ON ISOPERIMETRIC PROFILES OF PRODUCT SPACES
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ABSTRACT. Let p € [1,+00]. Given the LP-isoperimetric profile of two non-compact Riemann-
ian manifolds M and N, we compute the LP-isoperimetric profile of the product M x N.
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1. INTRODUCTION

We start with an almost tautological identity for the product of Euclidean spaces: R? =
R™ x R™, where d = m +n. This simple fact says that dimensions of Euclidean spaces add up
under direct product. The aim of this paper is to show that this fact admits an analogue for
isoperimetric dimensions of non-compact Riemannian manifolds (and more general spaces, see
Section 7 below). As we will see, the isoperimetric dimension is in general not a number, but
rather a family of functions indexed by a parameter p € [1,400]; we shall give a formula that
enables one to compute this family of functions for a product, given the ones associated with
the factors, and generalizes the addition of dimensions in the Euclidean case.

1.1. Dimensions of non-compact Riemannian manifolds. Let M be a Riemannian man-
ifold. The notion of the topological dimension of M does not reflect the geometry of M in
the large. One of the ways to capture the large scale structure of M is by using isoperimetric
inequalities. Let p be the Riemannian measure on M, or more generally, a measure with a
positive C* density o with respect to the Riemannian measure. We shall call (M, 1) a weighted
Riemannian manifold. For any open set  C M, denote |2 = 1 (€2). On any hypersurface S in
M, consider the surface measure having the density o with respect to the Riemannian surface
measure; let |S| be the full surface measure of S. Denote by Lip, (M) the space of Lipschitz
functions with compact support on M.
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If, for some d > 1, C' > 0 and for any non-empty precompact open set £ C M with smooth
boundary,

(1) QT < o9,

then it is natural to say that M has isoperimetric dimension d. It is known ([36], [53]) that (1)
is equivalent to the following Sobolev inequality: for any function f € Lip, (M)

d—1

(52) </M|f|d%1 du)T <c [ 1vsldn

Alongside (Sé), one can consider a more general family of Sobolev inequalities of the form

d—p

(sh) ( /M\f\f——dpdu> <c, [ 9,

for any f € Lipy (M), assuming 1 < p < d. If (S%) holds, then one says that M has p-
isoperimetric dimension d. The idea that such Sobolev inequalities carry some large scale
dimensional information on Riemannian manifolds can be traced back at least to [61] and [54,
Sect. 3.

One can also write down a natural version of (S%) for d < p < 400 (the so-called Gagliardo-
Nirenberg inequalities), for p = d (the Trudinger-Moser inequality) and even for p = 400 (see
[24]). Then one observes that (S3°) is equivalent to the volume lower bound

V(z,r)>er?, Yxe M, Yr>0,

where V' (z,7) is the volume p(B(z, 7)) of the geodesic ball B(z,r) on M of radius r centered
at x. It is possible to show that (S%) = (S) for all 1 < p < ¢ < +o0 (see [15], [24]) but the
converse is in general false (see [29], [14], [4]).

The importance of Sobolev inequalities for analysis on manifolds is well known (see for instance
(1], [11], [12], [17], [44], [47], [48], [49], [50], [58]). For example, Varopoulos [61] proved that, for
d > 2, (57) is equivalent to the heat kernel upper estimate

sup pi(z,z) < ct4?, vt>o,

xeM
where pi(z,y) (t > 0, z,y € M) is the heat kernel of (M, ), that is the minimal positive
fundamental solution to the heat equation dyu = Au on M xR,. Here A is the Laplace operator
of the weighted manifold (M, ), that is the generator of the energy form f — [|Vf |2du in
L*(M, 1) with domain Lipy(M) or C§°(M).

However, the nice picture above is spoiled by the fact that even very simple manifolds may
not have any isoperimetric dimension. For example, none of the inequalities (Sg) takes place for
the cylinder M = R™ x S"™, n > m. Indeed, (S%) holds for functions f with small supports
if and only if n < d since locally M looks like R™. On the other hand, if (S%) is true then it
implies (S5°), that is V(z,7) > cr?, whereas for large r we have V(z,7) < Cr™. Hence, we
obtain n < d < m which contradicts the assumption n > m. The point of this argument is that
the local topological dimension of a manifold and its asymptotic dimension at infinity may be
different, in which case the Sobolev inequality (S%) cannot be satisfied.

A way to overcome this difficulty consists in localizing properly the Sobolev inequalities (see
[18], [21], [22], [31]) so that one distinguishes the local dimension and the dimension at infinity.
This approach is satisfactory, say for polynomial volume growth Lie groups (see for instance,
[65]), but already for Lie groups with exponential volume growth, Sobolev inequalities are not
well adapted (cf. [64]).

On the other hand, it is easy to generalize the isoperimetric inequality (1) so that it would
take place on a much larger class of manifolds including those mentioned above. Given a non-
negative non-increasing function v on ]0, +o00[, consider instead of (1) the following isoperimetric
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inequality
(2) ¢ (12) 192 < 109
Clearly, (1) is a particular case of (2) for ¢ (v) = cv='/¢. The cylinder R™ x S*~" admits (2)

with the function y
cv /" v <1,
Y(v) = { v /My > 1.
Lie groups with polynomial growth lead to an isoperimetric profile of a similar form. Examples
of a different kind are as follows. On unimodular amenable Lie groups with exponential volume
growth, one obtains
clv_l/ noow <2,

v ={ % ™ 033

log(v)’

and on co-compact covering manifolds

oV oy <1,
v { ity V> L
where V' is the volume growth function of the deck transformation group (see [30]). More
examples of isoperimetric inequalities on manifolds and their applications can be found in [16],
[17], [19], [41], [42], [51], [68], [69].
Following [23], let us introduce a general (p,v)-isoperimetric inequality on M as follows: for
any precompact open set 2 C M and for any f € Lip, (£2),

(53) LUy < N1V £l

Here 1 is a non-negative non-increasing function on (0,4o00), p € [1,+00], and || - ||, is the
LP (M, p)-norm.

It is possible to show that if ¢(v) = cv~'/¢ (we shall refer to this as the polynomial case)
then (S7)) is equivalent to (S}), which justifies our notation (see [15], [24], [3]). Again, (S},) is
equivalent to (2), and (S7°) is equivalent to

V(z,r) > Y1/r), Ve e M, r > 0.
Also, for 1 < p < g < +o0, (Sz) implies (SZ). However, contrary to the polynomial case, it is
no more true in general that (SZ) with 1 < p < +oo implies (S7°) (this follows from [56]).
Denote by A1 (2) the bottom of the spectrum of —A in L2(€, i), that is

2
M(Q) = in M
retipy() [ fdu
f#0

Then (Si) can be rewritten as the Faber-Krahn inequality

(3) Q) > ?(1Q)),

for any non-empty precompact open set 2 C M. This inequality was introduced in [39], [40] to
investigate various aspects of the heat kernel behavior. In particular, it was proved in [40] that
under certain regularity assumptions about 1, (3) is equivalent (up to constant multiples) to
the heat kernel estimate

1
4 sup pe(z,z) < —, Vit >0,
W S = o
where the functions ¢ and i are related by
(L) o
) =Y (e(t)), ¢0)=0
(5) L =), 0

— see also Section 6 below. Another application of (SZ) is related to the notion of p-hyperbolicity
(see [28, Sect. 3.3|, [38], [40]). For details see Section 5 below.
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Given a weighted Riemannian manifold M, with each p € [1,+0c] one can associate the
largest function ¢ such that (Sy;) holds on M:

(® O

where () is a precompact open subset of M, and the infimum is taken over all f and ) as
specified. The function 1, , is automatically non-increasing (but it can vanish). We shall call it
the p-isoperimetric profile. This notion was introduced in [26], see also [28, Sect. 3.3], although
there one considers ¢ = i rather than 7). In the examples considered above, the p-isoperimetric

:fehmGD\WLKNZU}

profile does not depend on p: up to multiplicative constants 1y, = ¥, p € [1,400]; this fact
contains a lot of non-trivial information, concerning for instance the connection between the heat
kernel decay and the volume growth (see [27]). But this connection is not as tight in general
(see [4]), and, as we already mentioned in the polynomial case, the p-isoperimetric profile does
depend on p; one can show that if 1 < p < ¢ < +o0, then

Varq(v) = c(p, ) arp(v),

but conversely (if M has bounded geometry) one only has
?\/[,q(v) < C(pa QaUO)¢M,p(U)’ v > o,

and the examples in [29], [14] show that this is sharp.

1.2. The cases p = 1,2, +00. Now we can come back to our initial question on the isoperimetric
dimension of product manifolds, and reformulate it in the following way: given two weighted
Riemannian manifolds (M, ) and (N,v) that satisfy respectively (Sy ) and (Sy ) for some
p € [1,400], which inequality (SZ) does the product (M x N, u X v) satisfy?

In the polynomial case, if the Riemannian manifolds M and N satisfy respectively (Sh,) and
(Sh) for 1 < p < min(m,n), then the Riemannian product M x N satisfies (S, ). However,
this is not so easy to prove. This was done by Varopoulos (see [62], [63]), using the interpolation
inequality for mixed norms [9], see also in [18] the remarks after Prop. 4; a more detailed proof
can be found in [59] (in the setting of graphs).

Outside the polynomial setting, the only case which was investigated so far is p = 1. The case
p = 400 is easy, and the case p = 2 can be settled by a heat kernel argument. Let us briefly
outline the results in these cases, assuming in each case that M and N satisfy respectively the
(p,¥yr)- and (p, 1y )-isoperimetric inequalities.

Case p = 1. It was proved by one of the authors [37, Theorem 2] that the product M x N
satisfies the (1, %¢)—isoperimetric inequality with

(7) Y(w) = uggfw(wM(u) + Yy (v)),

assuming that the functions v, (u)u and ¥ (v)v are increasing. Note that the techniques of
[37] are very specific to the case p = 1.

The shape of (7) is very natural from the point of view of (2). Indeed, consider the particular
case when the set ) is a product Q; x Qx where 3, and €y are precompact open sets with
smooth boundaries in M and N respectively. Then 0f2 is the union of 0Q; x Qn and Q7 X 00N,
whence

|02 = |0 | [ | + || 092 ] -

Since |Q] = [Qas] 2], we obtain
901 _ 100, 192
€ Qu| Q]

> P (1Quml) +9n (1Q8]) = 9 (192)) -

On the other hand, if the (1, ,,)- and (1, y)-isoperimetric inequalities on M and N are sharp,
this argument shows that one cannot get better than (1, )-isoperimetric inequality on M x N.
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In other terms, if 1, ¥, and ¥, v are the 1-isoperimetric profiles respectively of M, N, and
M x N, then

1
gw < Yuxn <Y,
where 1 is defined by (7).

Case p = 2. This case can also be treated by a specific method, using the aforementioned
equivalence of the (2,1))-isoperimetric inequality and the heat kernel decay (4) (in the next
argument, we skip the constant factors). Indeed, the heat kernels on M and N admit the
estimates

(M) 1 (V) 1
sup p; (z, ) < and supp; (y,y) < —=,
veM | eu(t) yeN ! en(t)
where ¢, and ¢ are determined by (5). The heat kernel p, on M x N is the product of ng)

and p,gN) in the following sense: if z = (z,y) € M x N then pi(z,2) = piM) (x,x)p,gN) (y,y) (see

for example, [42, Section 1.5]). Hence, we obtain

1 1
sup pi(z,2) < = s
2eMXN (2,2) on(t)on(t)  o(t)

where ¢ = @,0n. Therefore, M x N satisfies the (2,&)—isoperimetric inequality, where 1~ﬁ is
determined by

/

2oy~ PP PN e 2
Y (p) = o + o Y (enr) + U (en)-

Consequently, if we define 1 by
(®) W)= inf (03() + ().

then 1,7) > 1) so that the (2,)-isoperimetric inequality holds on M x N.

Case p = +oo. For any z = (x,9) € M x N, the geodesic ball B(z,/2r) in M x N contains
By(x,r) x By(y,r), whence

V(Za \/§T) > VM ('T’ T) VN(?/, T) > ¢]T41 (1/T) quivl (1/T) :
Defining the function v by
(9) 7 (s) = o) () Uy (9),
we see that M x N satisfies the (oo, J)—isoperimetric inequality, where J(w) = 1)(v/2w). Setting
in (9) up = 1,; (s) and vy = Py (s), we obtain
¥ (uovo) = ¥ (o) = ¥y (vo),

which implies that ¢ can also be defined by
(10) ¥ (w) = uivf;fw max (¢ (u), P (v)) -
1.3. Statement of the main result. We are now in a position to formulate the following

generalization of (7), (8), (10) which is the main result of this paper.

Theorem 1.1. Let p € [1,+00]|. Suppose that the weighted Riemannian manifolds (M, u) and
(N, v) satisfy respectively the (p,v,r)- and (p, ¢ N )-isoperimetric inequalities, where ¥y and ¥y
are non-negative and non-increasing on (0,400). Define the function 1 by

(11) bw) = inf (W4 () + A ()

for p < 400, with the obvious modification, i.e. (10), for p = +oo. Then, for any 0 > 1, the
product manifold (M x N,u x v) satisfies the (p,v)-isoperimetric inequality where

p(w) = cp(Ow)
and ¢ = ¢(p,0) > 0.
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If in addition for some a > 0 one of the functions ¥y (u)u® and ¥ (v)v® is increasing, then
0 can be taken 1.

Of course, since finally we allow a multiplicative constant in front of v, we could suppress p
in formula (11) and write instead

(12) blw) = inf () + v (v).

But the advantage of formula (11) is that it admits (10) as a limit case for p = +oo0.

The fact that formula (12) is the same for every p € [1,+oo] implies that the operation
of taking finite products is not able to create substantial differences between p-isoperimetric
profiles, contrary to the constructions in [29], [14] or [4].

It is an easy exercise to check that, if 1, (u) = c;u™/" and ¢y (v) = cov™ /™, then formula
(12) yields 9 (w) = cw™ Y%, with d = m +n. A more exotic family of examples is treated in
Section 5 below.

An important point is that (12) is sharp: if ¥,;, ¥y, and 1, are the p-isoperimetric
profiles respectively of M, N, and M x N, then

(13) (fw) < Py (w) < Plw),
for any 6 > 1 and ¢ = ¢(p,0) > 0. Indeed, for all u,v > 0 and any £ > 0 there exist precompact
open sets with smooth boundaries €5 and Qy in M and N respectively and f € Lipy (27)\{0},
g € Lipy () \ {0}, such that
|QM|:U’ |QN|:U

and

V£l < U+ e)ear(1QuDIfllp,  [1TValllp < (1 + )¢ n(12nDllgllp-
Now let w > 0, and let u, v be such that uv = w and

Yur(u) + ¢y () < (1+e)p(w).

Consider Qs Qn, f, g, associated with u and v as above, and set h = fg € Lipy (s % Qar).
Then

12llp = £ 1pllgllp,
and, since Vh = gV f + Vg,

IIVAl < gl 1V flllp + 1L IV glllp-
It follows that
VAllly H!Vf\Hp 11Valllp

PP 191l

Finally, since € > 0 is arbitrary, we obtain the upper bound in (13). Of course, the lower bound
follows from Theorem 1.1.

Our method of proof of Theorem 1.1 is based on the observation that the (p,1)-isoperimetric
inequality is equivalent to another kind of functional inequality which we call F-Sobolev inequal-
ity, following F-Y. Wang ([66]) who considered it in the case p = 2. This inequality appeared
also in [20] and [10], also for p = 2.

Let F' be a non-decreasing non-negative function on [0, +oo[ and let p € [1,400[. We say that
M satisfies the F-Sobolev inequality in L? if, for any f € Lip, (M), f # 0,

J e (|:§|||> ps [ 195

Our second main observation is that it is relatively simple to deduce such an inequality on a
product manifold from similar inequalities on the factors.
A famous example of a F-Sobolev inequality is the so-called L? Moser inequality

(19 an [ pprtes ([ rere)” [ e,

< (L+e) (ar (1) + ¥n (1Q8D) < (L +)%0 (10 x Qw]) -
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which holds in R™; here p = 2 and F(r) = A,r?/"™. In the L? version of this inequality, one would
find F(r) = An,prp/ . This example shows that contrary to ¢ in (p, 1)-isoperimetric inequalities,
F contains generically a dependence on p; in this respect, the correct object to consider would
be FY/P rather than F. This will appear in the relationship we shall establish below between F
and .

In the polynomial case, our point can therefore be summarized in the following way: on the
one hand, Moser inequalities are easily seen to be “multipliable”, and on the other hand they are
equivalent to the more familiar Sobolev inequalities (this already follows from [3]). This yields an
alternative proof of the Varopoulos result on products of Sobolev inequalities mentioned above.

In Section 2 we prove, following Wang, that F-Sobolev inequalities are equivalent to suitable
(p,®)-isoperimetric inequalities. In Section 3, we prove that F-Sobolev inequalities are multi-
pliable. Theorem 1.1 is proved in Section 4. In Section 5 we treat a family of examples and
show an application of Theorem 1.1 to the p-hyperbolicity of a product manifold, where one
is led to estimate the p-isoperimetric profile, for p # 1,2, 400, in a non-polynomial situation.
In Section 6, we examine the relationship between F-Sobolev inequalities, (p,))-isoperimetric
inequalities, and one-parameter log-Sobolev inequalities. In Section 7, we put our results into
the general framework of [3]. Finally, in an appendix, we use Proposition 3.1 (the fact that
F-Sobolev inequalities are multipliable) to give a new proof of the Sobolev inequalities in the
Euclidean space, and to prove the Moser inequality (14) with A4,, = %fn, which gives the correct
rate of growth of the sharp constant as n — oco. A similar result is proved in the case 1 < p < 2.

2. EQUIVALENCE OF %)-ISOPERIMETRIC AND F-SOBOLEV INEQUALITIES

In this section we show that, for p € [1, +oo[, the (p, 1)-isoperimetric inequality is equivalent
to a certain F-Sobolev inequality, up to constant multiples. Our approach is similar to the one
in [66, Thms 3.1 and 3.2] and [10], although these works treated only the case p = 2. One of
the differences with our approach is that we consider (p,1)-isoperimetric inequalities, whereas
[66] works with a so-called 3-Nash inequality, and [10] works with a generalized Nash inequality
(introduced in [60] and [25]). It is possible to show that a 8-Nash inequality can be reduced to a
generalized Nash inequality by optimizing on the parameter, and a generalized Nash inequality
is equivalent to a (p,1))-isoperimetric inequality (see [3, Prop.10.3]). Hence, in some sense our
approach is equivalent to that in [66] and [10], although technically our proofs are simpler,
avoiding difficulties related to inversion of a Legendre transform (cf. also Section 6).

Asin [66], [10], the path from (p, 1))-isoperimetric inequalities to F-Sobolev uses the truncation
technique already exploited in [3], whereas the converse implication is more direct.
Proposition 2.1. Let p € [1,+00] and assume that (M, p) satisfies the (p,v)-isoperimetric
inequality. Then, for any n > 1, (M, n) satisfies the F-Sobolev inequality in LP with

(15) F(r) = cy”(d)

and ¢ = c(p,n) > 0.
Proof: Let f € Lipy (M) and suppose that

/M |flPdp = 1.

Fix p > 1 and define, for any k € Z, the set
Q= {z e M:|f(x)] = p"}
and the function fi by
fie=min ((1f] = "5, (6 = 1))
One has
) = nllf] 2 ) <o [ If1Pdn =7
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Applying the (p,)-isoperimetric inequality to each f; and observing that fi € Lipg(Q), we
obtain

/ IV P dpe > 4P (1%]) / fPdu > P (p ) / fPdn,

since 9 is non-increasing. It is also clear that
/f,fduE/ frdp = [Quga| (" = o).
Qp41

Combining with

p
| viran=y

keZ

ViPdn=Y" [ 195d
/Qk\ﬂk+1 Z

keZ
and denoting

IV Vi ity s

T ek el

we obtain

[vsran = Y (o) [l (64 - o

kEZ

= a Y v (o) u{IfP = D (ph - )

keZ

O {IfP = o dr

v
o
N
T

= af wp(%)u{!f!”zﬁpt}dt

+o00 2p
(16) = b [l = shas,
(=17

)
b:=ap = b

Define the function F' by
(r) = é/r ¢p(—p2p)d
F(r)= -, S )ds.

Then we have

/ FPE(fP)du
M

I
S
=
R
S—
Py
O
=
<
=
%
=
QL
o
~_—
QL
=
2

+o00 2p
- b du | vP(E=)d
[ () o

+oo p2p
= b [ ElrP = s)as

Comparing with (16), we see that M satisfies the F-Sobolev inequality.
Let us observe that, for any 0 < e < 1,

_ r 2p 2p
oy =7 [ (s = b0 -0 0n(2)

Er

If 1 < p?P < 7, then take ¢ = %, which yields

F(r)>b (1 - %) ().
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Finally, optimizing in p, we obtain F(r) > F(r) where F is defined by (15) and
—1)? 2p
c=c(p,n):= sup % <1 — ,0_> .
1<p<n1/2p P - pP n
[

Proposition 2.2. Fizp € [1,+0o0[, and assume that M satisfies the F-Sobolev inequality in LP.
Then for any 0 < e < 1, M satisfies the (p,1))-isoperimetric inequality with 1p defined by

(17) W(w) = (1-e) F (=)

Proof: Let Q be a precompact open subset of M and let f € Lipy (€2) be a function such
that
(18) [1svdn=1.

Let F~! be the generalized inverse to F defined by

F~Yt) =inf {s: F(s) > t}.
Observe that the following inequality is true for all non-negative s and t:

ts < sF(s) + tF~L(t).
Taking here s = |f|P we obtain
(19) LA — ) < [P F(FP).
Integrating (19) over Q yields
[ 1fPan—ertoll < [ 190F()dn

Applying (18) and the F-Sobolev inequality, we obtain
t- vl < [ Veran
This inequality is valid for all ¢ > 0. Fix € €]0, 1] and choose t = F' (i) so that F~1(t) < &

12 12
(1-e)F (ﬁ) < [1917 du.

which exactly means that the (p,1)-isoperimetric inequality is valid with ¢ defined by (17). =

Hence, we obtain

3. F-SOBOLEV INEQUALITY ON A PRODUCT MANIFOLD

In this section we shall prove the following.

Proposition 3.1. Letp € [1,+o0[. Suppose that the weighted Riemannian manifolds (M, ) and
(N,v) satisfy respectively the F- and G-Sobolev inequalities in LP. Then the product manifold
(M x N, x v) satisfies the ¢, H-Sobolev inequality in LP, where the function H is given by the
formula

H(r) = inf [F(s) + G(t)]

st=r

and

L, p=2,
(20) Cp = { 2(p/2)—1’ p<2.
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Proof: Let f € Lipy (M x N). Without loss of generality, we can assume
(21) / |fIPdupdv = 1.
MxN
Introduce the function

v = ( [ 1t anto) g

Applying the F-Sobolev inequality to f(z,y) as a function of z and then integrating in y, we
obtain

(22) [ [ er (M) awav< [ [ 9.rp duan

By (21), we have ||h||, = 1. Applying the G-Sobolev inequality to h(y) (h is a Lipschitz function
as one can see from (25) below) we obtain

(23) / / FP GORPY dp o = / WG (hP) dv < / IV, hIP d.
N JM N N
Let us observe that
(24) [1vpdr< [ [ 1900
N M JN

Indeed, we have

vh=1 ([ wira) ([ rfrpdu)’l’l = ([ wamisetan) ([ \f\pdpa);l,

whence, by the Holder inequality,

+-1 1/p
@) wls ([ easirta) ([ mra) < ([ wara)

and (24) follows.
Summing up (22), (23) and using (24), we obtain

/N/M\f\PF (g—f) dudu—i—/N /M‘f’pG(hp)dﬂdV < /N/M’vmf’pdudl/_i_/jv /M\Vyf\pdudu.

Now, by the definition of the product metric on M x N, we have
VI = Vaf P+ IV, f 2.
Therefore,
p 2 2P/ P P
VI = (I9d1 + 19,0 2)" 2 6 (IVaf P + 9, 117),
where ¢, is defined by (20). Thus

(26) /N/M|f|pF (E—f) dudu+/N/M|f|pG(hp)dudz/§cpl/N/M|Vf|pdudz/.

In order to estimate the left-hand side of (26) from below, we use the definition of function
H which implies
p
F (5 + e = Q1)
Therefore (26) yields

/N/M’f’pH(\f’p)duduScpl/N/M’vf’pdudy’

which is exactly the ¢, H-Sobolev inequality on M x N. m
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4. PROOF OF THE MAIN THEOREM

We are finally in a position to prove Theorem 1.1. The case p = +oo has already been
treated, let therefore p € [1,400[. Assuming that the manifolds M and N satisfy respectively
the (p,1,,)- and (p, v )-isoperimetric inequalities, Proposition 2.1 says that they also satisfy
the cFys- and cFy-Sobolev inequalities in LP, where

FM(T):cw’fw(g) and FN(r):cwfv(g),

n > 1 is arbitrary and ¢ = ¢(p,n) > 0. By Proposition 3.1, M x N satisfies the F-Sobolev
inequality where F' is defined by
F(r) = c¢pinf[Fu(s)+ Fy(t)]

st=r
= cep it [ (1) + ¥R ()]
= cep inf[Uh (u)+ 04 (0)]

2
= Ccpwp(n?)’

the function 1 being defined by (11). By Proposition 2.2, M x N satisfies the (p, 1))-isoperimetric
inequality where
~p 9 _
P (W) = (1= F(E) = (1 et (e ow).
We are left to observe that  := e~ 1n? > 1 can be made arbitrarily close to 1.
If, say, ¥ (u)u® is increasing for some a > 0, then we see from

(w(w)wo‘)p = inf [('LﬂM(E) (%)a>pvap +¢§)\7('U)’U)ap]

v>0 v

that ¢ (w)w® is non-decreasing. Therefore, for any 6 > 1, we have ¥ (Qw) 0%w* > (w)w* and
P(0w) > 07 %p(w), which settles the second claim of Theorem 1.1.

5. AN EXAMPLE AND AN APPLICATION

To motivate our family of examples, suppose that the heat kernel on a manifold M admits
the following upper bound

27 (M) <
(27) SUp py (%w)_talogvt,

t >ty >0,

with @ > 0 and v € R (such examples can be found in [4]). By using [40, Theorem 2.2], (27)
implies that M satisfies the (2,)-isoperimetric inequality, with

P2 (v) = cvfi(logv)%, v >wg > 0.

Let now p € [1,+oo[. Suppose that M and N satisfy respectively the (p,,,)- and (p, ¥ y)-
isoperimetric inequalities, with ¢, and ¥, such that

wa(u) = clu*é(logu)‘sl, u > ug > 1,
and )

PR (v) = cv” 7 (logv)®2, v >y > 1,
where «, 3 > Oand 41,82 € R. Using Theorem 1.1, one can check that M x N satisfies the
(p, ¥ pr % v )-isoperimetric inequality with

_ 1 o _B_
e (w) = cw” 5 (logw) 55055, w > w,

for a large enough wg and some ¢ > 0. In order to estimate

nf [0 () + 0 0]
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let us first observe that

(28) inf_ [ (u) + 0 (0)] > inf v (u) > ¥f(uo),

uv=w,u<ug u<ug

since 1, is non-increasing. Similarly,

(29) inf [P, (u) + ¥R (0)] > R (vo).

uv=w,v<vg

Finally, to estimate

(30) inf [ (w) + 9% (v)]

UV=W,U>UQ,V> V0

observe that the infimum in (30) is attained when the two summands are comparable, which is
the case for

(31) u=wat? (log w)’,

where 63 = (61 — 02)(2 + %)_1. Note that if w is large enough then u > ug and v := w/u > vy.
Substituting (31) into (30) and taking into account that the infima in (28) and (29) are bounded
by positive constants, we obtain the claim.

In [28, Theorem 3.3], it was shown that if 1 < p < co and M satisfies the (p, 1))-isoperimetric
inequality with a function v such that

+oo dv
(32) / W < +00,

then M is p-hyperbolic (the case p = 2 was treated before in [40, Theorem 2.3|; see also [43,
1
Section 10]). For example, if ¢)(v) = cv™ » log? v, for large v, then M is p-hyperbolic provided
p—1

0> = 2

Suppose that (M, 1) satisfies the (p, ), )-isoperimetric inequality with 1 (u) = ¢;u” 7 log?! u,
2

for large u, and that (N, v) satisfies the (p, 1), )-isoperimetric inequality with 1), (v) = cyv™ 7 log? v,

for large v, where 6; and 6, are real numbers. We have just seen that the (p,)-isoperimetric

inequality on (M x N, u x v) holds with the function

(01+02)/2

P(w) = cw™ v log w,

2(p—1)

for large w. Hence, we conclude that (M x N, u x v) is p-hyperbolic provided 6; 4 05 > =

6. ONE-PARAMETER LOG-SOBOLEV INEQUALITIES AND ULTRACONTRACTIVITY

Given 1 < p < 400 and a decreasing! function m(t) : (0, +00) — R, we say that the m-log-
Sobolev inequality holds in LP (M, u) if

p |f|p> p p
3 [ e (15 awse [19s7 o) [ 157 a0,

forall f € Lipy(M), f # 0, and all ¢ > 0. Such inequalities were introduced by Davies and
Simon [35] and were intensively used to investigate the decay of the heat semigroup (see for
example [32], [33]).

Let A be the Laplace operator of (M, ). We say that the heat semigroup {em}t>0 is m-

wltracontractive if for all ¢ > 0

(34) e 1100 < ™).

1We understand the terms “decreasing” and “increasing” in the non-strict sense, that is, as synonyms for
“non-increasing” and “non-decreasing”, respectively.
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By [34, Theorem 2.2.3], if ¢*® is m-ultracontractive then the m-log-Sobolev inequality holds,
with the same function m. Conversely, by [34, Corollary 2.2.8] if the m-log-Sobolev inequality
holds in L? then e*® is m-ultracontractive where

() = % /0 m(r)dr,

provided m(t) is finite.

It is well known in various contexts that log-Sobolev inequalities behave nicely with respect
to taking direct product of the underlying spaces (see for instance [5, p.108]). This is also the
case for (33) as is shown in the following statement (the proof is similar to Proposition 3.1 and
is omitted).

Proposition 6.1. If the mi- and may-log-Sobolev inequalities hold in LP(M,p) and LP(N,v)
respectively, then the m-log-Sobolev inequality holds in LP(M x N, jxv), where m = c,(mq+ms)
and ¢, is the constant defined by (20).

In this section, we will establish a direct link between the F-Sobolev and the m-log-Sobolev
inequalities. Together with Proposition 6.1, this yields an alternative route for computing the
(p,®)-isoperimetric inequalities on product manifolds, although this route is longer than the one
used in the proof of Theorem 1.1.

Theorem 6.2. Let 1 < p < +00.

(a) If the F-Sobolev inequality holds in LP (M, u) then the m-log-Sobolev inequality holds in
LP (M, ) where
(35) m(t) ;= sup{logs — tF(s)},

s>0
provided the right-hand side of (35) is finite.

(b) If the m-log-Sobolev inequality holds in LP (M, ) then the F-Sobolev inequality holds in
LP (M, ) with function

(36) F(r) = ¢F(r/n)

for any n > 1 and ¢ = ¢(p,n) > 0, where

(37) F(s):= sup1 {logs —m(t)},
>0 1

provided the right-hand side of (37) is finite and non-negative.

Remark 6.3. It is clear that the function m obtained by (35) is decreasing, and the function
F obtained by (37) is increasing.
Remark 6.4. In the case p = 2, a very close result was proved by Biroli and Maheux [10].
Namely, they showed the equivalence of the F-Sobolev inequality and the m-log-Sobolev in-
equality in L? via two intermediate steps — a generalized Nash inequality and an energy-entropy
inequality. Part (a) for p = 2 was also observed in [57].

Proof: (a) Let f € Lipy(M) and | f||, = 1. By the definition (35) of m(t), we have for all
t,s >0

log s < tF(s) + m(t).

Multiplying this inequality by s, setting s = | f|P, and integrating over M we obtain

[ 1810 < ¢ [ \PEAsPYd A+ me) [ 177

Applying the F-Sobolev inequality yields (33).
(b) As an intermediate step, we first prove that the m-log-Sobolev inequality in LP (M, )
implies the (p, 1)-isoperimetric inequality where v is defined by

(39) ()= sup {log T (o)}

t>0
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Consider first the case p > 1. Let 2 be a non-empty precompact open subset of M, and let
f € Lipy (), || f|l, = 1. We start with Jensen’s inequality:

~tog [ Ifldu==tog [ 11 71sPdn <~ [Qogl 5P )| 1dn = E—= [ 157 og
Hence, the m-log-Sobolev inequality (33) implies
plog [[1fldu <t [ 197Pdu+mo).
The Hélder inequality and || f||, = 1 yield

(10) [ inasiors ([ !f!pdu> —

Therefore, combining (39) and (40), we obtain

Clog | <t / IV Pdpa + m(t)

i (10w gy~ mi) < [1vsPan

P (9)) < / IV Pdp,

that is the (p,)-isoperimetric inequality.
In the case p = 1 we argue slightly differently. Assuming that f € Lip, (2), ||f]1 = 1, and
using Jensen’s inequality, we have

_ _ 1
~tog [ 112 d = —10g [ 717 0w <~ [ (101072 Uf1d = 5 [ 191108111 d
Then (33) implies

(39)

and hence

Taking sup in t yields

~2tog [ 712 du <t [ 1951+ m)
On the other hand, by the Cauchy-Schwarz inequality,

1/2
/Q|f|1/2du < V2 (/ Ifldu) — o2,

~loglg < ¢ [ |Vfldu-+ m)
One finishes the proof as above in the case p > 1.

By Proposition 2.1, the (p,1)-isoperimetric inequality implies the F-Sobolev inequality in L?
with the function F(s) = cF (s/n) where F(s) = ¢ (1/s). Combining this result with (38), we
conclude the proof. m

We summarize the above proof of Theorem 6.2 in the following diagram:

ﬁ(r):cwp(g)
-

(41) / AN

whence

‘ m-log-Sobolev ‘ — (p, ¥)-isoperimetric ‘

m(t)=sup,so{logs—tF(s)} PP (v)=sup;so ¢ {log L —m( t)}
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Let us introduce the functions

(42) flo)=F(’) and g(r)=7mm(1/7).

Then the equations (37) and (35) can be rewritten as follows:

(43) f(o) = sup {ro —g(r)} and ¢(7) = sup{ro — f(0)}.
TERY c€eR

In other words, the functions f and g are related by the Legendre transform.
Consider the following two functional classes

(44) Cy = {f :R— R4 | fis convex, increasing, lim flo) _ —i—oo}
o—4+oco T
and
(45) C= {g : Ry — R | gis convex, g(0) <0, lim 9(7) = —1—00}
T—+00 T

(where Ry = [0, +00)). The condition g(0) < 0 in (45) can be replaced by the requirement that
g(7)/7 is increasing.

Denote by L the Legendre transform on the class C, and by £ the Legendre transform on
the class C4, given by (43). An elementary argument shows that £ maps C to C4 and £ maps
C4+ to C; moreover, £ and £ are mutually inverse. We skip this argument but indicate the
following points:

e the condition lim,_, 1 f(0)/0 = 400 ensures the finiteness of g (the same applies to
the finiteness of f);

e the condition g(0) < 0 is equivalent to the non-negativity of f;

e the fact that £ and £ are the mutually inverse transforms roots in the observation that
the derivatives f’ and ¢’ are mutually inverse functions.

Consider also the following functional classes:

F
(46) F= {F :Ry — Ry | F(s) and sF’(s) are increasing, lim Fs) _ +oo} :
s—+oo log s

assuming that F' is absolutely continuous so that F’ makes sense, and
(47) M ={m:R{ — R | mis convex, decreasing, m(0+) = +oo} .
It is easy to show that

F(s)e F <= F(e?)eCy and m(t)e M < tm(l/7)€C.

Consequently, the relations (35), (37) provide a bijection between F and M, and we obtain the
following statement.

Corollary 6.5. If F' € F, then starting with the F'-Sobolev inequality and making a loop in the
diagram (41), we arrive at the F-Sobolev inequality with F(s) = cF (s/n).

Alternatively, one can say that if m € M then a loop on the diagram (41) returns to the
initial hypothesis, up to constant multiples.

Note that the condition limgs 4o F(s)/logs = +oo in the definition of F is important.
Indeed, if F(s) = log s (for large s) then the F-Sobolev inequality amounts to a non-parametric
log-Sobolev inequality, which is known to be weaker than any m-log-Sobolev inequality.

In the case p = 2 the diagram (41) can be complemented by the above mentioned relations
between log-Sobolev inequalities and the ultracontractivity of the heat semigroup (see [57, Sec-
tion 4] for a direct relation between F-Sobolev inequalities and ultracontractivity). Consider
for comparison another line of implications based on an alternative method of obtaining the
ultracontractive estimate (34) using a generalized Nash inequality (this method was employed
in [40] and [25]).
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Given a decreasing non-negative function ¥ on (0,+00), we say that the 1-Nash inequality
holds in L? (M, p) if, for any f € Lipg(M), f # 0,

A1
(48) ¥ 5 ) 1fllz < [V flle-
17113

It is known (see [3, Theorem 10.3], [40, Lemma 2.1]) that the (2,)-isoperimetric inequality
implies the 1-Nash inequality with

(49) 9 () = 59 ().

Conversely, the 1)-Nash inequality implies the (2, v)-isoperimetric inequality, just by the Cauchy-
Schwarz inequality.

By the standard Nash method one deduces from the t-Nash inequality that e'® is m-
ultracontractive where m(t) is determined by the differential equation

dm

(50) — = ? (efm) ,  m(0+) = +o0,

provided such m exists (see for example, [25, Proposition 2.1], [40, Theorem 2.1], [60]). It is easy
to see that any m satisfying (50) must be in M. On the other hand, if m € My C M where

Mo={me CY(RY) | m is convex, m’ <0, m(0+) = +oo, m(+00) = —occ},

then indeed m solves (50); the corresponding class of functions F(s) = 1% (1/s) is

oo ds
Fo = {F e C(RY) ! F >0, F is increasing, / SF(s) < +oo}
(cf. [40, Section 2]). There are examples of 1)-Nash inequalities which do not imply any ultra-
contractivity; this follows from [35, Section 6, Remark 1, p. 359].
It was observed respectively in [40, Proof of Theorem 2.2] and [25, Proposition II1.2] that the
m-ultracontractivity implies the (2,1))-isoperimetric and the ¥-Nash inequality with

1) 20 =swp1 (1ot = m(0).
t>0 v

assuming m € M. Tt is worth mentioning that the function m(t) = log||e’®||1 oo is always in
M. Let us also emphasize a remarkable fact that (51) is identical to (38) with p = 2; that is
the m-log-Sobolev inequality and the m-ultracontractivity imply the same (2,1))-isoperimetric
inequality.

Combining together the above statements and neglecting the constant multiples in (49), we
obtain one more diagram:

ﬁ’(s):supt>0 % (log s—m(t))

‘ (2,1))-isoperimetric ‘ s (2, 1)-isoperimetric

(52) / '\mGM

‘ 1)-Nash inequality‘ meMo ‘ m-~ultracontractivity

—m/=F(e™), m(0+)=+oc0

Here we use the notation F(s) = ¢?(1/s) and F(s) = 1%2 (1/s).

Let us verify that always F' < F', as one should expect. Indeed, it suffices to show that for all

cc€Randt>0
1

(53) 7 (0 —mf(t)) < F(e7).
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If m(t) > o then there is nothing to prove. Otherwise, there exists 0 < ¢, < ¢ so that m(t,) = o.
Using the convexity of m and the intermediate value theorem, we obtain

1 m(ty) —m(t) _ m(ts) —m(t)
lommt) === s = T s -

For example, if m(t) = exp (

1

tO‘)’ a > 0, then for s large enough

a+1l

F(s) = alog s (loglogs)
whereas N )
F(s) <log s (loglog s)a << F(s).
Situations with such function m(t) were considered in [35], [46], [20], [7], [2], [8].
For any § > 0, introduce the following subclass of M:
(54) Ms={me Mg :|m'(2t)] > d|m(t)

We claim that if m € M; then

, forallt>0}.

~ 0

F(s) > =

(5)> 5

(cf. [40]). Indeed, choosing ¢ so that m(t) = log s, we obtain

~ 1 m(t) — m(2t)

F > — (1 —m(2t)) = —F———=

(5) 2 5 (log s — m(20)) y

Hence, if m € Mg then the loop on the diagram

to constant multiples.

F(s), foralls>0

0 0

/ 5 / _ m(t)\ _
> —gm' (2t) > —om' (1) = S F(e ())_§F(s).

—~ N

52) comes back to the initial hypothesis, up

7. A MORE GENERAL SETTING

For the sake of exposition, we have so far presented our results in the setting of Riemannian
manifolds. They are however valid in the more general setting of 3], which covers other situations
such as manifolds endowed with a second-order subelliptic operator or graphs endowed with a
Markov kernel. We explain now the way one should state the above results so that they fit in
this setting. We refer to [3, sections 2 and 7] for details on the examples that can be treated in
this way.

Fix 1 < p < +o0. Let (M, ) and (IV,v) be two measured spaces, Fys and Fy some classes of
measurable functions on M and N respectively, stable under truncation (see [3, pp. 1037-1038]
for details) and Wy and Wy some semi-norms on Fj; and Fy respectively. One can then
write (SZ) inequalities, F-Sobolev inequalities, etc. on M and N simply replacing |||V f|||, by
War(f) (or [[|[Vglll, by Wn(g)!), and Lipg (M) (resp. Lipy (IV)) by Far (resp. Fu) in the above
definitions.

Consider now the product space (M x N, u x v), and let F be a class of measurable functions
on M x N, such that, if u € F then u(-,y) € Fys for v-almost every y € N, and u(z,-) € Fy for
p-almost every x € M. Let Wy« n be a semi-norm on F. We must assume the following three
axioms:

(1) There exists « > 0 such that for all u € F

W) 2 o ([ Wh )+ [ Wit ))duto)).
This axiom means that the functional W« n is adapted to the product structure.
(73) Fix p > 1; for k € Z, and f € Fay, set
For = min{(|f| = ")+, p*(p— 1)}
Then one should have

W) = 85 Wit (fo)",

kEZ
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for any f € Fps and some 8 > 0. The functional Wy should satisfy a similar property,
possibly for a different p.

This axiom is called (Hp) in the terminology of [3]. It plays a role in the proof of the
equivalence between the (p,v) and the F-Sobolev inequality in LP when applying a truncation
argument (Proposition 2.1).

(73i) This condition is imposed on only one of the functionals (say, W) and it reads: if u € F,

then A
= ([ P auo)’

| Wt Dduta) = 4w (5).
M

belongs to Fy and

for some v > 0.

This axiom is forced upon us by the estimate (24) in the proof of Proposition 3.1.

If all axioms (i), (ii) and (7i7) are satisfied, then one can prove along the same lines a gener-
alization of Theorem 1.1.

It has been shown in [3] that axiom (%) is satisfied for a variety of local and non-local gradients.
As for (iii), consider first the case of local gradients, e.g. Wi (f) is the LP norm of the “carré
du champ” of a diffusion semi-group, or

1
P

wain = [ (Z\Xf\2> av )

where {X;,i = 1,...,1} is a family of vector fields on N. Then (éii) follows from the property
that for a local gradient V, f € Lipy(M), and a > 0,

IVIfI*] < alfl*HV L.

Applying then Holder’s inequality, one gets (ii7) following the same lines as in the proof of
Proposition 3.1.
In the non-local case, say

1
P

Nf>:( |/ rf<-,y1>—f(-,yzﬂpK(yl,m)du(m)du(yg)) ,

where K is a non-negative kernel such that
/Kwyd,u /ny)du()<C<+oo

axiom (74) is a consequence of the elementary 1nequahty
1
P
< ([ 1w - fampin) )

([ 1remraus > ([ v wrauts >

8. APPENDIX: EUCLIDEAN INEQUALITIES

Let us first observe that our method yields yet another proof of the Sobolev inequality in
R™ (see for instance [13, pp. 162-164] for the classical proof, and [52] for an alternative proof).
Start with

2sup £ |</|f ) dt,

which is true for any f € Lipy(R) and which obviously implies the one-dimensional L' Moser

inequality:
2 /
2/Rf (t)dtS/R\f(t)!dt/R!f (1)) dt.
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Now, Proposition 3.1, applied n times, yields the n-dimensional L' Moser inequality

(55) o [ e ttas ([ @) [ e

It follows from the results of Section 2 or [3] that (55) is equivalent to the regular Sobolev
inequality (S)) (this can be seen also in a more direct way by going through the isoperimetric
inequality (1)). Hence, it implies all the (S%), 1 < p < 400 (see Introduction for the meaning
of (Sh) if p > n).

The above simple-minded procedure can be applied to obtain also the n-dimensional L? Moser
inequality and, surprisingly enough, gives for 1 < p < 2 a constant that grows with n at a correct
rate. Let us start with the one-dimensional L? Moser inequality

Al/RfG(t) dt < (/le(t)l2dt)2/RIf’(t)Ith,

with the sharp constant A; = 721—2 that was computed by Nagy [55]. Assuming that we have
already the n-dimensional Moser inequality

(56) an [ p@prtes ([ rere)” [ e,

with some constant A,, > 0, let us compute A, ;1. Indeed, (56) is equivalent to the F-Sobolev
inequality with F(v) = A,v?/"™. Therefore, Proposition 3.1 applied to M = R® and N = R
yields the H-Sobolev inequality on R**! with
Hv) = ing (Anr% + Al(E)Q) .
T

>

_n .
)2("+1) one obtains

Evaluating this infimum, which is attained at r = (Ak—’:fﬂ

Lo 1 1y 2
H(v) = Ayt (Apn)ntT (1 + —> VAT
n
that is the Moser inequality holds in R"*! with the constant
I _1 1
An+1 = A+t (Aln) n+1 (1 + —> .
n

One easily obtains by induction that

2

T
A, =Ain= Zn

It is shown in [6] that the best constant A} in the Moser inequality has the following asymptotic:

AS o~ 7T—en, n — o0.
2
Hence, our approach gives the correct linear rate of growth of A, as n — oco. Note also that
Ay = %2 = m-1.5708... whereas A5 = 7 - 1.8623... (see [67]).

For p # 2, the above procedure does not yield the correct asymptotic order for the best
constant of the n-dimensional LP Moser inequality, which is known to be nZ (see [6]). In the
case 1 < p < 2, the origin of the difficulty is the constant ¢, in the proof of Proposition 3.1. One
can overcome this difficulty by defining a modified length of the gradient in the following way:

V() = (Z %mv’) ,,
i=1 "
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(a similar idea was used in [45] in a discrete setting). Using the inequality
n 1/p 1/2

Zaf <n ia? , 1<p<2,
i =1

D=
N[=

one sees immediately

(57) [ vatds <ntt [ (wspa.
Rn Rn

On the other hand, if one rewrites Proposition 3.1 with M = R" endowed with the functional
Jgn IV flpdz, and N =R, one finds that the constant ¢, disappears.

Now starting with the one-dimensional LP? Moser inequality with constant A;, and applying
n times this version of Proposition 3.1, one obtains

2 /n
Aoy [ @S < ([ rpas)” [ vsge

with

ATMP = 7”[,/1171, = nAl,p.
Taking (57) into account yields

2 p/n
Mg [ 1@ dr< ([ if@pan) [ esp i

n

with

P P
2 2,

. » - B
App= Ay pn2 1= Aipnn 1 — Aipn

which gives the correct asymptotic order in n.
In the case p > 2, the constant ¢, is 1, but the above procedure leads us only to A4, , =

nAj, < n while the correct order for the best constant is ns.
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