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A CHARACTERIZATION OF NON-COLLAPSED
RCD(K, N) SPACES VIA EINSTEIN TENSORS

by Shouhei HONDA & Xingyu ZHU (*)

ABSTRACT. — We investigate the second principal term in the expansion of the
metrics c(n)t<”+2>/29t induced by the heat kernel embedding into L2 on a compact
RCD(K, N) space. We prove that the divergence free property of this term holds
in the weak, asymptotic sense if and only if the space is non-collapsed up to mul-
tiplying the reference measure by a constant. This seems new even for weighted
Riemannian manifolds. Moreover an example tells us that the result cannot be
generalized to the noncompact case. In this sense, our result is sharp.

RESUME. — Nous étudions le deuxiéme terme principal dans le développement
des métriques c(n)t("+2)/2gt induites par le plongement via le noyau de la chaleur
dans L? sur un espace RCD(K, N) compact. Nous montrons que la propriété de ce
terme d’avoir une divergence nulle est vérifiée au sens faible et asymptotique si, et
seulement si, ’espace est non-collapsed, quitte & multiplier la mesure de référence
par un scalaire. Cela semble nouveau méme pour les variétés riemanniennes pon-
dérées, c’est-a-dire munies d’une mesure de référence. De plus, un exemple nous
indique que le résultat ne peut pas étre généralisé au cas non compact. En ce sens,
notre résultat est optimal.

1. Introduction

For a closed Riemannian manifold (M™, g), the Einstein tensor GY is
defined by

1
(1.1) GY := Ric? — §Scalgg7
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724 Shouhei HONDA & Xingyu ZHU

where Ric? and Scal? denote the Ricci and the scalar curvature, respec-
tively. It is well-known that GY is divergence free:

(1.2) V*GY =0

which is a direct consequence of the Bianchi identity.

The main purpose of the paper is to establish (1.2) for so-called non-
collapsed RCD(K, N) spaces. More precisely, for a compact RCD(K, N)
space (X,d, m), (1.2) holds in some sense as explained below if and only if
(X,d, m) is non-collapsed up to multiplication of a positive constant to the
measure m. It is worth pointing out that our argument allows us to provide
a new proof of (1.2) even for a closed Riemannian manifold (M™, g) without
using the Bianchi identity.

In order to explain how to justify (1.2), let us recall Bérard—Besson—
Gallot’s work in [7]. They proved that for a closed Riemannian manifold
(M™, g) and fixed ¢ € (0, 00), the map ®; from M™ to L?(M",vol,) defined
by

(1.3) z— (y— pla,y,t))

is a smooth embedding with the following asymptotic expansion:
2t

(1.4) c(n)t 2Pt g, = g — 3G+ O(t?)

as t — 0%, where p(z,y,t) denotes the heat kernel of (M™, g) and c(n) is a
positive constant depending only on n defined by

(15)  c(n) = (4m)" (/ |8x1(ezl2/4)|2dx>1 = 4(8m)"/2.

Let us denote g; = ®¢r2 and let us remark that

(1.6) g :/ dgp ® dgpdvol?(y).

By (1.4) we see that as ¢t — 07

t(n+2)/2 _ 9
(1.7) c(n) NI, _Zge.
t 3
Since the convergence of (1.7) is uniform on M™ by the proof (see for

instance Theorem 3.4), (1.2) can be reformulated by

(n+2)/2,, _
(1.8) / <c(n)t ; 9t g,VoJ> dvoly — 0

as t — 0% for any smooth 1-form w on M™, where (-,-) denotes the canon-
ical inner product on Ty M" ® Ty M" for each x € M™. In this paper the
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RCD SPACES AND EINSTEIN TENSORS 725

sequence on the (LHS) of (1.7) is called weakly asymptotically divergence
free, if it satisfies (1.8) for any smooth 1-form w on M™, see Definition 4.18.
Next let us introduce a recent work of Ambrosio—Portegies—Tewodrose
and the first author [4], which partially generalizes Bérard—Besson—Gallot’s
result (1.4) to RCD(K, N) spaces which give a special class of metric mea-
sure space having lower bounds on Ricci curvature in a synthetic sense
introduced in [1] by Ambrosio—Gigli-Savaré when N = oo, in [17, 18] with
introducing the infinitesimal Hilbertian condition by Gigli, in [15] by Erbar—
Kuwada—Sturm, in [6] by Ambrosio-Mondino—Savaré, when N < cc.
Roughly speaking a metric measure space is said to be an RCD(K, N)
space if the H2-Sobolev space is a Hilbert space and the following holds;

e the Ricci curvature is bounded below by K, and the dimension is
bounded above by N, in a synthetic sense via optimal transporta-
tion theory by Lott—Sturm—Villani [34, 43, 44].

Typical examples include measured Gromov—Hausdorff limit spaces of
Riemannian manifolds with uniform lower bounds on Ricci curvature, so-
called Ricci limit spaces, and weighted Riemannian manifolds (M™,d9, vol?c),
where f € C*°(M") and vol} = e fvolY.

Thanks to recent quick developments on the study of RCD(K, N) spaces,
many structure results on such spaces are known. For example, it is proved
in [11] by Brue-Semola that for any RCD(K, N) space, where N < o0,
there exists a unique integer n, so-called the essential dimension, such that
for almost every point of the space, the tangent cone at the point is unique
and is isometric to the n-dimensional Euclidean space.

On the other hand, a restricted class of RCD(K, N) spaces, so-called
“non-collapsed” RCD(K, N) spaces, is introduced in [14] by DePhilippis—
Gigli as a synthetic counterpart of non-collapsed Ricci limit spaces. The
definition is that the reference measure coincides with the N-dimensional
Hausdorff measure. Then it is known that non-collapsed RCD(K, N) spaces
have finer properties than that of general RCD(K, N) spaces.

For a compact RCD(K, N) space (X,d, m) whose essential dimension is
n € [1, N)NN, it holds that for any p € [1,00), as t — 0

(1.9) c(n) tm(By/2(x))ge — g, in LP,

Wn

where g = g(x d,m) denotes the canonical Riemannian metric of (X,d, m),
see Subsection 2.3 for the definition of g. Moreover if in addition

B,
(1.10) o MBr(2)
re(0,1),z€X rn

>0
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726 Shouhei HONDA & Xingyu ZHU

holds, then we have a similar convergence result:
n

1.11 e(n)t"t2/2g, dr g in LP.
( m

It is worth pointing out that the finiteness of p is sharp, that is, we can
not replace LP by L in general. For example any closed disc in R™ with
the Lebesgue measure £™ gives such an example, see [4, Remark 5.11]. The
convergence (1.11) shows us that the first principal term of the asymptotic
behavior of ¢(n)t("+2/2g, as t — 07 is %g in the LP-sense. The main
purpose is to discuss the second principal term. That is, the family of
tensors indexed by t:

)22, — A

t
called the approximate Einstein tensor of (X,d,m) in this paper. Let us
ask when (1.12) is weakly asymptotically divergence free, that is,

Jn+2)/2, _ dH"
(1.13) lim <C(") I dm I , dm = 0.
t—0+ D' t

(1.12)

holds for a large enough class of 1-forms w. See Definition 4.18 for the
precise definition of weakly asymptotically divergence free.

Our main result is stated as follows. Before stating it, recall that D(Ag 1)
and D(9) denote the domain of the Hodge Laplacian Ay = dd + dd on
1-forms defined in [19] and the domain of the adjoint operator § = d* of
the exterior derivative d on 1-forms, respectively.

THEOREM 1.1 (“Weakly asymptotically divergence free” characterizes
the non-collapsed condition). — Let (X,d,m) be a compact RCD(K, N)
space whose essential dimension is n € [1, NN N. Then the following two
conditions are equivalent:

(1) (X,d,m) satisfies (1.10) and (1.13) for any w € D(Ap,) with

AHJW € D(6)
(2) (X,d,m) is a RCD(K,n) space with
m(X)
1.14 = "

Since the space {w € D(Apg1);Agiw € D(d)} is dense in the space
of L?-1-forms, (1.13) can be interpreted as that the approximate Einstein
tensor (1.12) is actually weakly asymptotically divergence free. See also ap-
pendix A (Corollary A.2). Let us remark that (1.14) implies that (X, d, H"™)
is a non-collapsed RCD (K, n) space. It is worth pointing out that the com-
pactness of X in Theorem 1.1 cannot be dropped. See Example 5.3.

ANNALES DE L’INSTITUT FOURIER
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The following is a direct consequence of Theorem 1.1 which is also new
(recall vol}(4) = [, e~/ dvol?):

COROLLARY 1.2. — Let (M™,d9, VO]é}) be a closed weighted Riemannian
manifold. Then there exists a G} € C*((T*)®?M™) called the weighted
Einstein tensor such that the following expansion holds,

2
(1.15) c(n)t"t22g, = of g — thfc +0(t*) (t—0™).

Moreover, f is constant if and only if G? is divergence free with respect to
VOl‘;]c, that is,

(1.16) / n(G?,Vw)dvol? =0

holds for any w € C>®°(T*M").

We will also provide a direct proof of this corollary with the explicit
formula for G, see Proposition 3.7.

It is worth noticing that although the left hand side of (1.13) converges as
t — 0%, the approximate Einstein tensor itself (1.12) may not L2-converge
to a limit tensor in general. This is because lack of L? bounds, see Section 5
for the explicit construction of a non-collapsed RCD(K, 3) space with K >
1 such that the L? norm of (1.12) tends to +occ as t — 07. On the other
hand, under assuming the uniform L? bound, we can prove that all limit
tensors are actually divergence free as follows, which is an easy consequence
of Theorem 1.1.

COROLLARY 1.3. — Let (X,d,H"™) be a compact and non-collapsed
RCD(K,n) space. If

c(n)tt2/2g, — ¢
t

(1.17) sup
0<t<1

< o0

L2
holds, then any G € L?((T*)®2(X,d,H")) that is a L?>-weak limit of some
subsequence of
e(n)tt2/2g, —g
t

as t — 07 satisfies G € D(V*) with V*G = 0, where D(V*) denotes the
domain of the divergence operator V*.

(1.18)

Applying Corollary 1.3 to a closed Riemannian manifold (M™,d9, vol?)
gives a new proof of (1.2) without using the Bianchi identity.

TOME 75 (2025), FASCICULE 2
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2. Heat kernel embedding

The purpose of this section is to introduce our terminology minimally,
assuming a bit of the knowledge of RCD theory. A triple (X, d, m) is said to
be a metric measure space if (X, d) is a complete separable metric space and
m is a Borel measure with full support. For simplicity, we always assume
that X is not a single point.

2.1. Definitions and the essential dimension

Let us fix a metric measure space (X,d, m). Define the Cheeger energy
Ch: L*(X,m) — [0,00] by

(2.1) Ch(f)
= inf {li_m inf [ lip? f;dm: f; € Lip,(X,d)NL2(X, m)}7
Ifi=fllLz(x,m—0 ( i7oe Jx
where

lim sup UW=f@I i 7 € X is not isolated,
. . d(y,z)
lip f(z) =< v—=z

0 otherwise,

denotes the slope of f at z. Then, the Sobolev space H2(X,d, m) is defined
as the finiteness domain of Ch. By looking at the optimal sequence in (2.1)
one can identify a canonical object |V f], called the minimal relaxed slope,
which is local on Borel sets (i.e. |V fi| = |V fa] m-a.e. on {f1 = f2}) and
provides an integral representation to Ch, namely

Ch(f)z/X\Vdem Vf e HY*(X,d,m).

We are now in a position to introduce the RCD(K, N) spaces. For any
K € R and any N € [1, 00|, a metric measure space (X,d, m) is said to be
an RCD(K, N) space if the following four conditions are satisfied.

ANNALES DE L’INSTITUT FOURIER
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(1) (Volume growth bound) There exist z € X and C' > 1 such that
m(B,(z)) < C e holds for any r > 0.

(2) (Inifinitesimally Hilbertian property) Ch is a quadratic form. In
particular thanks to [1], see also the first part of [19], the function

2 _ 2
(V 1,V 1o) = lim V(£ + 6f22)€| V1]

provides a symmetric bilinear form on H%?(X,d, m) x H2(X,d, m)
with values in L*(X,m), and

S )= [((VAVEdm,  Vfi € HYE(X dm)
X
defines a strongly local Dirichlet form.
(3) (Sobolev-to-Lipschitz property) Any f € H»?(X,d, m) with |V f| <
1 for m-a.e. has an 1-Lipschitz representative.
(4) (Bochner inequality) For any f € D(A) with Af € HY2(X,d, m)

we have

A 2
(2.2) ;/X|Vf|2A<pdm>/X<p(( ]5) +<VAf,Vf>+K|Vf|2> dm

for any ¢ € D(A)NL®(X,m) with 0 < ¢ < 1, Ap € L™(X,m),
where

there exists h € L?(X, m) such that
&(f.9) =~ [ hgdm, Vg€ HY*(X,d,m)
X

and Af := h for any f € D(A).
See [6, Section 12] and [15, Theorem 7 and Section 4]. It is worth pointing
out that if N < oo, then for any RCD(K, N) space (X, d, m) and any locally
Lipschitz function f on X belonging to H?(X,d, m), we have

(2.3) |Vfl(z) =1ip f(z), for m-ae. z€ X

because of [13, Theorem 6.1], the Bishop—Gromov inequality [34, Theo-
rem 5.31], [44, Theorem 2.3] and the Poincaré inequality [37, Theorem 1J.
For any k > 1, we denote by Ry, the k-dimensional regular set of (X,d, m),
namely the set of points = € X such that (X,r~d, m(B,(x))"'m, z) pointed
measured Gromov—Hausdorff converge to (Rk7de7w;1£k, Og) as r — 0T,
where B,.(z) denotes the open ball centered at = with the radius r. It
is proved in [11, Theorem 0.1] that if (X,d,m) is an RCD(K, N) space
with N < oo, then there exists a unique integer n € [1, N], denoted by
dimg (X)), called the essential dimension of (X, d, m), such that

(2.4) m(X\R,) =0.

D(A) =={ f € H"*(X,d,m):

TOME 75 (2025), FASCICULE 2
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2.2. The heat kernel

Throughout this paper the parameters K € R and N € [1,00) will be
kept fixed. Let us fix a RCD(K, N) space (X,d,m). Then thanks to [41,
Proposition 2.3] and [42, Corollary 3.3], the (Holder continuous) heat kernel
p: X x X x(0,00) = (0,00) of (X,d, m) is well-defined by satisfying

(2.5) hef = /X Py, f(y) dm(y), VS € L2(X,m),

where h; : L?(X,m) — L2?(X,m) is the heat flow associated with the
Cheeger energy Ch. The sharp Gaussian estimates on this heat kernel
proved in [32, Theorem 1.2] state that for any € > 0, there exist con-
stants C; = C;(e, K, N) > 1 for i = 1, 2, depending only on K, N and ¢,
such that

(2.6) _or exp (— &(zy) Cg)f)

m(B\/g(x)) (4—e)t
< p(z,y,t)
Cl ex 7d2($, y)
S (B P ( Gror C2t)

for all x, y € X and any t > 0, where from now on we state our inequalities
with the Holder continuous representative. Combining (2.6) with the Li-
Yau inequality [16, Corollary 1.5], [31, Theorem 1.2], we have a gradient
estimate [32, Corollary 1.2]:

CS . _d2($,y)
S V(B @) p( @ro

for any t > 0, y € X, where C; := C;(¢, K, N) > 1 for i = 3, 4.

(2.7) |Vap(z,y,t) +C4t> m-ae. z€X

2.3. Embedding

Throughout the subsection, we only refer to [19] for the details of tensor
fields on RCD spaces, including;:

e the spaces of all LP-1-forms, of all LP-tensor fields of type (0, 2),
denoted by LP(T*(X,d,m)), LP((T*)®%(X,d, m)), respectively;

e the pointwise scalar product (S, T') for two tensor fields of the same
type.

ANNALES DE L’INSTITUT FOURIER



RCD SPACES AND EINSTEIN TENSORS 731

Note that one of the canonical operators, the so-called exterior derivative
for functions, d : H%?(X,d,m) — L?(T*(X,d,m)) satisfy |df| = |V f]| for
m-a.e. x € X.

Let us fix a compact RCD(K, N) space (X,d, m) with n = dimg n(X).
Then thanks to the Bishop—Gromov inequality and the Poincaré inequal-
ity, we know that the canonical inclusion H%?(X,d, m) — L?(X,m) is a
compact operator by [23, Theorem 8.1]. In particular the heat kernel p of
(X,d, m) has the following expansion:

(2.8) p(z,y,t Ze A oi(x)pi(y) in C(X x X)
120

for any ¢t > 0 and

(29) Yt Ze it i Wi in H1’2(X,d7m)
120

for any y € X and t > 0, where
(210) 0= <A< g —

denote the discrete nonnegative spectrum of —A counted with multiplici-
ties, and g, ¢1,. .. are the corresponding (Holder continuous) eigenfunc-
tions with ||¢;|/z2 = 1. Combining (2.8) and (2.9) with (2.7), we know that
@; is Lipschitz, in fact, it holds that

211) il < CAMY, [ Veillie < CaANTA N 2 05N,

where C5 := C5(diam(X,d), K, N) > 0.
It is proved in [4, proof of Proposition 4.1] by using (2.8) that for any
t > 0 the map ®; : X — L?(X,m) defined by

(2.12) D4(2)(y) = plz, ¥, 1)

is a topological embedding. Then since (2.7) proves that ®; is Lipschitz,
we can define the pull-back metric ®} g2, denoted by ¢, by

(2.13) ge=Y e P dp; @ de;, in L™ (T7)®*(X,d,m)),

Note that in [4], the equality of (2.13) is stated in L2((T*)®?(X,d,m)),
however, thanks to (2.7), this holds in L ((T*)®?(X,d,m)), and that there
exists a unique g = g(x,d,m) € L>((T*)®*(X,d, m)), called the Riemannian
metric of (X,d,m), such that (g, df1 ® dfs)(z) = (Vf1,Vf2)(z) holds for
m-a.e. z € X.

A convergence result proved in [4, Theorem 5.10] states that
c(n)t

Wn

(2.14) m(B ;(v))gr — g, inLP (T*)®*(X,d,m)) ,

TOME 75 (2025), FASCICULE 2
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for all p € [1,00). In particular if m < CH™ holds for some C > 0, since
m(B,(x)) dm
WpTt" dH"™
as 7 — 07 which is proved in [5, Theorem 4.1] as a more general result,
then combining the dominated convergence theorem with (2.14) yields

(2.15) (z), form-ae ze€X

n

dr}li g, in LP ((T*)®*(X,d,m)).

(2.16) c(n)t™+D/2g,

See [4, Theorem 5.15] for a more general statement.

3. Second principal term in weighted Riemannian case

Let us start this section by discussing relationships between the no-
tions that appeared in the previous section and smooth objects. We fix
a smooth weighted complete Riemannian manifold (M ”,g,vol?), where
f € C>®(M™), and for any Borel subset A of M™,

(3.1) vol}(A) ::/e_f dvolY.
A

Recall that (M",dg,vol?) is an RCD(K, N) space if and only if n > N,
and

df ® df

N —n

where if n = N holds, then (3.2) is understood as that f is constant and
that Ric? > Kg holds, see [15, Proposition 4.21]. In particular if M™ is
closed, then for any N > n there exists K € R such that (M”,dg,volfc)
is an RCD(K, N) space whose essential dimension is trivially equal to n.

(3.2) Ric? + Hess% — > Ky,

This setting will be discussed in the following subsections.

Let us discuss the Laplacian A on a metric measure space (M™,d9, vol?)
as defined in the Subsection 2.1. This coincides with the weighted Laplacian
A% for any ¢ € C®°(M") N D(A) namely;

(3.3) A%y = tr(Hess}) — g(Vf, Vo)
because we see

(3.4) / g(Vi, V) dvolg = / ¢A pdvol%, Vi e CX(M™)
X

which implies the coincidence between [A%pdvol} and [Apdvol} as mea-
sures. Then the heat flow hy, on the metrlc measure space (M™, dg vol¥ )

ANNALES DE L’INSTITUT FOURIER
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is uniquely determined as follows: for any ¢ € L?(M ”,vol*(;), the map t —
hyrp € L*(M™,vol}) is smooth on (0,00) with hy o € C>°(M™) N D(A),

d , n
(3.5) ahf,tgo = Afchﬁt@ in L2(M ,VO]‘(}),

and hyip — @ in L*(M™,vol}) as t — 0T (see for instance [22, The-
orem 4.9]). Finally the heat kernel py is uniquely determined by being
smooth and satisfying

(3.6) hyup(r) = /M Py, () d vols (y),
Vo € L*(M™,vol}), Ve M".

It is worth pointing out that similar observations above are also justified in
the case when (M", g,vol?) is the interior of a smooth weighted compact
Riemannian manifold with smooth boundary after replacing the Laplacian,
the heat flow, and the heat kernel by the Dirichlet’s ones, respectively. We
omit the details, where this will play a role to find an example which shows
that Theorem 1.1 is sharp in some sense (see the proof of Proposition 5.1).

From now on, let (r, &, &2,...,€") == (r,£) be the normal coordinates
around € M™, and g(r,£) be the Riemannian metric at the point (r,&)
in the normal coordinates. We introduce the following elementary lemma
which will play a role later. In the following lemma and in the sequel, we
know from the proofs, all remainder terms of the form O(tk) = O ,(t*) on
(M™, g) as t — 0T have smooth coefficients and depend only on the metric
g and the weight f.

LEMMA 3.1. — For any * € M™ we have the following asymptotic ex-
pansion as r — 07

Scal? +3A9f -3|Vf|? , 3
6(n+2) r +O(T ) )

(3.7) vol}(B,(z)) =wy,r" e /@ (l

Moreover, the remainder in the asymptotic expansion (3.7) has a uniform
bound for any compact subset K C M™ in the sense that

(3.8) sup r 37"
zeK,
r<l

vol% (B (z))

g gf 2
—wpr™ e @ 1SCal 347/ = 3|V /] r? )| < o0.
6(n+2)

TOME 75 (2025), FASCICULE 2
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Proof. — Recall that for any unit vector v € T, M and any geodesic ~y
from x with 4(0) = v, it follows from Taylor expansion that
Ric? (v,
(3.9) det g(y(t)) =1 — wﬂ +0(t?),
(3.10) e TOWDH@) — 1 _(Vf(x),v)t

(—Hessf,(v, )+ [(Vf(2), @>\2) 24 0(t%).

N =

+

Thus we have

vol'(B / / (1— ”ggﬂt2+0<t3>)
o Jgn-1

: { - (Vf)ifit—l—%(—Hess-‘},ij +(df® df)ij) gelt? +0(t3)}
e~ /@ n=1qeqt

" —flx Scal? + 3A9f — 3|Vf|2
WnT ef()< 6(n+2) 24 0(r )>
as desired, where Hess?c, df ® df, Vf and Ric? are all evaluated at z. By
expanding the left hand side of (3.9) and (3.10) to the ¢> or higher order
terms, we can infer that the coefficients involves the derivatives of the
Riemannian curvature tensor, and the derivatives of f, respectively. Since
they are all smooth objects, they are uniformly bounded on any compact
set K, so the uniform bound (3.8) follows. O

3.1. The weighted heat kernel expansion

From now on we assume that M™ is closed. Denote by inj? the injectivity
radius of (M™,g), consider

V=A{(z,y) e M" x M" : d9(z,y) < inj?/2}.
Fix k € Zo, let us find uj=u;, € C>*(V), j =0,1,2,...,k such that
) (a5, -a)s
1 dg(xvy)Q k g A
DR (_4t AL (uke?), V(wy) eV
holds, where A = A(z,y) = w and

9(x.y)? koo
312) Silet) = e (S5 + ) ) Y Vgt
=0
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In fact, the desired functions u; are uniquely obtained as follows, in
particular u; j is independent of k.

LEMMA 3.2. — We have
uo(x,y) = D72 (y)
wj(z,y) = d9(z,y) I D™V (y)

d?(z,y) _
- [ L D )AL ) s
(3.13)

d9(z,y) L, 1
+ [ D 2000) (382706) - 1V 6)P)

cujq(z,y(s))s? ! ds}

where j > 1 and ~y is the unit speed minimal geodesic from x to y, and

D(y) = %;;:Ll) which is the volume density at y in normal coordinates

(r,&) around x.

Proof. — From (3.11) with (3.3), we obtain that (3.11) is equivalent to

g
0 = d9(z,y)dhuo + Maﬁu

2 D
. d9(x,y) 8,D
(3.14) 0 = d9(z,)d,u; + (g + (g y) - ) u

1 1
— Aguj‘,1 — <2Aqf - 4Vf2> ’LLj,1

where j > 1 and r = d%(x,y) and 0, is the radial derivative from z, we
give a sketch of this computation. Solve the first equation of (3.14), to
get ug(x,y) = C(£)D™2 (y), note that ug(z,z) = 1, so C(€) = 1, then we
get the first equality of (3.13). To yield the second equation of (3.13), we
first solve the corresponding homogeneous equation of the second equation
of (3.14), which is

2 D

u; =0,

d9 o,D
(3.15) d9<x,y>6ruj+(j+ @) )j

then we use the method of variation of parameters to finish the computa-
tion. O

We follow [12] closely. The first step is to extend Sy to whole M™ x M™
by multiplying a cut-off function ¢(x,y) € C°(M™ x M™) so that for each
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y € M, o(x,y) = 0 on M"™\ Binje/2(y), ¢(x,y) = 1 on Biyje a(y) and
0 < o(z,y) < 1. Let

(3.16) Hy(z,y,t) = o(z,y)Sk(x,y,t) € C° (M"™ x M" x (0,00)).

The following properties are known for Hy:

(1) (0 — A%)Hy extends to t = 0 and (9; — A})Hy € CHM™ x M™ x
[0,00)) for integer £ < k — &
(2) Hi(z,y,t) — oy(z) for all z,y € M™ as t — 0.

See [12, Lemma 1, Chapter VI Section 4], and [38, Lemma 3.18].

We are now in position to establish the asymptotic expansion of py. It is
worth pointing out that (3.30) is computed in [35] with a slightly different
normalization of the heat kernel.

We introduce the (weighted) convolution F x H for F,H € C°(M™ x
M"™ x [0,00)):

Fx H(z,y,t) / / (,2,8)H(z,y,t — s) dvol}(z) ds,
M
and denote H*) = H x H % --- x H for j-fold convolution. Let
(3.17) F, = Z(—1)j+1((at — AY)H)Y
Jj=0

Although the following are quite standard, for the reader’s convenience,
we show some similar estimates as in [12, p. 152 Lemma 1]. First note that

(3.18) (0r = A Hi = (0, — AF) Sk — 2(Vp, VSy) — SpAfp.

Recalling (3.11), we see that the first term on the RHS of the above equation
is bounded by C(f, g)t*~%. The rest 2 terms decay exponentially as t — 0%
because Vi and A4 7% vanishes near the diagonal and the Gaussian term
gives the exponentlal decay away from the diagonal, thus for any ¢ € [0, 1]
the last 2 terms are bounded by C(f, g)t*~%. Thus it follows that

_ A9 .. < k—n/2
(3.19) H(at A9YH (-, ,t)HLx(Man")\C’(f,g)t . vte (0,1].

Let

d9(z,y)?

(3.20) (0r—A%)Hy(w,y,t) =t""% exp (— yr

+A(l‘,y)> Gk:(x7y7t)'
We see from (3.18) that G, € C°(M™ x M™ x [0,00)). Set

Bi=  sup |G,
M7™xM™x[0,1]
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we have for any ¢ € (0,1],
(3:21) (9 — A} Hi)*?|(z,y,1)

t
<// 58 (1 — )5 %Gy, 2, 5)Gr(z, 9.t — 5)|
O n

_ 9,22 _d9=n? f@+ )
.e 1s e 4(t-s) e 2

dvolY(z)ds

2 g L ey [ kg k-2
< B*vold(M)e™ — = Y sTT2(t—s)""2ds
0

2¢019 k—5+1
< B VOl (M)t 2 o dg(z;yﬂ +A(z,y) .
k—3+1
Here, we have used VOI‘; = e~ volY. Using induction, one can show similar

Gaussian estimates for ((0; — A?)Hk)*j, which is

0 Bivold(M)FTUEms Il we?
22 — A9 H)Y| < i tAEY)

in particular we have Fy, € CO(M™ x M™ x [0,00)). Moreover, similar
arguments can be applied iteratively to show:

(1) for any integer £ < k — 2, we have F}, € C*(M™ x M™ x [0,00))

9
with
(3.23) 1Eu(- o )l Lo (armsarmy < C(f,g)8* "2, v € (0,1];
(2) for any integer k > & + 2, we have
(3.24) | Hy, # Fyl| o (vimxaimy < C(f, )" 72, vt € (0,1];

and

g\2
Fj. x Hy - exp ((d4t) — A)

(3.25) ‘

Loo(Mnx Mn)
<C(f,t" =, vte(0,1].

Next, given any multi-index a = (v, ..., ay ), for then we write,

d9(z,y)?

(3.26) 9%(0y — AYHy, =tF~% 1ol exp (— m

—i—A(.’IJ, y)) Gkga (:I;a Y, t)

It follows from (3.18) and a direct computation that Gg ., € C®(M" X
M™ x[0,1]), now repeat the computation in (3.21) replacing Gy with Gy, o,
we get for any integer [ € N,

(3.27) 1Bk * Hillouarnscarny < C(Fg, D870 W€ (0,1].
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THEOREM 3.3. — For all z,y € M™ with d9(z,y) < inj?/4, the heat
kernel py(z,y,t) has the following asymptotic expansion:

1

_ d?(z,y)” gy )
" (@mty 2 Y <4t i A(x’y)) 2 tuiay) + 0

ast — 0. Moreover if x = y, then the remainder in the expansion has a
uniform bound;

k-1
n 1 .
3.29 su ¢z =k x,T,t S tui(z,x)| < co.
©20) s 5 o0 = gl Y ()

In particular, we have

Scal? (z)

(3.30) u(z, ) = 6

~ SATf(@) + 7V ().

Proof. — It is shown above that S hence Hy has this expansion. Note
that Hy — Hy, * F}, also solves the heat equation. From (3.19), (3.23) and
the uniqueness of the heat kernel, we infer that for every k > % + 2,
ps = Hy—Hyp*xFy € CF=% (M"™x M™x (0, 00)) (see also [38, Theorem 3.22]).
Apply the inequality (3.25) to yield that

(pf(z,y,t) — Sk(x,y,t)) - exp (dg(zy) — A(m,y)) = O(tk"’l_"m)7

so py has the same expansion as Sy, up to order k — 3. In particular when
x =y, for each integer k > 1, we have (3.29).

For the computation of uy, recall in (3.13), we found that ug(z,y) =
D=1/2(y). Let « be as in Lemma 3.2, with (3.9) we have

(331 woley) = 1+ 5 Rie?(5(0), 4(0)d ()" + O(&*(a9)°),

in particular ug(z,x) = 1. Then it follows that A%ug(x,z) = Scal(z)/6.
Finally letting y — « in the second equation of (3.13) for j = 1 leads to

i) = Ao, 2) + 5 A9 (@) = 1V F(@)

_ Scal?(x)

2 4 LA f() - V@ a
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3.2. Divergence free property of the weighted Einstein tensor
on a closed manifold

As discussed in Section 2, let us consider the heat kernel embedding:

(3.32) Dy M™ s L2(M",vol})
defined by
(3.33) z— (y — ps(z, y,1)).

Put gr¢ = (Pye)"gr2.

To study the second principal term of gy, (recall (2.16) for the first
principal term in more general setting) along the same way as in [7], it is
necessary to generalize the heat kernel expansion in [7, p. 380] to weighted
manifolds. We claim:

THEOREM 3.4 (Weighted version of Bérard-Besson—Gallot theorem).
We have the following asymptotic formula as t — 0

(3.34) c(n)t"tD/2g;,
—of g ( GI — df ® df — Agfg+| f|2 )t+0(t2),

where the remainder in the expansion has a uniform bound;

(3.35) sup  [t72 (c(n)t("+2)/2gf’t
xeM™ t<1
2

—(efg <G9—df®df Agfg+| f| >>> (z) < 0.
In particular, we have the uniform convergence:
CEORN [kl TR

' t
2 2
—ef (—3Gg+df® df—i—Agfg—VQf'g) — 0.
LOO

Proof. — By (2.13), which remains valid on weighted manifolds because
of the characterization (3.2) for being an RCD(K, N) space, and the fact
that the set of eigenfunctions {p;};>0 forms an orthonormal basis of
L2(M”,Volfc)7 we see that for every x € M™ and v € T, M",

9f.t(v,v) Ze_mt\d pi(v)[?

= (ayaxpf)m,zt) (v,v) =t (dspy)(z.e.2t) (v, V)

(3.37)
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where we used a fact that the expansion (2.8) is satisfied in C*°(M™)
because of the elliptic estimates (see for instance [22, Theorem 10.3]), and
we followed the notation in [7], denoting dg = 9,0, for the mixed second
derivative. For the reader’s convenience, let us clarify the meaning of this
along [45, p. 8]; for any smooth function h : M™ x M"™ — R, and fixed
(2,y), we define maps dih: T,M" x M™ = R, doh : M™" xT,M"™ — R and
dsh(g,y) : TeM"™ x TyM"™ — R by dih(v,y) = (0h(x,y)) - v, doh(z,w) =
(Oyh(z,y)) -wand dgh(v,w) = 0y(Ozh(z,y) -v) -w = da(dih), respectively,
for all v € T,M™, w € T,M". In order to compute (dspy)(z,z,2t), put

g 2
U= (47rt)"/2 - exp (d(fl;y) — A) pr(x,y,t)
(3.39)

Mw

:L' Y +Ik+1(x Y, )a
7=0

where Ij11(z,y,t) = Oy 4(tFT1) = O(tF+1).

Then, we show that for z,y small enough, 0, I+1 = O(tFT1), 0,11 =
O(t*™1) and dslxy; = O(t**1) hold, where “0, 111 = O(t**1)” means
|02 Ik 11| = O(t**1) (the same applies to 9y, I+1 = O(t*1)), and “ dglpi1 =
O(t*™1)” means |dglxs1| = O(tF*1) with respect to the standard norm.

To this end, fix k£ and let [ = k + 3, note that py = H; — H; x I}, we see
that for z,y small enough such that Hy = Sk, it holds

k
Ik+1 = U—thu]'
(3.39) g
d9 2
Z tjuj (4mt) /2 exp <?A> - Hy * Fy,
j=k+1

it is clear that dg of the first term on the RHS of (3.39) is of O(t**1), for
the second term, it follows from (3.25) and (3.27) that

e (oo (2 a) )

This completes the proof of dglj1 = O(t**!). The estimates 0,Iy 11 =
O(t*+1), and 9,1y 1 = O(t**1) can be shown similarly.

(3.40) ‘

Lo (MnxM™)
<OtPtI=2 vt e (0,1).
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Now we continue our computation of the expansion. It holds that

(87)"*(dsps) (@20
dsr? 4 Dur A A - Ot
— | = x _ Tz d T'“”/(St)_ﬁ x.
( s ¢ U 9y U)+ds(e?U))e st 0PI
where 7y == df(z,-). Since at (z,2), 9} = dyr7 = 0 and dgri = —2g

hold in normal coordinates, we have

@ Uz, z,2t

%(dsri)(z,z,m + ds(e® U)(a0,20)
Thanks to (3.31) we have (0,u0)(z,2,2t) = (Oyt0) (z,2) = 0 and (dsuo)(z,2) =
—1Ric?(z), which imply (recall the convention we use for big-O notation
of vectors)

(871)"*(dspy) (e.e.20) = —

(axU)(w,w,Qt) = (8wu0)(m,w) + O(t) = O(t)
Similarly (9,U)z,z,2¢) = O(t), and

1_.
(dSU)(x,:c,2t) = (dSUO)(;c,x) + O(t) = _ERICg(x) + O(t)
It follows that
ds(€* U)(z,000 = (Uds e +0, e 0,U + 0y e 0,U + e dsU)

= (Udse*+e dsU + O(t))
1 1

= @ Af @ df — G /@) Ric? + O(t).

This allows us to show that (recall dgr? = —2g)

(z,x,2t)

(z,z,2t)

1
(87)"2(dsps) (rw20) = — @ (uo(w,2) + 2tus (z,2) + O(?)) g
4t

1 1
+3 /@ df @ df - S /@ Ric? + O(t)
Recall that we have (3.30), we finally deduce that

A4(87t)"™ (dspy) (w020

Scal? AIf |V f|?
—of@® 119 _
e [ + t( 6 + 5 1 g

1 1
- ief(ﬂ df @ df -2t — gef@ Ric? - 2t + O(t?)

—efg—ef (30— are - 09+ Ny ) 1 0),

as claimed. 0
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Based on Theorem 3.4, let us give the following definitions in order to
prove Corollary 1.2.

DEFINITION 3.5 (Weighted Einstein tensor). — Define the weighted Ein-
stein tensor G for a closed weighted manifold (M™,d?,vol}) by

2
(3.41) G§=el G — 2 (df® df + AIfg— | 2f| g).
DEFINITION 3.6 (Weighted adjoint operator V}). — For any tensor field
T € C((T*)®2M™), define V3T by
(3.42) Vil =V"T+T(Vf,-),

where V* is the adjoint operator of the covariant derivative V of (M™,g),
namely V* coincides with minus the divergence. Moreover we say that T
is divergence free on (M",d%,vol{) if V3T = 0 holds.

Note that V31" is characterized by satisfying
(3.43) / n( 3T, w) dvol} = / ) (T,Vw)dvol}, Vwe C®(T*"M"),

that is, V% is the adjoint operator of the covariant derivative with respect to
VOlg Although the next proposition is a direct consequence of Theorem 3.4
Wlth more general results (Theorem 1.1 and Proposition 4.19), we give a
direct proof.

PROPOSITION 3.7. — It holds that the weighted Einstein tensor Gf is
divergence free on (M™,d?, voli’c) if and only if f is constant.

Proof. — It is enough to check the “only if” part because the other im-
plication reduces to (1.2). Assume that V;G% = 0 holds. Then it is easy
to see

(3.44) v* (df@ df—&—Agfg—'véf'Qg) =0

because of (1.2). Thus we have

(3.45) AVfdf+ dAYf =0

see also (4.19). Let us consider an open subset U of M™:
(3.46) U :={x e M"; AIf(x)# 0}.

It is enough to prove U = @) because then f is harmonic on (M™,g), thus
f is constant. Assume U # () and take x € U. Define a function F(z) =
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ef(?) A9 f(2). Note that F is locally constant on U because
dF(z) = & AIf(2) df (2) + ) dAIf(2)
(3.47) = —efG) AAIf(2) +ef ) dAIf(2)
= O’

~—

where we used (3.45) in the second equality. Let
(3.48) X ={zeM"F(z) =F(x)} CU.
Since F' is continuous on M", X is closed in M"™. On the other hand since
F is locally constant on U, we see that X is an open subset of M™. Thus
X = M™. In particular
(3.49) 0= [ AYfdvold = F(a) / e~ dvol? 0
Mn M
which is a contradiction. Thus we have U = §). O

Finally, in connection with (2.14), let us discuss the asymptotic behavior
of

(3.50) tvol$ B (2)gf,e-
PRrROPOSITION 3.8. — We have the following uniform asymptotic expan-
sion ast — 07 :
c(n)t

2t (., Scal? +3A9f — 3|V f|? )
—g—= t2).
9= 5 (Gf+ qCE) 9] +0{)

ast — 0%, In particular if f is constant, then Scal? is constant if and only if
the second principal term of (3.51) is divergence free on (M™,d9,vol?), i.e.,

Scal?
.52 * 94— =0.
(3.52) v <G’ +6(n+2)g> 0

Proof. — The desired uniform convergence (3.51) comes from (3.36) with

Lemma 3.1. For the remaining statement, we assume that f is constant.
Then thanks to (1.2), we have

Saal? N ) v (Scal?g) = 0 = dScal? = 0
6(n+27) " 9= -

which proves the desired equivalence, where we used V*g = 0. 0

(3.53) V* (Gg +

It is an immediate consequence of Proposition 3.8 that for a given com-
pact non-collapsed RCD(K, N) space (X, d, H"), it is hard to check directly
the weakly asymptotically divergence free property of the second principal
term of tH" (B, ;())gt-
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4. Second principal term in RCD case; proof of
Theorem 1.1

The main purpose of this section is to prove Theorem 1.1. For that let
us fix the terminology borrowed from [19] minimally.

4.1. Second order differential calculus; list of differential
operators

Throughout this subsection we fix an RCD(K, 00) space (X,d, m). The
space of all test functions due to [19, 39] is defined by

(4.1) TestF(X,d,m):={f € Lip,(X,d) N D(A); Af € H"*(X,d,m)}

which is an algebra. We first recall the Hessian for a test function (see
also [19, Definition 3.3.1]).

THEOREM 4.1 (Hessian). — For any f € TestF(X,d, m), there exists
T € L*((T*)®%(X,d, m)) such that for any f; € TestF(X,d,m), i = 1,2,
(4.2) T(Vfi,Vfa)

= 3 (VAV(V 52, V) + (Vo VAL ~ (£, V(T 1, Vo))

holds for m-a.e. x € X. Since T is unique, we denote it by Hess; and call
it the Hessian of f.

See [19, Theorem 3.3.2 and 3.3.8]. For the reader’s convenience, let us
provide a proof of the uniqueness. First let us recall that the space of all
test tensor fields of type (0, 2);

(4.3)  Test(T*)®?*(X,d, m)

l
= {Z fi,() dfi,l ® dfi’Q;l S Nafi,j S TEStF(X,d,m)}

i=1
is dense in L2((T*)®?(X,d,m)) (see [19, (3.2.7)]). Then, for all T},T €
L?((T*)®?(X,d,m)) satisfying (4.2) as T' = T;, we have

(4.4) / (Ty — Ty, S)dm =0, VS € Test(T*)®?*(X,d, m).
X

The density of (4.3) in L?((T*)®%(X,d, m)) allows us to take S as Ty — T
in (4.4), thus we conclude the proof. Note that the uniquness appeared
below can be checked similarly by the density of test objects in L.
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Moreover it is proved in [19, Corollary 3.3.9] that the Hessian is well-
defined for any f € D(A) satisfying (4.2) and the Bochner inequality in-
volving the Hessian term :

(4.5) %/X|Vf|2Aapdm>/Xgo(\Hessf|2+(VAf,Vf>+K\Vf\2) dm

holds for all f, o € D(A) with ¢ > 0 and ¢, Ap € L (X, m). In particular

we have
(4.6) / IHess;|? dm </ (Af)? = K[Vf2) dm, Vf € D(A).
X X

DEFINITION 4.2 (Adjoint operator 6). — Denote by D(48) the set of
w € L*(T*(X,d, m)) such that there exists f € L?(X,m) such that

(4.7) / (w, dh)dm = / fhdm, Vhe H"?(X,d,m)
X X
holds. Since f is unique, we denote it by dw.

See also [19, Definition 3.5.11]. Let us define the space of test 1-forms:

!
(4.8)  TestT*(X,d,m) := {wa dfis;leN, fj; € TestF(X,d,m)} .

i=1

It is proved in [19, Proposition 3.5.12] that Test7*(X,d,m) C D(d) holds

with

(49) (5(f1 dfg) = —<Vf1, Vf2> - flAfQ, sz S TestF(X, d7 m)
DEFINITION 4.3 (Sobolev space W5?). — Denote by W5*(T*(X,d, m))

the set of all w € L*(T*(X,d,m)) for which there exists T €
L2((T*)®%(X,d,m)) such that

(4.10) /X (T, fodfs ® dfa) dm

— [ (e A0 d i) ~ folHessy, w0 ® dfi)) dim
X
holds. Since T is unique, we denote it by Vw.

See also [19, Definition 3.4.1]. Comparing our working definition above for
Wé’Q—l-forms with Gigli’s one for Wé’Q—vector fields [19, Definition 3.4.1], it
is easy to see that for any w € L?(T*(X,d,m)),w € Wé’Q(T* (X,d, m) holds
if and only if w! € WS5?(T(X,d,m)) holds, where we used the canoncal
musical isomorphism L?(T*(X,d,m)) ~ L?(T(X,d, m)). It is proved in [19,
Theorem 3.4.2] that TestT* (X, d, m) € W5*(T*(X,d, m)) holds with

(4.11) V(fl dfg) =dfi ® dfs + leeSsz, Vf; € TestF(X, d,m)
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DEFINITION 4.4 (Sobolev space Héz) — Denote by Hé’Q(T*(X,d,m))
the closure of TestT*(X,d, m) in Wé’Q(T* (X,d,m)).

See also [19, Definition 3.4.3].

DEFINITION 4.5 (Exterior derivative d). — Denote by Wé’Z(T*(X,d,m))
the set of all w € L*(T*(X,d,m)) for which there exists n &
L2(N\°T*(X,d, m)) such that

(4.12) / (n, 00 ® aq) dm
b'e
= / ((w, ap)day — (w, a1)dag) dm, Vo € TestT*(X,d, m)
X

holds. Since 7 is unique, we denote it by dw.

See also [19, Definition 3.5.1]. It is proved in [19, Theorem 3.5.2] that it
holds TestT*(X,d, m) C W5*(T*(X,d, m)).

DEFINITION 4.6 (Sobolev space H;f) — Denote by H}q’Q(T*(X,d,m))
the completion of TestT*(X,d, m) with respect to the norm:

(4.13) lolla = llwllZa + [lowl72 + ldwl]Ze
See also [19, Definition 3.5.13].

DEFINITION 4.7 (Hodge Laplacian Ag1). — Denote by D(Ap 1) the
set of all w € Hy*(T*(X,d, m)) for which there exists n € L*(T*(X,d, m))
such that

(4.14) /X ((dw, de) +6w-da) dm = /X (n,)dm, Vo€ Hy*(T*(X,d, m))

holds. Since 7 is unique, we denote it by Ag jw.

See also [19, Definition 3.5.14]. It is proved in [19, Corollary 3.6.4] that
it holds Hp;*(T*(X,d,m)) ¢ HZ*(T*(X,d, m)) with

(4.15) / |Vw|? dm
X

S / (dwf? + [0w]? — Klw?) dm, Vo € HY(T"(X,d,m)).
X

On the other hand it follows from Definitions 4.3 and 4.5 that for any
w € Hy (T*(X,d,m)),

(4.16)  dw(V1,V2) = (Vy,w)(V2) = (Vi,w)(V1),  VVi e L¥(T(X,d,m))
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holds, where Vy,w :=Vw( -, V7). In particular, we see that Hé’Q(T*(X,d,m))
is a subset of H}i’Q(T* (X,d,m)), where H3’2(T* (X,d, m)) denotes the W(11,2_
closure of TestT*(X,d, m), with
(4.17) |dw|? € 2|Vw|?, m-ae. 2 € X
for any w € H5*(T*(X,d, m)).

DEFINITION 4.8 (Adjoint operator V*). — Denote by D(V*) the set

of all T € L*((T*)®?(X,d, m)) such that there exists n € L?(T*(X,d, m))
such that

(4.18) /X (T, Veo) dm = — /X (n,w)dm, Vo € HLA(T*(X,d,m))

holds. Since 7 is unique, we denote it by V*T. We say T is divergence free
if V*T =0 holds.

See also [30, Definition 2.17]. Note that for any f € TestF(X,d, m) we
have df ® df € D(V*) with
1
(4.19) V*(df ® df)z—Afdf—§d|Vf|2.

See for instance [30, Proposition 2.18] for the proof. Finally let us recall
the following result proved in [24, Proposition 3.2] in the finite dimensional
(maximal) case. Note that for any tensor T of type (0,2) on X, the trace
tr(7T) is defined by tr(T) :== (T, g).

THEOREM 4.9 (Laplacian is trace of Hessian under maximal dimension).
Assume that N is an integer with dimg m(X) = N. Then for all f € D(A)
we see that

(4.20) Af =tr(Hessy) for m-a.e. z € X.

Compare with (3.3). We can also reprove (4.20) along the main tools in
the paper when (X,d) is compact, see (4.23).

4.2. A key formula

Throughout this subsection let us fix a compact RCD(K,N) space
(X,d, m).

THEOREM 4.10 (Laplacian of (X, g;,m)). — For any f € D(A) and any
p € HY2(X,d,m) N L (X,m), we have

(4.21) /th(Vf,Vw)dm:—/XgaAtfdm,
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where
1
(4.22) Alf = (g¢,Hessy) + Z(Vf, V. Arp(z, z,2t)) € Ll(X, m).

See [29, Theorem 3.4] for the proof. Let us give a remark on Theorem 4.10
that if m = HY (that is, (X,d,H") is a non-collapsed RCD(K, N) space),
then multiplying by t(N+2)/2 on both sides of (4.21) and then letting t — 0%
show

(4.23) /X (Vf, Vo) dHN = — /X tr(Hessf)p dHY.

Since H12(X,d, m)N L% (X, m) is dense in H>%(X,d, m), (4.23) is also sat-
isfied for any » € H"?(X,d, m). Thus by definition of D(A) we have (4.20).
In particular since [29, Corollary 1.3] proves that dimg ,(X) = N implies
m = ¢H for some ¢ € (0,00), we reprove Theorem 4.9.

PrROPOSITION 4.11. — For any w € Hé’Q(T*(X,d,m)) and any t €
(0,00) we have

(4.24) /X<gt, Vw)dm = —i /X<w, dyAgp(x, x,2t)) dm.

Proof. — Tt follows from (4.21) and (4.11) that if w = f; dfs holds for
some f; € TestF(X,d, m), then we have

/ (g0, Vo) dm = / (g0, dfs ® dfs + fiHessy,) dm
X X

1

(4.25) - /X (1 dfa, duBup(e, 7, 20)) dm

S / (@, dolapla 2, 20)) dm,
4 X

which easily implies the conclusion because by definition TestT™(X,d, m)
is dense in H(]}Q(T*(X, d,m)). O

It is proved in [19, Proposition 3.6.1] that for all f € TestF(X,d, m) we
have df S D(AHJ) with

(4.26) Ap1(df) = —dAf.

LEMMA 4.12. — For fixed t € (0,00), the function x — p(x,x,t) is in
TestF (X, d, m). In particular we have d,p(z,z,t) € D(Ap 1) with

AH,l(dip(x7 xat)) = - dzAwp(xaxat)

ANNALES DE L’INSTITUT FOURIER



RCD SPACES AND EINSTEIN TENSORS 749
Proof. — Since for fixed I € N, (2.11) and (4.6) show that

Zeﬂ\it %2 < (05)2 Ze—/\it )\z{V/2 < o0,
i

l
(Z e so?) 2O D A < oo,
l
(4.29) |A (Ze*it w?) 226 LIVl + leill Agil)

Feea)
(Ze (Ve I2+M>z)>

7226 VIV + V) dm

(4.27)

(4.28) |v

and

(4.30) /X

2

dm

2

dm

+2 Zefo‘ﬁ)‘ﬂ')t Aj / p;Hess,, (Vgi, Vo) dm
i#j X
< C(K,N,t) < o0

letting | — oo in above inequalities with Mazur’s lemma completes the
proof. For the reader’s convenience, let us provide a proof as follows.

First it is easy to see that D(A) is a Hilbert space equipped with the
norm || f|[p = (|| f[|%1.2 + ||Af||2L2)1/2 . Since the estimates above show that
the sequence {Zi e it 2} is bounded in D(A), we have a weak conver-
gent subsequence to some f in D(A). Then applying Mazur’s lemma yields
that this is a strong convergence because the sequence consists of linear
combinations of e i 2. Since YL e Mt 02 () — p(z, x,t) in L(X,m) as
I — oo, we have f(z) = p(z,x,t) € D(A). Moreover the estimates above
also imply the equi-Lipschitz continuity of {Zée”‘it 02}, Thus f(z) =
p(x,x,t) is Lipschitz. Similarly, applying Mazur’s lemma for a sequence
{A Zl At 2 in HY2(X,d, m) yields that Ap(z,x,t) € HY?(X,d, m).
Thus p(x,z,t) € TestF(X,d,m). The remaining statement comes
from (4.26) as f(z) = p(z, z,t). 0
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We are now in position to prove a technical key result which will play a
role in the proof of Theorem 1.1.

THEOREM 4.13. — For any t € (0,00) and any w € D(Ag,1) with
Apiw € D(5) we have
1
(4.31) / (g¢, Vw)dm = f/ 0(Amw)p(z, z,2t) dm.
b's 4 Jx

Proof. — Proposition 4.11 and Lemma 4.12 yield

/}((gt,vm dm

:71/ (w, dzAzp(:c,z,Qt»dm:}/ (w, A 1(dgp(z,z,2t))) dm
4 Jx 4 Jx '

1

= 7/ (Agaw, dgp(x, x,2t)) dm = 1/ S(Agaw)p(z,z,2t)dm. O
4)x" 4 Jx 7

4.3. Non-collapsed RCD(K, N) space and fine properties on
Sobolev spaces

The main purpose of this subsection is to recall the definition of non-
collapsed RCD(K, N) spaces and to introduce fine properties on Sobolev
spaces of the spaces. Non-collapsed RCD(K, N) spaces are introduced
in [14] as a synthetic counterpart of non-collapsed Ricci limit spaces. The
definition is as follows.

DEFINITION 4.14 (Non-collapsed RCD (K, N) space). — AnRCD(K, N)
space (X,d, m) is said to be non-collapsed if m = H~ holds.

Non-collapsed RCD(K, N) space have nicer properties than that of gen-
eral RCD(K, N) spaces. For example we have

(4.32) Hy2(T*(X,d, #HN)) = HE* (T (X, d, 1Y),

which is a direct consequence of the following result proved in [24, Propo-
sition 4.1], see Corollary 4.16.

THEOREM 4.15. — Let (X,d,H") be a non-collapsed RCD(K, N) space.
Then we have H5?(T*(X,d, HN)) € D(8) with

(4.33) dw = —trVw, Yw e H5(T*(X,d, HY)).
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Proof. — Theorem 4.9 with (4.9) yields that for all f; € TestF(X,d, H"N),

6(frdfe) = —(dfr, df2) = il fo

= —<df17 df2> - fltr(Hessz)

= —(9, dfi ® df2) — (g, fiHessy,)

=—(9,V(f1df2)) = —trV(f1df2)
holds, which shows that (4.33) holds for all w € TestT*(X,d,H"). Thus
we have the conclusion because by definition TestT™*(X,d, H") is dense in
HE(T*(X,d, HY)). 0

It directly follows from Theorem 4.15 that for a non-collapsed RCD (K, N)

space (X,d,H") and any f € D(A), we have fg € D(V*) with
(4.34) Vi(fg) = —df
because for any w € H5(T*(X,d, HN)),

v apan? = [ (Vo s an = [ goar
:/X<df,w>d7-lN.

The following is also a direct consequence of (4.15), (4.17) and Theo-
rem 4.15:

(4.35)

COROLLARY 4.16. — Let (X,d,H"™) be a non-collapsed RCD(K, N)
space. Then we have Hp*(T*(X,d, HN)) = Hé’z(T*(X,deN)) with

1
Shollye < ol

(4.36) L .
<O+ E)|wllyre, Y € H(T*(X,d, 1Y),

where K~ = max{0, —K}.

It is proved in [14] that any non-collapsed RCD(K, N) space (X, d, HY)
satisfies dimg m (X) = N. It is also conjectured that the converse implica-
tion is true up to multiplying a positive constant to the measure, that is,
if a RCD(K, N) space (X,d,m) satisfies dimg (X) = N, then m = aH"
holds for some a € (0,00). Note that by definition, the RCD(K, N) con-
dition is unchanged after multiplying a positive constant to the measure;
if (X,d, m) is an RCD(K, N) space, then (X, d, am) is also an RCD(K, N)
space for any a € (0,00). Therefore (X,d,aH") is an RCD(K, N) space
for some a € (0, 00), then (X,d,H") is a non-collapsed RCD(K, N) space.
Thus the conjecture states that the maximality of the essential dimension
characterizes the non-collapsed condition.
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It is proved in [29, Corollary 1.3] that the conjecture is true when (X, d)
is compact. Finally we introduce another characterization for being a non-
collapsed RCD(K, N) space proved in [29, Corollary 4.2]:

THEOREM 4.17 (Characterization of non-collapsed RCD(K, N) space).
Let (X,d,H"™) be a compact RCD(K, N) space. Then the following two
conditions are equivalent:

(1) (X,d,H") is a non-collapsed RCD(K,n) space.
(2) We have

(4.37) e Br(@)
z€X,re(0,1) rn

> 0.

4.4. Proof of Theorem 1.1

Let us fix a compact RCD(K, N) space (X,d,m). We recall a result
proved in [5] which states that for all x € R,, we have

Wn
(47‘(’)”/2 :

First let us prove the implication from (2) to (1). Assume that (2) holds.
It is trivial from the Bishop—Gromov inequality that (1.10) holds. Let w €
D(Ap1) with Ay jw € D(§). Then Theorems 4.13 and 4.15 show

(n+2)/2,, _
(4.39) /<C(”)t gt g,Vw> dH"
X

t

(4.38) tl_i,%l+ m(Byy2(2))p(x, 2, t) =

= c(n)t"/z/ (g¢, Vw) dH™ — %/ trVw dH"”

/ S(Apr w)t™ ?p(x, x, 2t) dH" + / SwdH™

= —/ S(A g1t ?p(x, x, 2t) dH™.
4 Jx

On the other hand (4.38) shows that for any € R,,, as t — 0T

1 wn (2t)7/2

t"2p(z, z,2t) = .
p( ) wp2n/2 Hn(B(Qt)l/2($))

- H" (Bary/2(2))p(z, 2, 2t)

1 w
4.40 — 1t = (8m) 2,
(4.40) 5L T = (&)

Since the Bishop—Gromov inequality with (2.6) yields

(4.41) t"2p(x, z,2t) < C(K,n,diam(X,d), H"(X)) < oo,
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letting ¢ — 07 in (4.39) with the dominated convergence theorem yields
that as ¢t — 0T

c(n) n_
(4.42) (RHS) of (439) — o5 /X 5(Apw)dH™ =0

which completes the proof of the desired implication.
Next we prove the implication from (1) to (2). Assume that (1) holds.
Then for any w € D(Ag,1) with Ay jw € D() we have

(4.43) / <c(n)t"/2gt,VoJ> dm — %/ tr(Vw) dH"™ — 0.
p's X

Since (1.10) and (2.6) imply

(4.44) sup t"/zp(a:, x,2t) < 00,
te(0,1),zeX

the same argument as above yields that

(4.45) /X <C(”)f"/2gt,Vw> dm —s 4<c(n)

87r)n/2‘/X6(AH’lw)dH eR.

In particular combining (4.43) with (4.45) shows that
1

(4.46) - / tr(Vw) dH"
tJx

converges as t — 0. This convergence forces

(4.47) / tr(Vw) dH"™ = 0.
X

Therefore by (4.45) it holds that

n

(4.48) 0:/ 5AH,1wdH":/ 6(Amaw) LAY
< x dm

For any eigenfunction f of A on (X,d,m) whose eigenvalue is not zero,
letting w = df in (4.48) shows

dH"
(4.49) /Xf G dm=0

which proves that % is a constant function because f is an arbitrary
eigenfunction. Thus we have (1.14). Then the conclusion follows from The-

orem 4.17. 0
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4.5. Weakly asymptotically divergence free

In order to prove Corollary 1.3 let us introduce the following notion:

DEFINITION 4.18 (Weakly asymptotically divergence free). — Let
{T:}ic(0,1) be a family of L?-tensor fields of type (0,2) on X. We say that
it is weakly asymptotically divergence free as t — 07 if there exists a dense
subset V of H;?(T*(X,d, m)) such that for any w € V we have

(4.50) /X (T,, Vw)dm — 0

ast— 07T,

Note that Theorem 1.1 implies that a family of L°°-tensors (1.12) is
weakly asymptotically divergence free as t — 07 if an RCD(K,n) space
(X,d, m) satisfies dimg  (X) = n because the space

(4.51) {w € D(Ag1); Agaw € D(5)}

is dense in Hé’Q(T*(X, d,m)), see for instance Remark A.3. Corollary 1.3
is a direct consequence of Theorem 1.1 with the following proposition.

PROPOSITION 4.19. — Let {T;}+¢(0,1) be a family of L*-tensor fields of
type (0,2) on X with

(4.52) lim sup ||T¢|| 2 < o0
t—0+

Then the following two conditions are equivalent:

(1) {Ti}ic0,1) is weakly asymptotically divergence free ast — 0.
(2) If G € L*((T*)®%(X,d, m)) is the L?-weak limit of T, for some
convergent sequence t; — 07, then G € D(V*) with V*G = 0.

Proof. — Let us first prove the implication from (1) to (2). Assume that
{Ti}1e(0,1) is weakly asymptotically divergence free as ¢ — 0T. Let V be as
in Definition 4.18 and let ¢;, G be as in the assumption of (2). By definition
we have

1—> 00 X

(4.53) / (G,Vwydm = lim [ (T},,Vw)dm =0
b's
holds for any w € V. Since V is dense in H*(T*(X,d,m)), we have
(4.54) / (G, Vw)ydm =0, Ywe HS*(T*(X,d,m))
X

which shows G € D(V*) with V*G = 0.
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Next let us prove the remaining implication. Assume that (2) holds. Let
us fix w € Hé’Q(T* (X,d,m)). If (4.50) is not satisfied for this w, then com-
bining with the L?-weak compactness shows that there exist a convergent
sequence t; — 0% and G € L?((T*)®%(X,d,m)) such that T}, — G in the
L?-weak topology and

(4.55) / (G, V) dm = lim [ (T}, Ves)dm £ 0
X 1—> 00 X
are satisfied, which contradicts the assumption (2). O

5. The L? divergence of the approximate Einstein tensor

In this section, we will explain why it is necessary to state the main
theorem using the weakly asymptotically divergence free property by giving
an example. In fact, we cannot hope that (1.12) has a limit in a reasonable
sense, let alone in D(V*), more precisely, the L? convergence of (1.12) may
fail. To show this we will construct a compact non-collapsed RCD(K, 3)
space with K > 1 such that

c(3)t°2g, — g
¢

t—0t

(5.1) —+o00

L2

The next proposition is an auxiliary result for our purpose. Note that
an open subset U C X is said to be smooth if for any y € U there exist
an open subset y € V C U and a (not necessary complete) Riemannian
manifold (M™, g) such that there exists an isometry ® : V- — M"

PROPOSITION 5.1. — Let (X,d,H"™) be a non-collapsed and compact
RCD(K, n) space and let U C X be a smooth open subset. Then

tn+2/2 _ 2

o=y 2,

holds uniformly on any compact subset of U.

(5.2)

Proof. — Fix y € U and take a sufficiently small € > 0 such that B.(y) C
U and that 0B.(y) is smooth. With no loss of generality we can assume
that (Be(y),d) is an open ball in a closed Riemanian manifold (N, h).
Let p. be the Dirichlet heat kernel on B (y). Thanks to the smoothness of
0B (y), we know that p. has the continuous extention, denoted p. again, to
Be(y) x B(y) x (0,00) such that p.(z, z,t) = 0 whenever x € 9B, (y) which
is justified by regularity results for parabolic equations on Euclidean balls.
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The key point in the proof of (5.2) is to show that the global heat kernel p
on X and p. are exponentially close on B, (y), that is, for sufficiently small ¢,

(5.3) sup [p(z,y,t) — pe(x,y, 1) < C(K, N)e /6
:L’EBe(y)

where C'(K,n) denotes a positive constant with dependence on K and n.
Because after establishing (5.3), we can easily complete the proof as follows.

Step 1. — The restriction of p to Be(y) X Be(y) % (0, 00) is smooth and the
expansion (2.8) is satisfied in C*°(B(y)) (whenever € is sufficiently small).

We have several proofs of this fact. One way is to apply the elliptic reg-
ularity theorem with elliptic estimates (see for instance [20]) for the i-th
eigenfunction (;, then the expansion (2.8) is satisfied in C!(B(y)) for any
[ > 1, namely we have Step 1.

Step 2. — We see that g; is smooth on the ball B, (y) and that g;(v,v) =
(dsP) (a,z,2t)(v,v) holds for all 2 € Be(y) and v € T,U.

This is a direct consequence of (2.13) and Step 1 (see also the beginning
of the proof of Theorem 3.4, namely (3.37)).

Step 3. — It holds that on B.(y),
(5.4) ds(p—pe)| < Cem /™.

This essentially comes from (5.3), we postpone the proof to Appendix B.

Final step. — We prove (5.2).

The proof of the final step is as follows. Applying also the previous steps
above for (N",d" vol") (instead of (X,d, ")), denoting by p” the heat
kernel of (N, d", Volh), we have

(5.5) lds(p —p")| < Ce=e/™

on Bc(y). Thus Theorem 3.4 for (N",dh,volh) (with the proof) implies
that (5.2) holds.

Finally we know that it is enough to prove (5.3). To this end, applying
the Gaussian estimates (2.6), together with the maximum principle yields
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for small t > 0
sup ‘p(xay7t) 7pe(z7y7t)| < sup (p(l‘7y,5)*pe(ilf,y,$))
z€B.(y) 0B.(y)x(0,t]
—€?/5s
e
< et sup ————
s€(0,t] m(B\/g(y))

6762/58

Cot
<(CiCe sup 7

s€(0,t]
—e2 /5t
tn/2

2
g C«lcngt e ¢ /61&7

e
< 010602t

where we used the Bishop—Gromov inequality for H™ in the third inequal-
2 s
ity, and a fact that the function 7//: is monotone increasing for s € (0, ]

when t is small enough. ) O

Example 5.2. — Let (X,d) be the spherical suspension of (S?(r), ds2(r))
for some r € (0,1), where S?(r) = {z € R%[z| = r} and ds2(,) denotes
the canonical spherical distance. Note that (X,d,H3) is a non-collapsed
RCD(r~2+ 1, 3) space because of [33, Theorem 1.1], that (X \ {p—,p4},d)
is isometric to a smooth Riemannian manifold (M3, g), where py denote
poles, and that

(5.7) / |Scal?|? dH? = cc.
M3

Let us show the L? divergence of (1.12) as t — 0% in this example.
Proposition 5.1 yields

3)t5/2g, — 2
(5.8) / <C()gtg,T> dH? — —= [ (G9,T) an®
X t 3 Jx
for any tensor T of type (0,2) with compact support in X \ {p+}. In par-
ticular

1G9 2a e, = \ | @ awe

(5.9) 5
/24, —

<§liminf 70(3)75 9t — 9

t—0+ t

NG L2
L2

for any compact subset K C X \ {p+}. Taking the supremum with respect
to K in (5.9), we have

c(3)t5/29t -9

3
9 3. .
(5.10) 1G9z < 5 htgégf "

L2
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Since the left hand side of (5.10) is 400 because of

1 1
GIPPdH3 > - / GI,g)?dH? = — / Scal?|? d®
- /e 5 ] lea) 5 /IS

= OO,
the divergence of the right hand side of (5.10) follows.

The compactness of (X, d) in Theorem 1.1 plays a crucial role. We give an
example to show that Theorem 1.1 does not hold without the compactness
assumption. For this purpose, we need to define g; for a general, possibly
non-compact, RCD(K, N) space, see [9, Definition 3.6] and the discussion
therein for the details.

Example 5.3. — Denoting by gr the canonical Riemannian metric on R,
let us consider a smooth metric measure space

(5.12) (R, d%, vold*) , (VOIZR(A) = / e " dx) .
A

Thanks to (3.2), (R,d%,vol?*) is an RCD(—(N — 1)~ N) space for any
N > 1. We compute directly the short time expansion of g;. First, it follows
from [21, Lemma 4.7] that the heat kernel p of (R, d%,vol?*) is

(5.13) pla,y,t) = e H+75 Lot
' e Vart

Then, we have

1 _ty oty 1 7\93*!/\2 xr — _tyzty 1 7\0“*1/\2
dmp:<e it e a4 ye it —e 4t dx

2 VAarnt 2t \V 47t

1 _tzty 7\Ify\2 r—1Y
— e 1t T3 Tt (1 + > dzx.
2/ 4mt t

Finally, keeping in mind dz ® dz = gr, we can compute g; as follows

(5.14)

@

gt =/ dop® dap €7 dy
R

2

1 t lz—y|? xr —

(5.15) = Tomt e*f””-/e’T (1 + 5 y> dy gr
R

1 t 271'
= —2 1 /ot i .
Tomt < < 7TJF\/t)gR
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Now the desired expansion reads

4/8rt3 g, = (1+t)e 277 gp

(L +1) (1 - % + O(t2)) g

(5.16)
x 1 T 2
=¢ gr—ge gr t+ O(t*).
Note that this matches with the general formula obtained for closed man-
ifolds, since in this case f(xz) = x, we have df ® df = dz ® dz = gg,
A% f =0 and |V f| = 1, recall Definition 3.5. Then from Definition 3.6 and
the fact that for unweighted operator, V*g = 0, we see that
V(e gr) =€ Vgr — gr(-,€" 0z) +€* gr(-, 0z)

5.17
(5.17) =—¢"dzx+e* dz =0.

This computation shows for the RCD(—(N—1)"1, N) space (R,d%, vol%*),
the second principal term of g, is divergence free, nevertheless it carries a

non-constant density e 7.

Appendix A. Spectral analysis on compact RCD spaces

In this appendix we provide a Rellich type compactness for 1-forms,
Theorem A.1, which in particular proves that the space (4.51) is dense in
HE(T*(X,d, m));

(A1) {weD(Aw,); Amiw e D(6)} = HZ*(T*(X,d, m))

Let us mention that hyw is in (4.51) for any w € L*(T*(X,d, m)) and
any t > 0, which gives another proof of (A.1) without the compactness
of (X,d), where hy; is the heat flow acting on L?(T*(X,d, m)) associated
with the energy;

1
(A2) Wi §/ (|dw|? + [dw]?) dm,
X

as discussed in [19, (3.6.18)]. The authors believe that the Rellich type
compactness result has an independent interest from the point of view of
the spectral analysis on compact RCD(K, N) spaces, see also [27].

For the proof, we need several analytic notions, including the local Sobolev
spaces HYP(U,d,m), the domain of local Laplacian D(A,U)(C HY?(U,d, m))
with the Laplacian Ay = A for any open subset U of X and so on. We re-
fer [2, 3, 25] for the detail. Let us emphasize that the RCD(K, N) condition
for a metric measure space (X,d, m) plays an essential role to establish:
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(1) (Good cut-off function, [36, Lemma 3.1]) for any x € X and all
0 <7 < R < o0, there exists ¢ € D(A) N Lipy(X,d) such that
0 < ¢ < 1 holds, that ¢ = 1 holds on B,.(z), that supp ¢ C Br(z)
holds, and that |Vp|+|Ap| < C(K, N,r, R) holds for m-a.e. z € X;

(2) (Hessian estimates for harmonic functions) For any harmonic func-
tion f on Br(xr) C X with |Vf| < L, that is, f € D(A, Br(x))
with Af =0, and for any r < R, we have

(A.3) / |Hess¢|*dm < C(K,N,r, R, L).
B (z)

Note that the Hessian of a harmonic function f as above is well-defined
as a measurable tensor over Br(z) because of the locality of the Hessian
proved in [19, Proposition 3.3.24], see also [10, (1.1)]. The proof of (A.3)
is easily done by applying (4.5) with the good cut-off function constructed
in (1).

Finally let us recall a useful notation from the convergence theorys;

(A.4) U(€1,€9, ., €5C1,C2y vy Cm)
denotes a function ¥ : (Rsg)! x R™ — (0, 00) satisfying

(A.5) lim  U(er,en,...,€5¢1,C2,...,¢m) =0, V.

(€1,.es €, )—0
The authors know that the following result is independently obtained in [8]
as an application of the heat flow when the paper is finalized. Our proof is
based on J-splitting maps which is different from that of [8].

THEOREM A.l (Rellich compactness). — Let (X,d,m) be a compact
RCD(K, N) space. Then the canonical inclusion map:

(A.6) HE*(T*(X,d,m)) — L*(T*(X, d, m))
is a compact operator.

Proof. — With no loss of generality we can assume that m(X) = 1 and
N > 1. Let w; be a bounded sequence in Hy*(T*(X,d, m)). By the L2-weak
compactness with no loss of generality we can assume that w; L2-weakly
converge to some w € L?(T*(X,d, m)). Our goal is to prove that this is an
L2-strong convergence.

Let us remark that thanks to [19, Proposition 3.4.6] (recall that for any
w € LA(T*(X,d,m)), w € WL*(T*(X,d,m) holds if and only if it holds
that w! € W5*(T(X,d,m))), we have |w;|? € HV(X,d, m) with |V]w;|?| <
2|Vw;||w;| for m-a.e. x € X. In particular the Sobolev embedding theorem
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proved in [23, Theorem 5.1] yields

(A7) sup [[|wi|*||Len < oo,
1

where py := N/(N — 1) because a Poincaré inequality is satisfied [37,
Theorem 1], and the Bishop—Gromov inequality implies that the inequality
m(Bs(y)) = C(s/r)Nm(B,(z)) for all x € X, y € B,(z) and s € (0,r],
see [23, (21)].

Fix ¢ > 0 and put n = dimgm(X). For any z € R, there exists
ry > 0 such that for any r € (0,7;) there exists a harmonic map ®,, =
(Pro1, Pra2s - Pran) : Bar(x) = R™ (that is, each ¢, 5, is a harmonic
function on Bs,(x)) such that |V, . ;| < C(K, N) holds for any 4, that

1

A8) B @)

/ |<v§0r7w,i7 v‘Pr,w,j> - 6ij| dm
BQT(Z')

r2

+7/ |Hess,, . ,[?dm < e
m(B2-(7)) Jp,, (x) o

holds for all i, j (see [10, Proposition 1.4]). Note that the L?-weak conver-
gence of w; to w yields that (dy, 5 j,w;) L2-weakly converge to <d<p,,@,j, w)
on By,.(z) for any j.

On the other hand applying [19, Proposition 3.4.6] (with a good cut-off
function as above) again yields (dy, , j,w;) € H"(B,(z),d, m) with

(A9) [V(dgray,w)]
< [Hess,, llrl + [Vora Vel for mae. o € By (a).

For the reader’s convenience, let us provide a proof of the above. Take
¢ € D(A) N Lipy(X,d) such that 0 < ¢ < 1 holds, that ¢ = 1 holds on
B,(z), that suppy C Ba.(z) and that |[Vy| + |Af] < C(K,N,r) holds
for m-a.e. € X. Then since ¢y, ,; € D(A) N Lip,(X,d), applying [19,
Proposition 3.4.6] yields (d(¢py ), w;) € HY(X,d, m) with

IV(d(pprz,),w)| < [Hesspp, , |lwil + [Vora |V (ews)|, for m-a.e zeX.

Restricting this observation to B,(z) with the locality properties of the
gradient (for instance [19, Theorem 2.2.6]) and of the Hessian [19, Propo-
sition 3.3.24] proves the desired statement.

In particular (A.3) shows

(A.lO) sup ”<d90r,a:7j7wi>||H111(Br(z),d,m) < 0.

Therefore applying the Rellich compactness theorem for H'!-functions
proved in [23, Theorem 8.1] shows that (dy, 4 ;,w;) LP-strongly converge
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to (d¢y.z,j,w) on By (x) for all p € [1,pn). By (A.7) we see that (d, 5 ;, ws)
L?-strongly converge to (d¢, . j,w) on B,(z) for any j.
Let

(AL1) A(r2) = {1 € Bo(@)(Vrn s Veora )(0) - biy] < /2,0, 5}
Then the Markov inequality with (A.8) shows

m(Br(z) \ A(r, z))
m(B,(x))

(A.12) < €e/2,

Note that for any n € L?(T*(X,d, m))
(A13) [P () =Y (dpra g m*W)| < ¥ (6n) [, for ae. y € A(r,).
J
See also [4, (5.36) and (5.37)]. Applying the Vitali covering theorem to a

family F = {B,(2)}zeRr,, r<r, yields that there exists a pairwise disjoint
subfamily {B,,(z;)};en of F such that

k
(A.14) R\ | | Br,(z;) € |J Bsn,(x;), VEkeNT,
j=1 j=k+1

holds. Take ko with .-, ., m(Br;(z;)) < e. Then by (A.12) we have

(A15) m | X\ |_0| A(rj,xj)

j=1
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Thus for any sufficiently large i we have

(A.16) / |ws|? dm
X

ko
/ |ws |2 dm+/ . |w;]? dm
i—1 JA(rjz;) X\|_|ji1 A(rj,zj)

< _ Z/A(T i )(<d<ﬂrj,x,~,l,wvz>2+\If(e;n)|w¢\2)dm

ko 1/qn
+m | X\ | |A(ry, ) lws ]| Lon

j=1

< Z/ <d<prj’x].,l,w>2dm+\11(e;n) Sup ||won || 22
; A(rj,xj) m

+ (e K, N) sup [[|wi|*[| Lrn

n

ko
DO SRR N

I—1 A(rj,xy)
+ (6 K, N)(sup [|wnmll72 + sup [[lwm ||| Lox )
m m

</ jwl? dm + W (e; K, N)(sup [|wiml[72 + sup [[lwm |*|| e~ ),
X m m

where gy is the conjugate exponent of py. Since € is arbitrary, (A.16) shows
that

(A.17) limsup/ |w; | dm é/ lw|? dm
i—00 X X
which completes the proof of the L?-strong convergence of w; to w. g

The following corollary is a direct consequence of Corollary 4.16 and
Theorem A.1 (see for instance the appendix of [28]).

COROLLARY A.2. — The spectrum of the Hodge Laplacian Ay acting
on 1-forms is discrete and unbounded. If we denote the spectrum by

(A18)  0<Amn1S<AHD2SAEH3< < AHHES - —>00

counted with multiplicities, then corresponding eigen-1-forms wi,wo, ...
with ||wg||z2 = 1 give an orthogonal basis of L*(T*(X,d, m)).
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Remark A.3. — Under the same notation as in Corollary A.2, it is easy
to see that for any w € Hy*(T*(X,d, m)),

A.19 w= (/ w, Wi dm) W;

(A.19) Z X( )

in H;;Z(T*(Xd,m)). In particular (A.19) also holds in Hé’2(T*(X,d,m))
because of (4.15).

Remark A.4. — As an immediate consequence of Theorem A.1, we are
able to prove a similar spectral decomposition result as in Corollary A.2 for
the connection Laplacian Ac,; acting on 1-forms. Moreover the technique
provided in the proof of Theorem A.1 allows us to prove similar decompo-
sition results for the connection Laplacians acting on differential forms and
tensor fields of any type. Compare with [27, 26].

Appendix B. Proof of (5.4)

In order to complete the proof of Proposition 5.1, we recall the follow-
ing local derivative estimates which are well-known. For our purpose, it is
enough to consider the case when the total space is complete because we
recall that B.(y) appeared in the proof of Proposition 5.1 is actually an
open subset of a closed Riemannian manifold (N, h).

LEMMA B.1. — Let (U", g) be an n-dimensional complete Riemannian
manifold with Ric? > —Kg for some K > 0, and let u(x,t) be a smooth
solution to the heat equation on Ba,(p) % (0,T1], for somep € U™, 0 < r < 1
and T > 0. Then

(B.1) |Vul?(x,t)
1 1
Proof. — This is a direct consequence of a result of Souplet—Zhang in [40,
Theorem 1.1] which states that if « is a positive solution of the heat equa-
tion on Ba,(p) x (0,T) with u < L, then

|Vu|? 1 1 L
(B.2) 2 <G, r—2—|—¥—|—K 1+loga , on B.(p) x [T/2,T).

Because in our setting, letting M = ||u|| 1 (B,, (p)x(0,7]) and, without loss
of generality, we can assume that M > 0. Consider a positive solution
u+ 2M of the heat equation on Ba,.(p) x (0,T]. For any ¢t € (0,7T), finding
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To € (0,T) with t € (%,To) and then applying (B.2) for this solution on
Ba,(p) X (%,Tg) show (B.1) because of M < u+2M < 3M. O

Let us return to the proof of (5.4). For any V' € T,,U, consider a smooth
function u(z,t) = g(Vy(p—py.e), V). Observe that u(z,t) satisfies the heat
equation since

0

(B.3)  5u=9(VyAL(p = pr.e) V) = 829(Vy(p —pre), V) = Afu,
where we used a fact that V is independent of . We then apply Lemma B.1
twice to derive that for fixed y, take any x € B./4(y) and then take ¢ small
enough, we have

C
|Vu|(z,t) < ﬁllvyp — Vypsellne(B. ) V]
(B.4) v .
< ?||P*Pf,e||L°°(Be(y))|V| <Te StV

Then considering the case when x =y, for any W € T,,U, we get
C _o
(B.5) |ds(p = pr) (W V)| < W[ Vul(y, £) < e aalahigt
Since V, W is arbitrary, we have
(B6) |dS(p o pf,e)| < %ect 6762/6t < 06762/7t

which completes the proof of (5.4).
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