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Abstract

We establish a quantitative isoperimetric inequality for weighted Riemannian
manifolds with Ric,, > 1. Precisely, we give an upper bound of the volume of
the symmetric difference between a Borel set and a sub-level (or super-level) set of
the associated guiding function (arising from the needle decomposition), in terms
of the deficit in Bakry-Ledoux’s Gaussian isoperimetric inequality. This is the
first quantitative isoperimetric inequality on noncompact spaces besides Euclidean
and Gaussian spaces. Our argument makes use of Klartag’s needle decomposition
(also called localization), and is inspired by a recent work of Cavalletti, Maggi
and Mondino on compact spaces. Besides the quantitative isoperimetry, a reverse
Poincaré inequality for the guiding function that we have as a key step, as well as
the way we use it, are of independent interest.

1 Introduction

Geometric and functional inequalities under various curvature bounds are one of the main
subjects of comparison geometry and geometric analysis. Beyond an inequality itself, its
rigidity (characterizing a space attaining equality, that we call a model space) and stability
(showing that the space is close to the model space when equality nearly holds) are
important subjects, for instance in connection with the theory of convergence of spaces.
One of the classical stability results is Colding’s ‘almost sphere theorem’ [Col, Co2];
see Remark 6.4 for some more (classical and recent) results. There are at least two
strategies for stability problems. One is based on compactness arguments: we take a
sequence of spaces asymptotically satisfying equality in the inequality in question, and
apply a rigidity result to its limit space. This method usually provides implicit estimates.
Another strategy is an explicit quantitative estimate that we follow in this article.
Quantitative isoperimetric inequalities were intensively studied in the Euclidean spaces
([FiMP, FuMP]) and Gaussian spaces ([BBJ, CEMP, El; MN]J). For the Gaussian space
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(R™, ™), 4" = (2m)""2e71*F/2dz, it is known that isoperimetric minimizers are half-
spaces. Precisely, given 6 € (0,1), a half-space Hy,, = {z € R"|(z,w) < ap} with
w € S" ! and ag € R satisfying ¥ (Hy,q,) = 0 attains the minimum perimeter Zgn 4n(6)
among sets with volume 6. Note that the isoperimetric profile Zgn 4») is independent of
n, and we will denote 4! by ~. In [BBJ, El] it was shown that

min Y (AL Hya,) < C0)/P(A) = Ty (6) (1.1)
holds for A C R” with y"(A) = 0, where AA B is the symmetric difference of A and B
and P(A) denotes the perimeter of A with respect to 4. We call § := P(A) — Zr~)(0)
the deficit in the isoperimetric inequality. Note that the order V0 in (1.1) is independent

of n, and is known to be optimal.

In curved spaces (such as Riemannian manifolds) without any symmetry nor homo-
geneity, much less is known for quantitative isoperimetric inequalities. For instance, for
the Lévy—Gromov isoperimetric inequality whose model space is a sphere, the rigidity
was classical whereas there had not been any quantitative version until recently. A break-
through was made by Klartag [I<]], who established an alternative proof of isoperimetric
inequalities not relying on the deep regularity theory from geometric measure theory.
The method developed in [K] is the needle decomposition (also called the localization,
see Subsection 2.3), which has its roots in convex geometry and enables us to reduce an
inequality on a (high-dimensional) space into those on geodesics (called needles). Then
one only needs to perform a 1-dimensional analysis on geodesics, which is much simpler
especially for isoperimetric inequalities. This technique turned out useful also in rigidity
and stability problems.

In [CM], Cavalletti and Mondino generalized the needle decomposition to essentially
non-branching metric measure spaces satisfying the curvature-dimension condition CD(K, N)
with K € R and N € (1,00), and established the Lévy—Gromov isoperimetric in-
equality, as well as its rigidity for RCD(K, N)-spaces. The curvature-dimension con-
dition CD(K, N) is a synthetic notion of the lower Ricci curvature bound, equivalent to
Ricy > K for weighted Riemannian or Finsler manifolds, and the Riemannian curvature-
dimension condition RCD(K, N) is its reinforced version coupled with the linearity of
heat flow (see Subsection 2.1). Then, with a deeper analysis via the needle decomposition,
Cavalletti, Maggi and Mondino [CMM] investigated the stability for CD(N — 1, N)-spaces
(X,d,m) with N € (1,00). They showed that, for A C X with m(A) =0,

m(AABT(x)) < C(N, Q)(P(A) _IN(Q))N/(N2+2N71)

(1.2)
holds for some = € X, where B,(z) is the ball of center x and radius r, with the model
isoperimetric profile Zy and appropriate r = r(N,6). This means that A is close to a
ball in terms of m. We refer to [CES] for another quantitative study of isoperimetric
inequalities on closed Riemannian manifolds with a different method.

The aim of this article is to explore the possibility of applying the needle decomposition
to a quantitative isoperimetric inequality under Ric,, > K > 0. In general, stability
problems in terms of Ric,, are more challenging than those of Ricy with N € (1, 00),
since Gromov’s precompactness theorem ([Gr, §5.A]) does not apply. Without loss of
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generality we assume K = 1 in the sequel. In this case, Bakry and Ledoux [BL] showed an
isoperimetric inequality with the Gaussian space (R, 7) as the model space (see [AM, Oh4]
for some generalizations). One of the most important differences between Ricy > N — 1
(or CD(N — 1,N)) and Ricy, > 1 from our viewpoint is that Ricy > N — 1 implies
the compactness (precisely, the diameter is bounded above by 7w by the Bonnet—Myers
theorem), while Ric,, > 1 can hold for noncompact spaces. In fact, the model space
for Ricy > N — 1 is a sphere and some stability estimates in terms of the diameter
were essentially used in [CMM]. In the case of Rics, > 1, the possible unboundedness of
needles causes several difficulties. We perform careful estimates on needles to overcome
these difficulties (see for example Section 3), and our main theorem asserts the following.

Main Theorem (Theorem 7.5) Let (M, g, m) be a complete weighted Riemannian man-
ifold such that Ricoe > 1 and m(M) = 1. Fiz 6 € (0,1)\{1/2} and e € (0,1), take a Borel
set A C M with m(A) = 0, and assume that P(A) < Zr~)(0) + § holds for sufficiently
small § > 0 (relative to 0 and €). Then, for the guiding function u associated with A such
that fM udm =0, we have

min{m(A Adu < ag}),m(A Ad{u > al,g})} < (0, 6)5(1—5)/(9—35)'

Here the guiding function u stems from the construction of the needle decomposition
(see Subsection 2.3). In the rigidity case, an isoperimetric minimizer is in fact given as
a sub-level set of the associated guiding function (see Theorem 2.8). Furthermore, the
guiding function is somehow related to the Busemann function, hence its sub-level set
can be viewed as ‘a half-space’ or ‘a ball with center at infinity’ (see Remark 7.6(a) for
a further account). Therefore our main theorem is regarded as a counterpart to (1.1) as
well as (1.2). We refer to Remark 7.6 for further discussions and related open problems.
Here we only remark that the case of § = 1/2 is removed merely for technical reasons
(Remark 7.6(e)), and the main theorem holds true also for reversible Finsler manifolds
(Remark 7.6(c)).

Our careful calculation on needles provides further applications. We in particular show
that the guiding function u in the theorem enjoys the reverse Poincaré inequality

1
m > d
Var (am)(u) > A’(@,E,é)/M|vu| m

such that A'(6,¢,6) < (1 — C(6,£)60)/G=9))~1 (Theorem 6.2). This is indeed a reverse
form of the Poincaré inequality

Varn,m (u) S/ |Vul? dm
M

induced from Rico, > 1 (see (2.1)). The use of the reverse Poincaré inequality is inspired
by [Ma2] where we studied the rigidity problem, and reveals an interesting relation be-
tween the isoperimetric inequality and the spectral gap via the guiding function. The
reverse Poincaré inequality plays an essential role to integrate 1-dimensional estimates on
needles into an estimate on M in the proof of the main theorem (precisely, Proposition 7.3



is a key ingredient). We refer to Remark 6.4(b) for related stability and rigidity results
for functional inequalities, and to [DMS, Ha] for more recent results.

The article is organized as follows. In Section 2 we review necessary notions related
to the weighted Ricci curvature, isoperimetric inequalities, and the needle decomposition.
Then Sections 3-5 are devoted to the 1-dimensional analysis. We first establish in Sec-
tion 3 that a small deficit in the isoperimetric inequality implies that the measure on the
needle is close to the Gaussian one (Proposition 3.2). This is the starting point of all the
estimates in the sequel. In Section 4 we show that a small deficit in the isoperimetric
inequality implies a small symmetric difference from a half-space (Proposition 4.1). In
Section 5 we establish a reverse Poincaré inequality on needles (Proposition 5.1). Coming
back to Riemannian manifolds, in Section 6 we derive a reverse Poincaré inequality for
a guiding function (Theorem 6.2) from the reverse Poincaré inequality on needles in the
previous section. Finally, we prove Main Theorem (Theorem 7.5) in Section 7.

2 Preliminaries

Throughout the article, let (M, g) be a connected, complete C*°-Riemannian manifold of

dimension n > 2 without boundary. We denote by d the Riemannian distance function.

A weighted Riemannian manifold means a triple (M, g, m), where m = e ¥ vol, is a

measure modifying the Riemannian volume measure voly of (M, g) with a weight function
U e C>®(M).

2.1 Weighted Ricci curvature and spectral gap

On (M, g, m), we need to modify the Ricci curvature Ric, with respect to g taking into
account the behavior of m (namely V).

Definition 2.1 (Weighted Ricci curvature) Given v € T, M and N € R\ {n}, define
the weighted Ricci curvature Ricy(v) (also called the Bakry—Emery—Ricci curvature) by

\j 2
Ricy(v) := Ricy(v) 4+ Hess ¥ (v, v) — M
N —n
As the limits of N — oo and N | n, we also define
Rice(v) := Ricy(v) + Hess U(v, v),

Ric, (v) := {Rng(U) + Hess ¥ (v,v) if (V¥(x),v) =0,

—00 otherwise.

Note that Ricy(cv) = ¢ Ricy(v) for all ¢ € R. If ¥ is constant, then Ricy(v) coincides
with Ric,(v) for all N. We will write Ricy > K for K € R when Ricy(v) > K|v|* holds
for all v € T'M. Several remarks on Ricy are in order.

Remark 2.2 (a) By definition Ricy enjoys the monotonicity

Ric,(v) < Ricy(v) < Ricy(v) < Ricyr(v)
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for N € (n,00) and N" € (—oo,n). Therefore, for example, Ric,, > K is a weaker
condition than Ricy > K with N € [n, 00).

(b) The case of N € [n, 00| has been intensively investigated by Bakry and his collabora-
tors in the context of I'-calculus (see [BaGL]), including the isoperimetric inequality
under Ric,, > K > 0 by Bakry-Ledoux [BL]. The study of the case of N € (—oo,n)
is rather recent, we refer to [GZ, KoMi, Mal, Ma2, Mi2, Oh2, Wy| among others.

(c) The lower curvature bound Ricy > K is known to be equivalent to the curvature-
dimension condition CD(K, N) in the sense of Lott—Sturm—Villani, see [CoMcSc, V2,
vRS, St1, 5t2, Vi] (as well as [Oh1] for a Finsler analogue). Metric measure spaces
satisfying CD(K, N) (CD(K, N)-spaces for short) share many analytic and geometric
properties with weighted Riemannian or Finsler manifolds of Ricy > K. Moreover,
requiring an additional condition on the linearity of heat flow, one can introduce a
reinforced version called the Riemannian curvature-dimension condition RCD(K, N)
(see [AGS, EIS]). This excludes Finsler manifolds and we can show, for instance, a
Cheeger—Gromoll-type splitting theorem [Gil, Gi2].

We will also make use of the Laplacian associated with m.

Definition 2.3 (Weighted Laplacian) The weighted Laplacian (also called the Witten
Laplacian) acting on u € C*°(M) is defined by

Agu = Au — (Vu, V),
where A is the canonical Laplacian with respect to g.

The integration by parts formula for vol, readily implies that for m, namely

/M PARudm = — /M (V, Vu) dm

holds for ¢ € C>°(M) with compact support.

If Ricy, > K > 0, then m has a Gaussian decay and m(M) < oo holds ([St1, Theo-
rem 4.26]). Since adding a constant to ¥ does not change Ric,,, we can normalize m as
m(M) = 1 without loss of generality. From Ric,, > K > 0 we also have a lower bound of
the first nonzero eigenvalue A\; of —A, as Ay > K. This is a generalization of the classical
Lichnerowicz inequality to the Ric,, context, and equivalent to the Poincaré inequality

2
/ u? dm — (/ udm) < l/ |Vul® dm. (2.1)
M M K M

The LHS of (2.1) is the variance of u and will be denoted by Var(am)(u). The equality
case was studied in [CZ, Theorem 2] as follows, as a counterpart to the classical Obata
theorem in [Ob].

Theorem 2.4 (Rigidity of spectral gap) Let (M, g,m) be a complete weighted Rie-
mannian manifold satisfying m(M) = 1 and Ric, > K for some K > 0. If equality
A = K is achieved with an eigenfunction u, then we have the following.
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(i) (M, g,m) is isometric to the product space R x ¥ as weighted Riemannian mani-
folds, where ¥ = u='(0) and (%, gs, my) is an (n — 1)-dimensional weighted Rie-
mannian manifold of Ric,, > K, and R is equipped with the Gaussian measure

VE/(2m)e K2 dg.

(ii) The function u is constant on {t} x ¥ for each t € R, and we can moreover choose
as u(t,z) = t.

We remark that u being an eigenfunction with eigenvalue K implies equality in
(2.1) with [,,udm = 0. We refer to [GKIKO] for a generalization of Theorem 2.4 to
RCD(K, oo)-spaces, and to [Mal] for the case of Ricy > K > 0 with N < —1 where we
have a warped product splitting of hyperbolic nature instead of the isometric splitting.

2.2 Isoperimetric inequalities

An important geometric result on weighted Riemannian manifolds with lower Ricci curva-
ture bounds is an isoperimetric inequality. In order to state the isoperimetric inequality,
we define the perimeter of a Borel set A C M with m(A4) < oo as

P(A):= inf liminf / V| dm, (2.2)
M

{#itien i—00
where {¢; }ien runs over all sequences of Lipschitz functions converging to the character-
istic function y4 of A in L'(m). When P(A) < oo, we have P(M \ A) = P(A).
One can also consider the Minkowski exterior content (or boundary measure) defined

by

m*(A) ;= liminf m(B(4,)\ 4)
e—0 £
for a Borel set A, where B(A,¢) denotes the open e-neighborhood of A. By taking
¢i(r) :=max{1—i-d(A,z),0}, we see that m"(A) > P(A) in general. If the boundary 0A
is sufficiently smooth, then m™(A) = P(A) holds and they coincide with (e YH""!)(0A),
where H" ! is the (n—1)-dimensional Hausdorff measure. This is the case for isoperimetric
minimizers by virtue of the regularity theory in geometric measure theory (see [Mil, §2.2]
for instance). We refer to [AI'P, Section 3.3|, [BZ, Section 14] and [ADG] for more on the
perimeter.
Assuming m(M) = 1, we define the isoperimetric profile as

Tivmy(0) := inf{P(A) | A C M, m(A) = 0}
for 0 € (0,1), where A runs over all Borel sets with m(A) = 6. An isoperimetric inequality
under the condition Ric,, > K > 0 was first shown by Bakry-Ledoux [BL], having the
same form as that for the Gaussian spaces. Milman [Mil, Mi2] then intensively studied

the combination of Ricy > K and a diameter bound diam(M) < D, and showed the
following.

Theorem 2.5 (Isoperimetric inequalities) Let (M, g, m) be a complete weighted Rie-
mannian manifold satisfying m(M) =1, diam(M) < D with D € (0,00], and Ricy > K
for N € (=00,0) U [n,00] and K € R. Then we have Zinwm)(0) > Zix,n.p)(0) for all
0 € (0,1), where Ik n,py is an explicitly given function depending only on K, N and D.

6



The estimation is sharp in all the parameters K, N and D, and we stress that Z x n,p)
is independent of the dimension n of M. We refer to [Mil, Mi2] for precise formulas of the
function Z(x n p). Here we present the only relevant case in this article, namely K > 0
and N = oo, for later use. Without the diameter bound (D = o0), the model space is the
Gaussian space and

K K ag
LK 000)(0) = \/ %G_Kag/z, where 4/ %/ e K2 g — g,

For D € (0, 00), we have

T, 0) = inf 0
(koop)(0) = _inf | fe(0)

with , ,
_Kbg,g,D/Q f 6,6,D e—Kt /2 dt

where =0
f;—i‘D e_Kt2/2 dt

Let us have a closer look on how the diameter influences the isoperimetric profile, with
the help of some calculations in [Ma2, Lemma 3.1].

e

fep(0) = f§+D o—Kt2/2 gt

Lemma 2.6 (Difference between Zix o p)y and Lk «.)) Let K, D € (0,00). Forf e
(0,1), we have
\/g e—KD2

™ VKD +1

Proof. Let us abbreviate in this proof as Zp = Z(k o0, p) and Zo = Z(k c0,00). We deduce
from the definitions of ap and by ¢ p that

Lk 00,0)(0) = L(£¢,00,00) () >

dag 8b95 D
T - _ S 2.
Then we find
Iéo(e) == —KQQIOO(Q)% = —Ka,g, (24)
, ob
fep(0) = —Kbogpfep(0)—=2 = —Kbge p.

00

Now, in order to estimate fe p(€) — Zoo(6), it suffices to test at # = 0,1 and 6y at where
T, (00) = fip(fo) holds. At such 6y, it follows from the calculations above that ag, =
be, .0, thereby

1 K —Kb2 . p/2
vaDwO) _IOO(QO) = (ferD o—K12/2 ¢ B %) (¢ 60.6,D/ <

Noticing |bg,e,p| < D as well as Z,(0) = Z(1) = 0, we obtain

1 K 2
Tr(0) — T (0 - KDY
o(0) =(0) > (f_DD e—Kt?2/2 gt 27r> ©
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for all # € (0,1). Since

P Kt?/2 1 VED 2/2 2/2
e~ dt = —/ e ¥/ ds = — (\/ 2/ e ® ds)
/—D VK J-vED VK VKD

and

00 oo 2 —52/2 —~KD2?/2
/ e ds > / Frere +S+2le_52/2ds: _{e : } - :
VED vip (s+1) s+1|kp VKD+1

we find

1 K _ [K 2 e KPH2 N VE e kP2
s VOV )=
f—D e—Kt2/2 ¢ 2T 27 TvVKD +1 T VKD +1

This completes the proof. O

Note that the lower bound in Lemma 2.6 is uniform in #. From the calculation in the
above proof, we also find a fundamental fact that the profile Z(g o ) is strictly concave.

Lemma 2.7 (Concavity of Tk« )) For 6 € (0,1), we have

K
Lk o0 (0) = ———7=.
(&, ) I(K,oo,oo) (0)
Proof. This is straightforward from (2.4) and (2.3). O

Let us close the subsection with a rigidity result of Morgan [Mo, Theorem 18.7] (see
[Ma2, Section 3] for an alternative proof based on the needle decomposition).

Theorem 2.8 (Rigidity of isoperimetric inequality) Let (M, g, m) be a complete weighted
Riemannian manifold satisfying m(M) = 1 and Ricy, > K for some K > 0. If mT(A) =
Tk 00,00)(0) holds for some A C M with § = m(A) € (0,1), then we have the following.

(i) (M, g,m) is isometric to the product space R x ¥ as weighted Riemannian mani-
folds, where (3, gz, my) is an (n — 1)-dimensional weighted Riemannian manifold of
Ric, > K, and R is equipped with the Gaussian measure \/K/(Zﬁ)e_K”CQ/2 dx.

(ii) The set A is a half-space in this product structure, in the sense that A coincides with
(—00,ag] X ¥ or [aj_g,00) X 2.

Our main theorem (Theorem 7.5) will be a quantitative version of this theorem. Notice
that the first assertion on the splitting phenomenon is same as Theorem 2.4. In fact,
n [Ma2], we saw that the guiding function u associated with the set A (see the next
subsection) turns out providing the sharp spectral gap Ay = K, and the isoperimetric
minimizer A is in fact a sub-level (or super-level) set of u. These facts motivate reverse

Poincaré inequalities below (Proposition 5.1, Theorem 6.2) as well as the formulation of
Theorem 7.5.



2.3 Needle decompositions

Now we recall the main ingredient of our argument, the needle decomposition (also called
the localization), established on weighted Riemannian manifolds by the seminal work of
Klartag [KI]. The needle decomposition has its roots in convex geometry, going back to
[PW] and developed in [GM, KLS, LS]. Roughly speaking, via the needle decomposition
one can reduce an inequality on a high-dimensional space to those on geodesics (needles)
in that space. Then, especially in isoperimetric inequalities, the 1-dimensional analysis
on geodesics could be simpler than the direct analysis on the original space.

We first define transport rays associated with a 1-Lipschitz function. We say that a
function u : M — R is 1-Lipschitz if |u(x) — u(y)| < d(x,y) holds for all z,y € M.

Definition 2.9 (Transport rays) Let u be a 1-Lipschitz function on M. We say that
X C M is a transport ray associated with u if |u(x) —u(y)| = d(z,y) holds for all z,y € X
and if, for all z ¢ X, there exists x € X such that |u(z) — u(z)| < d(z, z).

Any transport ray is a closed set and necessarily the image of a minimal geodesic,
thereby equipped with the natural distance structure and identified with a closed interval.
We shall make use of the following kind of needle decomposition ([I<I, Theorems 1.2, 1.5]),
where u is called the guiding function acting as a ‘guide’ of the decomposition.

Theorem 2.10 (Needle decomposition) Let (M, g, m) be a complete weighted Rie-
mannian manifold satisfying Ricy > K, and take a function f € L'(m) such that
[y fdm =0 and [,,|f(x)|d(zo, z) m(dz) < oo for some xg € M. Then there exists a
1-Lipschitz function w on M, a partition {X,},eq of M, a measure v on Q and a family
of probability measures {m,},eq on M satisfying the following.

(i) For any measurable set A C M, we have m(A) = fQ m,(A) v(dg). Moreover, for
v-almost every q € (), we have supp(m,) = X,.

(ii) For v-almost every q € Q, X, is a transport ray associated with w. Moreover, if
X, is not a singleton, then the weighted Ricci curvature of (X, |- |, m,) satisfies
RiCN > K.

(iii) For v-almost every q € @, we have qu fdm, = 0.

The first assertion (i) includes the measurability of m,(A) in ¢ € Q). We also observe
from (i) that v(Q) = m(M). In (ii), by denoting m, = e™¥ dz along X,, ¢ is smooth on
the interior of X, and Ricy > K means that ¢ > K + (¢/)?/(N — 1).

Our argument on quantitative isoperimetric inequalities is indebted to Klartag’s proof
in [K1] of the isoperimetric inequality (Theorem 2.5) by the needle decomposition. Let us
recall it for later convenience.

Let (M, g, m) satisfy Ricy > K, diam(M) < D and m(M) = 1. Given 6 € (0, 1), we
fix an arbitrary Borel set A C M with m(A) = 6. Consider the function f(z) := xa(z)—#.
Then we find [, fdm = 0, and obtain (Q,v) and {(X,, m,)},c associated with f as in
Theorem 2.10. Note that (iii) in Theorem 2.10 implies m,(A) = 6 for v-almost every
q € @ (and hence X is not a singleton). Moreover, (X, |- |,m,) enjoys CD(K, N) by (ii)



and clearly diam(X,) < D. Therefore, the 1-dimensional isoperimetric inequality yields
P(ANX,) > Zkn,p) () for v-almost every ¢ € @, where P(ANX,) denotes the perimeter
of AN X, in (X,,|-|,m,). Together with Lemma 6.1 below, we conclude that

P(A) > /Q P(AN X,) v(dq) > Zixn,p)(0).

Taking the infimum in A completes the proof of Ziam)(0) > Zix,n,p)(0).

Remark 2.11 (Regularity of ¢) As we mentioned above, thanks to [Kl], m, has a
smooth density and Ricy > K is regarded as 9" > K + (¢0')?/(N — 1). For our purpose,
however, the weak formulation CD(K, N) is sufficient. In the case of N = 0o, CD(K, o0)
is equivalent to ©” > K in the weak sense (also called the K-convezity), namely

9((1= 1)+ ty) < (1= 0)0() + t(y) - o (1 - Btd(z, ) (25)

for all z,y € X, and t € (0,1). In the non-smooth framework of essentially non-branching
CD(K, N)-spaces as in [CM, CMNM], one cannot expect the smoothness and only the weak
formulation makes sense.

3 Difference of weight functions

Henceforth, we normalize as K = 1 without loss of generality. In this and the following
two sections, we work on 1-dimensional spaces enjoying CD(1,00), appearing as needles
in Theorem 2.10. Let I C R be a (bounded or unbounded) closed interval equipped with
a measure m = e~ ¥ dz, where dz denotes the 1-dimensional Lebesgue measure and 1 is a
locally Lipschitz function. Then, as we mentioned in Remark 2.11, for (I, |-|, m) satisfying
CD(1, 00) means that v is 1-convex as in (2.5),

(1— 1)t
|z —y/?

V(1 =t +ty) < (1= (@) +1(y) —

for any z,y € I and t € (0,1). The following useful property due to Bobkov ([Bo,
Proposition 2.1]) is then available.

Lemma 3.1 Let m = e ¥ dx be a probability measure on a closed interval I C R such
that v is convex. Then the minimum of P(A) on the class of all Borel sets A C I
with m(A) = 0 coincides with the minimum on the subclass consisting of (semi-infinite)
intervals (—oo,a]l N I and [b,00) N 1.

We remark that what follows from [Bo] is the analogous assertion for m™, however, one
can see that its minimum coincides with that of P by, for instance, [ADG, Theorem 3.6].
We shall compare m on I with the Gaussian measure v on R with mean 0 and variance
1, denoted by

1 —x? —e(x 1
v = —_27Te 2 dy = e %@ dg, g () :=log (V2r) + §x2.
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Recall from Subsection 2.2 that the isoperimetric profile of (R, |- |,7y) is given by
T (0) = T(1,00.00)(0) = #5000 = 5((—00, ag)).
Our goal in this section is to show the following core estimate.

Proposition 3.2 (Difference of weight functions) Let I C R be a closed interval
equipped with a probability measure m = e~¥ dx such that v is 1-convexr. Fiz 6 € (0,1)

and assume that
/ e Vdr =10 (3.1)
IN(—o00,ag]

e Vla0) < o=¥slas) 4 § (3.2)

and that

holds for sufficiently small 6 > 0 (relative to 0). Then we have

(@) — Pg(x) > (¥, (ag) — ag) (x — ap) — w(0)6 (3.3)

for every x € I, and
() = Pg(@) < (¢ (ag) — ag) (x — ag) + w(9)V6 (3.4)
for every x € [S,T) such that lims_o S = —oo and lims_, T = oo, where v/, denotes the

right derivative of b and w(#) is a constant depending only on 6.

Note that (3.1) is achieved by translating I in R. Moreover, thanks to Lemma 3.1, we
can assume L) (0) = e ¥ by reversing I if necessary. Since Z(;m)(0) > Zr~)(0) =
e~ ¥s(@) holds in general (Theorem 2.5), § > 0 represents the deficit in this isoperimetric
inequality. See (3.10) and (3.18) below for the precise choices of T" and S, as well as
(3.11), (3.12) and (3.19) for their asymptotic behaviors as ¢ — 0. Finally, we stress that
the lower bound (3.3) holds on whole I whereas the upper bound (3.4) is valid only on
[S,T]. This is natural since the decay of m near infinity does not effect the isoperimetric
profile and thus can be arbitrarily fast.

Proof. We will denote by ¢/, (resp. ¢") the right (resp. left) derivative of 1. The 1-
convexity of ¢ implies that v/, and ¢’ always exist and ¥’ < ¢/ holds. Put I_ :=
I'N(—o0,ap] and I := 1IN [ag,0).

Step 1 (¢, (ag) and ag) We first estimate the difference of ¢, (ag) and b (ap) = ap. We
deduce from the 1-convexity of 1) and the hypothesis (3.2) that, for z € I,

(z) 2 (00) + ¥, (a0) & — ag) + T

(x — ag)?

> — log(e_¢g(“9) +0) + ¢, (ag)(z — ag) + 5

(3.5)
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Hence we have

1—9:/ e Vdr
It

< (@9 +5) [ e (<0 ane—an - L) o

Iy 2

= (1 + e¥=(@)g) / exp (=, (ap)(x — ag) + agz — ay) y(dz)

Iy

(1 4 e¥slan)g) / exp ( (a9 — v/, (a0)) (& — a) ) (). (3.6)

Iy

Since 7y ([ag, 00)) = 1—0 by the choice of ay, this estimate shows that ¢/ (ap) —ag < ¢1(6,9)
with limg_,o c1(0,9) = 0. We similarly observe ¢’ (ag) — ay > —cy, thereby

—c1 <Y (ag) —ag < VY, (ag) —ag < 1.

In order to obtain a more precise estimate, we assume « = ¢/, (ag) — ag > 0 and
deduce from et <1 —t+ (t?/2) for t > 0 that

/OO exp (—a(z — ag)) y(dz)

<[ (10— )+ S~ a?) 2(a)
~ (14 0w+ G )1 -0 - [ et atuentin + [ Satatas)

ag ag
o efag/Q o aeefag/z
=(14+aa+—a2)(1—-0)—(a+a%a +—( +1—0)
( 0 9 9)( ) ( 9) \/ﬂ 9 \/ﬁ
. o ) . Lo a2a9 e—ag/Q
= +aa9+7(a9+ )] (1—=60)—(a+ 5 o

Substituting this into (3.6) yields

2 —a2/2 2
g (ag) ¥ap\e v &2 — < (1 — §)e¥elas)
(1+e 6){<a+ 5 ) N (aag—i- 5 (a9+1))(1 6)} <(1—-0)e J.

Recalling lims_,g a = 0, we obtain

—a2/2 )
(emg—w —ag(1 - 9)) limsup = < (1~ 6)v/2me” (3.7)
—

In the LHS of (3.7), we shall show that

e—af)/2

o (1= 0) = T(0) —as(1-0) >0, (3.8)
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where we put Z, := Zr ) similarly to the proof of Lemma 2.6. Notice that the claim is
clear when 6 < 1/2 (ag < 0), thereby we assume 6 > 1/2. Since

d%[zoow) —ap(1—0)] = TL.(6) + ap - %(1 —9) = _%(1 —9) <0

by (2.4) (with K = 1), it suffices to see limy_,; ag(1 — ) = 0. Observe that

2 ]_ o 2 2 2 ae 2 2 2 2
(20 —1)° = Py / e 2dr) > / e Prdr =1— e %/
™ 0

—ag

This yields
2
0 < 4agf(1 — ) < age™/?> = 0

as 0 — 1 (ag — o0). Thus we have the claim (3.8). This in particular shows that (3.7)
holds regardless of a > 0 or not.
It follows from (3.7) that

/ _ _ aZ/2
limn sup Y (ag) — ag < 227T(1 0)e"s ‘
§—0 0 e‘ae/Q —V 27‘(’(19(1 — 19)

One can similarly show that

. WU (ag) —ag 2mhei-o0/2 2mles/?
lim inf > —— =—— .
00 0 e -0/ — \/2ma,_yf e~%/% 4+ \/27as0

Therefore we conclude

— Ca(0) < timing D00 g V) 200
” 0—0

< Cy(0) (3.9)
with C5(0) > 0 depending only on 6.

Step 2 (Choice of T') In order to fix a range where we estimate v from above, we take
T > ag such that

(e7¥slao) 4 5)/ exp (—wﬁr(aa)(ﬂv —ap) — @) dr=1—6—5. (3.10)

Recall from (3.6) that

(e—’l/’g(ae) + 5)/

I

exp (—wg(ae)(x — ap) — @) de>1-9,

therefore such 7' € I indeed exists. Moreover, as § — 0, we deduce from ¢, (ag) — ag
that T'— oo. Quantitatively, we put Cf := C5(0) + 1 and observe from (3.10) and (3.9)
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that, for sufficiently small 9,

) ' (x—ap)*
1— 60— V6 < (e ¥l 4 §) exp —ag(x—ag)—T—l—CQ(x—ag)é dx
ag
g (ao) T 2
_ Lt exp <—x— + Ch(x — ag)é) dx

V2 ap 2
1+ e¥slao)g T (x — C%0)? , (C46)?
= aaexp( T_C2 agd + 5 )da:

:(1+6%W5Mmp((%a5+(cj))7ﬂ%—%%&T—%%ﬂ)

Combining this with

Ché Clé
—CLo, T — C%0)) < ,T) + =1-0-— T, 2 ,
’7([@9 2 2 ]) = ’7([@9 ]) \/% 7([ OO)) \/ﬁ
we obtain
Y ([T, 00)) < V5 + C3(0)6. (3.11)
Then we also find from
) —x2/27 0 —T2/2
~ ([T, 00)) / Lwe x/Qdm:_L[e } __Le
\/27r (4 1)2 V2rlx+1], V2T +1
that
—T2/2
7T < V2rb + V21 C5(0)0. (3.12)

Step 3 (Estimates of 1) — 1, on 1) Now we put
p(x) = 1p(x) = hg(x).

Our goal is to bound this difference of weight functions from below and above. Note first
that, by (3.5), for x € I,

(x — ag)?
2

= g(ag) — log(1 + €%<(%)0) + ¢!, (ap) (2 — ag) +
= () + (@bﬁr(ae) - ae) (x —ag) — log(1 + ewg(cue)(g)7

() > —log(e =) +8) + ¢/, (ag)(x — ag) +

(x — ag)?
2

thereby
p(x) > (¥ (ag) — ag) (x — ag) — log(1 + e¥=()5). (3.13)
Next, for z € I, N [T, 00), it follows from the 1-convexity of ¢ that
(z—T)
2
> ,(T) + p(T) + (¢ () + (T — ag)) (v = T) +
= Pg(@) + p(T) + (¥ (ag) — ag)(z = T).

Y(x) > P(T) + P (T)(x = T) +
(x =T)°
2

14



By integration, we have on one hand

/ e Vdy < e M / exp (— (qﬁ;(ag) — ag)(x — T)) ~(dz),
I+ﬁ[T,OO) I+ﬂ[T,OO)

and

/TOO exp ( (¢, (ag) — ag)(x —T)) ~(d
(¥ (ag) — ap)? )

= exp ((@h(%) —ag)T +

/ exp( x+¢+g€ _ao))diﬂ
— ap

= exp ((%(ae) —ag)T +

On the other hand, (3.1), (3.5) and (3.10) yield

T
/ ewd:c:(l—ﬁ)—/ e Vdx
I.N[T,00) ag

> (1 - 6) — (e %@ 4 ) / ' exp (—1/;;(@9)@; P C ‘2“9)2) dx
— V5. 0

Combining these we obtain

p(T) < (V' (ag) — ag)T + (@b;(ae; — %) + log <%’Y([T + ', (ag) — ag, oo)))

Now, for x € [ag, T},

w(e) < ()~ 0 )T - )~ T

< Pu(T) + p(T) — (¢ (ap) + (v — ag) ) (T — =) —
= abg(x) + p(T) — (¥ (ag) — ap) (T — ).
Therefore we conclude, for x € [ag, T1,

p(x) < plT) — (¥ (ag) — ag) (T — )

< (¢ (ag) — ag)z + (Qﬁ;(ae; — ag) + log (%’y([T + Y, (ag) — aq, oo))) (3.14)

(T — x)*
2

Thus we could estimate p from below (3.13) on I and from above (3.14) on [ag, T'.
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Step 4 (Further estimate) Notice that the second term in the last line of (3.14) is
bounded above by (3.9). In order to understand the behavior of the third term as 6 — 0,

we separately discuss the cases of ¥/, (ag) > ap and ¥’ (ap) < ap. In the easier case of
Y (ag) > ag, we deduce from (3.10) that

’y([T + ¢’ (ag) — ao, oo)) < 'y([T, oo))

<(1-0)-— \/% exp <—% — (¢, (ap) — ag) (z — ag)> dx

ag
1 1-0-V0 2y
e 0
A e—"/’g(ae) -+ )
VO V211 — 0)e%/25
B 14 /2me®/25 .

—(1-6)—

Since log(1 +t) <t for ¢t > 0, we obtain

log (%’7(@ + ', (ag) — aq, oo))) < V2r(1 — 0)e“/*V/5. (3.15)

If ¢/, (ag) < ag, then we need a sharper estimate via (3.9). Let us begin with

1 T+¢, (ag)—ag

B V2T Ja,

([T + ', (ag) — ap,0)) = (1 —0) =2 .

By (3.10),

/

T+Y! (ag)—ap
/ " /2 g
ag

B /T exp <_ (z 4+ (ag) — a9)2> .
2a0—, (a9) 2
T /
2/ exp (_($+w+(;9>—a9)2) dr — (ae_w;(ae))

T PRY
_ ewi(a0)2/2/ exp (_¢;(@9)(ZK —ag) — W) dx — (ag — ', (ap))

—' (ag)2 1—0_\/3 /
—=e "Z’.;_( 9) /2m_ (GG_¢+(G9))

Hence we have

1
—~([T + ¢, (ag) — ag, >0
\/37([ ¢+( 0) 0 ))
120 vt (L= 00T -1 ap = ¥ (a0)
A e~ /% 4+ /216 V278
1-46 (1 e (a0)?/2 ) n o~V (ag)?/2 N ap — %(ae)
RV e~%/% + /216 e =%/ + /218 V2rs
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Then we deduce from (3.9) and |(e~**/2)'| < e~'/2 < 1 for t € R that, for sufficiently small
d and Cf = Cy(0) + 1,

([T + ¢/ (ag) — ag,0))

1—0 Cy++2r6 e %2+ 0y LG s

2 + 2
VO e %2 1215 e %2 +\215  \2r¢
_ e~%/2 + Cy(0)V/

e~ %/2 4+ \218

Therefore the same argument as (3.15) shows

IN §|H

1 2
log (%7([T + ', (ag) — aq, oo))> < Cu(0)e/*V/3. (3.16)
Step 5 (Estimates on /_) For z € I_ we can apply similar calculations, however, we
need an additional care to replace ¥’ (ap) with 9/, (ag). We have for z € I_ (z < ag) the
analogue to (3.5),

V() > Vlan) + 0 (a0) — ag) + L0
> —log(e %=1 1+ §) + 9/ (ag)(x — ap) + (@ —ap)®

2 )
by the 1-convexity of ¢, (3.2) and ¢’ (ag) < ¥’ (ap). This implies

p(x) > (¢, (ag) — ag) (x — ag) — log(1 4 e¥=(*)5) (3.17)
on I_ in the same way as (3.13).

In order to have an estimate from above, take S < ay such that

(e=¥ela0) 1 ) /S " exp <—¢;(a9)<x —ag) — %) dz = 0 — /3.

(3.18)
Since

(e7¥=(a0) 1 5) /1 exp (—wﬁr(ag)(x — ag) — %) de >m(l_) =0

similarly to (3.6), we indeed can find S € I_. Notice also that S — —oo as 0 — 0 and,
similarly to (3.11) and (3.12),

-82/2
v((=00, 8]) < V5 + Cs(6)5, el —5 < V210 + V2mCy(0)3
hold for sufficiently small § (by replacing Cj if necessary).

(3.19)
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For x € I_ N (—o0, 5], we have

vla) = () + 0 (S)a - ) + L

> by (S) + p(S) + (¢ (ag) + (S — ag)) (x — S) +
= g(w) + p(S) + (V. (a9) — ag) (z = 5).
By integration we deduce that

/ e Vdr < e_”(s)/ exp <—(1//+(ae) — ap)(z — 5)) y(dz).
I_-N(—00,5] I_N(—00,5]

We also observe

/ieXp< (¢! (ag) — ag)(z — )7
~ e ((ma@) o) 4 <a9); o

/ eXp( ($+¢+(;e ))dx

= exp ((1/)+(a9) —ag)S + (¥ (a0 ;_ o) )’y((—oo, S+ v/ (ap) — ag)).

(x—5)?
2

Combining this with

ag
/ e_wdxzﬁ—/ eV dx
I-N(~0,9] S

20— (e 16) [ ey (—¢;<ae><x —ap - Y ‘2“”2) &
_ Vs,

we obtain

p(S) < (wﬁr(ag) — ag)S + w;(%; — ) + log (%’7((—00, S+ (ag) — ae]))‘

Then, for = € [S, ag], we have
(S —=x)?

() < P(S) =YL (2)(S —x) -

and hence

p(l’) < (¢/+<a9) o CL@)I + (w;(QH; - a9)2 + lOg <L

\/g'y((—oo, S+ (ag) — CL@])). (3.20)
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We also observe, for sufficiently small 9,
1 / aZ/2
log %7((—00, S+ (ag) — ag)) | < Ca(1 — 0)e%/2V/5 (3.21)

in the same way as (3.15) and (3.16) by separately considering the cases of 9/, (ag) < ag
and ¢/, (ag) > aq.

Step 6 (Conclusion) Let us summarize the outcomes of our estimations to conclude the
proof. Recall p = 1) — ;. On one hand, we obtain from (3.13), (3.17) and log(1 +1¢) <t
for t > 0 that

(@) = Pg(x) > (U (ag) — ag) (x — ag) — e¥sl0)§
on whole I, yielding (3.3). On the other hand, combining (3.14) with (3.9), (3.15) and
(3.16) for z € I, and (3.20) with (3.9) and (3.21) for x € I_, we have

V(@) — g(x) < (V' (ap) — ag) (¥ — ag) +w(0)V0
for sufficiently small § and all = € [S,T]. This is (3.4) and completes the proof. O

The estimates (3.3) and (3.4) on the weight function could be compared with [CMM,
Proposition A.3] which is, thanks to the finite-dimensionality, in terms of the deficit in
the diameter bound (not directly of the deficit § in the isoperimetric profile as above).

We do not know if the order of § in Proposition 3.2 is optimal. Improving the order
in each estimate will improve the order of § in Theorem 7.5.

As a corollary to Proposition 3.2 together with (3.9), the unique minimizer of ¢ is
close to that of 9., namely 0 (notice that 0 € I indeed holds when ¢ is small enough since
T — oo and S — —o0). This observation is behind the validity of Proposition 7.3.

4 Small deficit implies small symmetric difference

We continue the analysis on 1-dimensional spaces with the help of Proposition 3.2, and
the next proposition corresponds to [CMM, Proposition 3.1] in our setting. This may be
regarded as a quantitative version of Lemma 3.1.

Proposition 4.1 (Small symmetric difference) Let I C R be a closed interval equipped
with a probability measure m = e~¥ dx such that ¢ is 1-convexr. Fiz 0 € (0,1) and assume
that, for a Borel set A C I with m(A) =10,

P(A) < e ¥slas) | §
holds for sufficiently small § > 0 (relative to 0). Then we have

min {m(A A (=00, 1y (0)]), m(A A [rf(0), oo))} < P(A)C;(i(g;n)(@) ’

(4.1)

where r(0),rf(0) € I are defined by
m(1 N (—o0,r,(0)]) =m(I N[r}(6),00)) =6,

and lims_,o C5(0, ) = oco.
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Proof. By reversing and translating I if necessary, we assume (3.1) and Z 7 ) (0) = e~%(@0)
without loss of generality. Hence r_(0) = ay and the estimates in Proposition 3.2 are
available. Moreover, by (3.3) and (3.4), rf(6) converges to —ay as § — 0.

Our goal is to show that A is necessarily close to either IN(—oo, r,, (8)] or IN[r (), o).
Since P(A) < oo, without loss of generality, let A be the union of open intervals (see, e.g.,
[Mag, Proposition 12.13]). If there is x € 0A N [S,T], then the hypothesis P(A4) <
e ¥:(@) 4 § and (3.4) yield that

e %) 1§ > @ > exp (—1,%(:6) — (¢, (ag) — ag)(x — ag) — w(@)ﬁ)
Together with (3.9), we obtain

Yg(7) = Py(ag) — ¢(6,9)

with lims_,oc(f,0) = 0. On one hand, this implies that A cannot appear between
—|ag| + € and |ag| — € for some ¢ = ¢(6,0) > 0 (provided that ayp # 0). On the other
hand, if every x € 9A is far from +a, (say, e %@ < e7%:(90) /2) then m(A) is too large
(when A D (—|ag], |ag|)) or too small (when A N (—|ag|, |ag|) = 0). This latter argument
is valid also for ay = 0. Therefore 0A appears exactly once near either ay or —ay, and all
the other points of 0A are far from +ay.

Since the proofs are common, we will assume that JA appears near ay (as the right end
of a component) in the sequel. Concerning a connected component of A whose boundary
points are far from +ay, we can slide it (in 7) in the direction opposite to ag, with keeping
the total mass and hence the symmetric difference with (—oo, 7, (#)], and decreasing the
perimeter. We eventually modify A into

{(—00,@) U (8,75 (0) + ) U (¢,00)} N T

that we again call A, where a < 8 < r(0), £ € R and r(0) < ¢. We regard as ( = oo if
A does not include the interval (¢, 00), and similarly o = —oc0 if (—o00, ) does not exist.
As 0 — 0, we observe from the above discussion (by virtue of Proposition 3.2) that £ — 0,
a — —o00, f— —oo and ( — o0.

Case 1 We first assume & > 0.

For simplicity, we regard m as a measure on R in this proof, namely m((a, 5)) will

mean m((a, f) N 1I). If § < infl, then by m(A) = 6 we have A = (—o0,7,,(f)) N I and
there is nothing to prove. Hence we assume inf I < 5. Since m(A) =6 = (( 00, T, (6)]),
we find

m((rn (0), 7 (0) + ) U (¢, 00)) = m((ex, B)).

Thus the symmetric difference between A and (—oo,r, (6)] satisfies

m(A A (—oo,ry(0)]) = 2m((er, 8)) < 2m((—o0, 8)). (4.2)
It follows from the 1-convexity of ¢ that, for z < f3,

(@) > 0(8) + ¢ () — )+ TS
> () + (V- (ag) — (ag — B))(x = B) + —=—+
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Put 3 := B+ ¢’ (ag) — ag for brevity. Then we observe

m((—oe.8) <o [ e (-4 - )

0 .I'Q B
0 2 0 22 32 . 3 i
[ (o [ (2 DYoo [

Hence

and

_ _ B
m((=00, ) z?;’)ﬁ)) < 652/2/ e 24y — 0 (4.3)
e —00
as 6 — 0, because by I’Hopital’s rule
b —x2/2 d
e T 1
lim f—°°—2 = lim — =0.
b——o0 e—b?/2 b——oco —b

Now, if ¥(ry (0)) > ¢ (r, (0) + &), then we immediately obtain
P(A) > e~V 4 o= Vlm(OFE) > (—(8) | o=l (),

Therefore (4.2) and (4.3) show

) Tum(®) e
m(A A (=00, rm(0)]) ~ 2m((—o%, 7))

as 0 — 0. In the other case of (r(0)) < ¥(r,(0) + &), let us consider

A= {(- +&) U (G o0} NI

— 00

and put
0 = m(A) = 0+ m((0,9)).

Note that r(0) + & < r,(0") and hence ¥(r,(0) + &) < (r,(¢')) by the convexity of 1.
Thus we have

P(A) — T (8) > e ®) 4 e Um0 _ o=bn (@) > o=¥(8) | o~¥(m (@) _ o=v(rm(0),

Since [r;](0) = e¥(™ @) by the definition of r;, (similarly to (2.3)) and 1 is convex, we
deduce that

e Vrm @) _ @) <y (r(0)) (6 — 0) < ¢ (r5 (0'))m((—00, B)).

Therefore

P(A) = Zim(8) = ™D — 4 (1, (6))m((—00, 8)),
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where, thanks to (4.3), the RHS is positive if § is sufficiently small. Combining this with
(4.2), we conclude

P(A) = Z(1m)(0) A (D)) ~
M(AL (—o0, ra(@)]) = 2m((—o0, 5)) 2
as 6 — 0.

Case 2 Next we assume £ < 0.

In this case we can discuss similarly by reversing A. Since m((—oo,r,(0) +§)) < 0, it
necessarily holds ¢ < co. Then we have

m(AA (—oo,r,;(@)]) = 2m((§, oo))

instead of (4.2), and
m((¢, 00))

e—¥(C)
as 0 — 0 similarly to (4.3). This is enough to conclude if ¥ (r (0)) > ¥ (r, (0) + &), since

=0 (4.4)

P(A) = Tym(6) @O 4ot o v0m@) - w0
m(AA (=00, rm(0)]) — 2m((¢, 00)) — 2m((¢, 00))

— 0

as § — 0. In the case of ¥(r(0)) < ¥(r,(0) + &), we consider
A= {(=00,0) U (B (0) + )} N1, 0= m(A) =0 - m((C, 00)).
Then 7, (0") <1 () + & and ¢(r, (0')) > ¥ (r, (0) + &) by the convexity of ¢, therefore
P(A) = Ty (0) > VO 4 ¢=0a 0D _ =02 0) > o= Ly (4= (8))m((C, 00)).
Finally (4.4) implies

P(A) — T(1m)(0) Ce Ve ()
MAA (oo @) ~ (o) 2

as 6 — 0.
Therefore we conclude, for sufficiently small 9,

P(A) — Z1m)(0) > C(0,8)m (AL (—o0, 7 (0)])
and lims_,0 C'(0,0) = co. When 0A appears near —ay = a;_gy, we similarly obtain
P(A) = Zimy(0) = C(0,0)m(A A [r3(6), 00))

(by using e~ (9) > I([,m)(é’)). O
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5 Reverse Poincaré inequality on needles

In this section, we analyze the spectral gap of a 1-dimensional space with a small isoperi-
metric deficit. We shall see that affine functions achieve the sharp spectral gap asymp-
totically as the deficit goes to 0. Precisely, we show the following reverse form of the
Poincaré inequality, where

2
Var(ym)(u) == /uQ dm — (/udm)
I I

is the variance of u (recall (2.1)).

Proposition 5.1 (Reverse Poincaré inequality on needles) Let I C R be a closed
interval equipped with a probability measure m = e~ ¥ dx such that v is 1-conver. Fix
0 € (0,1) and assume (3.1) and e~¥(%0) < e=¥=(@) + §. Then, given e € (0,1), if § > 0 is
sufficiently small (relative to 6 and ), we have

1
P .
Var(;m)(u) > N /[|u| dm (5.1)

for every affine function u(xr) = ax+b with a,b € R, where A(0,¢,6) < (1—Cg(0,£)6(1=9)/2)~1
and, in particular, lims_,o A(0,¢,0) = 1.

Precisely, the assumption is read as Z;m(0) < Zwr)(0) +  (up to reversing and
translating 7). Recall that the l-convexity of ¢ (Rice, > 1 or CD(1,00)) implies the
Poincaré inequality

Var(jm)(u) < /|u'|2dm.
I

Hence A(6,¢,8) > 1 necessarily holds. Note also that we obtain from (5.1) an upper
bound of the first nonzero eigenvalue A\; of —A,, (recall Subsection 2.1):

1 S )\1 S A(9,€,5>.

Proof.  We remark that the inequality (5.1) is invariant under affine transformations of u,
thereby it suffices to show (5.1) for some a, b with a # 0. Thus, let u(z) = 2+, (ag) —aq
without loss of generality. First, it clearly holds

/|u’|2dm = /e_w dr = 1. (5.2)
I I

Second, we deduce from (3.4) and

a? ' _ (z+ Y (ag) —ag)® W, (ag)® — ag
5 + (U (a0) —ag) (w = ap) = 5 - 5 :

(5.3)

that

/qu dm > ¢12_7T exp <w _ u)\/3) /STu(x)?eXp <_ (x + w;(;w - “0>2) dz.
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Note that

by (3.9), and
[ ey (G0 g,
_ {_ (1 + 1, (a0) — ay) exp (— L W)E
+/STeXp(_<a:+w;<;w>—-@9>2>d9[;
__ [(:1: 0, (ap) — ag) exp (— L W)E
+eﬂumww§1fem>(—¢;mw¢v—aw-E5%§Qi>dﬂ

In the former term, we observe from |(te=**/2)’| < 1, (3.9) and (3.12) that

(T + ¢/, (ap) — ap)*
2

(T + ¢/ (ag) — ag) exp (— ) <Te T2 4 |9, (ag) — ag|

) 7T2/2
<T(T+ 1) e /Q(T—H> +(Cy+1)6 < C(,e)61972,

We similarly obtain from (3.19) that

(S + 1 (ag
2

(5 + v o) — ) exp - )_%P>2—C@@$PW?

Thanks to (3.10) and (3.18), the latter term coincides with

*W(ae /2 1_2\/_ _( w/(ag))/QV ( 2\/_)

e~Velas) 4§ 14+ 1/2me®/25 —

> V21 — C(0)V.

Hence we have

/ uw?dm > 1—C(h,e)609)/2

1
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Finally, by (3.3), (3.4) and (5.3),
\/27r/udm
I

< exp <W+w5) /aoo u(z) exp <_(a:+¢3r(a0)—ae)2>dx

o=V (as) B
/ _ ag—z/;jr(ae) , B
+ exp (w — W\/S> / u(z) exp (_(m + ¢+(;9) ae)z) .
S
= —exp <M +w5) leXp (_ (z + ', (ag) — a0)2>}oo
2 2 .
exp <W — w\/S) {exp <_ (517 + wg_(gg) — a€)2>:| ag—1/, (ag)
S
!/ 2 i 2
= (ew5 e w\/g) exp (l/br(a@; a9>
+ exp <w — w\/5> exp <_(S + wﬁr(gg) - a9)2>'

We similarly find

\/27r/udm
I

s o (S0 )
)

/ 2 2
-I—exp(w—i—wé

(e (S0
~exp (@/)ﬁr(aei —a w\@) exp (_ (T + ¢ (ag) — ae)Q)‘

2
Therefore we obtain from (3.9), (3.12), (3.19) and |(e **/2)| < e /2 < 1 that

/udm
I

Thanks to (5.4) and (5.5), we obtain
Var(;m(u) > 1 - C(0,¢)0 972,
Combining this with (5.2) completes the proof. O

< C(B,e)01=9/2, (5.5)

6 Reverse Poincaré inequality on M and applications

Henceforth we consider Riemannian manifolds and apply the 1-dimensional analysis in
the previous sections via the needle decomposition. This section is devoted to a reverse
Poincaré inequality on M derived from Proposition 5.1, followed by several applications.
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6.1 Decomposition of deficit

Let (M,g,m) be a complete C*-Riemannian manifold equipped with a measure m =
e~¥ vol, such that Rics, > 1 and m(M) = 1. Fix 6 € (0,1) and take a Borel set A C M
with m(A) = 6.

Put f := x4 — 6 and denote by (Q,v) and {(X,, m,)},co the elements of the needle
decomposition as in Theorem 2.10. Then (X,, m,) enjoys Ric, > 1 (or CD(1, o)) for
v-almost every ¢ € (). Recall from Subsection 2.3 that this needle decomposition can

be used to prove the isoperimetric inequality Z(ym) > Zr,4) on M via those on needles
(X, my). We also define 4, := AN X, for ¢ € Q. By [CMM, Lemma 4.1], one can
decompose the isoperimetric deficit of A into those of A, as follows.

Lemma 6.1 (Decomposition of deficit) We have

PIA) ~ T 8) 2 [ (PLAY) ~ T 0) v(d)
where P(A,) denotes the perimeter of A, in (X, my).

We remark that what we need to take care is the measurability of P(A,) in ¢ € @,
then the inequality itself follows from Fatou’s lemma.

6.2 Reverse Poincaré inequality

Let u : M — R be the guiding function associated with f = x4 — 6 above (recall
Subsection 2.3). Notice that v € L'(m) holds since u is 1-Lipschitz and the measure m
has the Gaussian decay. Recall from (2.1) that we have the Poincaré inequality

Vary,m) (u) S/ |Vul|? dm = 1,
M

where |Vu| = 1 m-almost everywhere since v-almost every needle is not a singleton (by
f # 0 and Theorem 2.10(iii)). We shall show a reverse inequality by integrating (5.1) on
needles.

Theorem 6.2 (Reverse Poincaré inequality) Let (M, g,m) be a complete weighted
Riemannian manifold such that Rice, > 1 and m(M) = 1. Fiz 6, € (0,1) and take a
Borel set A C M with m(A) = 0 and P(A) < Zir(0) + 6 for sufficiently small § > 0
(relative to 6 and €). Then the guiding function u associated with f = xa — 0 satisfies

1
m)(U) 2 57— 2d
Var(M7 )(U) = A/(9,5,5) /M |VU’ m,
where N'(0,¢,0) < (1 — C7(0,)6079/G=N =1 and in particular lims_o A'(0,,0) = 1.
Proof. We set a := (1 —¢)/(3 —¢) and consider

Q" :={g € Q|my(Ay) =0, P(Ag) = Z(r)(0) <6 "},
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Then we deduce from Lemma 6.1 that v(Q’) > 1 — 0% Precisely, assuming in contrary
v(Q') < 1—46° we have

0= /Q (P(Ay) = Ty (0)) v(dg) > 67 - v(Q\ Q') >
a contradiction.

For v-almost every ¢ € (), since w is affine and |v/| =1 on X, (5.1) yields

1

> 000
Va’r(anmq)(u) - A(Q,é, 61—@)

for A from Proposition 5.1. Integrating in ¢ implies

Varym) (u //Xqu dm, v(dq) — (//Xququ dq)
2/@{/}(qu2qu— (/Xququ)z}u(dq)

1 -0

) o

where we used Theorem 2.10(i) as well as the Cauchy—Schwarz inequality on (@, v). Re-
calling the choice of A in Proposition 5.1 and a = (1 — ¢)/(3 — ), we obtain

A0, g,679) < 1 < 1
1—6 = (1=069)(1—Cg(0,e)0t-0)(1=2)/2) = 1 — C(f,g)§(1-2)/(B=e)"
This completes the proof. O

Now let us choose the guiding function v : M — R so that

/udm:()
M

(by replacing u with u — [,, udm). Then, combining (6.1) with the Poincaré inequality
(2.1), we obtain

2
1 1
d dq) < 2dm— ——— <1 ——— < (C(0.e)s19)/ B2,
/Q(/x“ mq) v q>‘/M“ R VN e V(P At
(6.2)

Therefore f x, U dm, is close to 0 on most needles g.

Since most needles are long and the measures on them are close to the Gaussian
measure v, (6.2) shows that, on most needles, the guiding function w attains 0 at a
point close to the maximum of the density function (minimum of the weight function
¥). This observation plays an essential role to integrate the estimates on needles (see
Proposition 7.3 and the proofs of Proposition 7.4 and Theorem 7.5), and we stress that
the guiding function u is the key ingredient.
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6.3 Reverse logarithmic Sobolev inequality

Going back to the seminal work of Otto—Villani [OV], it is now well known that the
logarithmic Sobolev inequality,

L[ IVfP
/Mflngdeﬁ/M 7 dm

for nonnegative locally Lipschitz functions f with [ o fdm =1, implies the Talagrand
imequality,

Wa(p, m)* < < Entw(p)

> Do

for 1 € P*(M), and the Talagrand inequality implies the Poincaré inequality
1
Var(rm (1) < = / Vul? dm
A Jwm

(both without loss of constants). In the Talagrand inequality, W5 is the L?-Wasserstein
distance, P*(M) is the set of Borel probability measures on M of finite second moment,
and Enty,(p) = fM plog pdm with u = pm is the relative entropy. We refer to [Vi, Theo-
rem 22.17] for a precise statement that is available in our setting, and to the bibliographical
notes in [Vi, Chapter 22] for a historical account and related results.

By reversing these implications, we deduce from Theorem 6.2 the following reverse
forms of logarithmic Sobolev and Talagrand inequalities.

Corollary 6.3 (Reverse Talagrand & log-Sobolev inequalities) Let (M, g, m) be as
in Theorem 6.2 and assume Zinm)(0) < Lr~)(0) + 0 for some 6 € (0,1) and sufficiently
small 6 > 0. Then, for any A > N (0,¢,09), we have the following.

(i) There exists some p € P*(M) \ {m} such that

Wa(p, m)? > ;Entm(u). (6.3)

(ii) There exists some nonconstant, nonnegative, locally Lipschitz function [ such that

fodmzl and
2
/Mflogfdmz %/M@dm. (6.4)

The proofs of the above implications (log-Sobolev to Talagrand, Talagrand to Poincaré)
are based on dual formulations and semigroup approaches (employing heat semigroup [OV]
or Hamilton—Jacobi semigroup [BoGL, LLV1]), and then the relation of u from Theorem 6.2,
pin (6.3), and f in (6.4) is seemingly unclear.

In the direct implication from the logarithmic Sobolev inequality to the Poincaré
inequality in [LV2, Theorem 6.18], we have a more explicit argument and can build f
from u as follows. Given any A > A’(0,¢,0), truncating u in Theorem 6.2, we obtain
Uy := max{min{u, o}, —o} for some (large) o > 0 satisfying

1
Var(ym(us) > + / [V, | dm. (6.5)

AJwm
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Now let us put h = u, — fM u, dm and consider the function f. := 1+ eh for |¢] <
(2]|h]|z)"". Note that f. > 0 and [, f- dm = 1. Then we calculate

’Vng 2/ ‘Vh|2 g? / 2
dm=¢ —_—dm < — Vh|* dm.
v 7 Tt eh ™S T Y

Moreover, it follows from

1 1
(1+1t)log(1 +t) >t + at? for—1<t§2——1,a€<0,§>
a

that

1 g2
f-log f.dm > / (5h+ eh 2) dm = / h* dm.
/M T T e A+ ) S

Combining these with (6.5) yields the reverse logarithmic Sobolev inequality

L—cllplls= 1 [ |VEP

dm
1+€HhHL°" 2\ M fa

/ felog fodm >
M

We close the section with some remarks on related investigations.

Remark 6.4 (Related results) (a) The stability of geometric inequalities on Rieman-

nian manifolds is an important problem and known to have applications in the study
of limit spaces. For instance, Colding [Col, Co2] showed that an n-dimensional Rie-
mannian manifold (M, g) satisfying Ric, > n — 1 is close to the unit sphere S™ in
the Gromov-Hausdorff distance if and only if the volume vol, (M) is close to that of
S™. We will denote the volume of S" by w,. Notice that vol,(M) is not greater than
wy, by the Bishop comparison theorem (see [Cha]), and the almost maximal volume
implies that the manifold is homeomorphic to S™ by [Per]. Tt is also shown in [Co2]
that, if the radius of M as above is close to 7, then its volume is close to w,, (thereby
M is homeomorphic to S"), where the radius of M is defined as inf e sup, ey d(, y)
and is not greater than m. Another result on this kind of ‘almost sphere theorem’
by Petersen [Pet] asserts that the radius is close to 7 if and only if the (n + 1)-th
eigenvalue of the Laplacian is close to n (later improved to the n-th eigenvalue by
Aubry [Au]). We refer to [HM, Kalo] for recent generalizations of some of these
results to RCD-spaces (recall Remark 2.2(c)).

Among functional inequalities, the relation between the Poincaré inequality (spec-
tral gap) and the diameter of Riemannian manifolds has been well investigated (see
[BBG, Be, Che, Cr]). We refer to [CaMoSe] for a recent generalization to essentially
non-branching CD(N — 1, N)-spaces (N € (1,00)). In [CaMoSec] they make use of
the needle decomposition in the same spirit as [CMM] on quantitative isoperimetric
inequalities. See also [OT] for the rigidity of the logarithmic Sobolev inequality on
weighted Riemannian manifolds with Ric,, > K > 0 (the case of Ricy > K > 0 with
N € [n,00) is open). In the Euclidean setting, quantitative estimates in comparison
with the Gaussian spaces are studied in [DF, CF] for the Poincaré inequality, and in
[BGRS, FIL, CF] for the logarithmic Sobolev inequality.

We refer to a recent paper [ABS, Theorem 2.1] for another kind of rigidity result
concerning a gradient estimate on RCD(0, N)-spaces.
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7 Quantitative isoperimetric inequality

As in the previous section, let (M, g, m) be a weighted Riemannian manifold with Ric,, > 1
and m(M) =1, fix 0 € (0,1) and take a Borel set A C M with m(A) = 6. We employ
the needle decomposition associated with f := x4 — 6 as in Subsection 2.3: (Q,v),
{(Xq, mg) }eeq, and the guiding function u with [, udm = 0. Set A, := AN X, as in the
previous section.

Put 0(A) := P(A) — Zr~)(#) and define

Q= {q € Q| my(4,) = 8, P(A,) — Ty (6) < V/5(A)} (7.1)

as a set of ‘long’ needles (recall from Lemma 2.6 that small deficit implies large diame-
ter). Notice that @), is a measurable set since the function ¢ — P(A4,) is measurable by
[CMM, Lemma 4.1]. We observe from Lemma 6.1 the following (similarly to the proof of
Theorem 6.2).

Lemma 7.1 (Q, is large) We have v(Q,) > 1 — /(A).
For further analyzing the behavior of long needles, we define
Q, = {q € Qy ’ mq(AqA (—oo,r;q(@)]) < \/(5(14)},
Qf == {q€ Q| my(A; Al (0),00)) < /3(A)},
where X, is parametrized by u and ry () € X, are defined by
my (Xq N (—oo, r;q (9)]) =my (Xq M [rr—xtq(‘g)a 00)) =0

as in Proposition 4.1. The measurability of Q; and @, can be shown as in [CMM] (see
Lemma 6.1 and the paragraph following it). Then the next lemma is a consequence of
Proposition 4.1.

Lemma 7.2 (Q, UQ; is large) If §(A) is sufficiently small, then we have

v(Qe\ (@ UQY)) < V(4.

Proof. Recall from Theorem 2.10 that, for v-almost every ¢ € @, (X,,m,) satisfies
Rice > 1 and my(A,) = 0. Then we deduce from (4.1) and lims_,o C5(6, ) = oo that

P(Ay) ~ Zoxymy (6) > min {m, (4, 2 (00,75, (O)]). m, (4, & [r, 6). 50))}
for ¢ € Q, provided that 0(A) is sufficiently small. Hence
P(Ag) = Zry) (0) = P(Ag) = Lix,my) (0) > /6(A)

for g € Qo \ (Q, UQ,), and it follows from Lemma 6.1 that

3(A) > V/3(A) - v(Q\ (QF UQY)).
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Next we shall show that one of @, and @, necessarily has a small volume. This is
the most technical step in this section and the structure of the proof differs from that
of [CMM, Proposition 6.4], due to the fact that the diameter of M is not bounded and
needles can be infinitely long (cf., for example, [CMM, Proposition 5.1, Corollary 5.4]).
The following observation by virtue of (6.2) will play a crucial role. Recall that ay € R is
defined by ~v((—o00, ag]) = 6.

Proposition 7.3 (u is nearly centered on most needles) Ifd(A) is sufficiently small,
then there exists a measurable set Q. C Q such that v(Q.) > 1 — §(A)(1=/0=3) gpq

max {|ag — Ty ()]s a1 — r$q(9)|} < Cs(h,e)5(A)1=2)/00=39) (7.3)

for every g € Q. N Qy.

Proof. We set 6 := §(A) and

2(1—¢)

3(3—¢)

for simplicity, and observe from (6.2) that the set Q. C @ consisting of ¢ with

( /X q uqu>2 < C4(0,€)5° (7.4)

satisfies v(Q.) > 1 — 6179)/G=9)=¢ Fix a needle ¢ € Q. N Q; and put m, = e ¥ dr,
r~ =1y (0) and rT =1y (0) for brevity.

Since the assertion is symmetric, by reversing X, if necessary, we can assume Z(x, m,)(0) =
e %), Then we have e ¥(") < P(4,) < Zr)(f) + V¢ and deduce from (3.3) that

a =

(x) = Po((x —r7) +ag) > (Vo (r7) —ag) (@ —r7) — w(@)V5

on X,, where we recall that X, is parametrized by u. We similarly observe from (3.4)
that

V(@) = g ((x —7) + ag) < (Wi (r7) = ag)(x —r7) + w(B)s"*
on [S+1r~ —ap, T +r~ —ag]l. Let us set o :=ag —7r~, f:= 1 (r") — ap and observe

18] < (Cy + 1)V/6 from (3.9). By (7.4) we also find that a — 0 as § — 0, our goal is to
make this quantitative.
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We have

/uqu:/ rm,(dr)
Xq X

q

< /Oooxexp (—wg(:c +a)—Bx—r7)+ w\/g) dx

+ /O x exp (—lbg(x ta) =Bz —r7) - w51/4> dz
S

—Q

—\/LQ_W/ooxeXp (—W%—&ﬁ—l—ﬂ;—l—ﬁr%—wﬂ) dx
0

0 2 2
+ Lﬂ /S_axexp (—M +a5+%+6r —w51/4) dx

= exp (aﬁ+5—2+5r+w\/5> /:o (x —a — B)v(dz)

2 +6

52 a+p
+ exp (045 +o pr- — w51/4) / (x —a— pB)v(dz).
S+

Since |3| < (Cy 4 1)v/6 and a — 0 as § — 0, we find

exp (aﬁ + %2 +Br + WS) <14 C()V5,

2
exp (aﬁ + % + Br= — w51/4) >1—C(6)5Y4

Moreover, we observe

/aw(:c —a—f)y(dr) = /_L:B(:C —a— B)y(dz) - /_S+B(£U —a—f)v(dx)

[e.9]

_ / @-a=8)(dn) + # 2% 4 (a4 B)y((—o0, S + A])

and, assuming that ¢ is sufficiently small,

ef(s+,8)2/2 < 67(175)32/2 _ (1 . S)(1*5)2e*5(1*5)52/2 (e
and 8
7 ((~00,5 + B]) < (=00, 5]) + 2L < c ()t

by (3.19) and (7.1). Therefore we obtain

[ wdmg < [ @ —a 8)ytdn) + 0,000
Xq

— —a— 4 C(0,e)50-)/
< —a+ C(0,e)60 /4,
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A similar calculation shows

/ wdm, > —a — C(0,)51 =9/
Xq

as well. Combining these with (7.4) yields (provided that a/2 < (1 —¢)?/4)

a+/ udm, +‘/ udm,
X Xg

q
In order to bound |a;_g — rT|, let us recall

2 2
e V@) < \/12_7r exp (aﬁ + % + Br- + w\/g) exp (_—(m + O;+ f) )

S (]_ +C’<9)\/5)e—1/’g(93+a+5)

la| < < C(0,¢)6Y2. (7.5)

on X,. Therefore, on one hand, for © > —(a + ) with e ¥e(@1-0+6+at08) > o=vg(a1-0) /9,
mq([al_g + 06, oo)) < (1 + C’(G)\/g)fy([al_g +O0+a+p, oo))

< (1+0(9)¢5)(9— (@+a+5>).

e_'l/’g(al—e)
2

Then choosing
O = 2e¥:“-00C(0)V5 — o — 3

implies m,([a;_g + O, 00)) < 6 and hence
rt<ai_g+0 <a_y+ C’(@,s)é“/Q,

where we used (7.5). On the other hand, for Z > a + ( with e ¥s(@1-o—Stath) >
e ¥s(@1-0) /2 we observe

my([a1-g — Z,00)) > 1 — (1 + C(O)VS)Y((—00,a1-9 — =+ o+ f])

21—(1+C(0)\/5)((1—9)—#M(E—a—ﬂ))

This yields m,([a1_g — Z,00)) > 0 with = = 2e¥s(@1-0)(1 — )C(0)v/5 + o + B3, and hence
rt>a1_9g—Z > a1_g — 0(9,8)5“/2.
This completes the proof. O

Let us explain the geometric intuition of the proof of the next proposition. If both
v(Q; ) and v(Q]) have a certain volume, then the strict concavity of Z(g ) implies that the
sum of the perimeters of regions A~ and A" corresponding to @, and @, respectively,
is larger than Zg ~)(#). This contradicts the assumed small deficit when the gap between
P(A) and P(A7) +P(A™) is sufficiently small. In order to construct such a decomposition
of A (A; and A} in the proof), we need an additional assumption 6 # 1/2.
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Proposition 7.4 (One of ), and Q] is small) Assume 6 # 1/2. Then we have
min{v(Q; ), »(Q;)} < Cy(8)o(A)!~=/=%),
provided that §(A) is sufficiently small.

Proof. Put 6 = 6(A) again in this proof. Let us first assume 6 € (0,1/2) and consider
the decomposition of A,

A= An{u<r}, Af = An{u>r},

for r € (ry,ry) with

2 +_1 1 +_2
rii= —ag + —a1_g, ro = —ag + —a1_g.
1 306 T 301 2 306 T 3010
Note that ay < 0 < a1_9 = —ay since § < 1/2. Moreover, letting 0 smaller if necessary,

we find from (7.3) that i > r, () holds for ¢ € Q. N Qp.
Since |Vu| = 1 almost everywhere, we obtain from the coarea formula (see, e.g., [Chal)
that

m(AN{r <u<ry}) :/

ANn{ri<u<ra}

|Vu|dm = / |Anut(r)|dr,

where | - | denotes the (n — 1)-dimensional measure induced from m (precisely, e"*H"~*
where H""! is the (n — 1)-dimensional Hausdorff measure). For ¢ € Q. N Q;, we deduce
from ry > r, (0) and (7.2) that

m, (A N (—00,71]) = my(A,) — mg (A, \ (o0, m1]) > 6 — V3. (7.6)

Similarly m,(A, N [ra,00)) > 6 — /3 holds for ¢ € Q. N Q. Then it follows from
Theorem 2.10(i), Lemmas 7.1, 7.2 and Proposition 7.3 that

m(A, UAL) > /
QcNQ,

> (00— Vo (Q.N(Q UQ)))

> (0 — Vo) (1 — 2V — §072/(0789))
>0 — (14 20)Vo — 501~/ (0=59)

> f — 5(175)/(9735).

mq(Aq N (—oo, 7“1]) v(dq) + /Q o m, (Aq N [ra, oo)) v(dq)

Therefore we obtain
r2
-1 - 1—€)/(9—3¢
/ |Aﬂu (T)|dr:‘9—m(AmUA:'2)§5( )/( )7

and we can choose some 7 € (ry,rs) satisfying

§1-9)/(9-3e)  35(1-2)/(9-32)  35(1—e)/(9-3¢)
|AN ufl(rA)\ < = =
Ty — 1T aj—g — Qg 2|ay|
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This yields that

36(1—5)/(9—35)

P(A;7) +P(AS) —P(A) <2ANnu ()] < (7.7)

|ag|

In the first inequality, take a sequence {¢;};en of Lipschitz functions such that 0 < ¢; <
XA, ®i — X4 in LY(m) and lim;_, fM |Vi| dm = P(A) (recall (2.2) for the definition of
P(A)), and put

pi (z) := min {i - max{u(z) — 7,0},1}, p; (z) :=1—pi(x).

Then pF¢; — x4+ in L'(m) and

1—00

P(A7) + P(A]) < limint /M (IV(p; 60)] + [V (05 61)]) dm

<tim [ (o + pP)|Vér| dm + limin / (IVp7 | + [VpH)és dm
i—oo Jar 100 M

1—00

< P(A) + lim / 2i dm
AN{F<u<i+i=1}
=P(A) +2/ANu ()|

Now, it follows from Lemma 2.7 that Zp ) < —Zr~)(0)~" on (0,6] (since 6 < 1/2),
which implies

_ Sy < m4y) 1 m(Az )\ m(Ay)
P(Af ) Z I(R,’Y) (m<Af )) Z 9 I(Rﬁ) (9) + QI(R,A/) (9) (1 - 9 ) 9 9 :

Concerning the second term in the RHS, on one hand, we observe from (7.6) that

m(A;) > (0 —Vo)w(Q.NQ,) >

N D

v(QcN Q)
On the other hand, we similarly find

m(A7) =0~ m(A}) <0 - QN Q)
Therefore, setting V := min{r(Q. N Q; ), »(Q.NQ;)} < 1/2, we obtain

. m(AD) 1 VAV ,
P(A;) > =7 — 1 - =) =0~
( T ) — 9 (R:'Y) (0) + 2.,2:(]1{7»7) (9) ( 2 ) 2 6

We have a similar inequality for A in the same way. Summing up, we obtain

1 VAV
P(A7) + P(AF) > T () + = (1 - —) Vg2 > Ty (6) + cl0)V.
Lry(9) 2)2

Combining this with (7.7) and Zir ~)(0) = P(A) — ¢ yields
36(1—5)/(9—35)

S — >P(A;) + P(AT) —P(A) > c¢(0)V —§

0
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and hence, by Proposition 7.3,

min{v(Q; ), v(QF)} <V + §(179)/9=39)

1 (35(18)/(938)
c(0) |apl
S 0(9)5(1—5)/(9—35).

+ 5) + 5(1—8)/(9—36)

This completes the proof for < 1/2.

When 6 > 1/2, the complement A€ of A satisfies P(A°) = P(A) and m(A°) =1—-0 <
1/2. Note also that Zr~)(0) = Zg~) (1 — 0) and r, (0) =y (L= 0), 75 (0) =y (1= 0).
Hence we have, since E\ F'= ENF¢= F°\ E°,

Ay 8 (=00, 15, (0)] = A5 B (15, 0),00) = A5 A (17, (1~ 6), 00)
and similarly A, Afrg (0),00) = Ag A (—oo,ry (1 —6)). Therefore we can obtain the
claim for A by applying the above argument to A°€. O

From the proof of Proposition 7.4, we find that Cy(1—6) = Cy(6) and limg_,; /o Cy(0) =
oo (since a1/2 = 0). Hence the case of § = 1/2 is not covered.

We finally prove our main theorem. We employ the sub-level and super-level sets of
the guiding function w instead of balls in [CNM].

Theorem 7.5 (Quantitative isoperimetry) Let (M, g, m) be a complete weighted Rie-
mannian manifold such that Rics, > 1 andm(M) = 1. Fiz 0 € (0,1)\{1/2} ande € (0,1),
take a Borel set A C M with m(A) = 0, and assume that P(A) < L ~)(0) + 6 holds for
sufficiently small 6 > 0 (relative to 6 and €). Then, for the guiding function u associated
with A such that fM udm =0, we have

min{m(AA {u<ag}),m(AA {u> al_g})} < C(H, )02/ O=3¢), (7.8)

Proof. We set again § = 6(A). Thanks to Proposition 7.4, we first assume v(Q;) <
Cy(0)60=2)/9=32)  Then we deduce from Lemmas 7.1 and 7.2 that

v(Q\ Q) = v(Q\ Q) +1(Qu\ (Q UQ))) +1(Q)) < 2V6 + Cy()s" /075,
Therefore we obtain
m(AA {u < ag})
< [ a4, 2 (ocal) vdg) + Q) Q)

@

< [ oy 8 (o0 (00) ) + [ ((=0.00] 5 (=00, 6)) vl

Q, N
T U(Q\ Q)
< [ ma((=ocsa] 2 (=00, (9)) vlda) + 3V + Co(6)51- 059, (7.9)

4
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In order to estimate the first term, we recall from Proposition 7.3 that [ap — 1y, (0)]
Cs(0,)60=9)/0739) for g € Q. N Q. This implies
(00, 0] 2 (00, 73, (0)]) = my ((min{ag, 75, (0)}, max{ag, 75, (0)}])
< C(@, 8)6(175)/(9735)

for ¢ € Q. N Q. Substituting this into (7.9), we obtain

m(AA {u < ag})
< C(0,2)8" O L y(Q) \ Qo) + 3V + Co(0)61 /075
< C(@, 8)6(17&:)/(9735).
In the case of v(Q,) < Co(0)51=/0=3) we similarly have m(AA {u > a;_4})
C(0,¢)5(1—=2)/(9=39)  This completes the proof.

We conclude with several remarks and open problems related to Theorem 7.5.

<

<
O

Remark 7.6 (a) If we assert only the existence of ‘some’ 1-Lipschitz function u enjoy-

ing (7.8), then one can merely take u(x) := d(A,x) 4+ ag. Therefore the novelty of

Theorem 7.5 lies in the construction of u as the guiding function of the needle de-
composition. By construction the guiding function u seems closely related to the
Busemann function. When there is a straight line n : R — M (meaning that

d(n(s),n(t)) = |s—t| for all s,t € R), the associated Busemann function b : M — R

is defined by
b(z) := tlg?o {t —d(z,n(t))}.

By construction b is 1-Lipschitz and sometimes regarded as ‘a distance function from

infinity’. In Cheeger-Gromoll-type splitting theorems (under Ricy > 0, see also
(b) below), we show that b is totally geodesic and M is split into R x ¥, where
{t} x ¥ = b7 }(t) and n,(t) := (t,x) is a straight line for every z € X. This is

a similar phenomenon to the rigidity of the Bakry-Ledoux isoperimetric inequality

(under Rics,, > K > 0) in Theorem 2.8, where the guiding function plays a similar
role to the Busemann function (see [Ma2] for details). Going back to our quantitative

investigation, the guiding function u shares several properties with the Busemann

function: w is 1-Lipschitz, most needles are long in both directions (lims_0.S = —oo
and lims_,o 7" = oo in Proposition 3.2), and the direction of most needles are the same
(Proposition 7.4). When, for instance, some needle is a straight line, one may relate
the associated Busemann function with the guiding function and obtain (7.8) in terms
of that Busemann function. In this direction, moreover, one could expect an ‘almost
splitting theorem’ as metric measure spaces, namely (M, g, m) is close to the product
space (R,|-|,7) x Y in some sense (even when there is no infinite needle). This is
an interesting and challenging problem, let us recall that Gromov’s precompactness

theorem ([Gr, §5.A]) does not apply under Ric,, > K > 0.

(b) In comparison with the Cheeger—Gromoll-type splitting theorem under Ric,, > 0 in
[Li, FLZ], we remark that the upper boundedness of the weight function ¥ was not
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assumed in Theorem 7.5. In the splitting theorem we claim that the space splits
off the real line endowed with the Lebesgue measure, and hence an upper bound of
U is necessary to rule out Gaussian spaces (and hyperbolic spaces with very convex
weight functions). Compare this with the rigidity results under Ric,, > K > 0 in
Theorems 2.4, 2.8.

Since the needle decomposition is available also for Finsler manifolds by [CM, Oh3],
one can prove the analogue of Theorem 7.5 for reversible Finsler manifolds verbatim.
In the non-reversible case, however, the needle decomposition does not provide the
sharp isoperimetric inequality and it is unclear if one can generalize Theorem 7.5. See
[Oh3] for more details on the non-reversible situation, and [Oh4] for a derivation of
the sharp Bakry-Ledoux isoperimetric inequality for non-reversible Finsler manifolds.

In Theorem 7.5 we restrict ourselves to weighted Riemannian manifolds since the
needle decomposition is not yet known for metric measure spaces satisfying CD(1, oo)
or RCD(1,00). We refer to [AM] for the Bakry—Ledoux isoperimetric inequality on
RCD(1, co)-spaces.

There are two open problems related to Theorem 7.5. The first one is the case of
0 = 1/2. The condition 6 # 1/2 was used only in Proposition 7.4, where we showed
that one of @, and @/ has a small volume. If this step is established in some other
way, then all the other steps of the proof work and we can obtain Theorem 7.5 for

0 =1/2.

Another open problem is the optimal order of § in (7.8). Our estimate §(=)/(9=32)
seems not optimal at all and, compared with the case of Gaussian spaces (recall
(1.1)), the optimal order is likely v/4. We remark that the optimal order is not known
also for CD(N — 1, N)-spaces studied in [CMM] (N € (1,00)), where they obtained
SN/(N*+2N=1) depending on N (recall (1.2)).

Inspired by [DF, CF], we expect that the push-forward measure u,m is close to
in the Wasserstein distance W; or Wy over R. We may make use of the Talagrand
inequality Wy (u,m,v)? < 2Ent, (u,m) (recall Subsection 6.3).
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