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In this paper, we study Hardy-Sobolev inequalities on hypersurfaces of R™+1  all of
them involving a mean curvature term and having universal constants independent of
the hypersurface. We first consider the celebrated Sobolev inequality of Michael-Simon
and Allard, in our codimension one framework. Using their ideas, but simplifying their
presentations, we give a quick and easy-to-read proof of the inequality. Next, we establish
two new Hardy inequalities on hypersurfaces. One of them originates from an application
to the regularity theory of stable solutions to semilinear elliptic equations. The other
one, which we prove by exploiting a “ground state” substitution, improves the Hardy
inequality of Carron. With this same method, we also obtain an improved Hardy or
Hardy—Poincaré inequality.
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1. Introduction

In this paper, we establish some new Hardy inequalities on hypersurfaces of the
Euclidean space. As the one of Carron [20] — for which we find an improved ver-
sion — all of them involve a mean curvature term and have universal constants.
Our inequalities have their origin in the recent work [I7] by the first author on the
regularity theory of stable solutions to semilinear elliptic equations. The paper [17]
established the regularity of such solutions up to dimension four, for all nonlin-
earities, by using a foliated version of one of our new Hardy inequalities — the
one of Theorem below. In this way, [17] succeeded to greatly simplify the 2010
proof of the same result found in [16] by the first author.* In addition, [I6] used
the Michael-Simon and Allard Sobolev inequality, which is a more sophisticated
tool than our Hardy inequality. In fact, one of the features of the current paper
is that proofs are rather elementary — even if they concern functions defined on
hypersurfaces. In particular, in Sec. Bl we give a quick and easy-to-read proof of
the Sobolev inequality of Michael-Simon and Allard, for completeness and since we
believe it can be useful for potential readers.

Let us start presenting the inequality of Michael-Simon and Allard. In 1967,
Miranda [38] established that the Sobolev inequality holds in its Euclidean form,
but possibly with a different constant, on every minimal hypersurface of R™. Some
years later, a more general Sobolev inequality for k-submanifolds of R™, not nec-
essarily minimal, was proved independently by Michael and Simon [36] and by
Allard [5]. This inequality was subsequently generalized by Hoffman and Spruck [31]
to submanifolds of general Riemannian manifolds.

In the context of hypersurfaces of R™*! i.e. submanifolds of the Euclidean space
with codimension one, the Sobolev inequality reads as follows.

Theorem 1.1 (Allard [5], Michael-Simon [36]). Let M be a smooth n-

dimensional hypersurface of R"*1, p € [1,n), and ¢ € C*(M) have compact support

in M. If M is compact without boundary, any function ¢ € C*(M) is allowed.
Then, there exists a positive constant C, depending only on n and p, such that

Iy < C [ (Tl + |Hel)av (1)

where p* = np/(n— p) is the Sobolev exponent, H is the mean curvature of M, and
Vr denotes the tangential gradient to M.

2In the case of nonnegative nonlinearities, regularity of stable solutions up to the optimal dimen-
sion nine has been recently obtained by Figalli, Ros-Oton, Serra, and the first author [I§].
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Universal Hardy—Sobolev inequalities on hypersurfaces of Euclidean space

The constant C' in (L)) is universal, in the sense that it depends only on the
dimension n and on the exponent p, but not on M. Thus, the geometry of the
hypersurface plays a role just through the term involving the mean curvature H
appearing in the right-hand side of (IT)). In particular, when M is minimal,? such
term vanishes and we recover the Sobolev inequality proved earlier by Miranda [38].

We will see that the formulation of the Michael-Simon and Allard inequality
stated in Theorem [[.I] can be easily deduced, using standard tools, from the follow-
ing isoperimetric inequality.

Theorem 1.2 (Allard [5], Michael-Simon [36]). Let M be a smooth n-
dimensional hypersurface of R"*!' and E C M a smooth domain with compact
closure in M. Then

n

E|" <C (Per(E)+/E|H|dV>, (1.2)

where H is the mean curvature of M, Per(E) is the perimeter of E, and C is a
constant depending only on the dimension n of M.

The inequalities presented in Theorems [Tl and were proven in the seven-
ties in [Bl [36], in independent works. In [5], the proof is based on establishing an
isoperimetric inequality, like the one in Theorem [[L2] for k-dimensional varifolds
of R™. From it, Theorem [[T] can be easily deduced. Instead, in [36] the authors
prove directly a Sobolev inequality for submanifolds of R™ of any codimension. A
slight modification of the argument in [36], due to Leon Simon, is presented in the
monograph [25] Theorem 3.11].

In the current paper, where we focus on the case of hypersurfaces of R"*1!,
we first present a quick and easy-to-read proof of the Michael-Simon and Allard
inequality. Our proof uses mainly the tools of Michael and Simon [36] but con-
tains two simplifications: we target at the isoperimetric inequality (instead, [30]
pursues the Sobolev inequality) and we use a quick Gronwall-type argument from
Allard [5].

After [5, [36], alternative proofs of the Sobolev inequality have been found. In
the case of two-dimensional minimal surfaces (with any codimension), Leon Simon
gave a rather simple proof which, in addition, carries a constant optimal up to
a factor of 2. This work remained unpublished, but is presented in [24, [40]. An
improved version of it, which holds in any two-dimensional surface, not necessarily
minimal, was found by Topping [40]. In the case of submanifolds of arbitrary dimen-
sion and codimension, Castillon [21I] gave a new proof of the Michael-Simon and

PHere and throughout the paper, minimal hypersurface refers to a hypersurface which is a critical
point (not necessarily a minimizer) of the area functional, i.e. a hypersurface with zero mean
curvature.
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Allard Sobolev inequality by using optimal transport methods. Finally, an impor-
tant result has been obtained very recently by Brendle [12], also in the case of
arbitrary dimension and codimension. He finds a new proof of the Sobolev inequal-
ity that, in addition, carries the sharp constant in the case of minimal submanifolds
of R™*! of codimension at most two. This is the first time that the Michael-Simon
and Allard inequality is proved in minimal submanifolds (or even minimal hyper-
surfaces) with the optimal Euclidean constant. Brendle’s method is a clever exten-
sion of the proof of the sharp Euclidean isoperimetric inequality found by the first
author in [15]. In we describe it in some more detail, together with
other results about optimal constants in the Michael-Simon and Allard inequality
— a topic that has been studied mainly in the case of submanifolds being either
minimal or compact without boundary.

Our interest in the Michael-Simon and Allard inequality originates from an
application of it to the regularity theory for semilinear elliptic equations. More
precisely, in 2010 the first author proved in [I6] an a priori estimate for stable
solutions to —Au = f(u) in bounded domains of R"*! using as a key tool the
Michael-Simon and Allard inequality (II]) applied on every level set of u. The
estimate in [I6], whose proof was quite delicate, led to the regularity of stable
solutions in dimensions n + 1 < 4 for every smooth nonlinearity f.

An alternative and much simpler proof of this same result has been recently
found by the first author [17]. This new method does not use the Michael-Simon
and Allard inequality, but it is based instead on a new Hardy inequality with
sharp constant — also established in [I7] — adapted to the level sets of a function
w. In [17], this Hardy inequality is later used with w being a stable solution to
—Au = f(u) in a bounded domain  C R"*!. To describe the new inequality, for
every smooth function u we consider its radial derivative u, = Vu - 2/ |z|. Then,
for every ¢ € C1(2), with Q C R™*! an open set, and every parameter a € [0,n),
the Hardy inequality from [I7] states that

2 2 2

b U ¥
(n—a)/|Vu|—ad:C+a/——adx

o |zl o [Vl [z|

2 % 4|V 2 H 2 %
< (/ IV wadx) /|Vu| Vel +1HO 50 13
Q || Q |z

where the tangential gradient Vo and the mean curvature H are referred to the
level sets® of u.

Throughout the paper, the mean curvature H is the sum, and not the arithmetic
mean, of the principal curvatures. Therefore, when M is the n-dimensional unit

sphere, we have H = n.

By Sard’s theorem, if u € C°°, almost every level set of u is a smooth embedded hypersurface of
R+,
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Using the coarea formula, from ([I.3]) one can deduce the following Hardy inequal-
ity on a single hypersurface? M. Here and throughout the paper, C}(M) denotes
the space of C' functions with compact support on M. In case M is a compact
hypersurface without boundary, then C}(M) = C*(M).

Theorem 1.3. Let M be a smooth hypersurface of R"*! and a € [0,n). Then, for
every ¢ € CH(M) we have

2 2 2
(THL)/ %’_advm/ (LVM) v
M || m \ 7 ||

1 1
2 z 4|Vrol? + |Hel? °
< (/ Qoa dV) / | T50| aj»2| <10| dV , (14)
M |7 M |2|

where vy is the unit normal to M in R™ 1.

In this paper, we present a direct proof of Theorem which does not rely on
the more involved proof in [17] of its foliated version (L3]). Then, using the coarea
formula, we deduce ([L3) from ([L4]) — see Corollary B2l and its proof. Moreover, in
Theorem Bl we give a version of (L4, and thus of (I3, for an arbitrary exponent
p > 1 instead of p = 2. Our proof of Theorem is elementary and based on the
use of the tangential derivatives §;, which we recall in

Note that when M = R", n > 3, and a = 2, then (L4]) is the Euclidean Hardy
inequality with best constant,

2 2
@/ (p—de < / V| dz, (1.5)
R |2 R™
since the second term in the left-hand side of (4] vanishes. Instead, when M is
close to a sphere in R™*! centered at the origin, such term becomes important and
could even make larger the constant n — a in the first term in the left-hand side
of (). This is one of the interesting points of our result. Note, however, that (L4)

is trivial when M = S™, since H = n.

The foliated version (L3)) of our Hardy inequality was used in [I7] to establish
the boundedness of stable solutions to semilinear elliptic equations up to dimension
n—+1 < 4 for all nonlinearities. Thanks to our improved version, which includes the
second term on its left-hand side, the same proof gave, in the radial case, regularity
up to the optimal dimension n+1 < 9 — since one has u2 = |Vu|® in its left-hand
side for radial solutions. In the nonradial case, the optimal result in dimension
n + 1 < 9 has been recently obtained, for nonnegative nonlinearities, by Figalli,

dFor this, one applies (C3) with u(x) = dist(x, M) in Qc := {0 < u < £} N By after extending
¢ € CL(M N BR) to be constant in the normal directions to M. Then one divides the inequality
by € and lets € — 0. This requires a more general version of (L3) in which the part of 9Q = 0Q.
where ¢ # 0 is divided into two open subsets with u being constant on each of them (equals 0 and
€ in our case). This version of (I3)) can be proved exactly as in [I7], after checking that the foliated
integration by parts formula of Lemma 2.1 in [I7] also holds for these boundary conditions.
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Ros-Oton, Serra, and the first author [18]. This result, whose proof does not rely
on Hardy—Sobolev inequalities, gives a complete answer to a long standing open
question posed by Brezis [13] and by Brezis and Vazquez [14].

The application of inequality ([I3) to the regularity theory of stable solutions
has been extended by the second author in [37] to nonlinear equations involving
the p-Laplacian.® It is worth pointing out here that this is done using the quadratic
version ([[3) of the Hardy inequality on the level sets, and not the one for a general
exponent p stated in Corollary B.2]

A related but different Hardy inequality on hypersurfaces of R"*! was proved in
1997 by Carron [20]. It states that in every dimension n > 3 and for all p € C}(M)
it holds that

—2)? 2 — 2 |H| p?
4 M |z M 2 ||

In particular, this established that the Hardy inequality in its Euclidean form and
with its best constant holds in every minimal hypersurface of R™t!. Observe that
this also follows from our Theorem by taking a = 2. Also in the context of
minimal hypersurfaces, in Sec. [B] we will prove an analogue sharp Hardy inequal-
ity with exponent p # 2, namely, (32)). Even if not explicitly mentioned in [33],
inequality ([32) also follows by the results of Kombe and zaydin [33, Theorem 2.1].f

In [20], Carron proved also an intrinsic Hardy inequality on Cartan—Hadamard
manifolds. His work gave rise to numerous papers in the topic of Hardy inequalities
on manifolds, some of which are commented on next. Carron’s work was extended to
general Riemannian manifolds by Kombe and zaydin [33] B4], who also included the
case of a general exponent p instead of only p = 2. Some intrinsic Hardy inequalities
with general weights, not necessarily of the power type, are studied by D’Ambrosio
and Dipierro [26]. The case of the hyperbolic space H" and related manifolds is
treated by Berchio et al. [I0,[I1], obtaining sharp constants and improved versions of
the inequality. Finally, let us mention the recent work of Batista et al. [9] improving
Carron’s inequality with power weights in the setting of manifolds isometrically
immersed in Cartan-Hadamard manifolds.

In Theorem [[.4] below, we obtain an improved version of Carron’s inequal-
ity ([LG) in the case of hypersurfaces of R™"*! by adding a nonnegative term on
its left-hand side (the same term as in the inequality of Theorem [[3] with a = 2).
We could not find such additional term within the literature on Hardy’s inequali-
ties. In addition, our method of proof towards Hardy’s inequalities is different from
the ones in [9] 20], for instance.

°On the other hand, the optimal result of Figalli, Ros-Oton, Serra, and the first author [I8] has
been extended by Sanchén and the authors [19] to nonlinear equations for the p-Laplacian.

fOne uses [33, Theorem 2.1] with a = 0 and p = ||, together with the well-known inequality
Ap > (n—1)/p involving the Laplace-Beltrami operator, which holds if H = 0 as we show in the
beginning of Sec. 3.2.
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Theorem 1.4. Let M be a smooth hypersurface of R™*1 with n > 3. Then, for
every ¢ € CH(M) we have

—9)2 2 2y 2 92
u/ P av / (i.VM) v
4 M || 4 IYRNE] ||

— 2 |H| ?
s/ Vgl + P2 T 4y (L.7)
M 2 |~T|

where vy is the unit normal to M in R™t1.

As in Theorem [[L3] the second term in the left-hand side of (7)) is of special
interest when M is close to be a sphere of R™*! centered at the origin.

We prove Theorem [[4] using a technique which, in the case of the Euclidean
space, is known as ground state substitution. It dates back at least to the time
of Jacobi and it has been applied for instance in the spectral theory of Laplace
and Schrodinger operators. It is based on writing the function ¢ as ¢ = vw, where
typically w is a positive solution of the Euler-Lagrange equation of the energy func-
tional associated with the inequality. This method has been used in the Euclidean
setting by Brezis and Vézquez [14] to obtain an improved Hardy inequality in R,
stated in (L9) below. The ground state substitution is essentially equivalent to the
use of a Picone identity, as done in Abdellaoui et al. [I], where the authors also
obtained some improved Hardy inequalities in domains of R™. More recently, Frank
and Seiringer [2§] used the ground-state substitution to prove fractional Hardy
inequalities in R™. We will use this method in the framework of functions defined
on a hypersurface of the Euclidean space — something that we could not find in
previous literature. In our proof, we will take w(x) = |x|_("_2)/2.

The two inequalities of Hardy type in Theorems [[-3] and [[.4] are different in their
formulations and independent in their proofs. Their statements differ mainly in the
mean curvature term, containing H? versus |H| / |z|, respectively. At the same time,
their proofs use distinct techniques. In addition, our proof of Theorem [I.3] works for
an arbitrary exponent p > 1 — see Theorem [B.] for the general statement — while
the one of Theorem [ 4] gives a significant result only in the case p = 2. Indeed, with
our technique one can prove a p-version of (7)), but it is of less interest due to the
presence of the second fundamental form in its right-hand side (instead of only the
mean curvature). Moreover, its left-hand side contains some factors (|zr| / |x])P~2,
where zp is the tangential part of the position vector x.

As a simple interpolation of the Michael-Simon and Allard inequality and of
Theorem with ¢ = 2, we obtain the following Hardy—Sobolev inequality on
hypersurfaces of R**1.

Corollary 1.5. Let M be a smooth hypersurface of R™*1 with n > 3, b € [0,1],
and o € CY(M). Then, there exists a positive constant C depending only on the
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dimension n, such that

n—2

2(n—2b) ,—2b
el "y < [ (1Vrpl? + |Ho)dV. 18
—— < (Vo™ + [Hep|")dV. (1.8)
M | M

|

Corollary ] which is the general version of (L&) with exponents p € [1,n),
covers some possible choices of the parameters in Caffarelli-Kohn—Nirenberg type
inequalities on hypersurfaces. Indeed, in []], Batista et al. prove a Caffarelli-Kohn—
Nirenberg inequality for submanifolds of Riemannian manifolds, from which Corol-
lary 1] can be deduced, perhaps with a different constant. However, the proof
in [8] is delicate and relies on Riemannian geometry techniques, while we easily
show Corollary ] as an interpolation of our previous results in the setting of
hypersurfaces of R?t1,

The classical Hardy’s inequality has been improved in the Euclidean setting in
many ways, see for instance [1I, 21 [7, 14, 27 [41]. Many of these improvements consist
of adding a positive term on the left-hand side of the inequality. This additional term
has to be of lower order than the Hardy integral, by the optimality of the constant
(n — 2)2/4. This is done for example by Brezis and Vazquez in [14, Theorem 4.1],
where they get an improvement in the Poincaré sense. Namely, they control both
a Hardy-type integral and the L?-norm of a function in terms of the L?-norm of
its gradient. For any bounded domain €2 C R", any dimension n > 2 and for every
function ¢ € H(Q), their result states that

—92)2 2 " B
u/ gp_z dx + Ho (w_) / ©?dr < / IVo|? da, (1.9)
4 Q || 12 Q Q

where Hy is the first eigenvalue of the Laplacian in the unit ball of R2, hence positive
and independent of n, and w,, is the measure of the unit ball in R".

Using the ground-state substitution as in the proof of Theorem [[L4 we prove
the following analogue of the improved Hardy inequality by Brezis and Vazquez,
now on hypersurfaces of R"*!. We require functions to have compact support on
the hypersurface M intersected with a ball of radius r in the ambient space.

Theorem 1.6. Let M be a smooth hypersurface of R™! with n > 2, and B, =
B, (0) C R" be the (n+1)-dimensional open ball of radius v centered at the origin.
Then, for every ¢ € CX(B, N M) we have

(n—2)2/ @2 n2—4/ (x )2 ©? 1 5
e vy 2 () Sav+— dv
T Ju P O AN AT T Vi

— 2 |H| ? 1
< [ (1vrei+" ™ L) av, (1.10)

where var is the unit normal to M in R*TT.
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The proof of this result combines the one of Theorem [[.4] (which uses the ground-
state substitution) with a Poincaré inequality in hypersurfaces of R"T! stated
in Proposition [l The former argument brings the first mean curvature term
in (LI0), while the latter brings the second one. Note that these are the same
curvature terms that appear in (7)) and (4.

1.1. Structure of the paper

In Sec. 2l we give a quick and easy-to-read proof of the Michael-Simon and Allard
inequality. In Sec.[Bl we prove the Hardy inequalities stated in Theorems[[.3and [[L4l
Finally, Sec. @ deals with the Hardy—Sobolev inequality of Corollary and the
improved Hardy—Poincaré inequality of Theorem [[.6l The appendices concern tan-
gential derivatives and divergence theorems on hypersurfaces, as well as optimal
constants in the Michael-Simon and Allard inequality.

2. The Michael-Simon and Allard Inequality

In this section, we present a proof of the Michael-Simon and Allard inequality on
hypersurfaces of R*! stated in Theorem This result is a generalization of the
isoperimetric inequality on minimal surfaces of Miranda [38] and it is due to Michael
and Simon [36] and independently to Allard [5].

Throughout the paper, M is an n-dimensional smooth hypersurface of R"t!
with mean curvature H, while FE is a bounded subset of M with n-dimensional
Hausdorff measure |E| and perimeter Per(E).

In the proof of Theorem[[.2] the notions of tangential derivatives and tangential
divergence are crucial. We introduce them in Definition [A.1] following the book
of Giusti [29]. We also use the following divergence formula on M — see (A6)
in [Appendix A]for details. If Z is a tangent vector field on M,  a smooth domain
in M, divpZ the tangential divergence with respect to the hypersurface M, and vq
is the outer normal vector along 0f2 to 2, then

/ divp Z dV = / Z - vq dA. (2.1)
Q a9

In the proof of Theorem[I[:2 we apply ([21]) in the domain E, = ENB,(y), where
B,(y) is the ball of R™*! with radius p and center y € E. In general, the boundary
of E, is not smooth. However, applying Sard’s theorem on OF to the function
“distance to y” defined on JF, we deduce that almost all its values are regular
on OE. Now, for these regular values p, if the hypersurfaces OF and 0B,(y) intersect
each other, then they do it transversally and, as a consequence, the boundary of E,
is Lipschitz. Recall that this will happen for almost every p > 0. At the same time,
it is possible to state ([2)) for a domain Q with Lipschitz boundary, approximating
it with a sequence of smooth sets.

2150063-9
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By computing the tangential divergence of the position vector x, we can deduce
an important equality which is the starting point of the proof of Theorem [L.2

n+1 n+1 n+1 n+1
divyz = g 0z’ = E Oz — vy, g Qi | =n+1-— g (i) =n,
i=1 i=1 j=1 i=1

(2.2)

where §; for i = 1,...,n+1 denote the tangential derivatives defined in[Appendix A]
Before starting the proof of Theorem [[.2] we also recall that

H= diVTVM,

where vy is the normal vector to M — not to be confused with v in (ZI) — and
that the mean curvature vector is H = Huvyy.

Proof of Theorem Let y € E and define E, := E N B,(y), where B,(y) is
the ball of R™*! centered at y of radius p > 0. We start the proof by showing the
validity for almost every p > 0 of the inequality

n|E,| §p(Per(Ep)+/E \H| V), (2.3)

To prove it, for simplicity and without loss of generality, we may take y = 0. We
denote by v, the outer normal vector along E, to E,. We call x7 the tangen-
tial part of the position vector x with respect to the hypersurface M and thus,

using ([A.2)), we have
divrz = dive(zr + (@ - va)var)
=divrar + Vr(z - vy) vy + (2 vag)divevy
= divrar + (x - var) H. (2.4)

Now, as pointed out after (ZII), the boundary of E, is Lipschitz for almost every
p > 0. Hence, for such values of p we can integrate in E, the last equality, and

using (Z2) and 21]), we deduce

n|E,| = / divpz dV = / 7 - vE, dA Jr/ (x-vp)H AV
E oF, E,

P

< pPex(E,) +p [ |H|aV,
E,

proving (Z3)).
Back to a general point y € E, for the regular values p corresponding to the
point y — as defined after (ZI)) —, we have that if the smooth hypersurfaces OF

2150063-10
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and 0B, (y) intersect each other, then they do it transversally. As a consequence,
we deduce that®

Per(E,) = [0B,(y) N E| + |[0E N B,(y)|

d
=< %|Ep| +10EN By (y),

where, with no risk of confussion, |- | refers to both the n- and (n — 1)-dimensional
Hausdorff measures. This inequality and (Z3) give
d

TP ED <o OEN By + [ 1] av),
P E,

which is equivalent to

d ? |0E N Bo(y)| + [, |H|dV
— [ p™FE exp/ 2 do | > 0.
dp< Eolexe | B,

Since this holds for almost every p > 0 and the function between parentheses is
continuous in p, it follows that it is monotone nondecreasing in p, and hence

r|OEN B, + H|dVv
p_"|Ep|eXp/ | (y)l fEc,l | do > lim p_"|Ep| =Wy,
0 |Eo| p—0

where w,, is the volume of the unit ball of R"™.
Next, by choosing po := (2|E|w; )=, we deduce that

/PO |OE N B, (y)| +fE |H|dV
exp =
0

do > phwn|E, | 7!
|Ea| U_Pown| P0|

2 Pg“-’n|E|_1 =2.

Therefore, for every point y € E, there exists a radius r(y) € (0, pp) such that

Po (IaEﬁBr@)(y)l +/ IHIdV> > |Er(y)|log 2.
(y)

If we substitute the chosen value for pg, we find

|Ery)| < C|E|™ (IaEﬂ By ()| + /E |H| dV>, (2.5)
r(y)

for some constant C' depending only on the dimension n. Note that the first term on
the right-hand side of this inequality is simply the measure of F within the ball,
while the corresponding term in the starting inequality (2.3]) counted in addition
to the measure within £ of the boundary of the ball.

Now, since y € E is arbitrary, we have that every point in the set E is the
center of a ball B(y) = B,(,)(y) for which (2.5]) holds. Since the union of these

gHere, we use the coarea formula, which gives %\EP\ = f@Bp(y)ﬁE |Vr|z —y||~tdV.
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balls covers F, the Besicovitch covering theorem gives the existence of a countable
sub-collection of balls {B(y;)};, with the same radii 7(y;) as before, such that

EC U B(yi)
and such that every point in F belongs at most to N,, of the balls B(y;), where N,

is a constant depending only on n. Combining this covering argument with (23],
we conclude (2]). O

Now, it is standard to deduce the Sobolev inequality of Theorem [[.1] from the
isoperimetric inequality (L2).

Proof of Theorem I3l Step 1. First, we prove that for every smooth ¢ it holds
that

(/lelﬁ dV) t < C/M(|VT<p|+|H<PI)dK (2.6)

where C' is a positive constant depending only on n. )
Let 1 be the measure on M defined by du = |p|"=T dV. Then, by Cavalieri’s
principle it holds that

—+oo
[orerav = [ eldu= [ ulel >
M M 0

“+o0 1
[ ava
0 {le|>t}
+oo " % n-1
s/ / 07T V) (el > 1)) dt
0 {le|>t}

W poo -
<([ = a) [Tl e @
M 0

where we used Holder’s inequality in the second line.

From the regularity of ¢ and Sard’s theorem, we have that the set of singular
values of ¢ has zero Lebesgue measure. Considering only regular values ¢ in the last
line of (271), we can apply Theorem to the set E = {|¢| > t}. In this way, we
obtain

% +oo n—1
([rerrav) ™ < [ el > 0= ar
M 0
+oo +oo
<o [THel=atas [T jmava),
0 o et

(2.8)

where, as in the previous proof and with no risk of confussion, |- | refers to both
the n- and (n — 1)-dimensional Hausdorff measures.
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Now, in the first integral in the right-hand side of (Z.8]) we use the coarea formula
on manifolds — see [23] Theorem VIII.3.3.] — to write

+oo
/ (el = 1}] dt:/ Vrgl dV.
0 M

Finally, plugging this identity in (28] and applying Fubini’s Theorem on the last
integral in (2.8]), we obtain (2.0]).

Step 2. We can easily extend (2.0]) to the case of an exponent p € [1,n), prov-
ing (LI). In order to do this, we define ¢ = |gp|571 p, with s = p*/1*, and we

apply (2.8) to 1. We obtain

([ 1

Now, exploiting that ns/(n—1) = 1*s = p*, using a Holder inequality in the right-
hand side with exponents p and p’, and taking into account that (s — 1)p’ = p*,
we get

n—1
#av) T <o [ ol eIVl + g av.
M

([ 1or av) o ([ 1o av) - ([ e1rel+paelr av)”.

This establishes Theorem [I.1] O

3. Hardy Inequalities on Hypersurfaces

In this section, we establish the two Hardy inequalities on hypersurfaces of R"*!
stated in Theorems and [[L4l For the first one, we also prove a general version
with exponent p > 1, which is stated in Theorem [B.I] below.

3.1. Hardy inequality through integration by parts

In this subsection, we prove the following Hardy inequality, which is the version of
Theorem for a general exponent p > 1.

Theorem 3.1. Let M be a smooth hypersurface of R"™ p > 1, and a € [0,n).
Then, for every ¢ € CH(M) we have

ol x * lol”
(n—a) = dV +a — upg = dV
v |2l m A\ 7] ||

p 5t — p »
< (/ |90|a dV) (/ Md‘/) . (3.1)
w |l Mmoo [P

By throwing the second term in the left-hand side of 1)) and taking p = a <
n, we deduce that the Hardy inequality in its Euclidean form and with its best
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constant,

n—p)? wp

holds on every minimal hypersurface M for all p € [1,n). As mentioned in our
comments following (L)), this inequality also follows from a result in [33].

We recall that, when M = R", for 1 < p < n the optimal constant in (B2
is not achieved by any function in the homogeneous Sobolev space Wi (R™) —
the completion of C}(R™) with respect to the right-hand side of ([3.2)); see [28]. On
the contrary, if p = 1, every radially symmetric decreasing function realizes the
equality in (32) — as it can be checked using the coarea formula, the layer cake
representation for the function ¢, and the fact that div(z/|z]) = (n — 1)/|x|.

Proof of Theorem B.3l. Using formula ([2.2]) for the tangential divergence of the
position vector z, and then integrating by parts according to (AJH]), we can write

g p
n/ﬁ|ﬂadVE: I
JYREd JYREd

p—2 P
=—1/ (pkiﬁerTw-w+¢wa-vTLﬂ‘“—|ﬂ H-x)dV
M

|z |=|*
Now, recalling that the tangential part of the position vector x is xp = z — (z -

VM )VM, We compute

2
z-Vrlz| ™ = —alz| Pz -2p = —alz| " +a (% 'VM) ||~

leol” x ? lol”
(n—a) =dV +a — vy = dV
w |l m\ 7] ]
"% 0 x x
== —1 \PVre o —¢H - — | dV
M|zl ] ]

< |<F’|pl|v He| dV. (3.3)
S M|$| pvry — iy .

Finally, we apply Holder’s inequality with exponents p and p’ to the last integral
in (33), obtaining

o™ ol"”" Ve~ Hel
— [PV —He| dV = —— — dv
/ || 1zt M |7 (r=1)/p |x|( p)/p

P p_;l \V/ H p R
<</ Wldv) (/‘m T — ¢|dv).
RRVSYREN M e

Plugging this bound in (B3), we obtain (3I) and finish the proof of Theorem [311
O

Hence, we have
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When p = 2 and n > 3, we exploit a nice simplification in (BI) and prove
Theorem T3]

Proof of Theorem We use B with p = 2. Then, since the vectors Voo
and H are orthogonal, we have

2Vre — Ho|* = 4|Vrel* + [Hyl?

and Theorem follows directly from Theorem [B.11 O

From Theorem B.I] we deduce a version with exponent p for the foliated Hardy
inequality (I.3) that the first author established for p = 2 in [I7]. In the statement,
we use the following notation for the radial derivative:

T
Up =V - —

||

Recall that the mean curvature H and the tangential gradient Vp refer to the level
sets of the function w. The result is the following.

Corollary 3.2. Let Q2 be a smooth bounded domain of R"*, u a C(Q) function,
p>1, and a € [0,n). Then, for every p € C1(Q) we have

P 2 P
(n— a)/ [Vul |<,0|a dera/ i |<p|a dx
o |7 o [Vul |z|

P 1
< (/ |Vul ||*"||a d:v) (/ Vu ||Wcﬁa ZW' dx) . (34)
Q xr

Proof. Using the coarea formula in Euclidean space for the two integrals in the
left-hand side of (B4, we see that

el / u ol
n—a Vu| =5 dx +a = = dx
=) [ 19 ] o [Vl |«
p
= (nfa)// |<'O|a dV dt
R J{u=t} |I|
x ? ol
+a// < ) avdt. (3.5)
{u=t} 2] [Vul) af

Now, by Sard’s theorem, {u = t} is a smooth hypersurface of R"*! for almost
every t € R, and the normal vector vy; of M = {u =t} is

Vu

I/M:W.
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Therefore, we can apply ([B.I) to the function ¢ on each smooth hypersurface M =
{u =t} and then integrate in dt, obtaining

2
(n—a)// ol // (i-&) 1 gy at
R Ju=ty 2" R J{u=ty \|2| [Vul/ |z]*
- // lopf” // pVTsD [pVre —Hel”
~ \UrJpu=gy |2/ {u=t} ||*7"

where we have used Holder’s inequality for an integral in dt. Finally, using again
the coarea formula and combining this inequality with (33]), we deduce (34). O

3.2. Hardy inequality through a ground-state substitution

In this subsection, we prove Theorem [[ 4l using a method known as the ground-state
substitution. Within the proof we will need that

divpzr = divp(z — (- var)var)
=n— (z-vy)divivy — (Vr(z-vam)) - vum
=n—(z-vm)H, (3.6)

which follows from ([2.4]) and ([2.2)).
It is now easy to deduce the inequality

|| | B

for the Laplace-Beltrami operator on M — a result mentioned in Sec. 1 within the
context of minimal hypersurfaces. Indeed, we have

Alz| = divpVrl|z| = dive(zr/|z|) = (divper)/|z| + 27 - V|2 7!
= (n— (¢ va)H)/|z| - |2 |z |’
> (n—1)/lz| = (z - var)H/|z],
as claimed.

1 —2

Proof of Theorem 4l We substitute p(z) = w(z)v(z), with w(z) = |z|~ "7
and v € C}(M), in the gradient term

/|VT<p|2dV:/ [vVrw + wVu|? dV. (3.7)
M M

Applying the convexity inequality |a + b]> > |a|> + 2a - b, valid for all vectors
a,b € R, we obtain

/|VT<P|2dVZ/ v? |Vrw|? dV+/ wVrw - Vr(v?)dV.
M M M
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Using the formula of integration by parts (AH), we get

/|VT¢|2dV2/ v? |Vrwl|? dV—/ V2 divy(wVrw)dV
M M M

Jr/ wv?Vrw - HdV. (3.8)
M

Since V7w is a tangent vector and the mean curvature vector H is normal to M, the
last term in (B.8) vanishes. Exploiting an additional cancellation after developing
the divergence in (3.8)), we have

/M|VT<p|2 dv > — /M wvidive(Vrw)dV. (3.9)

Next, we compute the tangential divergence of the vector field Vyw, where
w(z) = |z|* with « = —(n — 2)/2. The tangential gradient of w is

Vow = alz|* ?ap = alz|*? (¢ — (z - var)vur).
Hence, using ([B.4), we have
—divy(Vow) = —adivp (2] (@ — (2 - var)var)
=—alz|* ?(n—z -vuH) — ale—2) o) 2",

We plug this into ([39), recalling that w(z) = |z|”, and obtain

/ Vrol?dV > a/ 2> vz - HdV
M M

- na/ 2> % 02 dV — afa — 2)/ lzp|? 2> 02 dV.
M M
(3.10)

Now we move the first integral in the right-hand side of [BI0]) to the left-hand
side of the inequality, and observe that |z|** % v2 = 2/ |z|?. Therefore, I0) reads

_ 2
/ Vrol + P2 ) av
M 2 |z

2 22
Z—na/ ‘p—2dV—a(a—2)/ " gy
M || W

In the last integral, we have |z7|* = |z|> — (2-va)? and thus the inequality becomes

_ 2
/ Vrol+ P2 ) av
M 2 |z

2 2 2
>—atnta-2) [ Loaviata-2) | <i.VM) 2 av.
M |z] m A\ 2] ||

Finally, since —a(n + a —2) = (n — 2)?/4 and a(a — 2) = (n? — 4)/4, we
conclude (7). O
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4. Hardy—Sobolev and Hardy—Poincaré Inequalities
on Hypersurfaces

In this section, we prove the Hardy—Sobolev inequality stated in Corollary [l and
the Hardy—Poincaré inequality of Theorem

We start from the Hardy—Sobolev inequality on hypersurfaces that we obtain
as an interpolation of the Michael-Simon and Allard inequality and the Hardy
inequality of Theorem [3.I] We state and prove here our result for a general power
p € [l,n).

Corollary 4.1. Let M be a smooth hypersurface of R"*1, p € [1,n), and b € [0,1].
Then, for every p € C1(M) we have

n—p

pE =
([ ear) " <c [ oret v
M|z M

for some positive constant C depending only on n and p.

Proof. First, from (BI) with a = p it follows that

(nfp)/ |<'O|ZdV < (n p)/ %dVer/ (i'VM>2%dV
|| M |7l M\ 2] ||

< el ) * Ve — HelPdv )
> TP pvre H<10| Vv
M |zl M

Raising the inequality to the power p and using the convexity inequality |a + b” <
2P~ L(Ja|” 4 |b|"), we obtain

(n —p)p/ ||SD||p dv < / [pVre — Hel” dV
M

<o [ @ Vrel £ HAV.  (@2)

Observe that, if b = 0 or b = 1, then ([@1]) follows respectively from the Michael—
Simon and Allard inequality (IIJ) or from the Hardy inequality (£2]). Thus, we can
assume b € (0,1) in the rest of the proof.

Now, we consider the integral in the left-hand side of (LI]). Using Holder’s
inequality with exponents 1/b and 1/(1 — b), the Hardy inequality ([@2]), and The-
orem [[1] we get

/ |l - dV:/ (M) |¢|(17b)nfp dv
M|z IYANEd
P 1-b
¥
<(f, ) (/)

53
§C< / <|w|P+|Hsa|P>dv) ,
M

2150063-18



Universal Hardy—Sobolev inequalities on hypersurfaces of Euclidean space
where C' is a positive constant depending only on n and p, while 3 is

ﬁ:b—l—(l_b)p* :n—bp.
p n—p

Finally, raising the inequality to the power 1/3, ([@I]) is established. Observe that,
since 3 > 1, C'/8 < C if we take C' > 1. Hence, the final constant depends only
on n and p. O

The remaining part of this section is devoted to the proof of an improved Hardy
inequality in the Poincaré sense, stated in Theorem [0l Its proof is based on a mod-
ification of the ground-state substitution method that we have used in Theorem [1.4],
and on a Poincaré inequality with weights stated next.

The following is a Poincaré inequality with exponent p > 1 and a weight of
the type |z|™“, for functions with compact support on a hypersurface M (more
precisely, with support in a ball of radius ).

Proposition 4.1. Let M be a smooth hypersurface of R**1, B, = B,.(0) C R**!

the open ball of radius r centered at the origin, p > 1, and a € [0,n). Then, for
every ¢ € CH(B, N M) we have

P P H P
(nfa)p/ Ma av < 2?*1#’/ <pP|VTf| 4 ‘i' )dV. (4.3)
M |zl M || ||

Proof. As in the proof of Corollary Bl but with a € [0,n) instead of a = p,
from (B we obtain

p » P H P
M M

|I’|a |$|a—P

Then, taking advantage of the fact that the support of ¢ is contained in B, (0), we
can bound |z|” < rP and obtain ([Z3)). |

Now, we can prove Theorem [[L6l Note that here we assume p = 2 and n > 2.

Proof of Theorem As in the proof of Theorem [[L4] we use the ground-
state substitution ¢ = wvw, where w(z) = |x|_(n_2)/2. We proceed as in the
proof of Theorem [} but in the right-hand side of (B2 we use the identity"

hFor an exponent p # 2, here one would use a well-known convexity inequality instead of this
identity (see Lemma 2.6 and Remark 2.7 in [28], or [35] Lemma 4.2]).

2150063-19



X. Cabré & P. Miraglio

la+b> = |a|* +2a- b+ |b* for vectors a,b € R™. Therefore, we find

s n—2 |H|? (n—2)2/ @2 n?—4
— | dV > ——— — dV
f (et 252 Jav > 052 [y av

2 2 2
[ (5 ) gy [V gy
|.’,E| 2 n—2
M || M |zl
(4.4)

Next, to control the last integral in ([@4]) from below, we use inequality (3]
with ¢ = v, p =2, and a = n — 2. Observe that this forces n > 2. In this way, we
have

Vrul? 1 2 1 [ |Hol?
/ Vool gy s — L -~ —/ o Gy (4.5)
v Jo] 272 Juy Jal 1w )a)
Finally, combining @) and {@3), and using the fact that v2/ |z|" " = 2, (I0)
is established. O
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Appendix A. Notation for Tangential Derivatives

In the setting of hypersurfaces of Euclidean space, tangential derivatives can be
defined in an elementary calculus way without using Riemannian geometry, for
instance as presented in Giusti’s book [29]. Throughout the paper, we adopt this
definition of tangential derivatives that we recall next. From it, one can define the
tangential divergence of a vector field. Alternatively, one can define the tangential
divergence intrinsically using Riemannian geometry, as done for instance in [23]. In
this appendix, and for completeness, we introduce and compare these two notions
in the setting of hypersurfaces of R"*!'. We start by giving the former definition,

following [29)].

Definition A.1. Let M be a smooth hypersurface of R"*! with normal vector vy;.

(a) Let ¢ be a C! function defined on M. We define the ith tangential derivative
of p, fori=1,...,n+ 1, as follows
n+1 ‘
Sip 1= Ojp — vy Z(ﬁjcp)yfw,
j=1
where ufh is the jth component of the normal vector vy; to M and 0y is

the jth partial derivative of ¢, once the function ¢ has been extended to all
of R+,
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(b) With ¢ as in (a), we define the tangential gradient of ¢ as the vector
VTSD = VSD - (VQO ! VM)VM - (5190752S07 AR 6n+1<)0)'

Note that V7 - vy = 0 for every O function ¢ defined on M.

(c) Let Z be a C* vector field defined on M with values in R"*!, not necessarily
tangent to M, and whose components are Z° with i = 1,...,n + 1. We define
its tangential divergence as follows

n+1
divpZ =Y 8:2". (A1)

i=1

From the definitions, it easily follows that
diVT(gDZ) =Vrp-Z+ ¢divrZ. (A2)

Observe that this definition of tangential derivatives is extrinsic and it does not
give a basis of the n-dimensional tangent space of M, as the tangential deriva-
tives §; for ¢ = 1,...,n + 1 are linearly dependent. However, if one is familiar with
Riemannian geometry, then it is possible to check that, in the case of hypersurfaces
of R™"1, the intrinsic Riemannian notion of divergence coincides with divy defined
in (Ad). We recall that the divergence of a tangent vector field Y on a general
Riemannian manifold (M, ¢) is defined in an intrinsic way as follows

divY = tr(€ — VeY), (A.3)

where V is the Levi-Civita connection of (M, g). Now, Proposition I1.2.1 in [23]
states that, given two Riemannian manifolds (M, g) and (M,g) with M isometri-

cally embedded in M and whose Levi-Civita connections are V and V, then for
every p € M, £ € T, M, and vector field Y € T'M on M, we have that

VeY = (VeY)r,

where (V¢Y)r denotes the tangential component of V¢Y with respect to M. There-
fore, if M = R™"!, M is an isometrically embedded hypersurface of R**!, and Y
is a tangent vector field on M, then we have

n+1

divY = tr(§ = VeY) = tr(€ = (VeY)r) = > 6,V = divyY,

i=1

where div is defined in (A3) and divy in (AI).
Next, adopting the notion of tangential derivatives from Definition [A], we

report a formula of integration by parts proved in [29]. For all C! functions v
and w such that at least one of them has compact support on M, we have that

/ (d)wdV = 7/ v(5iw)dV+/ vwHVY, dV, (A4)
M M M

2150063-21



X. Cabré & P. Miraglio

wherei € {1,...,n+1}, v is the normal vector to M, and H is the mean curvature
of M. For the proof of ([A4]) we refer to' [29, Lemma 10.8] or to [I7, Lemma 2.1].
If instead we consider a C! function v and a C! vector field Z, such that at least
one of them has compact support on M, then from (A4 we easily deduce

/vdivTZdV:f/ VTU'ZdV+/ vZ - HdV, (A.5)
M M M

where H = Hvyy is the mean curvature vector of M. Indeed, to show (A it is
sufficient to write divpZ = Z?Ill 0;Z" and apply ([(A4) on every term of the sum.
Observe that, if Z is tangent then the mean curvature term in (AZ5) vanishes —
since H is normal to M.
The following divergence formula with a boundary term is the analogue result
to (A3) with v = 1 when Z does not have compact support. Given a C! tangent

vector field Z defined on M and a smooth domain 2 C M, we have that

/ divpZdV = | Z-vgdA, (A.6)
Q o

where v € T'M is the outward unit normal to §2. This identity can be proved
using a suitable modification of the argument in [29] Lemma 10.8]. One can also
deduce ([(A6) from [23] Theorem I11.7.5], i.e. the divergence formula on Riemannian
manifolds. To this end, one must recall that in [23] the tangential divergence is
defined as in ([A.3]) and, in the setting of hypersurfaces of R"*!, definition (A3) is
equivalent to the one we gave in Definition [A.T]

Appendix B. Optimal Constants in the Michael-Simon
and Allard inequality

For an integer k € [2,n], a k-dimensional submanifold M of R"*! with mean cur-
vature H, and a smooth domain F C M with compact closure in M, the Michael—
Simon and Allard inequality states that

B]5F < CyPer(E) +02/ \H| aV, (B.1)
E

for some positive constants C7 and Cs depending only on k. Most of the literature on
the topic of sharp constants for (B is focused on one of two important particular
cases: either when the submanifolds M are minimal or when they are compact
without boundary and we take E = M. The proofs in [5, 6] do not give sharp
constants in any of these two situations.

In the former case the mean curvature of M is identically zero, and the problem
is finding the optimal constant C in the isoperimetric inequality on minimal sub-
manifolds of R”*!. Under the additional assumption that the submanifold is area

"We point out two typos in [29, Lemma 10.8]: first, the mean curvature H is missing in the
statement, but not in the proof; second, there is a sign error in front of the integral in the right-
hand side, both in the statement and in the proof. The correct statement is (A4]).
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minimizing, Almgren [0] proved that the isoperimetric inequality with the Euclidean
constant holds, i.e. for every smooth domain F C M with compact closure in M,
one has

kw) |B|'T < Per(E), (B.2)

where wy, is the volume of the k-dimensional unit ball. Back to the general context
of nonminimizers, in the case of two-dimensional minimal surfaces of R**! (i.e.
with & = 2) some partial results have been available for a good number of years.
Leon Simon obtained the desired inequality with half of the expected constant

21 |E| < Per(E)?.

He never published the proof of this result, but it can be found in the papers [24 [40].
In [40], Topping improved it to give a simple proof of the Michael-Simon and Allard
inequality for two-dimensional submanifolds of R**!, not necessarily minimal. The
constant 27 in Simon’s inequality on minimal surfaces was improved by Stone [39]
(the same improvement is attributed in [24] also to A. Ros), but still without
achieving the constant 47 conjectured in (B.2). See the survey [24] for a detailed
exposition of the problem. Finally, the conjecture for arbitrary dimension k& has
been very recently proved by Brendle [I2] in the case of codimension 1 and 2. His
method uses a clever extension of the proof of the sharp Euclidean isoperimetric
inequality found by the first author in [15]. Thus, both proofs use the solution of
a Neumann problem, together with the ABP method. In addition, Brendle’s proof
allows to characterize flat disks as the only cases in which equality is achieved.

The second particular case of (Bl consists of M being a compact manifold
without boundary and E = M. Then, inequality (B reads

M <o [ (v (B.3)
M

with 2 < k < n, and the problem of finding the optimal constant C is still open.
If M = 0A and A C R"*! is a smooth bounded domain which is also assumed to be
convex, then (B3) holds with k = n and equality is only achieved when A is a ball, as
a consequence of the classical Aleksandrov—Fenchel inequality [3] [4]. More recently,
Guan and Li [30] and Huisken and Ilmanen [32] relaxed the convexity assumption
with weaker hypothesis on A, obtaining the sharp result in their settings. For a
survey on the subject, see [22].
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