi,n will be the analogous point replacing p with q.

We claim that replacing ), with 1, := 1/, o p, where p is an appropriate isometry of B]iRk (0), we can suppose
that there exists another sequence {8/, }nen decreasing to zero such that

e, d(¥n(ie1), gin) < 0,

and

Er_zld(wn(_iel)»pi,n) S 5»;1
This visually corresponds to asking that the maps 1,, approximately send the line between ie; and —ie; in the
portion of yx contained in B, (o).

To prove the claim we note that there exist points x1,z9 in the image of 4/, that are d,-close in the dilated
distance e;ld to ¢;.n and p; , respectively, so that their preimages a1, as satisfy d.(aq,a2) > 2i — d,, meaning that
they are almost antipodal. In particular there exist antipodal points b1, by € 0B1(0) such that d.(b1,a1) < 6, and
de(bg,ag) < 5n.

We then get that ] (b1) is 24, close to ¢, (a1), and hence is also 39, close to ¢; ,,. Similarly ¢/ (b2) is 36, close
to pin. We then consider a rotation p sending ie; in by and —ie; in by and we define define ), := v}, o p. We then
get

fﬁld(lﬁn(i@l)y Qi,n) = Gﬁld(ﬂ);(bl)a Qi,n) < 35n
and
egld(wn(_iel)vpi,n) = 6;1d(¢;(52)7pi,n) S 3571
In conclusion setting ¢/, := 36,, we conclude the proof of the claim.
From this it follows that the maps v/ : BEM (0) = (BX, (x),€,'d), given by

Un(y) x & {ie1, —ie1}
V() =< Gin Yy =iep
Din Yy = —iey

are 0, := (0, + 0,,)-GH maps.
Finally define the maps 1, : B]iRk (0) = BX (x) by ¥n(y) = ¥/ (y) if y & B1(0) or ¥/(y) € Be, (), while in any
other case ¥, (y) is set to be the point on the geodesic connecting z and !/ (y) at distance €,(1 — /) from z. It is

casy to check that these maps are 58-GH maps such that ¢, (ie1) = ¢i.n, tn(ie1) = pi.n and 1, (BE (0)) C BX ().
So modulo passing to nested subsequences as 7 increases and using a diagonal argument the proof is concluded. [J

Theorem 4.15. Let © € Q be a regular point for X such that Epi(u) admits interior and exterior tangent balls
of radius r at (z,u(x)) such that the the geodesic vy connecting their centers is not horizontal. Then there exists
u™® : R¥ — R such that for every {e,}nen, modulo passing to a subsequence, there exists a blow-up (€,,,) of X in
x such that every v as in (7), modulo passing to another subsequence, has (€, ¥n,u>) as strong blow-up at x.

Proof. Modulo passing to a subsequence we can assume that ne, < ry/1 — s(y)2. We will use the notation p;, ¢; and
u®™ as in the statement of Lemma 4.13. Thanks to Lemma 4.13 and 4.14 there exists a sequence {J; };en decreasing
to zero and §;-GH maps

Wi« B (0) — (BX (2), ¢ 'd)

1€4

satisfying ;(ie1) = qi, ¥i(—ie1) = p; and wi(Bﬂﬁk (0)) € BX(z) and such that (assuming as usual for simplicity that
u(xz) =0)
-1
lle; “v(e;) — u°°||LOO(B]§k o) ~ 0.
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To prove that we have a strong blow-up we need to consider a sequence {;};cn decreasing to zero and 0;-GH maps
Pl Bﬂﬁk (0) — BX(z) each of which differs from t; on at most a finite number of points and we need to prove that

||€;1U(¢§) - UOOHLoo(Blka (0)) — 0.

To this aim define the maps ¢/ : BE" (0) — (BX (z),¢; 'd)

1€

" L w;(y) yeBl(O)
vily) = {mw v ¢ Ba(0).

It is clear that these maps are 0/-GH maps between the respective domains for a sequence {d)},cn converging to
zero. Moreover they satisfy the conditions of Lemma 4.13, so that we get

-1 "
||€n U(¢n) - uOOHLoo(BIiR’V(O)) — 0,
concluding the proof that u* is a strong blow-up. O

Corollary 4.16. For m-a.e. x € Q we have |Vu(z)| = lip(u)(x).
Proof. Tt follows by Corollary 4.9 and Theorem 4.15. O

4.3 A first definition of Graph space

In this section we combine the machinery of strong blow-ups with the refined blow-ups properties of Epi(u) to obtain
preliminary versions of Theorems 5 and 6 in the Introduction (i.e. Corollary 4.23 and Theorem 4.26). To this aim
we follow the strategy outlined in the Introduction under the additional hypothesis that w is Lipschitz.

Definition 4.17. We define the metric measure space (Q, a, m), where Q = Q, for every z,y € Q the distance d is
defined by d(z,y) := dx ((x,u(z)), (y,u(y)) and for every Borel subset B C © (w.r.t. d) the measure m is given by

#(B) := P(Epi(u), B x R).

Note that this space is not complete if u is not continuous. For a function f : Q> R we will denote the local
Lipschitz constant w.r.t. the distance d at a point « € Q by lip(f)(z). We denote by i : @ — Q the identification
map.

Proposition 4.18. Let x € Q be a point as in Theorem 4.15 and let (€, Yy, u>) be the strong blow-up of u at x
given by such theorem. Let j : RF — Graph(u™) C R* x R be the projection on the graph, i.e. j(z) := (x,u™(x)).
Then there exists a sequence {6y tnen decreasing to zero such that the maps

W, =0, 057 G(BY (0) = (((BX (2)), ¢, 'd)
are 0,-GH maps.

Proof. We first prove that for every § > 0, if n is sufficiently large ¢, (j(BHf{k (0))) is a &-net in (i(BX (z)), e, 'd). To
this aim observe that z/;%(j(B]Fk (0))) = i(wn(B]}{k (0))), so that since (e, 1y, ) is a blow-up of X in = we only need to

show that the map - -
i+ (Be,(2), 6, 'd) = (i(Be, (2)), €,

n

18)
sends ¢’-nets to d-nets for ¢ sufficiently small and n sufficiently large.
In particular it is sufficient to prove that if a,b € BX (z) and €,'d(a,b) < ¢’ then

e, d(i(a),i(b)) < e;*d(a,b) + 2lip(u™)d’.

To this aim suppose by contradiction that for every n € N there exist an, b, € B, (z) such that €, 'd(a,b) < §’ and

le, td(ian),i(bn)) — €, d(an, by)| > 2lip(u™)d’.
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By definition of d we have that

|€gla(i(an)vi(bn)) — € d(an, by)| < e u(an) —u(bn)l,

and since u has strong blow-up (€, ¥, u>) in x we can assume (modulo modifying the GH maps ,,) that a,, b, €

Im(¢,), so that €, t|u(a,) — u(b,)| can be made arbitrarily close to |u™(al) — u®(b,)| where v, (al,) = a, and
Y (b)) = by. But if n is large enough ¢, will be a ¢-GH map so that

[u>(ay,) — u™(by,)| < lip(u™)de(ay,, by,)

n n»vn

< lip(u™) (e, 'd(an, by) + 8') < 2lip(u™)d’,

a contradiction. This concludes the proof that for every d > 0, if n is sufficiently large 1, (j (BE"(0))) is a d-net in
(B (2)). ; 14)

Now we need to show that ], almost preserves distances. We pick two points (z1,u*(z1)) and (z2,u™(z2)) in
the domain of ¢/, and we need to compute

e (W, (w1, u™ (21))), 97, (w2, u™ (22)))).
The previous expression is equal to
en A (Y (1), u(Wn(@1))), (Y (22), ulthn(@2))))
= \/6E2d(¢n(x1),wn(xz))2 + e [u(Wn (1)) = u(Wn(@2))|?,

so that using the inequality |v/a2 + b2 — V2 + d?| < |a — c| + |b — d| we obtain

e, M d (e, (21, u™ (21))), ¥ (w2, u™ (22)))) — du (21, 4™ (21)), (w2, u™(22)))|
< len td(Wn(@1), n(@2)) — de(@1, 2)| + |, ' u(n(21)) — € u(tbn(22)) — u™(21) + u™(22)]

and the last term is going uniformly to 0 as n increases, concluding the proof. O

Definition 4.19. Let (Y,d) be a metric space and f,g: Y — R be functions with finite local Lipschitz constant in
y €Y. We define

ip(f) - lip(g) := ; (lip(f + 9)? ~ in(f — %)

Observe that the object defined in the previous definition may fail to be a quadratic form on generic metric
spaces. This additional regularity, in our setting, will be a consequence of Corollary 4.23.

Proposition 4.20. Let 0 € Wl’l(Q). For m-a.e. x € Q such that for every (€, ¥, u™) strong linear blow-up of u

loc
at &, modulo passing to a subsequence, 0 has strong linear blow-up (€, ¥, 0°), we have

(VO - Vu)?

lip(@oi )20 = VO — =y

Proof. Let x be~a point as in t~he statement and assume in addition that Epi(u) admits tangent balls at (z,u(z)).
Let {yn}neny C Q be such that d(i(z),y,) — 0 and

lip(6oi~")(i(z)) = lim M
noteed(i(x), yn)
and define €, := d(i(z), yn). Let (€n,n, u™) be the strong linear blow-up of u at x given by Theorem 4.15 so that,
modulo passing to a subsequence also 6 admits strong blow-up (€., ¥y, 0°°). Moreover thanks to Proposition 4.5
0 4+ u and 6 — u admit strong blow-ups given respectively by (e, ¥n, 0 + u®) and (€, ¥y, 0°° — u>).
In particular by Proposition 4.8, modulo asking that x is out of an appropriate m-negligible set, we have that

[VO|(z) =1ip(6%),  |Vul(z) = lip(u™),
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V(04 uw)|(x) =lip(6>° +u>), and |V(0—u)|(x)=Ilip(6>° —u>).

This implies in particular that (VO-Vu)(z) = lip(6°°)-lip(u*°). Let j be the map given in the statement of Proposition
4.18. We claim that § 03! : i(Q) — R admits strong blow-up (€, 0 1, o j~1,6% 0 j~1) at i(x). Assume for the
moment that the claim holds. Then, thanks to the choice of €,, using Corollary 4.7 we obtain that

lip(00i™")*(i(x)) = lip(6> 0 517,
By doing a simple computation in R¥ one realizes that

lip(0> 0 j~1)% = lip(6>)” — (“p(e:p)@!f)(g =

and this last expression, thanks to our previous remarks, coincides with

(VO - Vu)?

|V0|2 - W2 ’

evaluated in z, concluding the proof. -
To prove the claim we observe that by the previous proposition the maps i o, 0§71 : j(B1(0)) — i~ (B, (x))
are GH approximations and that

||e;1(9 oi toi oy, oj71 —0(x)) — 6 Oj71|||_:>o(j(B]{§k(o)))

-1 oo
= llex (0 0 ¥n — 0(2)) = 0%l 2+ (gy) — O-

On the other hand if {¢, }nen is another sequence of GH maps between j(B;(0)) and i~*(B,, (x)) such that each
1y, differs from i o1}, 0 j =% on a finite number of points, then we can write ¥, =i o0/, 0 j~!
1, on a finite number of points as well. As a consequence we have

, where 1)/, differs from

1 U 00 -—1
len (00 i™" 0t = 0(x)) = 0 0 57 | < 552 1))

= ||€7:1(9 o1y, —0(x)) — eoollLoo(Blf’“(o)) — 0,

proving the claim. To be precise what we proved is not existence of a strong blow-up because j (B?k (0)) is not a
ball w.r.t. dx on the graph Graph(u®°), but this is still sufficient to conclude applying Proposition 4.6 instead of
Corollary 4.7. O

Proposition 4.21. Let 61,05 € Wlloi(Q) For m-a.e. x € Q such that for every (€, ¥n, u™) strong linear blow-up

of u at &, modulo passing to a subsequence, there exist strong linear blow-ups (€,,Yn, 05°) and (€, ¥y, 05°), we have
a . e . . 1
(np(e1 0i 1) lip(fs 0 1)) 0i = Vb1 - V0 — 7 (Vo - Vu) (Vs - Vu),

Proof. By Proposition 4.20 for m-a.e. point as in the statement we have

(o0 071) - Tip(62 037)) 0 = 1 ({61 +02) 0i7)? — (ip((61 — 62) 0 7))?)) o
S lmo s - (T Y v (v -0 52

1
= V01 - Vb — 75 (V61 - V) (VO - Vu).

Corollary 4.22. Let A C Q be a Borel set, then

/ |Tp>(uof1)dﬁ1:/ |Vu|dm.
i(A) A
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Proof. From the previous proposition we obtain that lip(uo i) oi = |Vu|/W for m-a.e. = € Q and since W is also
the density of m w.r.t. m we conclude. O

We will denote by A the set of functions ¢ € Wlloi (Q) such that for m-a.e. z € Q for every strong linear blow-up
(€n, ¥n, u™) of u at x there exists, modulo passing to a subsequence, a strong blow-up (€, ¥, ) of ¢ at z. Observe
that A contains the algebra generated by Lip;,.(2), if f € A and g € Lip;,.(2) then fg € A, and A is closed under
compositions with smooth functions. We denote by A, the set of functions in A having compact support in 2. We

will also denote by L°(£2) the space of m-a.e. real valued measurable functions on €.

Corollary 4.23. The function - : A x A — L°(Q) given by (¢1,¢2) — Ii~p(¢1) . Iﬁ)(gbg) 1s symmetric, bilinear, it
satisfies the chain rule and the Leibniz rule in both entries and lip(¢1) - lip(¢2) < lip(¢1)lip(d2).

Proof. The fact that lip(¢1) - lip(¢2) < lip(é1)lip(¢2) follows from the fact that lip(¢1 + ¢2) < lip(d1) + lip(d2) and
lip(¢p1) < lip(¢1 — p2) +lip(¢2). All the other properties follow from the representation given by Proposition 4.21. [

Definition 4.24. We define 7,, : @ — R by
Mo (€) := d(2, 20) + |u(z) — u(zo)]
andnf(;T:Q%Rby

R 1
Ry . _
W@ = U (27— g e(@) VO

Proposition 4.25. We have that 15, € A and if R < d(0Q,x¢) then nf" € A..

Proof. We only show that 7., € A, as nf:" € A. then follows trivially.

For m-a.e. x € ) the function u is continuous. So suppose that we are in such a continuity point z and that
w(z) > u(xg). Let (en,1¥n,u™) be a strong linear blow-up of u at z. By Corollary 4.4 (modulo passing to a
subsequence and assuming that x is out of an appropriate m-negligible set) the distance function d(-, zo) admits a
strong blow-up (€, ,,d>), while |u — u(xo)| = u — u(xg) locally so that it has strong blow-up (€, 1,, u>®) by the
choice of z. By Proposition 4.5 n,, has strong blow-up (€, ¥y, d> + u).

If we are in a point where u(x) < u(xo) the argument is the same, so that we are left with the points where
u(x) = u(zp). Let (en,®n,u) be a strong linear blow-up of v at . Existence of the blow-up for d(-, z() follows in
the same way as before, while by locality and Proposition 4.8 in m-a.e. such point |u — u(zg)| has strong blow-up
(én, ¥n, 0) so that the same argument we used for the previous case allows to conclude in the same way. O

Theorem 4.26. Let ¢ € A., then lip(¢poi~)-lip(uoi=) € LY() and
/ lip(¢poi ™) -lip(uoi ) dm =0.
o)

Proof. By Proposition 4.21 we get

<Iﬁ)(q§o i1 -lip(u o i_l)) 0f = % m-a.e.,
so that 6. v
[ liptoe i) fptuoibidn < [ KT an < [ (9o]dm < 4o
Q Q w Q

giving that lip(¢oi~') - lip(uoi~t) € L1(€). Hence

/ﬁluo(q5 i) -lip(woi™")dm /Q W dm = 0.
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4.4 The Graph of u

In this section we define the Graph Space of u as anticipated in the introduction and we derive Theorems 5 and 6
from their analogues (i.e. Corollary 4.23 and Theorem 4.26) in the previous section.

Definition 4.27. Let G(u) C Q x R be the boundary of Epi(u). We define the metric measure space (G(u), d,, my),
where dg is the product distance of Q x R restricted to G(u) x G(u) and my is the perimeter measure induced by
Epi(u) on the Borel subsets of G(u). We denote by lip, the local Lipschitz constant of a function f : G(u) — R.

Remark 4.28. The function i, : Q@ — G(u) given by i4(z) := (x, u(x)) preserves distances, measures and its image
has full measure in G(u). Nevertheless the spaces 2 and G(u) are not identifiable as the former may not be complete.
On the other hand if u is continuous the two spaces coincide.

Lemma 4.29. my(G(u) \ Graph(u)) = 0.

Proof. Let C C Q be the set of continuity points of u and for every A C Q set G4 := {(z,u(z)) € G(u) : x € A}.
Observe that since P(Epi(u), ) is concentrated on G(u) and G(u) N (AN C) x R = Ganc we have

P(Epi(u), Ganc) = P(Epi(u), (AN C) x R).
As a consequence, given an open precompact set A C 2, we have

P(Epi(u), A x R) — P(Epi(u),Ganc) = P(Epi(u), A x R) — P(Epi(u), (AN C) x R)

= P(Epi(u), (A\ C) x R) :/ V1+|Vu|?2dm = 0.
A\C
This implies that P(Epi(u),°G¢) = 0, which in turn implies that my(G(u) \ Graph(u)) = 0. O
Lemma 4.30. Let ¢ : G(u) — R be a Lipschitz function (w.r.t. d,). For m-a.e. x € Q we have lip,(¢)(ig(z)) =
p(6 04y 08 1)(ilx)).
Proof. For every x the inequality _
lipg (6)(ig(2)) = lip(¢ 0 g 0 i ")(i())

is trivial so we only need to prove the opposite one.
To this aim fix a point z where u admits strong linear blow-up (€5, %,,u™) as in Theorem 4.15 and let
{(Zn,tn)}nen C G(u) be a sequence of points such that (x,,t,) = (z,u(x)) and

ipy (8)(ig(c) = lim [2E&ntn) — &z, ul@))]

n—+oo  dg((zn,tn), (x,u(x))

We claim that, modulo passing to a subsequence,

dg((xm tn)7 (1‘, u(x))

n—+oo dg((ajna u(xn))a (1‘, U(Jf)) ( )
To prove the claim we define €, := d(z,, z) and note that
ndy(@nst). (ou(a) /1l —u(o)P

Gﬁldg((mn, u(zn)), (z,u(z)) B \/1 + 652|u(mn) _ u(x)|2

Let now v : 2 — R be given by

oly) = {u(y) y ¢ {ondnen

7% Y= Tp.

It is clear that v is a representative of u in the sense of Section 4.2, so that by Theorem 4.15 both v and u admit
strong blow-up (€., ¥,,u>) at x.
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By Lemma 2.9, modulo modifying the maps v,,, we can also suppose that x,, € Im(¢,,). Let y,, € Bﬂfk (0) be such
that 1, (y,) = =, and, modulo passing to a subsequence, let y,, — y. We then get that e, u(z,) — u(x)| — u>(y)
and €, tt,, — u(z)| — u™>(y) as well, proving our claim.

We now claim that

by 10nstn) = S u@) _ L [$lans ulwn) — ol u@)] )

n=to0 dy (w0, ulwn)), (@, ul@)) — n>to0 dy(wn, ulwn)), (@, u(x))

Since ¢ is Lipschitz and dg (@, u(zy)), (z, u(z)) > d(z,, ) we have that

|6 (@n, u(@n)) — $(@, u())| _ lipg(9)[tn — u(zs)|
dg((zn, u(@n)), (z, u(z))| d(zn, z)
|¢(wm n) = ¢, u(@))|

dg((zn, u(zn)), (z, u(z))
[¢(2n, u(zn)) = (e, u(@))] | 1ipg()ltn = w(zn)l
(@ (), (wou()] d(an,2)

The same argument of the previous claim allows then to show that

\ A

IN

[tn — u(xn)]
d(zn, )

so that (14) is verified. From (13) and (14) we deduce

e 19, ) — ol u(r))
||pg(¢)(zg(x))—nl>+oo dg((xn,u( ), (@, u(z))

as desired. O

<lip(¢poigoit)(i(x)),

We define A9 := {¢ € Lip,,.(G(w)) : p oy € A} and AY := {¢ € Lip;,.(G(u)) : poi,4 € A.}. Note that AY is the
set of functions in A9 that have compact support in G(u). These families are closed under the same operations as
the family A.

Theorem 5. The function - : A9 x A9 — L}, (G(u)) given by

(¢17¢2) = llpg(¢1) ' Ilpg(¢2)

is symmetric, bilinear, it satisfies the chain rule and the Leibniz rule in both entries and lip,(¢1) - lip,(¢2) <

Proof. Combine Lemma 4.30 and Corollary 4.23. O

The property of the previous theorem is related to the notion of Lipschitz-infinitesimally Hilbertian space intro-
duced in [40]. Using that if u € Lip;,.(£2), then Lip.(G(u)) C AY, one can check that under the local Lipschitzianity
assumption on u the space G(u) is Lipschitz-infinitesimally Hilbertian.

We now give some definitions that will be very useful also for the next section

Definition 4.31. Let (z,t), (y,s) € Q x R and define p(, 4)((y,s)) := d(z,y) + [t — s|. Given Z € Q x R we then set
Dz, ={7€QxR:pz(g) <r}and

Az s :={x € Q: {z} xRN G(u) N Dz s # 0}.
Given R > r > 0 real numbers and zo € Q we set nft" : G(u) = R

_ R 1 _
1 (@) = 1A (5 = T Pnatea (@) V0.

Observe that 77900 , ©ig =T so that nftr € AJ if R < d(99,x¢). Finally we define u, : G(u) = R as ug(x,t) = t.
Note that ug 0 iy = u.
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Theorem 6. Let ¢ € AY, then lip,(¢) - lip,(uy) € L' (G(u)) and

G(u)
Proof. Since ¢ € Lip.(G(u)) and u, € Lip(G(u)), then lip,(¢) - lip,(uy) € L*(G(u)) trivially. By Lemmas 4.29 and 4.30
we have

/ Iipg(d)) . Iipg(ug) dmg, = / Iipg(d)) . Iipg(ug) dm,
G(u)

Graph(u)
= / lip(¢ o igoit)- lip(woi™t)dm
Q
and by Theorem 4.26 this last term equals zero. O

Corollary. Let u € Lip;,.(2) be a solution of the minimal surface equation, then for every ¢ € Lip,(G(u)) we have

/ Iipg(gzﬁ) . Iipg(ug) dmg = 0.
G(u)

Proof. Since u € Lip,;,.(Q) we have that Lip.(G(u)) C AY, concluding the proof. O

Using the chain rule, the Leibniz rule, the fact that n%" € A9 and applying the previous theorem we also get

Z0,9
the following corollary. This is the version of ’integration by parts’ that we will use repeatedly in the next section.
Corollary 4.32. Letp : R? — R be a polynomial and let f(x,y) := xp(x,y) and ¢ := f(nfdf’g, ug) with R < d(0Q, o).
Let h = goug with g : R — R smooth. Then

/ lip, (¢) - lip, (h) dmy = 7/ lip, (ug)*R" (ug)¢ dmy.
G(u)

G(u)

5 Bernstein Property

In this section, we work on a fixed RCD(0, N) space (X,d, m). The first subsection contains the proof of Theorem 1
(in a stronger version, see Theorem 5.9), while the second one contains the proofs of Theorems 2 and 3 (as anticipated
we prove the stronger version of Theorem 3 given by Corollary 5.13).

5.1 Harnack inequality on G(u)

In this section we assume that u € Wlloi( r(p)) is a solution of the minimal surface equation. The goal is to mimic
the strategy used in [21] to prove the Harnack inequality for u, on G(u) i.e. Theorem 5.8. The challenge in adapting
the aforementioned strategy is to prove that w, is harmonic on G(u) and this was done in Section 4.4. Besides
harmonicity on the graph, the other key steps are the validity of Poincaré and Sobolev inequalities on G(u) i.e.
Theorems 5.6 and 5.7.

These theorems can be obtained in our setting with the same ideas used in [21]. For this reason we only give
a detailed proof of Theorem 5.6, so that one sees what changes need to be made from the corresponding proof
n [21]; the same exact changes allow then to obtain also the Sobolev inequality from the analogous result in the
aforementioned work. Once the harmonicity of u on G(u) and the Poincaré and Sobolev inequalities are established,
the Harnack inequality follows formally repeating the same argument of [21] and for this reason the proof of Theorem
5.8 is only sketched.

We will often use the notation & = (x,t,) € X X R when considering points in the product space. Moreover, we
will use extensively the notation introduced in Definition 4.31 concerning sets of the type Dz, and Az .

Lemma 5.1. There exists a constant C > 0 depending only on N such that for every & € G(u) and 0 < t,r,s <
R —d(z,p) with r > s we have

my(Dz,s) > Cmg(Dzr)

and
lm(Bt(m)) <my(Dz+) < Cm(Bi(z)).
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Proof. From Theorem 2.33, the fact that my is doubling and the fact that the ball Bs(Z) C X x R contains the
rectangle B, o(x) X (tz — 5/2,t, + 5/2) we get

2mx (B /2(7)) M (Bs(7))

my(Dzs) > my(B, /(7)) > 1 5 .

m(B;, 2
> 62% > c3m(B,(z)).
Since m is doubling, by a standard argument (see [21, Equation (2.1)]), we obtain

sN

csm(Bs(x)) > C4m(BT(x))TW'

Using the same tools as in the first part of the proof we then obtain that

sV sV my (B, (%)) sV sN
eam(B,() 5 2 eom(B () Sy 2 e ™D o (0, )

proving the first inequality. Replacing s with ¢ in the first and last chain of inequalities we obtain the second one. O
Definition 5.2. For every t € R and Z € G(u) we define
Eo = {7 € Gu) s uy(9) > t +uy(2)} and Bl = {7 € G(u) : uy() < ¢ +uy(2)}.

Lemma 5.3. There exists a constant C > 0 depending only on N such that for every T € G(u) and r > 0 with
Bz () C Br(p) and for A'-a.e. t € (—r,r) we have

m({u > uy(Z) +t} N Br_(x)) > Cmy(E N D). (15)
Moreover if .
my(Ey N Dg,r) < 5mg(Da.r), (16)
then
m({u < uy(2) + 13 1 By (2) > Om(B, (2)). (a7

Analogous inequalities hold replacing E; with E| and reversing the inequality signs appearing in the left hand sides
of inequalities (15) and (17).

Proof. We first prove (17). We denote Z; := (z,t, + t) and we consider the compact set V' C X x R given by the
closure of

{56 Doy s uly) < b +1, 1y € (uly), b + D),
and we define the competitor C' := Epi’(u) U V. Since Epi’(u) minimizes the perimeter we have
P(Epi'(u), Dz 3:) < P(C, Dz3,). (18)

We now claim that
P(Epi'(u), (G(U) \ GV) N Df,?ﬂ") = P(C7 (ac \ av) N Di,Br)' (19)

To prove the claim observe that by the definition of V' we have 0C' \ 0V = G(u) \ OV and, if ¢ € G(u) \ 9V, then in
a small ball centered at ¢ we have that C = Epi’(u), which implies the claim.
Subtracting (19) from (18) we deduce that

P(Epi'(u),0V N G(u) N Dz 3,) < P(C,0V NAC N Dy 3,).
Using first the definition of V', then (16) and finally Lemma 5.1 we get

P(Epi’(u),0V N G(u) N Dy 3,) > my(E; N Dz,
> cymy(Dz,) > com(B,(x)),

33



so that to prove (17) it is enough to show that
P(C,0VNOCN Dg3r) < csm({u < ug(Z) +t} N By (x)).
To this aim observe that 9V N 9C is the disjoint union of
A= X x {ty +t} NEpi(u) N Dz, rq e,

B:=Xx (-OO,ta; + t) n Epl(u) N 8Dit,’r‘+‘t|7

and
D:=(A\A)U(B\B).

If ¢ € A, then in a sufficiently small ball centered at ¢ the set C' coincides with the subgraph of the constant function
t + t,. This, together with the area formula given by Proposition 2.36, implies that

Similarly if ¢ € B, then in a sufficiently small ball centered at ¢ the set C' coincides with the epigraph of a function
with Lipschitz constant 1. Moreover if ¢ € B, then its projection on X X {t 4+ t,} belongs to A (this is clear
from the picture, and depends on the fact that we defined V' using Dj, ;¢ and not Dz ,yp). This implies that
P(C,B) < csP(C, A).

Finally for M-a.e. t € (—r,7) we have that my(X x {t, +t}) = 0 and my(dD; ;1) = 0. Using the area formula
given by Proposition 2.36 we get that for every such ¢t we have m(mx(A\ A)) = m(nx(B \ B)) = 0, which in turn
implies that P(C, D) = 0.

In particular

P(C,0VN0C) = P(C,AUB) <csm({u <ty +t} N Boyjy(x)),

as desired.
The proof of the other identity follows an identical argument replacing V' with the closure of

{y €Dz, rt i uly) >te+1t, ty € (tz +t,uy))}
In this case since since the r.h.s. is my(E;) we don’t need to use the condition (16), which was needed to say that
my(Ey) > crm(Br(2)). O

The next lemma corresponds to Lemma 3.3 in [21]. Our formulation is slightly different and, later on, it will
allow us to avoid the use of the Coarea formula on G(u), since this tool is a priori not available.

Lemma 5.4. There exists a constant C > 0 depending only on N such that for every & € G(u) and r > 0 with
Bs.(z) C Br(p) and for \'-a.e. t € (—r,r) if

1
my(Ey N Dz ) < img(ch,r),

then
my(Ey N Dz ) < CrP({u > ug(z) +t}, Az 3r).

The same statement holds replacing E; with E| and reversing the inequality sign appearing in the right hand side of
the last inequality.

Proof. We have
3rP({u >ty +t}, Bryp () > (r+ [t) P({u >ty +t}, Brypy(2))

and thanks to Proposition 2.30 this last quantity is greater than or equal to
cymin {m({u >t +t} N By (7)), m({u <t +t} N Bryyy(2)) }- (20)

Because of (17) in Lemma 5.3, for A-a.e. t € (—r,r) the quantity in (20) is greater than or equal to com({u >
t +t;} N Byyjy(x)), which is then greater than or equal to csmgy(E; N Dz ) by equation (15) in the same lemma.
Summing up we proved that

mg(Et N Diﬂ-) < 047’P({u >ty + t}, Br+\t|(x))a
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so that to conclude we only need to show that

To this aim we will show that 0{u > t, +t} N B,y (z) C Ags,, from which the desired inequality will follow
immediately. Let y € 0{u > t, +t} N B,,;/(z) and assume by contradiction that (y,t, +1) ¢ G(u). As G(u) is closed
there exists a small ball centered in (y, ¢, +t) which is either fully contained in the interior of Epi(u) or in the interior
of its complement. We only consider the first case, the other one being analogous. Call B the aforementioned ball,
and let € > 0 be small enough such that B.(y) X [ty +t —€,t, +t+ €] C B, so that we deduce that u < t, +t—¢€in
B.(y), contradicting the fact that y € d{u > t, + t}.

We deduced that (y,t, +t) € G(u), so that to conclude we only need to note that (y,t; +¢) € Dz 3, since
te(—rr). O

Lemma 5.5. Let f : R — R be a smooth monotone function and define ¢ : G(u) = R as ¢ := fou,. Let T € G(u)
and r > 0 be such that B,(x) C Br(p), then

/7 |V(</)oig)|dm:/i Iipg(qb)dmg.

xT,r x,T

Proof. By Lemma 4.29 we know that
mg(Dz .\ ig(igl(Di,r))) =0,
so that

/ Iipg(gb)dmg:/i lip, (6) o g d(my o iy).

Dz 7 (D)

Since my 04y = m and W(Az, Ai; ' (Dz,)) = 0 (since u is continuous m-a.e.) we get that the previous expression
can be rewritten as

/ lipy () 0 iy dm.
As,

Thanks to Lemmas 4.30 and Corollary 4.22 this is equivalent to
| Weteeiai= [ [9(@oi,)dn
A.’im AE,T

concluding the proof. O

Given a function f € L*(G(u)) we use the notation

fi,T = ][ fqu
Dz,

Theorem 5.6. There exists a constant C > 0 depending only on N such that for every T € G(u) and r > 0 with
Bs,(x) C Br(p) and for every smooth monotone function f: R — R, defining ¢ : G(u) = R as ¢ := f ougy, we have

[ to-ssan,<cr [, (0)am,

Proof. Observe that since f is smooth and monotone, for every s € R we have that {¢ > s} = {uy, > f7!(s)} (or

{ug < f71(s)}if f is decreasing) and if A C R has full \' measure then also f~!(A) has this property. This will allow

us to use Lemma 5.4 in what follows. We assume for simplicity that f is increasing, as the other case is analogous.
Now suppose again for simplicity (the other case being again analogous) that

mg({¢ > ¢i,r} N Di,r) < mg({¢ < ¢9’c,r} N Di,r)'

In this case for every t > 0 we have

mg({d) > d)i',r + t} N Di‘,r) S mg({¢ > (b;i,r} N Di‘,7')
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<my({¢ < @z} N Dz ) <my({d < bz +1} N Dzy),
so that in particular

my({6 > G + 1)1 D) < my(Dsy).

Hence, using first a variation of Fubini’s Theorem (see [4, Proposition 1.78]) and then Lemma 5.4 we get

+oo
/ (6 = 6s.r) dm, = / my({¢ >t + ésr} N Dy dt,
{¢>¢z,-}NDgz 0
—+o0
S C’I" P({(b [©] ig > t + ¢§:,7‘}7 Aj,gr) dt
0

This last expression, by the Coarea formula in X and Lemma 5.5, is less than or equal to

C’l"/
A

V(@oildn= [ lip,(¢)dn,.

Dz 3r

z,3r

Summing up, we proved that

/ (¢ — bz,r) dmy < CT/ lipy () dm,.
{¢>dz,r}NDz,r D

x,3r

To conclude we simply observe that

| 1o usldm,

T,

= / (¢ - ¢i7r> dmg + / (¢ - (b:i,r) dmg
{¢>dz,»}NDz {¢<¢z,»}NDz »

- 2/ (6 — da.r) dmy < QCr/ lip, (¢) dm,.
{¢p>¢z,r}NDgz D

z,3r

We now state the Sobolev isoperimetric inequality.

Theorem 5.7. There exists a constant C > 0 depending only on N such that for every T € G(u) and r > 7 > 0 with
By, (x) C Br(p) and for every smooth monotone function f: R — R, defining ¢ : G(u) — R as ¢ := f o ugy, we have

SCT(/D

. 2r
<c(r /D iy (¢)? dm, + = /D ¢ dm, ).
z rtT

&,r+T

N—-1

mg(ch,r)l/N( . ¢>% dmg) "

Iipg(qﬁ)dmg—F%/Di ¢dmg>

R

and
—1

mg(Di,r)l/N (/ ¢% dmg) B
Dz,

We only sketch the proof of Theorem 5.8, so that one sees how the machinery of the previous section replaces

integration by parts in the smooth setting. The part of the proof that we omit is formally the same as the one in
[21].

Theorem 5.8. There exists a constant C' > 0 depending only on N such that if (X,d,m) is an RCD(0, N) space and
u € Wll(;i(BR(p)) is positive and satisfies one of the equivalent conditions in Theorem 3.1, setting p := (p,u(p)), we
have

sup u, < C inf Ug.
G(u)NDp r/2 G(w)NDp r/2
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Proof. Let 0 < s < R and define w : G(u) — R by

w = logug — ][ logug dmy.

p,s

Let n : G(u) — R be function of the form 7,72 (see Definition 4.31) which is supported in Dj g and let ¢ € [0, +00).
Because of Corollary 4.32 we have

/ lip, (w)*nP ] dmy = / lip, (w) - lip, (17 0]?) dm,g
G(u) G(u)

=2 / nlwltlip, () - lip, (w) dmy + g / 72 w]4 olip, (w)? dim,
G(u) G

(u)

1 . . 1
< 2/(3( )Ilpg(w)2772|w|q dmg—|—2/G( )Ilpg(n)2|w|qdmg—|—q/ n*|w|? 1||pg(w)2 dmg.

(u)
The previous inequalities imply
l 202 w|? dm, < 4 li Hw|?d 2 2|9 i 2d
ipg(w)™n”w|? dmgy < ipg(n)”|wl|? dmg + 2q n”|w|T lipg (w)~ dmyg,
G(u) G(u) G(u)

so that choosing 1 appropriately we get for every r < R/4 the inequality
. 9 8
lipy(w)” dmy < —my(Dp ar).
Dp,sr r

This corresponds to equation (4.21) in [21] and the remaining part of the proof can be carried out formally repeating
the same argument of [21], replacing the smooth objects with the appropriate ones in our setting. O

As an immediate application of the Harnack inequality we get the following result, which implies Theorem 1.

Theorem 5.9. Let (X,d,m) be an RCD(0, N) space and let u € Wlléi(X) be a function satisfying one of the equivalent
conditions of Theorem 3.1. If u is positive then it is constant.

5.2 Applications to the smooth setting

In this section we prove Theorems 2 and 3 from the Introduction. Given a manifold (M, g) we denote by m, its
volume measure and by d, its distance. If V' : M — R is a smooth function we say that the metric measure space
(M™,d,,e=V'm,) is a weighted manifold. Given an open set Q& C M we say that a function u € C*°(f2) is a solution
of the weighted minimal surface equation on Q\ OM if

iv( e VVu
V14 |Vul?

We say that the boundary of a manifold with boundary is convex if its second fundamental form w.r.t. the inward
pointing unit normal is positive. The next proposition can be obtained repeating an argument in [33, Theorem 2.4].

):o on Q\ M.

Proposition 5.10. Let (M",d,, e~V dm,) be a weighted manifold with convex boundary such that for a number N > n
we have

% 1%
Ric 4+ Hessy — Wevv >0 onM\AIM, (21)
N —n
with the convention that if N = n only constant weights are allowed, then (M",d,,e~"dm,) is an RCD(0, N) space.

Given a weighted manifold with boundary (M",d,,e~"dm,) and a smooth vector field A € TM we define the
pointwise divergence in the weighted manifold by divyy A := divA — VV - VA.

Proposition 5.11. Let (M",d,, e_Vdmg) be a weighted manifold with convex boundary satisfying condition (21) for
N >0 and let u € C*°(Bgr(x)) be a solution of the weighted minimal surface equation on Br(x)\ OM whose gradient
vanishes on OM N Bgr(x). Then u solves the minimal surface equation on Br(x) in distributional sense.
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Proof. We first check the statement testing against C°(M) functions. Let ¢ € C°(M) and let v be the outward unit
normal on OM. Integrating by parts we obtain

/@-we—vdmg /(bdlvv —Vd g+/ —Vu-ve V dH" !, (22)
m W om W

where H" ! is the Hausdorff measure w.r.t. d,. Since u solves the minimal surface equation on M\ M we have that

Yu

dIVV( ) = 0 pointwise, while the second addendum in (22) is zero by the condition on Vu. The same is true for

¢ € Lip.(M) via a standard approximation argument. O

Theorem 2. Let (M",d,,e=V'm,) be a weighted manifold with convex boundary such that there exists N > n
satisfying
. VV @ VV
Ricy + Hessy — YV eVY >0 onM\JIM.
N—n
If u € C*(M) is a positive solution of the weighted minimal surface equation on M\ OM whose gradient vanishes on
OM, then u is constant.

Proof. The weighted manifold (M",d,,e~"dm,) is an RCD(0, N) space by Proposition 5.10, while u solves the
minimal surface equation in distributional sense on the weighted space by Proposition 5.11. The conclusion follows
by the Theorem 1. O

Let z € X, r > 0 and f : By(x) — R. We define
Osca(f) = sup{|f(y) = f(2)] : y € Br(2)},
wr(f) = sup{(f(y) = f(2))+ : y € Br(2)},
)=

o (f) = sup{(f(y) — f(2))- : y € B,(2)}.

Theorem 5.12. Fiz N € (1,+00). For every T,t,r > 0 there exists R(N,T,t,7) > 0 such that if (X,d,m,x) is a
pointed RCD(0, N) space and u € Wloc(BR( x)) s a function satisfying one of the equivalent conditions of Theorem
3.1 such that Oscy (u) > t, then

Osc) p(u) >T and Oscy p(u) >T.

Proof. Assume by contradiction that the statement is false. Then there exist T', ¢, > 0, a sequence { R; };¢n increasing
to 400, a sequence of RCD(0, N) spaces (X;,d;,m;,z;) and solutions u; € Wloc(BR (x;)) of the minimal surface
equation such that Oscy, (u;) >t and

Osc;:_’Ri (u;) <T or Osc, g (u)<T.

Modulo normalizing the measures m; we may suppose that m;(Bj(x;)) = 1, while modulo translating vertically each
function u; we may suppose that u;(z;) = T. Moreover, passing to a (non relabeled) subsequence, we can suppose
(the other case being analogous) that Osc, p (u;) < T. Under these assumptions we have that all the functions u;
are positive in their domains, so that using the Harnack inequality on their graphs we get that they are all locally
uniformly bounded.

Denote then E; := Epi(u;) C Bpg,(x;) x [0,400) and observe that E; is perimeter minimizing in Bpg,(z;) x R.
Modulo passing to yet another (non relabeled) subsequence, the spaces (X;,d;, m;,x;) converge in pmGH sense to
an RCD(0, N) space (X,d, m,z), which implies that X; x R — X x R in pmGH sense as well. The sets E; converge
then (again modulo passing to a subsequence) in LlloC sense to a perimeter minimizing set £ C X x R. Moreover
the Kuratowski convergence of JF; to OF in the space realizing the convergence (see Proposition 2.35), the fact
that Graph(u;) C OF; and that Graph(u;) can only converge in Kuratowski sense to a graph, imply that there exists
u: X — [0, 4+00) such that Graph(u) C OF (u is real valued since the functions u; are locally uniformly bounded).

It is easy to see that this implies that E' = Epi(u). Observe in addition that Osc, 2,(u) > t again by the Kuratowski
convergence of Graph(u;) to Graph(u) and the lower bound on the oscillation of each w;. Finally, modulo doing an
extra vertical translation on the functions wu;, we can assume that 0 < infx u < t/¢, where c is the constant appearing
in Theorem 5.8 (in particular we can do this translation in such a way that the functions u; are still positive on every
ball of fixed radius in the respective space for i large enough).
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We now claim that u satisfies an Harnack-type inequality on its graph, which will force its oscillation to be strictly
less than ¢, a contradiction. As we did previously in the note we will denote by u, the height function on 0F and by
u;4 the height function on dF;. For every ¢ > 0 and s > 0, thanks to the Kuratowski convergence of E; to OF we
have for ¢ large enough

sup ug < sup Ujg + €
G(u)ND(z,1),s G(ui)ND(x; T),25
and
inf Uy < inf Ug + €.
G(ui)ND(x;,T),25 G(u)ND(z,1),s

Using then the Harnack inequality given by Theorem 5.8 we find a constant ¢ > 0 such that for i large enough

sup Uijg < C inf Ujg-
G(ui)mD(wi,T),Z’s G(ui)mD(mi,T),Qs

Putting these facts together we get

sup  ug <c inf ug +€(c+1),

G(u)ND(z,1),s G(u)ND(x,1),s

and since € was arbitrary we obtain
sup ug < ¢ inf Ug.

G(u)ND(p, 1y, G(u)ND(z,1),s
In particular letting s go to 400 and using the fact that infx u < ¢/c¢ we conclude. O

Combining with Propositions 5.10 and 5.11 we get the following corollary, which is a stronger version of Theorem
3.

Corollary 5.13. Fiz N € N. For every T,t,r > 0 there exists R(N,T,t,7) > 0 such that if (M",d,, e~ dm,) is a
weighted manifold with convex boundary satisfying condition (21) for n < N and u € C*°(Bg(x)) is a solution of the
weighted minimal surface equation on Br(x)\ OM whose gradient vanishes on OM N Br(x) such that Osc, (u) > t,
then

Osc, p(u) >T and Oscy p(u) >T.
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