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NONNEGATIVE RICCI CURVATURE
AND MINIMAL GRAPHS WITH LINEAR GROWTH

GIULIO COLOMBO, EDDYGLEDSON S. GAMA, LUCIANO MARI AND MARCO RIGOLI

We study minimal graphs with linear growth on complete manifolds A" with Ric > 0. Under the further as-
sumption that the (m—2)-th Ricci curvature in radial direction is bounded below by Cr ()72, we prove that
any such graph, if nonconstant, forces tangent cones at infinity of M to split off a line. Note that M is not
required to have Euclidean volume growth. We also show that M may not split off any line. Our result par-
allels that obtained by Cheeger, Colding and Minicozzi for harmonic functions. The core of the paper is a
new refinement of Korevaar’s gradient estimate for minimal graphs, together with heat equation techniques.

1. Introduction

The theory of entire minimal graphs in Euclidean space R, that is, of functions u : R — R solving the

Du
div| ——=1]=0 MSE
1V<\/1—|—|Du|2) ( )

is built upon the following foundational results:

minimal (hyper-)surface equation

(#1) The Bernstein theorem: solutions to (MSE) are all affine if and only if m < 7.
(%2) For each m > 2, positive solutions to (MSE) are constant.

(%3) For each m > 2, solutions to (MSE) with at most linear growth on one side are affine (i.e., the
Hessian D?u = 0).

Here, u is said to have at most linear growth on one side if, up to changing the sign of u,
u(x) = —C(1+r(x))

holds on R™ for some constant C > 0, where r is the distance from a fixed origin. The validity of (#1)
is due, as well-known, to the combined effort of S. Bernstein [1915] (m = 2, see also [Mickle 1950;
Hopf 1950]), W. H. Fleming [1962] (still for m = 2), E. De Giorgi [1965] (m = 3), F. Almgren [1966]
(m =4), J. Simons [1968] (m < 7) and E. Bombieri, De Giorgi and E. Giusti [Bombieri et al. 1969a]
(counterexamples if m > 8). On the other hand, (%2) and (#3) were both proved by Bombieri, De Giorgi
and M. Miranda [Bombieri et al. 1969b] for m > 3; in particular, (#3) refines J. Moser’s theorem [1961],
which states that u is affine provided that |Du| € L°(M). Further properties of entire minimal graphs in
Euclidean space were obtained by Bombieri and Giusti [1972]: among them, we mention the fact that u is
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affine whenever m — 1 of its partial derivatives are bounded. The result was improved in recent years by
A. Farina [2015; 2018], who showed that u is affine if m — 7 partial derivatives of u are bounded on one
side. Further enhancements of Moser’s result, proving that D?u = 0 by only assuming that | Du| = o(r)
as r(x) — oo, were obtained in [Caffarelli et al. 1988; Ecker and Huisken 1990; Simon 1989]. We also
mention the recent [Farina 2022], where the rigidity of a minimal graph is obtained by assuming that an
upper level set contains, or is contained in, a half-space.

In a Riemannian setting, it is natural to ask the following:

Question 1. For which classes of complete Riemannian manifolds M one could expect results like
(#1), (#2), (#3)?

The problem motivated our previous works [Bianchini et al. 2021b; Colombo et al. 2022], as well as
the present paper. Recall that a solution to (MSE) on a Riemannian manifold (M™, o) gives rise to a graph

F:M—>RxM, F(x)=wx),x),

which is minimal if the ambient space R x M is endowed with the product metric dt*> 4 o. Hereafter,
we say that the graph is entire if u is defined on the whole of M.

If M is close to hyperbolic space H™, namely, M is a Cartan—-Hadamard manifolds with suitably
pinched negative curvature, (#1), (%2), (#3) drastically fail, since each continuous function on the
boundary at infinity of M can be attained as the limit value of an entire minimal graph, which is therefore
bounded. An exhaustive literature on the problem can be found in the survey [Heinonen 2021]; see also
the introduction of [Bianchini et al. 2021a].

Denoting by g = F*(dt?> 4 o) the graph metric and with A ¢ its Laplace—Beltrami operator, (MSE)
can be written as A,u = 0, making contact with the theory of harmonic functions. In Euclidean space
M = R" (#2) and (%3) hold as well when considering harmonic functions instead of solutions to
(MSE), while the analogy fails for (#1) since there is no rigidity for entire harmonic functions without
imposing any growth condition. This suggests that, for (%2) and (#3), an answer to the above question
may be guided by the global behavior of harmonic functions on Riemannian manifolds, according to
which it is natural to consider the problem on manifolds satisfying either

Sec>0 or Ric=>0, (D)

where Sec, Ric are the sectional and Ricci curvatures of (M, o). Indeed, if Ric > 0, positive harmonic
functions on M are constant, by S.Y. Cheng and S.T. Yau’s gradient estimate [Yau 1975; Cheng and Yau
1975], while a harmonic function with linear growth forces any tangent cone at infinity of M to split, by
work of J. Cheeger, T. Colding and W. Minicozzi [Cheeger et al. 1995]. Furthermore, M itself splits off a
line if Ric > 0 is strengthened to Sec > O (see [Antonelli et al. 2022] for a complete proof), or if M is
parabolic (see [Li and Tam 1989] and Remark 5 below).

In view of the convergence theory developed in the past 50 years for manifolds with Sec > 0 or Ric > 0,
some of the tools used to prove the Bernstein theorem in R” are available on manifolds satisfying (1),
making these assumptions a natural setting also for the study of (#1). However, much has to be done
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and (#1) seems very challenging to prove even on manifolds with Sec > 0. In fact, we are aware of no
results in this direction.

The situation is different for (%2) and (#3), for which, as we shall detail below, the main difficulty is
to prove the results by only requiring Ric > 0, arguably the sharp condition for their validity (in this case,
however, (#3) has to be suitably weakened, see later).

Regarding (£2), after previous work by H. Rosenberg, F. Schulze and J. Spruck [Rosenberg et al.
2013], a complete answer was obtained by the first, third and fourth authors together with M. Magliaro
[Colombo et al. 2022], and independently by Q. Ding [2021a] with different methods:

Theorem 2 [Colombo et al. 2022; Ding 2021a]. Connected, complete manifolds M with Ric > 0
satisfy (#2); that is, entire positive minimal graphs over M are constant.

In this paper, we address (#3). In view of the result in [Cheeger et al. 1995], it is reasonable to
formulate the following:

Conjecture 3. Let M be a connected, complete manifold with Ric > 0 and possessing a nonconstant
entire minimal graph with at most linear growth on one side. Then, every tangent cone at infinity of M
splits off a line.

The problem seems to be considerably harder compared to the case of harmonic functions. We are
aware of only two results in the direction of Conjecture 3. Ding, J. Jost and Y. Xin [Ding et al. 2016]
proved that R™ is the only manifold satisfying the following assumptions:

. . |Brl
Ric >0, Iim > 0, 2.a)
r—oo rpn
the curvature tensor decays quadratically 2.8)

and admits an entire, nonconstant minimal graph with at most linear growth on one side. Very recently,
Ding [2021b] posted on arXiv a paper where he proved Conjecture 3 on manifolds satisfying the
assumptions in (2.«). The bulk of his argument is to show the remarkable property that the isoperimetric
inequality, satisfied by (M, o) in view of (2.«), is inherited by the graph of u. This allowed Ding to
adapt, in a nontrivial way, tools from [Bombieri et al. 1969b; Bombieri and Giusti 1972] and from
Cheeger—Colding theory to reach the goal. We stress that his method heavily depends on the Euclidean
volume growth condition in (2.«).

In our work, we address Conjecture 3 without requiring the Euclidean volume growth assumption, but
rather a mild further curvature condition. To formulate our main result, we first recall the definition of the
£-th Ricci curvature:

Definition 4. Let (M, o) be a manifold of dimension m > 2. For £ € {1, ..., m — 1}, the £-th (normalized)
Ricci curvature is the function
¢
1
(O - — .
ve T M Ric*”’(v) = 1/\2& (g ZSec(v /\ej)>,
dimw=¢  J=1
where {e;} is an orthonormal basis of W.
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The function Ric'®) interpolates between the sectional and Ricci curvatures, obtained respectively
for £ = 1 and, up to the normalization constant m—1 for £ = m — 1. In particular, with our chosen
normalization the following implications are immediate:

Sec>¢ = Ric“P>¢ = Ric®>¢ = Ric>@m—1e.

Hereafter, given H € C([0, c0)) and denoting by r the distance from a fixed origin 0 € M, we use the
short-hand notation Ric®® (Vr) > —H (r) on M to mean the inequality

Ric®(Vr(x)) > —H(r(x)) forall x € M\({o} Ucut(0)),

where cut(o) is the cut-locus of o.

A relevant class of manifolds for which rigidity holds without imposing any growth of u is that of
parabolic ones. Recall that a manifold M is said to be parabolic if every positive superharmonic function
on M is constant.

Remark 5. By work of N. Varopoulos [1981] and Li and Yau [1986], if Ric > 0 the parabolicity of M is

equivalent to
o
d
[ = ©)
| B |

where Bj is a geodesic ball centered at a fixed origin o. Indeed, (3) is sufficient for the parabolicity of a

complete manifold, independently of any curvature requirement; see [Grigoryan 1999].

Lastly, we recall that a tangent cone at infinity for a complete (noncompact) manifold M is any metric
space obtained as a blow-down of M. More precisely, a pointed metric space (X oo, doo, Xo0)> Xoo € Xoo>
is a tangent cone at infinity for (M, o) if, for some base point x € M and some sequence {A,} of positive
real numbers such that A,, — o0, one has

(M, 1, disty, x) = (Xoos doo, Xoo)

in the pointed Gromov—Hausdorff (pGH) sense. If (M, o) has nonnegative Ricci curvature, then tangent
cones at infinity exist based at any point x € M, by Gromov’s precompactness theorem [2007].
We are ready to state:

Theorem 6. Let (M, o) be a connected, complete Riemannian manifold of dimension m > 2 with
Ric > 0,
and let u € C*° (M) be a nonconstant entire solution to (MSE).

() If M is parabolic, then it admits a splitting M = N x R with the product metric oy + ds* for some
complete manifold N with Ricy > 0 such that in the variables (y, s) € N xR it holds u(y, s) =as—+b
for some a, b € R.

@i1) If M is nonparabolic and

e u has at most linear growth on one side,
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o there exists an origin o € M such that, denoting by r the distance from o,
=2

1472

Ric™ =2 (Vr) > — on M, (4)

for some constant k > 0,

then every tangent cone at infinity of M splits off a line.

Remark 7. In case (i), the claimed splitting M = N x R for which u is independent of N may not be
the unique splitting of the manifold as a product of a line and a complete manifold, as the case of affine
graphs on M = R? shows. In case (ii), since M is nonparabolic then necessarily m > 3 (see below), so
Ric™~? is well-defined. In the statement of (ii), we also emphasize that tangent cones at infinity may be
based at any point of M, not necessarily at o.

Case (i) in Theorem 6 is easy to obtain, and might be well-known among specialists. We included it
for the sake of completeness. Regarding case (ii), the curvature condition in (4) is only used to infer that
u has bounded gradient on M. In other words, as a consequence of our proof we obtain a generalization
of Moser’s result [1961] to the following:

Theorem 8. Let M be a connected, complete manifold with Ric > 0. If u is a nonconstant solution to
(MSE) and |Du| € L* (M), then every tangent cone at infinity of M splits off a line.

It was already observed in [Cheeger et al. 1995] that a manifold M with Ric > 0 may not split off any
line despite each of its tangent cones at infinity does. A counterexample was constructed in [Kasue and
Washio 1990], and building on it we get the following result:

Proposition 9. For m > 4, there exists a connected, complete manifold M with
Ric® >0, Ric>0, |Sec|<=r?

for some constant k > 0, which carries a nonconstant minimal graph u : M — R with |Du| € L*°(M).

Note that Ric®” =2 > 0 and that, having positive Ricci curvature, M does not split off any line. Whence,
in assumption (ii) of Theorem 6 the conclusion cannot be strengthened to a splitting of M itself, at least
if m > 4.

When Sec > 0, however, the above phenomenon does not happen. Leaving aside dimension m = 2,
covered by case (i) in Theorem 6, we obtain

Corollary 10. Let (M, o) be a connected, complete Riemannian manifold of dimension m > 3 satisfying
Sec > 0. If there exists a nonconstant entire solution u € C*° (M) of (MSE) with at most linear growth on
one side, then M admits a splitting M = N xR with the product metric oy +ds> for some complete manifold
N with Secy > 0 such that in the variables (y,s) € N x R it holds u(y, s) = as + b for some a, b € R.

The corresponding problem for harmonic functions was also studied by A. Kasue [1990]. Corollary 10
relates to the results obtained by P. Li and J. Wang [2004]. There, the authors study connected, complete,
stable minimal hypersurfaces ¥ — M properly immersed into a complete manifold M whose sectional
curvature is nonnegative, and prove that either £ has only one end or X is a totally geodesic cylinder P x R,
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for some compact manifold P with nonnegative sectional curvature. Our setting falls into their framework,
since a minimal graph in R x M is stable, properly embedded and M = R x M has nonnegative sectional
curvature. However, our conclusion is stronger, since it allows M to have only one end and it also implies
a splitting of M itself.

To conclude, we prove the next result for graphs with slower than linear growth on one side, that
should be compared to [Ding et al. 2016, Theorem 3.6; 2021b, Theorem 1.4].

Theorem 11. Let (M, o) be a connected, complete Riemannian manifold of dimension m > 2 with Ric > 0,
and let u € C* (M) solve (MSE) on M and satisfy

u_(x) B

0, (&)

im =
r(x)—>o00 r(x)
where u_(x) = max{—u(x), 0}. Assume that either
e M is parabolic, or

o M is nonparabolic and there exists an origin o € M such that, denoting by r the distance from o,
=2

Ric”"2(Vr) > — onM,

1472
for some constant k > Q.

Then, u is constant.

Remark 12 (more general curvature bounds). It is natural to wonder whether conditions Ric > 0 or Sec >0

can be weakened still allowing for some rigidity of # and M. In this respect we quote [Bianchini et al. 2021a,

Example 3.1], where the authors constructed a manifold M of dimension m > 3 with two ends, satisfying
=2

Sec > ——~ vol(B,) < Cr™
iy 1 + ]"2 9 r —

for constants k, C > 0 and supporting a nonconstant, bounded entire minimal graph. On the other hand,
the existence of such a solution to (MSE) is forbidden if M has asymptotically nonnegative sectional
curvature and only one end; see [Casteras et al. 2020]. An interesting class for which one might try to
obtain rigidity results is that of manifolds with quadratically decaying (or asymptotically nonnegative)
Ricci curvature and linear volume growth; see [Sormani 2000].

Strategy of the proof. Case (i) in Theorem 6 is a direct consequence of the parabolicity of (M, o), which
in our setting can be transplanted to the graph of u. In particular, since every surface with Ric > 0 is
parabolic, the result holds if m = 2, so we focus on dimension m > 3. In [Bombieri et al. 1969b], the
authors obtain (#3) in R™ via the following steps:

(a) a sharp gradient estimate, implying that a solution u € C*°(R™) to (MSE) with at most linear growth
on one side satisfies | Du| € L (R™);

(b) an argument of [Moser 1961]: since | Du| € L°°(R™), for each coordinate field 0; the partial derivative
dju is a bounded solution to a uniformly elliptic PDE. The global Harnack inequality implies that
dju is constant, which implies that u is affine.
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Step (b) cannot be implemented on manifolds, which in general lack parallel fields. An alternative idea
was proposed in [Cheeger et al. 1995] to study harmonic functions, a blowdown argument which exploits
the convergence theory of manifolds with Ric > 0. Our strategy closely follows the one in that work, and
can be split into the following steps:

(a) We prove that a solution u € C*°(M) to (MSE) with at most linear growth on one side satisfies
|Du| € L°°(M).
(b) For fixed xo € M, we show that the functions |Du| and | D%u| satisfy
im ———— |Du|* dx = sup | Du|?, (6)
R—00 |Br(x0)| J B (xy) M
R2
im — |D?u|? dx =0, (7)
R—00 |BR(x0)| JBg(xo)
where Bgr(xo) is the geodesic ball of radius R and center xq in (M, o).
(c) We use the blowdown argument to guarantee the splitting of any tangent cone at infinity with base
point xg.
To be more precise, step (a) will be achieved by assuming

-2

Ric>0 and Ric" 2 (Vr) > — : 8
1c > an ic (Vr) > 57 (8)

while (b) will be shown by requiring
Ric>0 and |Du|e L®(M). )

Though the strategy is the same as that in [Cheeger et al. 1995], we emphasize that the techniques
in the current literature to prove (a) (respectively, (b)) do not apply under the sole assumptions in (8)
(respectively, in (9)). We shall justify this claim in the next sections. Our strategy to obtain (a) is to refine
a method due to N. Korevaar [1986], see Theorem 15 below, while to get (b) in our needed generality we
exploit heat equation techniques, inspired by works of P. Li [1986] and L. Saloff-Coste [1992]. In this
respect, we underline Theorem 27 below, yielding to (7), that in the stated generality seems to us new and
of an independent interest.

2. Preliminaries

We briefly review some formulas for minimal graphs that will be used later on. In local coordinates (x")
on M, the background metric o and the graph metric g = F*(dt”> 4+ o) can be written as

o= a,-.,-dx" ®dx/, g= gijdxi Qdx/, du= u[dxi,

and g;; = o0;; + u;u;. Letting o' and g'/ be the components of the inverse matrices of (o;;), (gij),
respectively, it holds
u'ul

w2’

¢ =oll —
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where W = /1 + |Du|? and u’ = 0"/ u;. In general, if ¢ € C'(M) then the symbols D¢ and V¢ will
denote the gradients of ¢ in the metrics o and g, respectively, and in local notation we write

dp =gidx’, Dp=¢'0y, =08y, Vo =g"¢;0x.
Differentiating the upward-pointing unit normal vector n = W~!(3, — u'e;), the second fundamental
form II in the direction of » has components

Uij

W (10)

I;; =
where u;; are the components of the Hessian D?u in the metric 0. Let H = g h; ;j be the mean curvature,
which we assume to vanish. Using the relation

ukui j
w2
between the Christoffel coefficients Ffj of g and yi’j. of o, for every ¢ : M — R the Laplace—Beltrami

k k_
Fij—)’ij =

operator A, of g can be written as

Agp = g”¢ij - ¢k“kW = g”ﬁbij,

where we used the minimality of X. Also, A, has the local expression

1 i 1 -
- Uh Yy — — di Ly .
Ag¢ = maxj( lglg” i) = W div(Wg ¢zax_,), (11)

where div is, as before, the divergence operator in (M, o) and |g| is the determinant of (g;;). Next, for
every Killing field X defined in R x M, the angle function ® 3 = (n, X) solves the Jacobi equation

Ag®5 + (JT]|*> + Ric(n, n))Og =0, (12)
with Ric the Ricci curvature of R x M. This is the case, for instance, of the angle function

Oy, =(n,8,)=W"!

t

associated to the Killing field d;. As a consequence, W satisfies

ZwW = (II1||* + Ric(n, n)) W, (13)
where we defined
Lwp = Wdivg(W2Ve) = Ay —2(Viog W, V).

Observe that, in terms of the metric o,
Lwp =W div(W ™ gV ¢;d,). (14)

If X is a Killing field in (M, o) then we can extend it by parallel transport on R x M to a Killing field X
satisfying (9;, X) = 0, with corresponding angle function

Oz = (n, X) =—W o (Du, X).
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Since (12) holds both for ®;, and for O, it can be checked that the quotient

@,
v:——X =O‘(DM,X)
Oy,
is a solution to
Zwv =0. (15)

We next discuss the implications of £-th Ricci curvature lower bounds. Hereafter, we set R™ = (0, 00)
and [RRSr = [0, 00).

Proposition 13. Let (M, o) be a connected, complete manifold of dimension m > 2 satisfying
Ric'(Vr) > —H(r) for ¢ =max{l,m —2},
where r is the distance from a fixed origin o € M, and 0 < H € C([Riar). Leth € CZ(RJ) solve

W' —Hh>0 onRT,
/| (16
liminf<— — —) > 0. )
t—0 h t
Let u : M — R solve (MSE). Then, denoting by A, the Laplacian in the graph metric g,

Agr < mh ")
h(r)

pointwise on M\ ({o} U cut(o)) and in the barrier sense on M\{o}.

Proof. Outside of {0} U cut(o), denote by {kj(Dzr)} the eigenvalues of D?r in increasing order. The
comparison theorem in [Mari and Pessoa 2020, Proposition 7.4] guarantees that

h'(r)
h(r)

m
> X (D) < (m—1) (17)
j=2
pointwise on M\ ({o} Ucut(o)) and in the barrier sense on M\{o}. Note that the initial assumptions on £
therein are £(0) = 0, 1’(0) > 1, but the same proof works for the more general (16). In this respect, note
that 7’ > 0 on RT follows from H > 0.
To estimate Agr = gijrij, pick a point x where r is smooth. If Du(x) = 0, then g/ = o/, In our
assumptions, the Ricci curvature satisfies

Ric(Vr,Vr)>—-m—1)H(r),

so by the Laplacian comparison theorem and since 4’ > 0,

W) _ B @)
) =)

Agr = Tr(Dzr) <(m-—1)

Assume that Du(x) # 0, write v = Du/|Du| in a neighborhood of x and complete it to a local
o -orthonormal basis {v, e,} with 2 < & < m. Note that g"/ is diagonalized with eigenvalues W2 < 1 in
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direction v and 1 in directions {e,}. Expressing A,r in the basis {ey, v} we get

1 m
Agr = szr(\), V) + Z Dzr(ea, ey)

a=2

1 m m
= W |:Tr(Dzr) — Z Dzr(eo,, ea):| + Z Dzr(ea, €y)
a=2 a=2

1 ) W21l o
= 52 TP+ | == | 3 D (ews a)- (18)
a=2

By min-max and since the eigenvalues are ordered,

m m m
TH(D™) = = Y 3a(Dr), Y DPrleasea) = Y ha(Dr).
a=2 a=2 a=2

m
Therefore,
m W2 —-17 <
Agr < Ao (D?
gl"_|:(m_1)W2+ W2 ]; oz( 7')
1 h(r) K (r)
<l 1|2 <, (19)
(m—1)W?2 h(r) h(r)
as claimed. The validity of (17) in the barrier sense on the entire M\{o} easily follows by Calabi’s trick;
see [Mari and Pessoa 2020, Proposition 7.4]. O

Remark 14. In particular, letting i € R™, for £ = max{1, m — 2} it holds

Ric(Vr) > —k? = Agr < mi coth(icr),

2 m(1 4+ 1+ 4i2)

Ric©(Vr) > — = A,r<
(Vr) = 1+r2 gh = 2r

pointwise outside of {o} Ucut(o) and in the barrier sense on M \{o}. Indeed, it is enough to consider for 4,
respectively, the functions

sinh(ir) and h(t) = ', where i’ = ﬂ

ht)=—2 2

3. Proof of Theorem 6(i)

Since Ric > 0 and M is parabolic, by Remark 5 the manifold (M, o) satisfies

/Oosds — 20)
| Bs| .

We apply an argument outlined in [Colding and Minicozzi 2011, p. 48] for minimal graphs in R>. First, a
calibration method in [Li and Wang 2001] (see also [Colding and Minicozzi 2011; Trudinger 1972] for
the case M = R"™) shows that the volume of the graph X = (M, g) inside an extrinsic ball B, C R x M
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centered at a point (u(0), o) satisfies
|ZNB,| <|B,|+ 5|B3\B:| <2|B31|.
Hence, the volume of a geodesic ball Bf in X centered at o is bounded by

|BE| < [ZNB,| <2|Bsl, 1)

/oosds
— =00
|BS |

Therefore, by Remark 5, the graph £ = (M, g) is parabolic. Because of the Jacobi equation

which implies

1 — 1
Doy = —(|IT)|* 4 Ric(n, m) 3

the bounded function 1/ W is superharmonic on ¥, and hence constant by parabolicity. Since Ric > 0
implies Ric > 0, again from the Jacobi equation we deduce Il = 0 and X is totally geodesic in M x R.
Equivalently, by (10), D>u = 0 in M. As a consequence, since u is nonconstant, Dy is a nonzero parallel
vector field. The flow of Du therefore splits M isometrically as a product N x R, and u is an affine
function of the R-coordinate alone.

4. A local gradient estimate

Letu : By C M — R solve (MSE) on a geodesic ball Bg = Bg(x). The original argument in [Bombieri

et al. 1969b] to prove the gradient estimate in Euclidean setting (M = R™)
u(x) —infp, u

]

for some constants ¢; = c¢;(m) makes use of the isoperimetric inequality, which does not hold for minimal

|Du(x)| < ci eXP{Cz (22)

graphs over manifolds (M, o) with Ric > 0 unless M has maximal volume growth compatible with the
Bishop—Gromov inequality, in the sense that (2.«) is satisfied. Indeed, the isoperimetric inequality forces
geodesic balls Bf in the graph ¥ = (M, g) to satisfy |Bf| > Cr™, which coupled with (21) imply that M
has Euclidean volume growth.

The exponential bound in (22) is sharp; see [Finn 1963]. On the other hand, in their seminal paper
Bombieri and Giusti [1972] proved a different estimate for entire solutions: if # : R™ — R solves (MSE),
then for any x € R” and R > 0

su ul |"
IDM(X)Iicl{ler%H} ) (23)
where ¢; = c;(m). Whence, for entire solutions, an exponentially growing bound in terms of |u/| is not

sharp.

If M has Ric > 0 and Euclidean volume growth, the validity of an isoperimetric inequality on entire
minimal graphs was recently shown in [Ding 2021b]; see also [Brendle 2023] for the case Sec > 0. As a
consequence, in [Ding 2021b, Theorems 1.3 and 6.2] the author was able to extend (22) and (23) to such
manifolds.
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An alternative method to prove (22) in Euclidean setting was given by N. Trudinger [1972]. His strategy
hinges on a mean value inequality on ¥ which, remarkably, is obtained without needing the isoperimetric
inequality and is therefore suited to apply to manifolds whose volume growth is not Euclidean. However,
to adapt the proof to minimal graphs over M, it seems that an upper bound on the sectional curvature of
M is necessary; see also the related [Ding et al. 2016]. Later, N. Korevaar [1986] gave new insight into
the problem, finding a striking argument to get gradient estimates that only requires lower bounds on
the curvatures of M. Exploiting Korevaar’s method, in [Rosenberg et al. 2013] the authors obtained the
slightly different estimate

(24)

— 2
|Dl/t(x)|§c1 exp{CZ[l+ERCOth(IZ'R)](u(X) lnfBR I/t) }’

R2
provided that Ric > 0 and Sec > —&?2. Note that, unless i = 0, the estimate explodes as R — oo if
u: M — R is of linear growth. Extensions to more general ambient spaces were later given in [Casteras
et al. 2020; Dajczer and de Lira 2015; 2017], but they only consider graphs which are bounded on one
side or have logarithmic growth.

Inspecting the proofs in [Rosenberg et al. 2013; Dajczer and de Lira 2015; 2017; Ding et al. 2016], to
reach the inequality | Du(x)| < C for solutions of linear growth, with C uniform with respect to x, the
bounds on Sec are instrumental to guarantee that the distance r, from x satisfies Agr, < C;/ry for some
absolute constant C;. In view of the arbitrariness of the point x, assumption Sec > 0 in [Rosenberg et al.
2013] seems therefore difficult to replace by a weaker control on Sec from below. For instance, if one
considers the inequality Sec > —«2/(1 +r2) for some constant ¥ > 0 and some origin 0, comparison
theory and standard estimates for ODE would yield to a constant Cy, hence C, that depends on the
distance of x from o and explodes as r,(x) — 00, making the estimate on A,r, insufficient to imply the
desired uniform gradient bound.

From a different perspective, we mention that a global gradient estimate for positive entire solutions
was obtained in [Colombo et al. 2022] under the sole curvature assumption

Ric > —(m — D%, «k eR{,

namely, a positive solution to (MSE) on the entire M shall satisfy

V14 |Du(x)|? < “OVm=1 forall x € M.

Note that (£2) directly follows if ¥ = 0. However, modifying the argument in [Colombo et al. 2022] to
allow for linearly growing solutions seems challenging.

Our first main result, Theorem 15, provides an improvement of Korevaar’s method that apply to the
more general assumption (8).

Theorem 15. Let (M, o) be a complete Riemannian manifold with dimension m >?2. Let Bg = Br(0) C M
be a geodesic open ball of radius R > 0 centered at 0 € M and let u € C3>(BR) be a nonconstant solution
to (MSE). Assume that

2

Ric > —(m — 1«2, Ric®(Vr) > - on Bg, €=max{l,m—2},

+r?
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for some «, ik € R, where r denotes the distance from o. Let 0 < Ry < R. Then,

\/1+|Du(x)|2§max{\/1+a§(y*)2, 4 }(

asz —az

eLR(«/az—H—s) -1
e LRWEHT—1/e24r ()| R>—qy (x)) _ 1)

for every x € Bg,(0), where

u(x) —infg, u Supp, u —infp, u

y*= sup y(x) =

y(x) = , ,
R XEBRI R

e > 0and t € (0, 1) are fixed arbitrarily, q, ag € R satisfy

V1+e2—/(R/R)?+¢2 1
>qg>——>0
v VTaoy*
and L € RY satisfies
1 koL
(1 —r)<q2—2—>L2—M > (m — K2,
tag(y*)? &R
with ko = max{1, k}. Finally, a,, a3 are defined by
koL 1
gy = DKL —r)<q2—2—>L2—(m— Die?.
&R Ta()(y*)z

Remark 16. The assumption that # is nonconstant ensures that y, > 0 by the maximum principle.
Before proving the theorem, we give some applications, starting from the case where k = 0.

Corollary 17. Let (M™, o) be a complete Riemannian manifold with Ric > 0 and

=2

K
Ric®(Vr) > — ,
(V) z 1+7r2

£ =max{1l,m—2},

for some k € R, where r denotes the distance from o. Let u € C3>(Bg) solve (MSE). Then, for every
6 € (0, 1) and for every Ry € (0, 5R),

[supg,, u —infp, ul?

sup+/ 14 |Dul? < Cy exp<C2m/20 ) (25)
B R2
Rq

with ko = max{l, k} and C, Cy > 0 only depending on é.

Proof. The desired inequality is trivial if u is constant, so assume that # is nonconstant. It suffices to
prove the claim for § € [%, 1). Let

. Supp, u— infp, u

v-= R

Choose
1-6 2 . 8(m + 1)kg

q = ) a() = —
2/ 2y% qy* §Rq?
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With this choice, we have

\/1+82—\/(R1/R)2+82>«/1+82—«/52+82 V182428

> >2q, (26)
y* y* y*
where, from § < 1, we used
1-62 1—-62 1-6
V1+82—V25= .

V1482 +f5 NN SN

We also have 5 )
S R L
ag(y*)?t 2 2

and then )
1 L DkoL
a3=<1—f>(qz—z—)L2= e T
ag(y*)*t 4 &R

Hence, all assumptions of Theorem 15 are satisfied and for every x € Bg, we have

eLR(vl+£2—a) 1
V14 Du(x)> < max{v1+ad(y")? v2}-

CLRWVTHE2— /() /R +e2 gy () _ |

Note that, for every x € Bg, and taking into account (26),

V42—V @) /R +e2—qy(x) > v1+e2 =82+ 2 —gy*
>2qy" —qy* =qv",

1 1 1 1 2
Viter—e= < qv”*.

T+24+¢ Jitee i+ fa 5(1-19)

and also

Therefore, we can estimate

eLR(\/ 1+82—8) _ 1 LRa(lz,a)qy* —

e

< C() RGN,

<
eLR(«/1+82—\/(r(x)/R)2+82—qy(x)) -1 eLRqy™ — 1
Here, we have exploited the fact that for every o € R one has the validity of an inequality of the form

y -1
1 <C(a)y*™' forall y>1

for a suitable constant C(«) > 0. Recalling that

32(y*)? 8(m + Dicoy*  163/2(m + Dic
05(3/*)22(1(_)/5;2’ LRqy* = m 5q)K0y = 5((1m—5) )KO(V*)Z,
we obtain
32(y*) 168/2(m + Dico ([ 2 5
2 . _ *
V1+|Du(x)| §max{ 1+( 8)2,«/5} C(S)exp( 50=0) <5(1—5) 1)()/ ))

and the conclusion follows. Il
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Assuming that # has at most linear growth, we get:
Corollary 18. Let (M™, o) be a connected, complete Riemannian manifold with Ric > 0 and
)

Ric?(Vr) > ———,
ic’(Vr) > T

£ =max{l, m — 2},

for some k € [R(J)r. If u € C*®(M) solves (MSE) and has at most linear growth on one side, then
|Du| € L°°(M).

Proof. Without loss of generality we can assume that the negative part of u has at most linear growth, so
that there exists a > 0 such that u(x) > —a(1 +r(x)) for every x € M. Let R; > 0 be fixed. Choosing
8= % and letting R — o0 in estimate (25) we get

sup/1+ | Dul? < Cy exp(Camicoa?),
Bg,

where C1, C, > 0 do not depend on R;. Since R; > 0 was arbitrary, the conclusion follows. O
To prove Theorem 15, we need the following:

Lemma 19. Let (M™, o) be a complete Riemannian manifold with
)
Ric®(Vr)> ——~ ¢ =max{l,m -2},
T~ 142
for some k € R, where r is the distance from a fixed origin 0 € M, and let u € C*(Bpg) solve (MSE) on

a geodesic ball By centered at o.
For any given a > 0, the function ¥ = ~/a? + r? satisfies

Dyl <1, Mgy < (m+1y2xLED

in the barrier sense on Bg and pointwise on By \ cut(0).

Remark 20. By its very definition, a solution in the barrier sense is also a solution in the viscosity sense;
see [Mantegazza et al. 2014] for comments.

Proof. Outside of {0} U cut(0), a direct computation yields |Dy| = (r/¥)|Dr| < 1 and
rAgr n a’||Vrl|?
Ja+r @)
From ||Vr|? = g"rirj < |Dr|*> = 1 and Remark 14,
1 m(1 4+ V14 4i2) N a®
/a2 + 72 2 a? + r2
and the conclusion follows by observing that 1/+/a% +r2 < 1/a and that
m(1+ 1+ 4i2?) N a?
2

2+r

Ay =

Ay <

5 <m(l+k)+1=<@m+1)max{l, k}.
a
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The validity of the inequality in the barrier sense can be proved by Calabi’s trick; see for instance [Mari
and Pessoa 2020, Proposition 7.4]. O

Proof of Theorem 15. Without loss of generality, we can assume infg, u = 0. Then
*

Suppg,, U
y'=sup y(x)=—Fp—
xeBRl

As in the statement of the theorem, fix 7 € (0, 1) and & > 0, choose ¢ > 0 and ag > 0 such that

241—/(R{/R)? 2 1
Ve + V(Ri/R)? +¢ . 27
y* VTaoy*
and then L > 0, which satisfies
DioL
Q) P ——— LS P V) (28)
tag(y*)? &R

where x©y = max{1, k}. Set
C=gqL S = efLR\/s2+1

define the function
¥ =VeR 112,
where r(x) = dist, (0, x), and let
n=e TV 5 z=wn.
By writing
1= 8(eHREHVEHRE i) ),

we see that for every x € Bg,

n(x) Z 8(eLR(\/Ez-‘r1—\/82+r(x)2/R2—qy(x)) _ 1)

> §(eLRYIH =/ (RI/RP+e2=q7") _ 1) 5 ¢
as a consequence of (27). Noting that, on d Bg,
n==38( " ~1)<o,
the set
Q={xeBr:z(x) >0} ={x € Bg:n(x) > 0}
is nonempty and satisfies Bg, € 2 C Bg. Therefore, there exists xo € 2 such that
0<z(xg) = msezlxz.

The function z satisfies

2 2 Agn
Agz —2(Vz, Viog W) > [—(m — D | Vul? + =22 )z on Q.
n
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The above inequality has to be interpreted in the viscosity sense, in case xg is not a point where r (hence )
is smooth. By the maximum principle, necessarily

—(m—l)K2||Vu||2+¥ <0 atxg (29)
in the viscosity sense. We compute
A= (n+8)(—CAgu — LAY + |CVu+ LV ||?).
We recall that W—2(o'/ )ij < (8" )ij < (ol )i,j in the sense of quadratic forms; hence
ICVu+LVY|* = g (Cu; + L) (Cuj + L))
> %oﬁ(cm + L) (Cuj + L)

1
> me + LDy |
It follows that

B o CAu— LA+ ——|CDu+ LDy
77+8 - 8 8 W2 .

Using Agu =0 and Young’s inequality we obtain

Ayl 2|Dul  ,1—1 Dy
> —LA 1-1)C —-L .
n+d8 ~ V=0 w2 T W2
Taking into account Lemma 19 we infer
(m + Dio

D I, Ay <
|IDY| < V=%

Substituting these estimates in the above inequality, we deduce

A Du|? Dikg 1—71 L
gn Z(l—‘L’)Czl ul _L (m+ )KO_|_ T L .
n+4 w2 &R T W2

If | Du(xg)| > apy™ then
Duxo) _ 1
Wzag(y*)z - w2’
Thus, we can further estimate

A 1 Du|? DicoL
0 z(l—r><q2— 2 >L2| - R g,
n+3é tag(y*)? w eR
that is,
Agn
o5z a|Vul® - az, (30)
with

1 DioL
a1=(1—r)<q2_2—2>L2>0, a2=M>O
Tag(y*) eR
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Since

a3 =a; — (m — D2,

we have a; > a3 > 0 by condition (28). We claim that

| Du(xo)|? a2
——— =[Vu)|* < =,
W=4(xp) as
that is,
as
W(xo) < .
asz —ap

Indeed, assume by contradiction that

2 @2
Vu(xo)l|” > —.
as

Then, from (30) it follows

A
> a3 Vul® —a > 0 atxp;
n+4é
hence Agn > 0 and, by (29) and (30) again,
A A
(m = D Val? = 20 = 28> 4 \Vul? — 4y atx,
n n+4é

leading to

az > (a1 — (m — D) Vull* = a3|| Vul|*  at xo,

which contradicts (32) and proves our claim.
On the other hand, if | Du(xg)| < agy™, then

W(xo) <V 14+ad(y*)>

Since xg is a global maximum point for z in 2, we have z(x) < z(xp), that is,

X
W()C) < W(XO)U( 0)
n(x)
for every x € Bg, C . Note that
U(XO) eLR(m—«/£2+F(X())2/R2_qu(x0)/R) -1 eLR(m—E) -1
= <

nx) GLROEHT— /21 (02 /R ~qu(0)/R) _ |~ pLRWEH =/ 4r (0 /R ~qy () _ |

hence

eLR(\/eerlfe) 1
Wx) < W(xo)( )

eLR(J52+1—¢82+r(x)2/R2—qy(x)) 1

The latter, together with (31) and (33), implies the desired estimate.

€1V

(32)

(33)
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5. Uniformly elliptic operators on manifolds with Ric > 0

Having shown that an entire minimal graph with at most linear growth on one side has globally bounded
gradient, we need to show (6) and (7). We shall prove both of them under the only conditions

Ric >0, |Dul|e L™®(M). (34)

In such generality, it seems difficult to apply the “elliptic” approach in [Cheeger et al. 1995], adapted in
[Ding et al. 2016; Ding 2021b]. To justify the statement, we observe that the method in [Cheeger et al.
1995] relies on the construction of a function ¢ satisfying

C
C'r<o<Cr, |Dol<C, AngE (35)

for some absolute constant C. When considering harmonic functions, the third condition is replaced by
Ap < C/p; thus by comparison theory the choice ¢ =r is admissible. On the contrary, to our knowledge,
for minimal graphs the existence of o satisfying (35) is currently unknown under the sole assumptions (34).
If M has Euclidean volume growth, we mention that in [Ding et al. 2016; Ding 2021b] the authors used
as o a reparametrization of the Green kernel of the Laplacian on M. Although the inequality A,0 < C/o
may not hold pointwise, the integral estimates for | D?g| provided in [Colding and Minicozzi 1997] suffice
to estimate A, and apply the method in [Cheeger et al. 1995], as done in [Ding 2021b, Lemma 7.1].
However, to our knowledge, estimates like those in [Colding and Minicozzi 1997] are not yet (if ever)
available on manifolds with Ric > 0 but whose volume growth is less than Euclidean.

For these reasons, inspired by [Li 1986; Saloff-Coste 1992] we choose a different approach via the
heat equation. Throughout this section, let (M, o) be a connected, complete Riemannian manifold of
dimension m > 2 with Ric > 0. Let L be the linear uniformly elliptic operator defined by

Ly =div(ADYV), (36)
where A is a measurable section of T M satisfying
a X <(AX,X) and |AX|<a|X| forall X e TM, (37)

for some constant o > 0. Hereafter, we shall assume that A is smooth, the general case being obtainable
by approximation.

We denote by Hy (x, y, t) the minimal heat kernel associated to the parabolic operator d;, — L, that is,
the unique continuous function on M x M x R such that for every ¢ € C°(M) the function u defined by

u(t, x) =/ Hp(x,y, )Y (y)dy forall (¢,x) € Rt x M
M
is a solution to
oiu = Lu (38)
on R™ x M satisfying

(1) u(t,-) — ¢ pointwise on M as t \ 0,
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(i) u <von (0, T) x M for every v € C%*([0, T) x M), T > 0, such that

o v =Lv on (0, T)x M,
Y <v(,-) onM.

If the endomorphism A is self-adjoint with respect to (-, - ), the minimal heat kernel H;, is a symmetric
function of the space variables, that is,

Hyp(x,y,t)=Hy(y,x,t) forallx,ye M, forall r > 0. 39)

By [Saloff-Coste 1992], see Corollary 6.2 and Theorem 6.3, there exist positive constants C; >0, 1 <i <6,
depending only on m and « such that, for every x, y € M and ¢ > 0,

exp(—C; dist(x, y)?/t) exp(—Cy dist(x, y)?/t)

<H; (x,y,t)<C 40
Ji@OTIB (y g Ji@OIIB (y
JBLNB )~ e r D = G B o)) @0

and
Cs exp(—Ce dist(x, y)?/1t)

I VBB ;)

Remarks on (40) will be given in the Appendix. We first need the following simple estimate on the

|al‘HL(x$yst)|§ (41)

volume of geodesic balls.

Lemma 21. Let (M™, o) be a complete manifold with Ric > 0. For every x, y € M and for every R > 0
it holds

|BR(x)|(1+M) = |BR<x>||BR(y)|s|BR(x>|<1+—d“t(x’y))2.

R R

Proof. By the Bishop—Gromov comparison theorem we have

m
|BR(X)|< 5 , O0<r<R<ox;
[B,(x)| — \'r B

thus
dist(x, y)\"
IBR(Y)| < | Brdist(x,y) )| < [BR(X)[| 1+ —®x )
and the thesis follows. O

Next, we recall that L generates a diffusion which is stochastically complete (see [Grigoryan 1999]),
that is, the following holds:

Lemma 22. Let M be a complete manifold with Ric > 0, and let A, L be as in (36)—(37), with A
self-adjoint and smooth. Then

/ Hy(x,y,t)dy=1 forall (t,x) e RT x M.
M

The result is stated with no proof in the discussion following [Saloff-Coste 1992, Theorem 7.4]. We
here provide an argument for the convenience of the reader.
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Proof. Since L is uniformly elliptic and M has polynomial volume growth as a consequence of Ric > 0,
by Theorem 4.1 of [Alias et al. 2016] we have that for any A > 0 the only entire bounded solution v of
Lv=Xvon M is v =0. Then the conclusion follows by [Pigola et al. 2005, Theorem 3.11]. O

With the above preparation, we are ready to state the following asymptotic mean value theorem.
Our method is inspired by the one in [Li 1986], where the author considered the case L = A, but
with a difference to be stressed. Indeed, in that work the author uses the Li—Yau differential Harnack
inequality to get rid of a boundary term at infinity. The inequality holds for solutions of the heat equation,
but in general it may fail for solutions of d;u = Lu, unless one has a uniform control on the gradient
of A on the entire M; see for instance [Saloff-Coste 1992, p. 433]. As we will apply our results to
A=WId—W~'du® Du, with W = /1 + | Du|2, in our setting only an L control on A is available. One
may therefore use De Giorgi-Nash-Moser theory to get Holder estimates in space for u, see [Saloff-Coste
1992, Corollary 5.5], but these seem insufficient to treat the boundary term.

In view of the above, we shall modify the method in [Li 1986]. The main idea here is the use of upper
level sets of H; rather than geodesic balls. Note that we do not assume a Euclidean volume growth. We
start with the following:

Lemma 23. Let (M™, (-, -)) be a connected, complete, noncompact manifold with Ric > 0 and let A, L
be as in (36)—(37), with A self-adjoint and smooth. If f € C*(M) N L>® (M) satisfies Lf <0 on M then
the function u : RT™ x M — R given by

u(t, x) =/ f)HL(x,y,t)dy forall (t,x) € Rt x M (42)
M

satisfies
du<0 onRt x M. (43)

Proof. Note that the integral on the right-hand side of (42) converges for every (¢, x) € RT™ x M since
f € L*°(M) and because of (40) and Lemma 21. Also note that H; is smooth as a consequence of the
regularity assumptions on A. By Lemma 22, u only varies by an additive constant if so does f; hence
without loss of generality we can assume infy; f = 0. Let (¢, x) € Rt x M be fixed. For notational
convenience, for every a > 0 we define

0a(y)=Hp(x,y,t)—a forallye M, Q,={yeM:p,(y) >0} (44)

Because of (40) it holds Hy (x, y,t) — 0 as y — oo in M; hence the collection {€2,},-0 is an exhaustion
of M by relatively compact open subsets, with 2, € €2, when a > b. By (41) and boundedness of f, we
can apply Lebesgue’s dominated convergence theorem to get

u(t, x) = / SO HL(x, y, 1) dy = lim, / JOMHL(x, y,1)dy. (45)
M a— Qu
Therefore, since Lf <0 and ¢, > 0 on €2,, (43) holds by monotone convergence if we prove the inequality

/Qf(y)t'irlLlL(x,y,t)dyS/Q Pa(Y)Lf(y)dy. (46)
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Because of 9, Hy (x,y,t) = LyH;(x,y,t) = Lo(y) = Lg,(y), we have
f f(y)8tHL(x,y,t)dy=/ f(y)LyHL(x,y,t)dy=/ ) Lea(y)dy.
Qq Q, Qg

Since H; € C®(RT x M), we have ¢ € C®°(M) and for almost every a > 0 the set €, has smooth
boundary. Let a > 0 be a regular value for ¢. By Green’s identity, since ¢, = 0 on 92,

fQ FOLoa(t, y) dy=/Q @a(t, V)L (y) dy-i-/m F{ADg,(y), v) dH" ! (),

where v = —Dg, /| Dg,| is the outward-pointing normal on d€2,. Noting that f > 0, that ¢, is nonin-
creasing in the direction of v and that A is positive definite, we see that f{ADg,, v) <0 on 02, and
therefore the second integral is nonpositive, which implies the desired inequality (46). O

Proposition 24. Let (M™, (-, -)) be a connected, complete, noncompact manifold with Ric > 0 and let
A, L be as in (36)—(37), with A self-adjoint and smooth. If [ € C>(M)NL>®(M) satisfies Lf <0on M,
then for any x e M

Jim Br(o)] BR(x)f (y)dy =inf f. (47)

Proof. Without loss of generality, we assume infy, f =0. Let u : R™ x M — R be the function defined by
(42). Note that u is the minimal solution to the parabolic equation d,u = Lu on Rt x M corresponding
to the initial datum u (0", -) = f. Hence, by the maximum principle and the monotonicity (43) we have

ilrll/[ff <u(t,x) < f(x) forall (t,x) e Rt x M.

In particular, the limit

Uoo(X) = tgrgo u(t, x)

is well-defined for every x € M. The convergence u(t, - ) — U~ is uniform on compact subsets, 1 is
bounded and Lu., = 0. Since M is complete and has nonnegative Ricci curvature, the operator L enjoys
a Liouville property; see Theorem 7.4 of [Saloff-Coste 1992]. In particular, u, must be constant. Since
infy; f <ueo < f, it must be u,, = infy; f =0, that is,

llim u(,x)=0 forallx e M. (48)
— 0

To conclude the proof of (47), we observe that

u(t, x) = /M Hy (x. y. 1) £ () dy

C /(1 dist(x,y))_m/z (—c dist(x,y)z) ;
z—|Bﬁ(x)| s +—\/f exp 2 f(y)dy

G /°°(1+ ’ )m/zex ( c r2>/ £ dH" () d
=5 O = - - r
Bl UV U0 LY !



NONNEGATIVE RICCI CURVATURE AND MINIMAL GRAPHS WITH LINEAR GROWTH 2297

m/2 }"2
—Cr— dH™ '(y)d
|B¢(x>|/ ( ) exp( zt)/g,@f(” ) dr

m/2 —C2C1

- dum! d
* B ()| //B<x>f(y) ) dr
27m2emC2C

= dy.
B (0] /Bm Jdy

Since f > 0, by comparison we have

lim ——— f()dy=0=inf f
=0 |B ()| JB ;) M
as desired. O

From the above result, we also obtain information on the spherical mean of u. This follows from the
next variant of de L'Hopital’s theorem.

Lemma 25. Let h, g € L2 (RT) satisfy h > 0, g > 0 a.e. and g ¢ L' (00). Then,

h(t)de
esshmlnfM < lim u

4
r—oco g(r) r—>oo f g([)d; (49)

Proof. Denote by A and B, respectively, the left-hand side and right-hand side of (49). For A’ < A, fix
Ry such that h > A’g a.e. on (R, 00). Then, for each r > Ry,

Jy hydr o h(tyde + [ h(t)dt . o Ch(t)de+ A [z g(t)dt
Jog@dr — [Roe@ydi+ fr gwydr [ g@ydi+ [ g@dr

Since g & L'(c0), letting r — oo along a sequence realizing B we get B > A/, and the thesis follows by
letting A’ 1 A. O

Corollary 26. Let (M™, (-, -)) be a complete (connected) Riemannian manifold with infinite volume. Let
0<fe LllOC (M) and x € M and assume that

lim inf
R—oc0 |BR(X)| JBg(x)

f(dy=inf f
Then

essliminf—/
R—o0 [0BRr(X)| JoBg(x)

Proof. The functions & and g defined by

F)dH"  (y)dy =inf f.

h(t):/ FOYAH™ Y (y)  and  g(t)=|9B,(x)| forallz >0
9B (x)
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satisfy the assumptions of the previous lemma (note that 1/g € L (R*) by [Bianchini et al. 2013,

Proposition 1.6], since M is noncompact). The thesis follows from the next chain of inequalities:
1nff <ess hm 1nf / Fy)dH™ ' (y)dy
|3BR(X)| 9Bg(x)

< liminf
R—oo |BR(X)| JBg(x)

fydy < i}l&f e 0

We are ready to state our second main result of the section, which will enable us to prove the Hessian
estimate (7). The argument below seems to be new.

Theorem 27. Let (M™, (-, -)) be a connected, complete manifold with Ric > 0 and let A, L be as in
(36)—(37), with A self-adjoint and smooth. If f € L°° (M) satisfies Lf <0 on M, then for any x € M

2

lim Lf(y)dy =0. (50)
R B )] o D

Proof. Without loss of generality, we assume infy; f = 0. Fix x € M. We refer to the proof of Lemma 23
for notation, and in particular, for # > 0 and @ > 0 we define ¢, (y) and €2, as in (44). As already observed,
{Q2,} is an exhaustion of M, increasing as a decreases. Furthermore, for almost every @ > 0 the boundary
0L, is smooth. From the proof of Lemma 23 we get

/Qf(y)atHL(x,y,t)dySfQ @a(Y)Lf(y)dy. (5D

On the other hand, since f > 0, by (41) and Lemma 21 we can estimate

Cs 1 dist(x, y)\? dist(x, y)2
/Qa JOHL(x, y, )dy > —Tm o f(y)<1 + T) CXP(_C6f> dy.

By (40) and Lemma 21 we also have the bounds

C dist(x, y)\ 2 dist(x, y)2>
1 J— —_—
w¢m<+ ﬁ')em<Q t

Cs dist(x, y)\? dist(x, y)2
< Hy(x.y.0) < Q+ )eXGC————)
LD =g NG T

Now, fix £ > 1 large enough so that

Ci(1+s)%e " <1278 foralls > k
and pick
_C277e @
~ 2|Bsi(0)]
With this choice, we have
{¢5a on M\ By /;(x).
¢ >2a on Bﬁ(x);
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hence B /;(x) € Q, € By /;(x) and ¢, > a on B _;;(x). Thus, using also (51) we can estimate

m
Ci2 2 ©

L dy = L d
= 208,00 Jo, o f(y)dy a/ f(y)dy

B /i (x)

> / e (WL () dy = / e(WLF () dy = / FOYOHL(x, v, 1) dy
B () 2, Q.

Cs dist(x, y)\? dist(x,y)2>
R 14— —Co—27 ) d
= t|Bﬁ(x)|/s20f(y)< * NG ) exp( ° t g

C
S - f () dy,
1B ()| JB, s

where
C7 = Cssup{(1 —i—s)%efcﬁs2 :s > 0} < oo.

Summing up, there exists a constant C > 0, depending only on C;, 1 <i <7, such that

> - Lf(y)dy=— f(y)dy.
|B (1 JB ;0 |B (| VB, i)
Since f > 0, by the Bishop—Gromov theorem we also have
m
Lf(y)dy= f(y)dy.

L _
B0 B 40 1B yi 1 JB, )

By Proposition 24 we have that the right-hand side of this inequality converges to infy, f =0 as t — oo,
and the conclusion follows. O

6. Proof of Theorem 6(ii)

Combining Corollary 18, Proposition 24 and Theorem 27, we get:
Proposition 28. Let (M™, o) be a connected, complete Riemannian manifold with Ric > 0 and
-2

Ric®(Vr) > — ,
(vr)z 1+r2

£ =max{l, m — 2},

for some k € R(J{ and where r is the distance from a fixed origin. Let u € C®°(M) be a nonconstant
solution to (MSE) which grows at most linearly on one side. Then, for each x € M,

lim |Du|? dx = sup | Du/?, (52)
R—o0 |BR(X)| JBg(x) M
2
im ——— |D%u|? dx = 0. (53)
R—00 |BR(X)| JBg(x)

Proof. Because of Corollary 18, in our assumptions |Du| € L°(M); hence by (11) the operator

L =WAgp =div(Wg" ¢;d.;)
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is uniformly elliptic on M. By the Jacobi equation, f = 1/ W is a nonnegative solution to Lf < —||II||> <0,
and therefore —W? € L (M) satisfies L(—W?) < 0. Applying Proposition 24 to —W? and Theorem 27
to f we deduce

lim — W2 dx = sup W2, (54)
R—00 |BR(X)| JBg(x) M
2 R2
lim sup I0)1%dx < — lim Lfdx=0. (55)
R—oo |Br(X)| Bgr(x) R—o0 |BR(x)| Bgr(x)

From (54) we readily deduce (52). On the other hand, note that

o) oG )

If du(x) = 0, then ||II||> > W—2|D?u|?. Otherwise, let e; = Du/|Du| and choose a local orthonormal
frame {e,} for elL around x, where 2 < «a < m. Then,

D 2 Du Du\7?
|D2u|2—2 D’u —u,- +| D%u —u,—u
w W' w
w2 —1 , (W2 —1)?

2 2 2
:Z“aﬁ+22“1a+“11_2 w2 Uij a4
o.p o J

)12 = W2g*uy g/ uy; = W—z{ |D?u|* -2

2 1
2 2 2 —41 2.2
= E ”aﬁ+_W2 E u1a+—W4u112W | D ul”.
a,p o

Summarizing, we have ||II||> > W~ D?u|?; thus from the boundedness of W and from (55) we con-
clude (53). O

We now conclude the proof of Theorem 6 with a blow-down procedure, for which we use some basic
convergence results in the theory of limit spaces and nonsmooth spaces with Ricci curvature bounded
below. All the tools needed herein can be found in [Honda 2015; Ambrosio and Honda 2017; 2018].

Fix o € M, and write Bg = Bg(0). Because of Corollary 18 and Proposition 28,

1
lim — [ |Du|*>dx =sup|Dul?, (56)
R—oo |Br| Jp, M

R2
lim — [ |D*u|*dx =0. (57)
R—oo | Bg| /g,
Consider a tangent cone at infinity M, for M based at 0. By statement (2.1) in [De Philippis and Gigli
2018], the limit space M, also supports a Borel measure mq, such that, up to a subsequence,

(M, 3 " disty, 27"dx, 0) 2295 (Mo, oo, Moo, 000) (58)
in the pointed-measured-Gromov-Hausdorff (pmGH) sense. For the precise definition of pGH and pmGH
convergence we refer to [Gigli et al. 2015]. Here, {A,} C Rt, A, — 00 as n — oo, and A;l dist,, is
the distance function induced by the rescaled metric 0, = A, 25, Denote with D,, and dx,, the induced
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connection and volume measure, and B}, the metric balls centered at o in (M, 0,,). Therefore, By = By .
Define u,, = u/A,. Then,
|Dytnls, = |Dul,  |Dpttnle, = An|D?ul (59)

and therefore, by the Arzela—Ascoli theorem, up to subsequences u, — U € Lip(M ) locally uniformly;
hence u, — us strongly in L? on BY = Bf;" (Xoo), that is,

. 2 2
lim |u,|” dx, = [Uoo|” dMeo,
n—>oo Bn Boo
R R
lim uy@dx, = Uso® dMyg
n—oo Bn Boo
R R

for each ¢ bounded and continuous on a metric space Z in which (B}, d,;) and (BY’, do) are isometrically
embedded and converge in Hausdorff sense, with 0, — 0~ and o, the center of B. From

Wo =V 14 |Dyunlz =+ 14 |Dul>=W.

Scaling (56) and (57) we therefore get, for each fixed R > 0,

. 1
lim — / |Dyuy |7, dx, = sup |Dul?, (60)
"_)°O|BR|J,, BY M

2
lim R |D?u,|% dx, =0 (61)
n=00 | Blo, Jgy T T

In particular, from Newton’s inequality |A,u, | < m|D3u,, |(2,'1 and the Bishop—Gromov theorem, | By |5, <

wm—1 R™/m we deduce

2 wn-1 R"™ 2.2
[Apu,|”dx, < on |Dn”n|g dx, — 0 (62)
By |BR|O‘n By !

as n — oo, and therefore

1
2
/ eAu, dx, < (/ (pzdxn) (/
B B Bl

1 1
1 R™ 72 3
< max |(P| [le] (/ |Anun|2 dxn) — 0. (63)
B

n
R

1
2
| Anitn]? dxn)

n
R

By (62) and (63), A,u, — 0 strongly in L2, Combining u,, — uq strongly in L? with

sup < /
n B’;e

we infer by [Ambrosio and Honda 2018, Theorem 4.4] that

[un|® + | Dyttn|?, 4 (Anttn)*] dxn> < o0,

(i) uso € D(A, BY’), the domain of the Laplacian on B,
(il) Ayu, — Aus on By weakly in L2, s0in particular Auy, =0,

(1ii) |Dnun|(2,n — |Doouo<,|§o in Ll—s‘[rongly in B! foreachr < R.
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In particular, setting P = sup,, | Du|?, from (59) and (60) we get

. w, _1Rm
lim | ||Dyunl: — P|dx, < —
n—00 Jpn "

- (P — |Dputy|% ) dx, =0.
| B R Ia,, B}le "
Using (iii) and [Brue et al. 2023, Proposition 1.27(i)] (see also [Ambrosio and Honda 2017]), we therefore
deduce IDnun|(2,n — P — |Doouoo|go — P strongly in L' on B for each r < R, and thus

0= lim ||Dnu,,|§n—Pydxn=/ || Dogitoo|Z, — P| dmeg.
B! B>

n—oo

Concluding, u, solves
Ao =0, |Doouoo|2:P7+—O

on the RCD(0, m) space (Mo, doo, Mo, Xo). Bochner inequality (see [Honda 2015, Theorem 1.4])
guarantees that |D?us| =0 on Ms,. One concludes that Moo = N x R by using [Antonelli et al. 2019,
Lemma 1.21].

7. Proof of Theorem 11

If M is parabolic, clearly the result follows from Theorem 6. If M is nonparabolic, the argument goes as
in [Ding et al. 2016, Theorem 3.6], so we only sketch the main steps. In our assumptions, by Corollary 18,
|Du| € L>(M); hence L = WA, is uniformly elliptic. The Harnack inequality in [Saloff-Coste 1992]
together with (5) imply that |u(x)| = o(r(x)) as x diverges. By a standard cutoff argument using Lu = 0,
the next Caccioppoli inequality holds: for each ¢ € Lip.(M)

/¢2|Du|2dx§4a2/ u*|Dy|? dx. (64)
M M

In particular, having fixed ¢ > 0, by condition u = o(r) we can also fix Ry = Ro(¢) > 0 such that for
every R > Ry we have u? < eR? on Byg. Considering the Lipschitz cutoff function ¢ which is 1 on Bg,
0 outside of Byg and satisfies |Dg| < 1/R, we get

2 4o’ 2
|Duf dv = = u?dx < | Bog| < Ce|Bgl
Br Bar\Br

for every R > Ry, where we used the doubling property on M coming from condition Ric > (0. From (52)
we finally infer

1
sup |Dul?> = lim —— | |Dul*dx < Ce,
M R—oo |BRr| Jp,

and the thesis follows by letting ¢ — O.
8. Proof of Corollary 10

By Theorem 6, |Du| € L> (M) and any tangent cone at infinity of M splits off a line. It is a general fact
that, if Sec > 0, a tangent cone splits if and only if M itself splits. A proof of this result can be found in
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[Antonelli et al. 2022, Theorem 4.6]. Therefore, it remains to prove that # only depends on the coordinate
of a split line. Write M = N m=1 » R with coordinates (y1, 81), for some complete manifold N m=1 with
Sec > 0, and consider the function v{ = o (Du, d5,), which by (15) satisfies Lv; = 0 on M, where we set

Lo =W ' Lo =div(W g ¢;dy).

Our gradient estimate guarantees that v; is bounded and that L is uniformly elliptic on M, and therefore,
by [Saloff-Coste 1992, Theorem 7.4] we deduce that v is constant on M. Hence,

u(yr, s1) = arst +by+uo(y)V1 +at

for some smooth function uy : N*~! — R and some a;, b; € R. One easily checks that u; solves
(MSE) on N™~!. Since u, has at most linear growth on one side, and N m=1 hag nonnegative sectional
curvature, by the first part of the proof we deduce that either u5 is constant or that N ~! = N"~2 x R and
uy(y2, s2) =anso+bo+usz(y)v1+ a%. Iterating, we can write M = N™kxRF forsomeke{l,...,m—2)
and for some complete manifold N m—k with Sec > 0, and

k
u(z, (s1, ..., %) = Zaij +b+ g1 (V1 +at
j=1

for some a;, b € R and u;,; : N" ¥ — R. Indeed, we can continue the iteration procedure up until
either uy is constant, or k = m — 2 and u,,_ is nonconstant. In the latter case, observe that N Zisa
complete surface with Sec > 0; hence N 2is parabolic. Being u,,—; nonconstant, both N 2 and upy_; split
as indicated in Theorem 6(i). Summarizing, in each case we can conclude that M = N™ —k % R¥ for some
kef{l,...,m—1}, and that

k
U@ (S1,-- e 80) = ) dsj +b (65)
j=1
for some b € R, as required. It is therefore sufficient to consider the splitting R = R¥~! x R along a line
in direction (ay, ..., a;) to get the desired splitting M = N x R of M in such a way that u(y, s) =as +b.

9. Proof of Proposition 9

The following example is essentially that in [Kasue and Washio 1990, p. 913]. Let m > 4. We consider a
manifold (P2, h) and smooth functions f,n € C®(RY) to be chosen later, and define the following
metricon M =R x R* x P:

o = f(r)?dt* +dr* +n(r)*h.

To compute the curvatures of M, we use the index agreement 1 <a, b,c,l <m, 3<a, B,y,5 <m. Let
{6“} be a local orthonormal coframe on P, with associated connection forms a)%‘ obeying the structure
equations

do* = —wf A 6P,

wp = —of)
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and related curvature forms @% = da)% + a);‘,‘ A a)g Then, a local orthonormal coframe {6%} on M is given
by
o' = fdr, 0*°=dr, 6% =no",

where, as usual, pull-backs to M via the canonical projections onto R, Rt and P are implicit. Differenti-
ating, one checks that the forms

/ /
o

@Y =0, a‘)gz%éa, o =of, @}=—14"
satisfy the structure equations on M for the coframe {6¢}; hence they are the connection forms of {#¢}.
The associated curvature forms ¢ = d@{ + @ A &, are therefore

! £ "
@‘f:——"}{é%é‘, 65 = 162 nie,
n n
(66)

/

= "Viow 75 = "5 s
%:@%—(-)9%9/3, @%:-79%91.
n

The components ng s and RZ .; of the (3, 1) curvature tensors of, respectively, P and M, are given by the
identities
§ = 1RS, 07 A6, B = LRg, 5 AT,

and thus, from (66), we deduce
52 2 2 5 5 5
0=R7, =Rjy = Rlaﬂ = R?z,s = R‘fya = ngs’

—y f// n/f/ n//

— po o po o
Rm——?’ le——ﬁ%» Rzﬂz__Féﬁ’

(67)
_ 1 77’ 2
R%WS = Fnga - (;) [8;‘8/33 - 5§{5l3y]-

Assume that (P, h) is the round sphere with curvature 1, and let {e,} and {e,} be, respectively, the dual
frames of {#%} and {#“}. From (67) we deduce that the curvature operator is diagonalized by the simple
N 1=

S nf "’ }
In [Kasue and Washio 1990], the authors chose the following functions f, n: given «, 8 € (0, 1) such that
m—1—B>2+a,let0 <y, & € CP(RT) satisfy
if t € (0, 1],
if r €2, 00),

planes {e, A ep}, so for m > 4 we get

4

’ ’ ’

|Sec(m)| < maX{

n_//
n

&) = {i_l_“ & (1) =/ Z1(s) ds.

Then, for b, c € R they defined

n(r)=%r+%fo 6@s)ds,  fr) =b+r)" " 1
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Note that with such a choice the metric extends in a C? way at r = 0, giving rise to a complete manifold.
Since the curvature operator is diagonalized by {e, A ep},
o " 1= (n 2 " /£l " "
Ric(z)zmin{—f—-i-#, f s ) / L )
f U foonf f

1— (77/)2 77/f/ 1— (n/)Z n// 77// 77/f/ 5 n/f/
n? nf - on? n’ n o oaf’ af’
1—(r 2 "
p 1200 —2’7—}. (68)
n n

By the expression of 1, f, the four terms in the second line of (68) are positive, and it is easy to see that,
when b, ¢ are large enough, the three terms in the first line are positive as well. The two terms in the third
line are positive except at » = 0. Whence, Ric® > 0, and moreover |Sec| < k2 holds for a suitable k¥ > 0.
Moreover, from the fact that Ric is diagonal in the basis {e,} with
— f// n/f/ _ f// 77// _ 77/f/ n// 1_(n/)2
Ricjj=———(m—-3) , Ricop=———-(m—-3)—, Ricyg=|— ——+(m—=3)——— [8u8.,
f nf f n “ nf VR

we deduce that Ric > 0 if b, ¢ are chosen large enough. To construct linearly growing minimal graphs,

consider a function u : M — R of the coordinate ¢ alone. It follows that du = u,6% with u; = (8,u) /f
and u, = 0 for a > 2. The components of the Hessian D”u obey the relation

uap0® = du, — Uc@y,
and from the expression of @;, we get
%u f

t
ZA —Fazu, Ule = U2 = Udq = Uap = 0.

In particular, setting W = /14 |Du|? = V1 +u?,

Uy =

di ( Du ) Au  D*u(Du, Du)  *u  (d7w)u? 32u
V| ——— = - = =
J1+ [Dul?

w w3 - fZW_ 2w3 T 2w
It follows that any affine function u(t) = at + b gives rise to a minimal graph. Furthermore, |Du| =a/f
is bounded on M since f is bounded below by a positive constant, thus u# has at most linear growth.

Appendix

Let M be a connected, complete Riemannian manifold with nonnegative Ricci curvature, dim M = m, and
let A, L, Hy be as in Section 5. In this Appendix, we discuss the two-sided bound in (40) for H;. While
the upper bound is shown in [Saloff-Coste 1992], the argument for the lower bound is merely indicated
with no proof. The approach relies on the following parabolic Harnack inequality in [Saloff-Coste 1992,
Corollary 5.4]: given pe M, R >0, T > 0and é € (0, 1), if u is a positive solution to d;,u = Lu on
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u(t,y) dist(x, y)? 1 1
oe(i) = (2 (oo +) e

forevery x, y € Bsg(p) and 0 <t <s < T, with C = C(m, §, o) > 0. A note of warning: in [Saloff-Coste
1992, Corollary 5.4], the final +1 in brackets in (69) is missing. However, necessity of this correction

Br(p) x (0, T), then

becomes apparent by direct inspection of Moser’s original proof [1964, pages 110-112] in Euclidean

setting (the analogue of (69) is [Moser 1964, Formula (1.5)]). For the reader’s convenience, we give a

proof that the lower bound in (40) follows from the upper one coupled with (69), along the lines of the

argument developed by Aronson and Serrin [1967] in the Euclidean case. A few observations are in order.
First, in view of Lemma 21 the upper bound in (40) implies

C! dist(x, y)?
—3 exp(—CQM) forallx,ye M, t >0, (70)
|B /7 ()] t

with C}, C; > 0 depending only on m and « (the ellipticity constant of A). Secondly, the differential

Hp(x,y,t) <

Harnack inequality (69) applied to u = Hy (x, -, -) yields

dist(yi, y2)* | 2 ) an

Hp(x,y1,t1) < Hp(x, y2, ) CXP<C— +C
h—1 n

for every y1, y, € M and 0 < t; <t < 0o, with C = C(m, o) > 0. Lastly, note that if we have the validity
of a lower bound of the form

/

1
|B (x|

with C{, C, > 0 depending only on m and «, then, again by Lemma 21, a lower bound as that in (40)
holds for suitable constants Cy € (0, C}) and C, > C depending only on C{, C; and m. Hence, we limit

dist(x, y)?
Hp(x,y,t)> exp(—C&#) forallx,ye M, t >0, (72)

ourselves to the proof that (72) follows from (70) and (71) under the assumption Ric > 0.
Fix a constant ¢y > 2 such that

+o0 )
y = mCéf s e ds < 1. (73)
J@

Let (x, y,t) € M x M x R™ be given. By (71) we have

t dist(x, y)?
H; (x, X, 5) <Hp(x,y,t) exp(ZC@ +2C> (74)

t t dist , 2
Hp\x,z,— ) < Hp(x,x, = )exp CSCM+C—OC
o 2 t 2

for every z € M, with
-1
Cg _ 26‘0 _ l . l '
co—2 2 ¢

and also
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Integrating on B /;(x) we get

t * t
/ HL<X,Z, _) dZS€(CU+éC0)C|Bﬁ(X)|HL<X,X,—). (75)
B () €o 2
Putting together (74) and (75) we obtain
e—(2+%60+63)c diSt(X, y)2 ¢
Hp(x,y,t) > ————exp| 20— Hp(x,z,—)dz. (76)
|B ;(x)] t B ;(x) Co

From the upper bound (70) and the coarea formula we have

t * 19B, 2
/ H; (x, zZ, —) dz < C} / 9Bl exp(—contr—) dr
M\B_;(x) Co i 1B iz ()] t

_c /00 A/t/co|d By Tm(xﬂe_c
’ N |B /i7¢;(X)1
where we have changed variable s = r./co/t. Since Ric > 0 we have
VI iz _ e VITB gl
|B Ji7¢,(%)] - B ijeg(

where the first inequality follows by the Bishop—Gromov theorem and the second from the inequality

/2
45 ds,

El

R|0Bgr(x)| < m|Bg(x)|, holding for every R > 0 and for any base point x on a Riemannian manifold
with Ric > 0; see for instance [Li 1986, Formula (19)]. Substituting in the above estimate and recalling
(73) and Lemma 22 we get

/ HL(x,z,t/Co)dz=1—f Hp(x,z,t/c))dz=1—y >0
B /i (x) M\B /;(x)

and from (76) we obtain

C; dist(x, y)?
Hp(x,y,t)> ——exp| —2C——— ),
|B jz (x)| t

where C| = (1 — y)e™@+0/2+)C > ( only depends on m and «. This proves (72).
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