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Abstract. The Euclidean paradigm that spheres optimize mean curvature variational problems breaks down
in the sub-Riemannian Heisenberg group: neither the Pansu sphere nor the Korányi sphere is optimal for
the variational problems associated with the Minkowski and Heintze-Karcher inequalities. Motivated by this
phenomenon, we develop a variational theory for geometric problems driven by the horizontal mean curvature,
focusing on the total mean curvature functional and the related Minkowski inequality. To investigate this
phenomenon, we establish first and second variation formulas for general mean curvature functionals in arbitrary
Riemannian manifolds, and then obtain corresponding formulas in Heisenberg groups through a Riemannian
approximation scheme. We subsequently specialize to the optimization of total mean curvature under area
constraint in the first Heisenberg group, introducing suitable notions of non-characteristic stationarity and
stability. We identify a new one-parameter family of rotationally invariant critical surfaces, which we call
Pansu-Minkowski spheres. Among them, we show that a distinguished member, the optimal Pansu-Minkowski
sphere, emerges as the unique critical point of the Minkowski quotient, and uniquely minimizes it among Pansu-
Minkowski spheres. We prove non-characteristic stability and local minimality of Pansu-Minkowski spheres
under rotationally invariant perturbations, while showing their instability under unrestricted perturbations.

1. Introduction

In the Euclidean space, the most relevant geometric variational problems driven by mean curvature exhibit
a remarkable rigidity in the shape of their optimal configurations. In their appropriate class of competitors,
the isoperimetric inequality [27], the Minkowski inequality [14, 22, 29], and the Heintze-Karcher inequality
[23, 32, 45, 47] all single out the Euclidean sphere as the unique optimal shape. As we shall see, this Euclidean
paradigm breaks down in a rather unexpected way in sub-Riemannian geometry.

In the sub-Riemannian Heisenberg group H1, the prototypical model of sub-Riemannian [2] and pseu-
dohermitian [8] geometry, the picture is far less understood. Considerable progress has been achieved for
what concerns the isoperimetric problem [33, 30, 31, 25, 40, 44], although it is still unknown whether the
closed, constant horizontal mean curvature surface known as Pansu sphere (Example 3.5) - the unique closed
volume-preserving area-stationary surface - is indeed the isoperimetric set. On the other hand, essentially
nothing is known for more general geometric variational problems driven by the horizontal mean curvature.

In this setting, a general mean curvature driven functional takes the form

(1.1) H H
f (S) =

∫
S
f
(
HH

)
dσH.

Here S ⊆ H1 is a smooth, embedded, closed surface, HH is its (horizontal) mean curvature, dσH is its
(sub-Riemannian) area element and f : R → R is a smooth function. We refer to Section 2 for the related
definitions. Particularly relevant examples are the (horizontal) area functional, the total (horizontal) mean
curvature and the total inverse (horizontal) mean curvature, defined respectively by

σH(S) =

∫
S
dσH, H H(S) =

∫
S
HH dσH,

(
H H)−1

(S) =

∫
S

1

HH
dσH.
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As for the Euclidean case, the homogeneous structure of H1 induced by its intrinsic dilations relates the
minimization of such functionals, under suitable geometric constraints, to the validity of the corresponding
sharp geometric inequalities. Precisely, minimizing the total mean curvature under area constraints, i.e.

(1.2) inf
{
H H(S) : S is mean convex, σH(S) = k

}
, k > 0,

is equivalent to minimizing the (scaling invariant) Minkowski quotient

(1.3) QHmink(S) =
(
σH(S)

)− 2
3 H H(S).

Similarly, minimizing the total inverse mean curvature under volume constraints, i.e.

(1.4) inf
{(

H H)−1
(S) : S is strictly mean convex, |Ω(S)| = k

}
, k > 0.

corresponds to minimizing the (scaling invariant) Heintze-Karcher quotient

(1.5) QHhk(S) = |Ω(S)|−1
(
H H)−1

(S),

where |Ω(S)| is the Lebesgue measure of the volume enclosed by S. In turn, sharp lower bounds for (1.3)
and (1.5) would imply (sub-Riemannian analogs of) sharp Minkowski and Heintze-Karcher inequalities.

Beyond the analogy with the Euclidean framework, several reasons suggest that the Pansu sphere, hence-
forth denoted by S 1

2
for further convenience, should play a distinguished role in both optimization problems.

Regarding the former problem, (1.3) is the correct first higher-order analogue of the isoperimetric quotient

(1.6) QHisop(S) = |Ω(S)|−
3
4σH(S).

The underlying conceptual picture is that area describes the first-order behavior of volume, while mean curva-
ture governs the first-order behavior of area. Regarding (1.5), a structural connection with the isoperimetric
problem is suggested by the behavior of (1.6) under evolution by horizontal inverse mean curvature flow.
Loosely speaking, a family of closed embeddings (St)t>0 evolves by horizontal inverse mean curvature flow if

(1.7)
∂St

∂t
=

1

HHt
νt,

where νt denotes the horizontal unit normal to St. Recalling [24] that

d|Ω(St)|
dt

=
(
H H)−1

(St),
dσH(St)

dt
= σH(St),

a formal computation combined with the forthcoming Theorem 3.7 yields

d

dt

(
QHisop

)
(St) =

3

4
QHisop

(
St
) (
QHhk

(
S 1

2

)
−QHhk

(
St
))
.

Were the Pansu sphere the optimal configuration for (1.5), the isoperimetric quotient would be non-decreasing
along (1.7). This perspective is supported by another remarkable fact. The Korányi sphere (Example 3.6) -
the boundary of the unit ball associated with the Korányi gauge - shares the same Heintze-Karcher quotient of
the Pansu sphere (Theorem 3.8), and is in fact self-similar under inverse mean curvature flow. Finally, since
many approaches to the Euclidean Heintze-Karcher inequality provide effective proofs of the Aleksandrov
theorem [3] both in the smooth [32, 45] and in the measure-theoretic [16] framework, it would therefore
appear natural to expect an analogous phenomenon in the Heisenberg setting.

The first surprising outcome of the present paper is that these intuitions are in fact incorrect.

Theorem 1.1. Neither the Pansu sphere nor the Korányi sphere minimizes (1.3) or (1.5).

This fact has several unexpected consequences. First, it exhibits a substantial lack of symmetry in the shape
of optimal configurations for the main geometric variational problems in H1. Moreover, since the Pansu sphere
is non-optimal for (1.5), Theorem 1.1 implies that a possible Heintze-Karcher inequality cannot be used as a
direct tool toward the Aleksandrov theorem in the sub-Riemannian setting. The proof of Theorem 1.1 reveals
an even more striking phenomenon. The Pansu and Korányi spheres are not merely non-minimizing: they
are not even critical points, neither of the normalized functionals (1.3) and (1.5) (Theorem 3.7, Theorem 3.8),
nor of the associated constrained problems (1.2) and (1.4) (Remark 3.9). The key observation is that (1.3)
and (1.5), while being preserved by intrinsic dilations, are not invariant under Euclidean dilations. This fact
allows one to produce suitable deformations along which both functionals strictly decrease.
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It therefore becomes natural to investigate the structure of the actual equilibrium configurations of these
problems. In the present work, we mainly focus on (1.2). Besides the intrinsic interest of (1.3), this choice
is also motivated by analytical considerations. Indeed, as will become apparent from Theorem 4.2, the total
mean curvature is, together with the area functional, the only mean curvature functional whose linearization
is of zero-order in HH and whose stability operator remains second-order. Nevertheless, the variational
framework developed in this paper applies to a much broader class of mean curvature driven problems.

The study of geometric variations must account for the singular phenomena arising from the interaction
between the differential and sub-Riemannian structures. Specialized to hypersurfaces, the latter gives rise
to the appearance of the so-called characteristic points. Precisely, denoting by H the underlying horizontal
distribution (Section 2), a point p ∈ S is characteristic when H is tangent to S at p. In the characteristic set
S0, the horizontal geometry collapses, and this typically creates substantial analytical difficulties.

Accordingly, to characterize critical points of (1.2), we introduce the notion of non-characteristic variation
(Section 4.1), a smooth variation of the ambient space supported away from a neighborhood of the char-
acteristic set. A fundamental ingredient in the whole variational analysis is the derivation of suitable first
and second variation formulas along non-characteristic variations (Theorem 4.2). We shall return to these
formulas in greater detail later in the introduction.

The natural first-order formulation of (1.2) consists in seeking critical points of the total mean curvature
functionals under non-characteristic variations which preserve the area. In turn, exploiting the first variation
formulas provided by Proposition 4.3 and Proposition 4.4, we show (Proposition 4.8) that this property is
equivalent to the stationarity of the penalized functional

(1.8) PHL (S) = H H(S)−L σH(S)

under arbitrary non-characteristic variations, as well as to the validity of the Euler-Lagrange equation

(1.9) − 4
(
J(ν)α+ α2

)
−LHH = 0.

In the above formulas, J is the complex structure of H1, so that J(ν) generates the horizontal tangent space
to S (Section 2). Moreover, α is the fundamental function associated with S (Section 2), and L is the
appropriate Lagrange multiplier arising from the area constraint.

Motivated by the symmetries of the Pansu sphere, we look for solutions to (1.9) in the class of rotationally
invariant surfaces (Section 3), which are symmetric with respect to rotations around a distinguished vertical
direction. In this setting, the presence of such a symmetry is quite natural, as vertical rotations act as
isometries on the underlying sub-Riemannian structure [13]. Combining topological arguments with a detailed
analysis of (1.9), in Section 5 we completely characterize the rotationally invariant solutions to (1.9). Precisely,
setting 4L = L , we show that every rotationally invariant solution to (1.9) is obtained by vertical rotation
of the profile curve γL = (xL, tL) : [− arccos

√
1− 2L, arccos

√
1− 2L]→ R2, where L ∈

(
0, 1

2

]
and

(1.10)


xL(s) =

1

2L

(
cos s− 1− 2L

cos s

)
,

tL(s) =
1

4L2

(
s

2
+

sin 2s

4
− (1− 2L)2 tan s

)
,

thus obtaining a one-parameter family of rotationally invariant surfaces, say SL for 0 < L 6 1
2 , which are

critical points of the total mean curvature along area-preserving non-characteristic variations.

This characterization carries with it a further series of consequences. First, unlike in the Euclidean setting,
where the sphere is the unique equilibrium configuration of the total mean curvature under area-preserving
variations [14, Theorem 5.3], in the Heisenberg group one finds infinitely many critical points. Most notably,
one easily realizes (Example 3.5 and Remark 5.6) that the limiting configuration corresponding to L = 1

2 is
precisely the Pansu sphere S 1

2
, whence the choice of notation. Surprisingly, although the Pansu sphere fails to

be stationary for H H under arbitrary area-preserving variations (Remark 3.9), it is nevertheless stationary
for H H along non-characteristic area-preserving variations. Thus, characteristic points are not merely a
technical issue, but fundamentally affect the variational landscape. Besides confirming that the Pansu sphere
still plays a role in this variational framework, this phenomenon also reveals a substantial difference with the
sub-Riemannian isoperimetric problem: the Pansu sphere is indeed the unique closed, constant horizontal
mean curvature surface, e.g. among rotationally invariant surfaces [43] or even among competitors with at



4 M. FOGAGNOLO, A. PINAMONTI, AND S. VERZELLESI

least one isolated characteristic point [44]. Both because of their connection with the Minkowski problem
and because the Pansu sphere itself arises as a limiting configuration within the family, we refer to the above
surfaces as Pansu-Minkowski spheres.

Among Pansu-Minkowski spheres, one particular element nevertheless plays a privileged role. This phe-
nomenon becomes apparent when comparing the constrained stationarity problem associated with (1.2) with
the unconstrained stationarity problem associated with (1.3). Although being equivalent from the viewpoint
of minimization, this equivalence breaks down at the non-characteristic first-order level. Indeed, while every
critical point of QHmink along non-characteristic variations is also stationary for H H along area-preserving
non-characteristic variations (Proposition 4.9), the converse fails in general. More precisely, within the fam-
ily of Pansu-Minkowski spheres, the only surface which is critical for (1.3) is the Pansu-Minkowski sphere
corresponding to L = 1

4 . It is therefore not surprising that this configuration plays a distinguished role in
the minimization of the Minkowski quotient: S 1

4
is the unique minimizer of (1.3) within the class of Pansu-

Minkowski spheres. Accordingly, we refer to it as the optimal Pansu-Minkowski sphere, since the above facts
naturally single it out as the primary candidate minimizer for the Minkowski quotient.

Figure 1. From left to right, the Pansu-Minkowski sphere for L = 1
8 , the optimal Pansu-

Minkowski sphere
(
L = 1

4

)
and the Pansu sphere

(
L = 1

2

)
. The three spheres are rescaled via

intrinsic dilations to have unit sub-Riemannian area.

The next statement summarizes the above considerations.

Theorem 1.2. For any L ∈
(
0, 1

2

]
, define γL as in (1.10). Denote by SL its associated rotationally invariant

surface. Let S ⊆ H1 be a rotationally invariant, closed, mean convex surface. The following are equivalent:

(i) S is a critical point for H H along area-preserving non-characteristic variations;
(ii) S is, up to dilations and vertical translations, a Pansu-Minkowski sphere SL for some L ∈

(
0, 1

2

]
.

Moreover, the following are equivalent:

(iii) S is a critical point for QHmink along non-characteristic variations;
(iv) S is, up to dilations and vertical translations, the optimal Pansu-Minkowski sphere S 1

4
.

Finally, the optimal Pansu-Minkowski sphere S 1
4

minimizes QHmink within Pansu-Minkowski spheres:

QHmink(SL) > (18π)
1
3 , QHmink(SL) = (18π)

1
3 if and only if L =

1

4
.

A further natural question concerns the stability of Pansu-Minkowski spheres under non-characteristic per-
turbations. As for the isoperimetric problem [4, 5], the equivalence between the constrained problem (1.2) and
the unconstrained problem associated with (1.8) breaks down at second-order. Exploiting the second variation
formulas established in Theorem 4.2, we show that stability of critical points of H H under area-preserving
non-characteristic variations is equivalent to stability of critical points of PHL under non-characteristic vari-
ations which are area-preserving at first-order (Proposition 4.10). Consequently, our analysis is carried out
at the level of the penalized functional PHL . Evaluated at the corresponding critical point SL, its second
variation along an arbitrary non-characteristic variation Φ is given (Section 6) by

(1.11) δ2PHL (SL) [Φ] = 4

∫
SL

((
− SϕJ(ν)ϕ− L (J(ν)ϕ)2 )+

(
2Sα−HH

(
α2 + 4L2

) )
ϕ2
)
dσH.

In this formula, S is (up to normalization) the unique vector field which completes J(ν) to an orthogonal
frame of TS (cf. Section 2), while ϕ is an appropriate projection of the velocity of Φ (Section 4).
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Within the class of rotationally invariant non-characteristic perturbations, all Pansu-Minkowski spheres
exhibit a much stronger property than mere stability. Indeed, we prove that the quadratic form associated
with (1.11) is uniformly coercive with respect to arbitrary non-characteristic variations. More precisely,

(1.12) δ2PHL (SL)[Φ] > 4(1− L)

∫
SL

(J(ν)ϕ)2 dσH +
8L(1− 2L)

1− L

∫
SL

ϕ2 dσH.

We stress that the above lower bound does not require any first-order area constraint, and is therefore sub-
stantially stronger than standard stability. This is in sharp contrast with more familiar settings. For instance,
Euclidean spheres do not satisfy such a strong stability property for the penalized functional associated with
the Euclidean isoperimetric problem [4]. As a direct consequence of (1.12), all Pansu–Minkowski spheres
locally minimize the total mean curvature under sufficiently small rotationally invariant non-characteristic
perturbations. The above facts can be summarized as follows.

Theorem 1.3. Let L ∈
(
0, 1

2

]
. Let Φ be a non-characteristic rotationally invariant variation (Section 6).

Fix δ > 0, and set I(δ) =
(
− arccos

√
1− 2L+ δ, arccos

√
1− 2L− δ

)
. Then:

(i) the lower bound (1.12) holds. In particular, SL is a stable critical point of H H along area-preserving,
non-characteristic, rotationally invariant variations;

(ii) there exists ε = ε(δ, L) > 0 such that, if ϕ ∈ C∞c (I(δ)) satisfies

σH
(
SϕL
)

= σH (SL) , ‖ϕ‖C2(I(δ)) 6 ε,

where SϕL is a (rotationally invariant) horizontally normal graph over SL (Section 7), then

H H (SL) 6H H (SϕL) .
The perhaps most surprising phenomenon emerges once rotational symmetry is removed. We show that

Pansu-Minkowski spheres become unstable under general perturbations. Precisely, we construct highly oscil-
latory, first-order area-preserving angular variations along which the second variation of PHL becomes negative.
By Proposition 4.10, this yields instability of Pansu-Minkowski spheres for the constrained problem (1.2).

Theorem 1.4. Let L ∈
(
0, 1

2

]
. There is a non-characteristic first-order area-preserving variation Φ such that

δ2PHL (SL)[Φ] < 0.

Pansu-Minkowski spheres are then unstable for H H along area-preserving non-characteristic variations.

Theorem 1.4 implies that any global minimizer of (1.3), should it exist, cannot be rotationally invariant.
Although sharing analogies with the sub-Riemannian isodiametric problem [26], this unexpected lack of
symmetry casts serious doubts on the very existence - or at least on the uniqueness - of minimizers of (1.3)
(cf. e.g. [9, 12] for similar issues in related settings).

Our analysis leaves several open questions. First, it is tempting to conjecture that the optimal Pansu-
Minkowski sphere is the global minimizer of (1.3) within the class of rotationally invariant surfaces. On
the other hand, although it is plausible that no global minimizer exists outside this symmetric class, these
outcomes suggest that the search for sharp mean curvature driven inequalities requires abandoning symmetry
as a guiding principle. We expect similarly exotic phenomena to arise in connection with the Heintze-Karcher
problem (1.4). Indeed, although the Pansu sphere is not stationary for (1.4) under arbitrary volume-preserving
variations, it nevertheless becomes stationary when one restricts to non-characteristic volume-preserving
variations (Remark 5.7). It therefore remains somewhat mysterious that the Pansu sphere systematically
emerges in these variational problems, despite not realizing the corresponding optimal configuration.

From the methodological viewpoint, a substantial part of the paper is devoted to the derivation of first
and second variation formulas stated in Theorem 4.2, which we believe may be of independent interest.
We establish them in full generality, considering an arbitrary mean curvature driven functional as in (1.1),
arbitrary non-characteristic variations, and in Heisenberg groups of every dimension. Our approach relies
on a well-established Riemannian approximation scheme [7, 11, 19, 34, 37], and is carried out in full detail
in Appendix B. This approach, in turn, requires first and second variation formulas for the corresponding
Riemannian analogue of (1.1). Since the available literature mostly addresses special cases - such as particular
functionals [18], restricted classes of variations [21, 36], or additional geometric assumptions on the ambient
manifold [21, 36, 39] - in Appendix A we derive these formulas in full generality, namely along arbitrary
variations and in arbitrary Riemannian manifolds. We hope that this also provides a useful unified reference.
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Plan of the paper. The paper is organized as follows. In Section 2 we collect some preliminaries on Heisen-
berg groups (Section 2.1) and on the geometry of hypersurfaces (Section 2.2). In Section 3 we introduce
rotationally invariant surfaces, discuss their properties (Section 3.1), give some examples (Section 3.2), intro-
duce the relevant functionals (Section 3.3) and prove Theorem 1.1 (Theorem 3.7, Theorem 3.8). In Section 4
we focus on the variation formulas for (1.1). After introducing variations (Section 4.1), we state Theorem 4.2
(Section 4.2) and we specialize it (Section 4.3) to (1.2) (Proposition 4.3, Proposition 4.4), discussing the rel-
evant notions of stationarity (Proposition 4.8) and stability (Proposition 4.10). In Section 5 we characterize
rotationally invariant critical points of (1.2), proving Theorem 1.2. In Section 6 and Section 7 we discuss
their stability, instability and local minimality, proving Theorem 1.3 and Theorem 1.4. In Appendix A we
establish arbitrary Riemannian variation formulas (Theorem A.8). In Appendix B, we prove Theorem 4.2.

Acknowledgments. The authors thank R. Monti, J. Pozuelo, M. Ritoré and D. Vittone for fruitful discus-
sion about the addressed topics. Part of this research was carried out while S. Verzellesi was visiting the
Department of Mathematics at the University of Trento.

2. Preliminaries

2.1. Heisenberg groups. Fix n > 1. The n-th Heisenberg group (Hn, ·) is R2n+1 with the group law

(2.1) p · p′ = (x, y, t) · (x′, y′, t′) =

x+ x′, y + y′, t+ t′ +
n∑
j=1

(
x′jyj − xjy′j

) ,

where p = (x, y, t) = (x1, . . . , xn, y1, . . . , yn, t). This group law realizes Hn as stratified Lie group. Its
horizontal distribution H is generated by the left-invariant vector fields

Zi = Xi =
∂

∂xi
+ yi

∂

∂t
, Zn+i = Yi =

∂

∂yi
− xi

∂

∂t
, i = 1, . . . , n.

A vector field which is tangent to H at every point is called horizontal. Setting Z2n+1 = T = ∂
∂t , then

Z1, . . . , Z2n+1 is a global frame of left-invariant vector fields. We may identify a point p ∈ Hn with

2n+1∑
i=1

pjZj(p) ∈ TpHn.

The only nontrivial commutation relations among Z1, . . . , Z2n+1 are

[Xi, Yi] = −2T, i = 1, . . . , n.

The complex structure J : Γ(THn) −→ Γ(THn) is the unique C∞(Hn)-linear map which satisfies

J(Xi) = Yi, J(Yi) = −Xi and J(T ) = 0, i = 1, . . . , n.

The triple (Hn,H, J) is a prototypical pseudohermitian manifold (cf. [10, Appendix]). Moreover, Hn inherits
a sub-Riemannian structure by fixing the unique Riemannian metric 〈·, ·〉 making X1, . . . , Xn, Y1, . . . , Yn, T
orthonormal. The pseudohermitian connection ∇ (cf. [41]) is the unique metric connection with torsion

(2.2) ∇AB−∇BA− [A,B] = 2〈J(A),B〉T, A,B ∈ Γ(THn).

We recall that ∇ vanishes along left-invariant vector fields (cf. [40]), i.e.

(2.3) ∇Zi = 0, i = 1, . . . , 2n+ 1.

In addition, Hn carries a homogeneous structure provided by intrinsic dilations (cf. [6]). Namely, we set

δλ(x, y, t) = (λx, λy, λ2t) for every λ > 0, (x, y, t) ∈ Hn.

In this way, δλ is a Lie group isomorphism of Hn for any λ > 0. The Riemannian volume induced by 〈·, ·〉 is
the Haar measure of the group, i.e. the standard Lebesgue measure. It satisfies the homogeneity condition

|δλ(E)| = λQ|E| for every E ⊆ Hn measurable, λ > 0,

where Q := 2n + 2 is known as homogeneous dimension of (Hn, ·) (cf. [46]). Therefore, the Riemannian
divergence induced by 〈·, ·〉 is the Euclidean divergence, and can be computed by

(2.4) div A = div

(
2n+1∑
i=1

AiZi

)
=

2n+1∑
i=1

ZiA
i, A ∈ Γ(THn).
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2.2. Hypersurfaces. Let S ⊆ Hn be a smooth, connected, embedded, two-sided hypersurface. If S is
closed, we denote by Ω(S) the boundary region it encloses. Recall that p ∈ S is called a characteristic point if
Hp = TpS. The set of characteristic points of S is denoted by S0. At non-characteristic points, the horizontal
tangent space HTS is the smooth, (2n− 1)-dimensional distribution defined by

HTpS = Hp ∩ TpS, p ∈ S \ S0.

Denote by N the Riemannian unit normal to S, and by NH its orthogonal projection onto H. Then, the
horizontal unit normal

ν =
NH

|NH|
is well-defined on S \S0, and is the unique, up to sign, horizontal unit vector field orthogonal to HTS. Notice
that p is a characteristic point if and only if |NH| = 0. Close to every non-characteristic point, it is always
possible to extend ν to a full neighborhood in Hn by setting

(2.5) ν = ∇Hd,

where d is the signed Carnot-Carathéodory distance from S (cf. [20, 41]). Henceforth, ν is always extended
as in (2.5). The fundamental function α is defined on S \ S0 as the unique smooth function such that

S := T − αν ∈ Γ(TS).

It is known (cf. [20, 35]) that α = Td, and moreover

(2.6) ∇νν = −2αJ(ν).

Denote by H′TS the distribution defined by

H′TpS = HTpS ∩ J (HTpS) , p ∈ S \ S0.

Then, H′TS is a (2n−2)-dimensional sub-bundle of HTS, and the latter can be orthogonally decomposed as
HTS = H′TS ⊕ span J(ν). Notice that, in the first Heisenberg group, H′TS = {0}. It is easy to check that

N =
1√

1 + α2
ν +

α√
1 + α2

T, α =
〈N, T 〉
|NH|

.

The horizontal second fundamental form hH and the symmetric horizontal second fundamental form (cf.

[20, 41]) h̃H are defined on S \ S0 respectively by

hH(A,B) :=
〈
AH(A),B

〉
, h̃H(A,B) :=

hH(A,B) + hH(B,A)

2
, A,B ∈ Γ(HTS),

where AH(A) := ∇Aν is the horizontal shape operator. The forms hH and h̃H are related (cf. [20]) by

(2.7) h̃H(A,B) = hH(A,B) + α 〈J(A),B〉 , A,B ∈ Γ(HTS).

The horizontal mean curvature is then defined on S \ S0 by

HH = tracehH = trace h̃H.

It is well-known that

HHδλ(S)(δλ(p)) =
1

λ
HHS (p), p ∈ S \ S0, λ > 0.

We say that S is minimal if HH = 0 on S \ S0, mean convex if HH > 0 on S \ S0, and strictly mean convex
if HH > 0 on S \ S0. Finally, the relevant sub-Riemannian surface measure σH is defined (cf. [15, 28]) by

(2.8) σH :=
1√

1 + α2
σ,

where σ is the Riemannian surface measure induced by 〈·, ·〉. Again, σH satisfies the homogeneity property

σH(δλ(S)) = λQ−1σH(S).

The tangent pseudohermitian connection ∇S is the affine connection defined on S by

∇SAB = ∇AB− 〈∇AB, ν〉ν, A,B ∈ Γ(HTS).
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Let E1, . . . ,E2n−1 be any local orthonormal frame of HTS. If ϕ ∈ C∞(S \S0) and A ∈ Γ(HTS) is supported
in S \S0, the horizontal tangential gradient of ϕ and the horizontal tangential divergence of A are defined by

∇H,Sϕ =
2n−1∑
i=1

(Eiϕ) Ei, divH,S A :=
2n−1∑
i=1

〈
∇SEiA,Ei

〉
.

The horizontal tangential Laplacian and the modified horizontal tangential Laplacian are then defined by

∆H,Sϕ = divH,S ∇H,Sϕ, ∆̂H,Sϕ := ∆H,Sϕ+ 2αJ(ν)ϕ.

Finally, we denote by JH the horizontal Jacobi operator

(2.9) JHϕ = −∆̂H,Sϕ− ϕ
(
|h̃H|2 + 4J(ν)α+ (2n+ 2)α2

)
, ϕ ∈ C∞(S \ S0).

Unlike ∆H,S (cf. [15]), both ∆̂H,S and JH are self-adjoint on C∞c (S \ S0) (cf. Proposition B.10).

3. Rotationally invariant surfaces

3.1. Definition and properties. We specialize Section 2.2 to rotationally invariant surfaces in H1. A rota-
tionally invariant surface S is, by definition (cf. [43]), a surface which is invariant under rotation around the
t-axis. In particular, S \ {(0, 0, t)} can be smoothly parametrized, up to removing a meridian, by the map

P (s, θ) = (x(s) cos θ, x(s) sin θ, t(s)), s ∈ I, θ ∈ (0, 2π),

where I ⊆ Rn is an open, possibly unbounded, interval, and γ(s) = (x(s), t(s)) is a smooth, regular, embedded
curve in R2, parametrized counterclockwise and such that x > 0. The latter is known as the profile of S. The
parametrization P induces local coordinates (s, θ) on S. The tangent space of S at P (s, θ) is generated by

∂

∂s
=
∂P

∂s

∣∣∣∣
(s,θ)

= ẋ(s) cos θ
∂

∂x
+ ẋ(s) sin θ

∂

∂y
+ ṫ(s)

∂

∂t
= ẋ(s) cos θX + ẋ(s) sin θY + ṫ(s)T,

∂

∂θ
=
∂P

∂θ

∣∣∣∣
(s,θ)

= −x(s) sin θ
∂

∂x
+ x(s) cos θ

∂

∂y
= −x(s) sin θX + x(s) cos θY + x(s)2T.

(3.1)

In particular,

N =
1√

(1 + x(s)2)ẋ(s)2 + ṫ(s)2

((
ṫ(s) cos θ − x(s)ẋ(s) sin θ

)
X +

(
ṫ(s) sin θ + x(s)ẋ(s) cos θ

)
Y − ẋ(s)T

)
,

so that

(3.2)
∣∣NH∣∣ =

√
ṫ(s)2 + x(s)2ẋ(s)2√

(1 + x(s)2)ẋ(s)2 + ṫ(s)2
.

By (3.2), we conclude that S \ {(0, 0, t)} is non-characteristic. On the other hand, every possible intersection
between S and the vertical axis is a characteristic point of S. In conclusion, S0 = S ∩ {(0, 0, t)}. Therefore,
by our previous computations, we deduce that, on S \ S0,

α = − ẋ(s)√
ṫ(s)2 + x(s)2ẋ(s)2

,(3.3)

ν =

(
ṫ(s) cos θ − x(s)ẋ(s) sin θ√

ṫ(s)2 + x(s)2ẋ(s)2

)
X +

(
ṫ(s) sin θ + x(s)ẋ(s) cos θ√

ṫ(s)2 + x(s)2ẋ(s)2

)
Y,(3.4)

J(ν) = −

(
ṫ(s) sin θ + x(s)ẋ(s) cos θ√

ṫ(s)2 + x(s)2ẋ(s)2

)
X +

(
ṫ(s) cos θ − x(s)ẋ(s) sin θ√

ṫ(s)2 + x(s)2ẋ(s)2

)
Y,(3.5)

S =

(
ẋ(s)ṫ(s) cos θ − x(s)ẋ(s)2 sin θ

ṫ(s)2 + x(s)2ẋ(s)2

)
X +

(
ẋ(s)ṫ(s) sin θ + x(s)ẋ(s)2 cos θ

ṫ(s)2 + x(s)2ẋ(s)2

)
Y + T.(3.6)

For further convenience, it is useful to express J(ν) and S in local coordinates.
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Lemma 3.1. It holds that, on S \ S0,

J(ν) = −

(
x(s)√

ṫ(s)2 + x(s)2ẋ(s)2

)
∂

∂s
+

(
ṫ(s)

x(s)
√
ṫ(s)2 + x(s)2ẋ(s)2

)
∂

∂θ
,(3.7)

S =

(
ṫ(s)

ṫ(s)2 + x(s)2ẋ(s)2

)
∂

∂s
+

(
ẋ(s)2

ṫ(s)2 + x(s)2ẋ(s)2

)
∂

∂θ
.(3.8)

Proof. Let a1, a2 be such that J(ν) = a1
∂
∂s + a2

∂
∂θ . Then

(3.9) J(ν) = a1
∂

∂s
+ a2

∂

∂θ

(3.1)
= (a1ẋ cos θ − a2x sin θ)X + (a1ẋ sin θ + a2x cos θ)Y + (a1ṫ+ a2x

2)T.

Therefore, comparing (3.5) with (3.9),

(3.10)


a1ẋ cos θ − a2x sin θ = − ṫ sin θ + xẋ cos θ√

ṫ2 + x2ẋ2
,

a1ẋ sin θ + a2x cos θ =
ṫ cos θ − xẋ sin θ√

ṫ2 + x2ẋ2
,

a1ṫ+ a2x
2 = 0.

By the third equation of (3.10), and since x 6= 0 on S \ S0,

a1ẋ cos θ − a2x sin θ = a1

(
xẋ cos θ + ṫ sin θ

x

)
a1ẋ sin θ + a2x cos θ = a1

(
xẋ sin θ − ṫ cos θ

x

)
.

Therefore 
a1

(
xẋ cos θ + ṫ sin θ

)
= − x√

ṫ2 + x2ẋ2

(
xẋ cos θ + ṫ sin θ

)
,

a1

(
xẋ sin θ − ṫ cos θ

)
= − x√

ṫ2 + x2ẋ2

(
xẋ sin θ − ṫ cos θ

)
.

Since either 〈J(ν), X〉 6= 0 or 〈J(ν), Y 〉 6= 0, (3.7) follows. Let b1, b2 be such that S = b1
∂
∂s + b2

∂
∂θ . Then

(3.11) S = b1
∂

∂s
+ b2

∂

∂θ

(3.1)
= (b1ẋ cos θ − b2x sin θ)X + (b1ẋ sin θ + b2x cos θ)Y + (b1ṫ+ b2x

2)T.

Therefore, comparing (3.6) with (3.11),

(3.12)


b1ẋ cos θ − b2x sin θ =

ẋṫ cos θ − xẋ2 sin θ

ṫ2 + x2ẋ2
,

b1ẋ sin θ + b2x cos θ =
ẋṫ sin θ + xẋ2 cos θ

ṫ2 + x2ẋ2
,

b1ṫ+ b2x
2 = 1.

By the third equation of (3.12),

b1ẋ cos θ − b2x sin θ = b1

(
xẋ cos θ + ṫ sin θ

x

)
− sin θ

x

b1ẋ sin θ + b2x cos θ = b1

(
xẋ sin θ − ṫ cos θ

x

)
+

cos θ

x
.

Therefore, 
b1
(
xẋ cos θ + ṫ sin θ

)
=

ṫ

ṫ2 + x2ẋ2

(
xẋ cos θ + ṫ sin θ

)
,

b1
(
xẋ sin θ − ṫ cos θ

)
=

ṫ

ṫ2 + x2ẋ2

(
xẋ sin θ − ṫ cos θ

)
.

Arguing as above, (3.8) follows. �
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Next, noticing that〈
∂

∂s
,
∂

∂s

〉〈
∂

∂θ
,
∂

∂θ

〉
−
〈
∂

∂s
,
∂

∂θ

〉2
(3.1)
=
(
ẋ(s)2 + ṫ(s)2

) (
x(s)2 + x(s)4

)
− x(s)4ṫ(s)2

and recalling that x > 0, we deduce

dσ = x(s)

√
(1 + x(s)2) ẋ(s)2 + ṫ(s)2 ds dθ,

hence

(3.13) dσH
(2.8),(3.3)

= x(s)

√
ṫ(s)2 + x(s)2ẋ(s)2 ds dθ.

If S is closed, the divergence theorem yields

|Ω(S)| (2.4)
=

1

2

∫
Ω

div (xX + yY ) dL3 =

∣∣∣∣∫
S

(x 〈N, X〉+ y 〈N, Y 〉) dσ
∣∣∣∣ = π

∣∣∣∣∫
I
x(s)2ṫ(s) ds

∣∣∣∣ .
In particular, when ṫ > 0 on I,

(3.14) |Ω(S)| = π

∫
I
x(s)2ṫ(s) ds.

Finally, the horizontal mean curvature of rotationally invariant surfaces can be expressed as follows (cf. [43]).

Lemma 3.2. It holds that, on S \ S0,

(3.15) HH =
x(s)3(ẋ(s)ẗ(s)− ẍ(s)ṫ(s)) + ṫ(s)3

x(s)
(
x(s)2ẋ(s)2 + ṫ(s)2

)3/2 .

Proof. Notice that

HH =
〈
∇J(ν)ν, J(ν)

〉 (2.3)
= 〈J(ν), X〉 J(ν) 〈ν,X〉+ 〈J(ν), Y 〉 J(ν) 〈ν, Y 〉 .

It suffices to show that

J(ν) 〈ν,X〉 =

(
x(s)3(ẋ(s)ẗ(s)− ẍ(s)ṫ(s)) + ṫ(s)3

x(s)
(
ṫ(s)2 + x(s)2ẋ(s)2

)3/2
)
〈J(ν), X〉 ,(3.16)

J(ν) 〈ν, Y 〉 =

(
x(s)3(ẋ(s)ẗ(s)− ẍ(s)ṫ(s)) + ṫ(s)3

x(s)
(
ṫ(s)2 + x(s)2ẋ(s)2

)3/2
)
〈J(ν), Y 〉 .(3.17)

Indeed,

J(ν) 〈ν,X〉 (3.4),(3.7)
=

(
1

x
√
ṫ2 + x2ẋ2

)(
−x2 ∂

∂s

(
ṫ cos θ − xẋ sin θ√

ṫ2 + x2ẋ2

)
+ ṫ

∂

∂θ

(
ṫ cos θ − xẋ sin θ√

ṫ2 + x2ẋ2

))

=

(
1

x(ṫ2 + x2ẋ2)2

)(
−x2

(
(ẗ cos θ − ẋ2 sin θ − xẍ sin θ)(ṫ2 + x2ẋ2)− (ṫ cos θ − xẋ sin θ)(ṫẗ+ xẋ3 + x2ẋẍ)

))
+

(
1

x(ṫ2 + x2ẋ2)2

)(
ṫ(−ṫ sin θ − xẋ cos θ)(ṫ2 + x2ẋ2)

)
=

(
1

x(ṫ2 + x2ẋ2)2

)(
x3ẍṫ2 sin θ − x4ẋ2ẗ cos θ + x4ẋẍṫ cos θ − x3ẋṫẗ sin θ − ṫ4 sin θ − xẋṫ3 cos θ

)
=

(
1

x(ṫ2 + x2ẋ2)2

)(
−ṫ sin θ − xẋ cos θ

) (
x3(ẋẗ− ẍṫ) + ṫ3

)
(3.5)
= 〈J(ν), X〉

x3(ẋẗ− ẍṫ) + ṫ3(
ṫ2 + x2ẋ2

) 3
2

 ,

which is (3.16). Finally, (3.17) follows by a similar computation. �
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3.2. Examples. We collect some relevant instances of rotationally invariant surfaces.

Example 3.3. (Horizontal plane) The horizontal plane is the rotationally invariant surface S = {(x, y, t) ∈
R3 | t = 0}. Its profile is the curve γ : (0,∞)→ R2 given by

γ(s) = (s, 0).

The horizontal plane is a simple instance of minimal surface with characteristic points, because S0 = {0}.
Example 3.4 (Vertical cylinder). The vertical cylinder S = {(x, y, t) ∈ R3 | x2 + y2 = 1, t ∈ R} has profile
γ : R→ R2 given by

γ(s) = (1, s).

It is a non-characteristic surface with constant horizontal mean curvature HH ≡ 1.

Example 3.5 (Pansu sphere). The Pansu sphere is the closed surface with profile γ : (0, 2π)→ R2 given by

γ(s) =

(
sin
(s

2

)
,
1

4
(s− sin(s)− π)

)
.

The Pansu sphere has two characteristic points, S0 =
{(

0, 0,−π
4

)
,
(
0, 0, π4

)}
, and it has constant horizontal

mean curvature HH ≡ 2. Up to intrinsic dilations, it is the unique rotationally invariant closed surface of
constant horizontal mean curvature of class C2 in H1 (cf. [43]). For further convenience, we point out that
the profile of the Pansu sphere can be equivalently parametrized by γ :

(
−π

2 ,
π
2

)
→ R2, where

γ(s) =

(
cos(s),

s

2
+

sin 2s

4

)
.

Example 3.6 (Korányi sphere). The Korányi sphere is the 1-level set of the Korányi norm

‖(x, y, t)‖ :=
((
x2 + y2

)2
+ 4t2

) 1
4
.

It is a closed, rotationally invariant surface such that S0 =
{(

0, 0,−1
2

)
,
(
0, 0, 1

2

)}
, and its profile can be

parametrized by γ :
(
−π

2 ,
π
2

)
→ R2, where

γ(s) =

(√
cos s,

sin s

2

)
.

3.3. Functionals driven by horizontal mean curvature. By means of (3.13) and (3.15), functionals
driven by the horizontal mean curvature of rotationally invariant surfaces are essentially one-dimensional.
Precisely, the (sub-Riemannian) area functional reads as

σH(S) = 2π

∫
I
x
√
ṫ2 + x2ẋ2 ds,

while the (horizontal) total mean curvature and total inverse mean curvature have the form

H H(S) = 2π

∫
I

x3(ẋẗ− ẍṫ) + ṫ3

ṫ2 + x2ẋ2
ds,

(
H H)−1

(S) = 2π

∫
I

x2
(
ṫ2 + x2ẋ2

)2
x3(ẋẗ− ẍṫ) + ṫ3

ds.

As already mentioned in the introduction, the above two quantities gain a geometric meaning provided that
S is, respectively, mean convex and strictly mean convex. Exploiting the particular shape of the functionals,
we begin by showing that Pansu spheres are critical points neither for (1.3) nor for (1.5).

Theorem 3.7. For any R > 0, let SR be the rotationally invariant surface whose profile γR : (0, 2π)→ R2 is

γR(s) =

(
R sin

(s
2

)
,
1

4
(s− sin s− π)

)
.

Then SR is a closed, strictly mean convex surface. Moreover,

(3.18) QHmink(S1) = 2π
2
3 ,

d

dR

∣∣∣∣
R=1

(
QHmink(SR)

)
= π

2
3

and

(3.19) QHhk(S1) =
4

3
,

d

dR

∣∣∣∣
R=1

(
QHhk(SR)

)
= −2

3
.

In particular, the Pansu sphere is not a minimum of (1.3) and (1.5).
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Proof. By definition,

ẋ =
R

2
cos
(s

2

)
, ṫ =

1

2
sin2

(s
2

)
, ẍ = −R

4
sin
(s

2

)
, ẗ =

1

2
sin
(s

2

)
cos
(s

2

)
.

Notice that

ẋẗ− ẍṫ =
R

8
sin
(s

2

)(
1 + cos2

(s
2

))
, ṫ2 + x2ẋ2 =

R4

4
sin2

(s
2

)
cos2

(s
2

)
+

1

4
sin4

(s
2

)
.

Then

dσH =
R

2
sin2

(s
2

)√
R4 cos2

(s
2

)
+ sin2

(s
2

)
, HH =

R4
(
1 + cos2

(
s
2

))
+ sin2

(
s
2

)
R
(
R4 cos2

(
s
2

)
+ sin2

(
s
2

)) 3
2

.

By the above computation, SR is strictly mean convex, and moreover

H H(SR) = π

∫ 2π

0

R4 sin2
(
s
2

) (
1 + cos2

(
s
2

))
+ sin4

(
s
2

)
R4 cos2

(
s
2

)
+ sin2

(
s
2

) ds.

and

σH(SR) = π

∫ 2π

0
R sin2

(s
2

)√
R4 cos2

(s
2

)
+ sin2

(s
2

)
ds

Set

g(R, s) =
R4 sin2

(
s
2

) (
1 + cos2

(
s
2

))
+ sin4

(
s
2

)
R4 cos2

(
s
2

)
+ sin2

(
s
2

) , h(R, s) = R sin2
(s

2

)√
R4 cos2

(s
2

)
+ sin2

(s
2

)
.

Since

(3.20) R4 cos2
(s

2

)
+ sin2

(s
2

)
>

1

2

for any R sufficiently close to 1, then

d

dR
σH(SR)

∣∣∣∣
R=1

= π

∫ 2π

0

∂h(R, s)

∂R

∣∣∣∣
R=1

ds = π

∫ 2π

0

(
sin2

(s
2

)
+

1

2
sin2 s

)
ds =

3

2
π2

and
d

dR
H H(SR)

∣∣∣∣
R=1

= π

∫ 2π

0

∂g(R, s)

∂R

∣∣∣∣
R=1

ds = 4π

∫ 2π

0
sin4

(s
2

)
ds = 3π2.

Moreover,

σH(S1) = π

∫ 2π

0
sin2

(s
2

)
ds = π2, H H(S1) = 2π

∫ 2π

0
sin2

(s
2

)
ds = 2π2.

By the above computations, (3.18) follows. We prove (3.19). Indeed,

|Ω(SR)| (3.14)
=

πR2

2

∫ 2π

0
sin4

(s
2

)
ds =

3π2R2

8
, |Ω(S1)| = 3

8
π2 d

dR
|Ω(SR)|

∣∣∣∣
R=1

=
3

4
π2

and (
H H)−1

(SR) = π

∫ 2π

0

sin2
(
s
2

) (
R5 cos2

(
s
2

)
+R sin2

(
s
2

))2
R4
(
1 + cos2

(
s
2

))
+ sin2

(
s
2

) ds,
(
H H)−1

(S1) =
1

2
π2.

Set

g(R, s) =
sin2

(
s
2

) (
R5 cos2

(
s
2

)
+R sin2

(
s
2

))2
R4
(
1 + cos2

(
s
2

))
+ sin2

(
s
2

) .

By (3.20), we infer that

d

dR

(
H H)−1

(SR)

∣∣∣∣
R=1

= π

∫ 2π

0

∂g(R, s)

∂R

∣∣∣∣
R=1

ds =
3

4
π

∫ 2π

0
sin2 s ds =

3

4
π2.

Combining the above computations, (3.19) follows. �

The same conclusions of Theorem 3.7 hold as well for the Korányi sphere.
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Theorem 3.8. Fix R > 0. Let SR be the rotationally invariant surface whose profile γR :
(
−π

2 ,
π
2

)
→ R2 is

γR(s) =

(
R
√

cos s,
1

2
sin s

)
.

Then SR is a closed, strictly mean convex surface. Moreover,

(3.21) QHmink(S1) = 6

(
4Γ
(

3
4

)
Γ
(

1
4

) )− 2
3

,
d

dR

∣∣∣∣
R=1

QHmink(SR) =
52

15

(
4Γ
(

3
4

)
Γ
(

1
4

) )− 2
3

,

where Γ is the well-known gamma function (cf. [1]), and

(3.22) QHhk(S1) =
4

3
,

d

dR

∣∣∣∣
R=1

QHhk(SR) =
8

9
.

In particular, the Korányi sphere is not a minimum of (1.3) and (1.5).

Proof. By definition,

ẋ = −R
2 sin s

2x
, ṫ =

1

2
cos s, ẍ =

−R2x cos s+R2ẋ sin s

2x2
, ẗ = −1

2
sin s.

Then

ẋẗ− ẍṫ =
R2

8x

(
2 + sin2 s

)
, ṫ2 + x2ẋ2 =

1

4

(
R4 sin2 s+ cos2 s

)
.

Therefore

dσH =
R

2

√
cos s

√
R4 sin2 s+ cos2 s, HH =

√
cos s

(
R4
(
2 + sin2 s

)
+ cos2 s

)
R
(
R4 sin2 s+ cos2 s

) 3
2

.

In particular, SR is strictly mean convex. Moreover,

H H(SR) = π

∫ π
2

−π
2

cos s
(
R4
(
2 + sin2 s

)
+ cos2 s

)
R4 sin2 s+ cos2 s

ds

and

σH(SR) = π

∫ π
2

−π
2

R
√

cos s
√
R4 sin2 s+ cos2 s ds.

Set

g(R, s) =
cos s

(
R4
(
2 + sin2 s

)
+ cos2 s

)
R4 sin2 s+ cos2 s

, h(R, s) = R
√

cos s
√
R4 sin2 s+ cos2 s.

Since

(3.23) R4 sin2 s+ cos2 s >
1

2

for any R sufficiently close to 1, then

H H(S1) = 3π

∫ π
2

−π
2

cos sds = 6π

and
d

dR
H H(SR)

∣∣∣∣
R=1

= π

∫ π
2

−π
2

∂g(R, s)

∂R

∣∣∣∣
R=1

ds = 8π

∫ π
2

−π
2

cos3 s ds =
32

3
π.

In order to deal with the area functional, we recall (cf. [1]) that the beta function is defined by

B(p, q) = 2

∫ π
2

0
(sin s)2p−1 (cos s)2q−1 ds, p, q ∈ R, p, q > 0,

and is related to the gamma function by the identity

(3.24) B(p, q) =
Γ(p)Γ(q)

Γ(p+ q)
.
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Therefore, recalling (cf. [1]) that

(3.25) Γ(p+ 1) = pΓ(p), Γ

(
1

2

)
=
√
π,

then

σH(S1) = πB

(
1

2
,
3

4

)
(3.24)

= π

(
Γ
(

1
2

)
Γ
(

3
4

)
Γ
(

5
4

) )
(3.25)

= 4π
3
2

(
Γ
(

3
4

)
Γ
(

1
4

)) .
Moreover, since

d

dR
σH(SR)

∣∣∣∣
R=1

= π

∫ π
2

−π
2

∂h(R, s)

∂R

∣∣∣∣
R=1

ds = π

∫ π
2

−π
2

√
cos s

(
1 + 2 sin2 s

)
ds,

then

d

dR
σH(SR)

∣∣∣∣
R=1

= 4π
3
2

(
Γ
(

3
4

)
Γ
(

1
4

))+ 2πB

(
3

2
,
3

4

)
(3.24),(3.25)

=
36

5
π

3
2

(
Γ
(

3
4

)
Γ
(

1
4

)) .
Combining the above computations, (3.21) follows. We prove (3.22). Indeed,

|Ω(SR)| = πR2

2

∫ π
2

−π
2

cos2 s ds =
π2R2

4
, |Ω(S1)| = π2

4
,

d

dR
|Ω(SR)|

∣∣∣∣
R=1

=
π2

2
.

Moreover, (
H H)−1

(SR) = π

∫ π
2

−π
2

(
R5 sin2 s+R cos2 s

)2(
R4
(
2 + sin2 s

)
+ cos2 s

) ds, (
H H)−1

(S1) =
1

3
π2.

Set

g(R, s) =

(
R5 sin2 s+R cos2 s

)2(
R4
(
2 + sin2 s

)
+ cos2 s

) .
By (3.23), we conclude that

d

dR

(
H H)−1

(SR)

∣∣∣∣
R=1

= π

∫ π
2

−π
2

∂g(R, s)

∂R

∣∣∣∣
R=1

ds = π

∫ π
2

−π
2

20 sin2 s− 2

9
ds =

8

9
π2.

Combining the above computations, (3.22) follows. �

Remark 3.9. By Theorem 3.7 and Theorem 3.8, neither the Pansu sphere nor the Korányi sphere are critical
points of QHmink and QHhk. It is simple to exploit the previous constructions to show that, in addition, they
are not critical points neither for (1.2) nor for (1.4). We prove this for the Pansu sphere, the Korányi case
being analogous. To this end, we construct two families of competitors preserving respectively the area and
the enclosed volume of the Pansu sphere. Let

(
SR
)
R>0

be as in the proof of Theorem 3.7. Set

β(R) =

(
σH(S1)

σH(SR)

) 1
3

, γ(R) =

(
|Ω(S1)|
|Ω(SR)|

) 1
4

, R > 0.

Notice that β(1) = γ(1) = 1. Moreover,

σH
(
δβ(R)

(
SR
))

= β(R)3σH
(
SR
)

= σH
(
S1
)

and

∂

∂R

∣∣∣∣
R=1

H H (δβ(R)

(
SR
))

=
∂

∂R

∣∣∣∣
R=1

(
β(R)2H H (SR)) = σH

(
S1
) 2

3
∂

∂R

∣∣∣∣
R=1

QHmink

(
SR
)
6= 0.

Similarly,∣∣Ω (δβ(R)

(
SR
))∣∣ =

∣∣Ω (S1
)∣∣ , ∂

∂R

∣∣∣∣
R=1

(
H H)−1 (

δβ(R)

(
SR
))

=
∣∣(S1

)∣∣ ∂

∂R

∣∣∣∣
R=1

QHhk

(
SR
)
6= 0.
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4. Variation formulas

Motivated by Theorem 3.7 and Theorem 3.8, we seek a general strategy to identify the correct critical
configurations for problems such as (1.2) and (1.4). The key tool is provided by suitable sub-Riemannian first
and second variation formulas. First, we state them in full generality, namely for arbitrary hypersurfaces and
arbitrary functionals driven by the horizontal mean curvature. Subsequently, we specialize this framework to
the total mean curvature functional in the first Heisenberg group.

4.1. Variations. A variation is a smooth map Φ : I ×Hn → Hn, where I ⊆ R is any open neighborhood of
0, such that:

• p 7→ Φ(τ, p) is a diffeomorphism for any τ ∈ I;
• Φ(0, p) = p for any p ∈ Hn.

We adopt the notation Φτ (p) := Φ(τ, p). A variation is compactly supported if Φτ (p) = p outside a compact
set K(Φ). In the following, we tacitly assume that a variation is compactly supported. This is clearly not
restrictive when computing variations of a closed hypersurface. Define the time-dependent vector field X by

X (τ, q) =
∂

∂σ

∣∣∣∣
σ=0

(
Φσ+τ ◦ Φ−1

τ

)
(q) for any τ ∈ I, q ∈ Hn.

Define

X(q) = X (0, q), Z(q) =
∂

∂τ

∣∣∣∣
τ=0

X (τ, q) + (∇XX) (q) for any q ∈ Hn,

where in the above definition ∇ is the pseudohermitian connection (2.2). We call the vector fields X and Z
respectively variational velocity field and variational acceleration field of Φ. Given any couple of vector fields
X,Z it is always possible to construct a variation having X and Z respectively as velocity and acceleration.

Proposition 4.1. Let X,Z ∈ Γ(THn). Assume that X,Z are compactly supported in Hn. Set

(4.1) Φτ (p) := p ·
(
τX(p) +

τ2

2
Z(p)

)
, τ ∈ I, p ∈ Hn.

If I is sufficiently small, then Φ is a smooth variation. Moreover, Φ has velocity X and acceleration Z.

Proof. First, Φ is a smooth map such that Φ0(p) = p. This and the fact that X,Z are compactly supported
imply that, for I sufficiently small, p 7→ Φτ (p) is a diffeomorphism. Hence Φ is a smooth variation. Set
Φτ (q) = (Φτ (q)1, . . . ,Φτ (q)2n+1), Φ−1

τ (q) =
(
Φ−1
τ (q)1, . . . ,Φ

−1
τ (q)2n+1

)
, and denote respectively by (Xi)2n+1

i=1

and (Xi)2n+1
i=1 the components of X and Z with respect to Z1, . . . , Z2n+1. Notice that

Φσ+τ (q)i
(2.1)
= qi + (σ + τ)Xi(q) +

(σ + τ)2

2
Zi(q), i = 1, . . . , 2n,

Φσ+τ (q)2n+1
(2.1)
= q2n+1 + (σ + τ)X2n+1(q) +

(σ + τ)2

2
Z2n+1(q)

+
n∑
i=1

qn+i

(
(σ + τ)Xi(q) +

(σ + τ)2

2
Zi(q)

)
−

n∑
i=1

qi

(
(σ + τ)Xn+i(q) +

(σ + τ)2

2
Zn+i(q)

)
,

whence

∂

∂σ

∣∣∣∣
σ=0

Φσ+τ (q) =
2n∑
i=1

(
Xi(q) + τZi(q)

) ∂

∂zi
+
(
X2n+1(q) + τZ2n+1(q)

) ∂
∂t

+

(
n∑
i=1

qn+i

(
Xi(q) + τZi(q)

)
−

n∑
i=1

qi
(
Xn+i(q) + τZn+i(q)

)) ∂

∂t
.

Therefore,

X (τ, p) =

2n∑
i=1

(
Xi
(
Φ−1
τ (p)

)
+ τZi

(
Φ−1
τ (p)

)) ∂

∂zi
+
(
X2n+1

(
Φ−1
τ (p)

)
+ τZ2n+1

(
Φ−1
τ (p)

)) ∂
∂t

+

(
n∑
i=1

Φ−1
τ (p)n+i

(
Xi(Φ−1

τ (p)) + τZi(Φ−1
τ (p))

)
−

n∑
i=1

Φ−1
τ (p)i

(
Xn+i(Φ−1

τ (p)) + τZn+i(Φ−1
τ (p))

)) ∂

∂t
.
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In particular, recalling that Φ−1
0 (p) = p, we deduce that X (0, p) = X(p). Next, as Φ

(
τ,Φ−1

τ (p)
)

= p,

0 =
∂Φ

∂τ
(0, p) +

2n+1∑
i,j=1

∂Φi

∂zj
(0, p)

(
∂

∂τ

∣∣∣∣
τ=0

Φ−1
t (p)j

)
∂

∂zi
= X(p) +

∂

∂τ

∣∣∣∣
τ=0

Φ−1
τ (p).(4.2)

Therefore,

∂

∂τ

∣∣∣∣
τ=0

X (τ, p) = Z(p) +
2n∑
i=1

(
∂

∂τ

∣∣∣∣
τ=0

Xi
(
Φ−1
τ (p)

)) ∂

∂zi

+

(
n∑
i=1

∂

∂τ

∣∣∣∣
τ=0

(
Φ−1
τ (p)n+i

)
Xi(p)−

n∑
i=1

∂

∂τ

∣∣∣∣
τ=0

(
Φ−1
τ (p)i

)
Xn+i(p)

)
∂

∂t

+

(
n∑
i=1

pn+i
∂

∂τ

∣∣∣∣
τ=0

(
Xi(Φ−1

τ (p))
)
−

n∑
i=1

pi
∂

∂τ

∣∣∣∣
τ=0

(
Xn+i(Φ−1

τ (p))
)) ∂

∂t

(4.2)
= Z(p)−

2n+1∑
i=1

X 〈X,Zi〉 (p)Zi(p)

(2.3)
= Z(p)− (∇XX) (p).

�

If a hypersurface S is fixed, we say that a smooth variation is non-characteristic whenever it is compactly
supported outside S0. Roughly speaking, non-characteristic variations do not move S close to its characteristic
points. Throughout this section we restrict ourselves to consider non-characteristic variations.

4.2. First and second variation formulas. The following crucial result establishes the variation formulas
for (1.1). We postpone its proof to Appendix B. We state it for closed hypersurfaces. If instead one computes
variations on non-compact hypersurfaces, it suffices to restrict the relevant functionals to K(Φ).

Theorem 4.2. Let S ⊆ Hn be a smooth, embedded, closed hypersurface. Fix a function f : R→ R which is
smooth in a neighborhood of

{
HH(p) : p ∈ S \ S0

}
. Let Φ be a smooth non-characteristic variation. Denote

by X and Z its velocity and acceleration respectively. Define ϕ,ψ ∈ C∞c (S \ S0) by

ϕ := 〈X, ν + αT 〉 ,

ψ := 〈Z, ν + αT 〉 − 2 (X− ϕν)ϕ−
〈
∇X−ϕν (X− ϕν) , ν + αT

〉
− 2αϕ 〈X, J(ν)〉 .

(4.3)

Then

δH H
f (S)[ϕ] := δH H

f (S)[Φ] =

∫
S
ϕ
(
JHf ′(HH) + f(HH)HH

)
dσH,(4.4)

δ2H H
f (S)[Φ] = δH H

f (S) [ψ] +

∫
S
ϕLHϕdσH,(4.5)

where LH is the self-adjoint operator defined on S \ S0 by

LHϕ = JH
(
f ′′(HH)JHϕ

)
+ 2 divH,S

〈
f ′(HH)AH

(
∇H,Sϕ

))
+ 4f ′(HH)SJ(ν)ϕ−

(
f ′(HH)HH + f(HH)

)
∆̂H,Sϕ

+ 4αf ′(HH)
(
h̃H
(
∇H,Sϕ, J(ν)

)
−HHJ(ν)ϕ

)
− 4f ′′(HH)

(
h̃H
(
∇H,SHH,∇H,Sϕ

)
+ SϕJ(ν)HH

)
+
(
f ′′(HH)HH − 2f ′(HH)

) 〈
∇H,SHH,∇H,Sϕ

〉
+ ϕf ′(HH)

(
2 trace

((
h̃H
)3
)

+ 12h̃H
(
∇H,Sα, J(ν)

)
+ 8Sα+ 6h̃H(J(ν), J(ν))α2 + 2HHα2

)
+ ϕ

(
f(HH)

(
HH

)2 − (2f ′(HH)HH + f(HH)
) (
|h̃H|2 + 4J(ν)α+ (2n+ 2)α2

))
.

Here JH and AH are the horizontal Jacobi operator and the horizontal shape operator (cf. Section 2.2).
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4.3. Total mean curvature: stationarity and stability. In this section we focus on the total mean
curvature functional

H H(S) =

∫
S
HH dσH

in the first Heisenberg group, describing the correct notions of stationarity and stability when area constraints
are prescribed. First, we specialize Theorem 4.2 to area and total mean curvature. In both cases, (4.4) and
(4.5) simplify drastically.

Proposition 4.3 (Variation formulas - Area). Let S ⊆ H1 be a smooth, embedded, closed surface. Let Φ be
a smooth non-characteristic variation. Then

δσH(S)[Φ] =

∫
S
ϕHH dσH,(4.6)

δ2σH(S)[Φ] = δσH(S) [ψ] +

∫
S

(
(J(ν)ϕ)2 − 4ϕ2

(
J(ν)α+ α2

) )
dσH.(4.7)

Similar versions of Proposition 4.3 can be found e.g. in [15, 44].

Proposition 4.4 (Variation formulas - Total mean curvature). Let S ⊆ H1 be a smooth, embedded, closed
surface. Let Φ be a smooth non-characteristic variation. Then

δH H(S)[Φ] = −4

∫
S
ϕ
(
J(ν)α+ α2

)
dσH,(4.8)

δ2H H(S)[Φ] = δH H(S) [ψ] + 4

∫
S

(
− SϕJ(ν)ϕ+ ϕ2

(
2Sα−HHα2

) )
dσH.(4.9)

Proof. Since f(HH) ≡ HH, f ′(HH) ≡ 1 and f ′′(HH) ≡ 0. Moreover, as n = 1, HTS = span J(ν), whence

∇H,Sg = (J(ν)g) J(ν), h̃H(A,B) = HH 〈J(ν),A〉 〈J(ν),B〉 , |h̃H|2 =
(
HH

)2
for g ∈ C∞(S \ S0) and A,B ∈ Γ(HTS). Then (4.8) directly follows. Finally, LH simplifies as

LHϕ = 2 divH,S
(
HHJ(ν)ϕJ(ν)

)
+ 4SJ(ν)ϕ− 2HH∆̂H,Sϕ− 2

〈
∇H,SHH,∇H,Sϕ

〉
+ 4ϕ

(
2Sα−HHα2

)
= 2 divH,S

(
HHJ(ν)ϕJ(ν)

)
+ 4SJ(ν)ϕ− 2 divH,S

(
HH∇H,Sϕ

)
− 4αHHJ(ν)ϕ+ 4ϕ

(
2Sα−HHα2

)
= 4SJ(ν)ϕ− 4αHHJ(ν)ϕ+ 4ϕ

(
2Sα−HHα2

)
.

The thesis follows integrating by parts the first term of the above formula (cf. (B.23)). �

We are interested in variations which preserve the area. Accordingly, we say that a variation Φ is:

(i) area-preserving if σH(Φτ (S)) ≡ σH(S) for every τ ∈ I.
(ii) first-order area-preserving if δσH(S)[Φ] = 0.

Area-preserving variations are first-order area-preserving, while the latter condition is the first-order approx-
imation of the area-preserving property. Nevertheless, owing to a classical argument (cf. [4, Lemma 2.1]),
every first-order area-preserving variation can be modified to produce an area-preserving variation enjoying
its same first-order behavior. Before doing this, we need to exclude the existence of closed minimal surfaces.

Lemma 4.5. Let S ⊆ H1 be a smooth, embedded, closed surface. There exists p ∈ S\S0 such that HH(p) 6= 0.

Proof. Assume not by contradiction. Let p̃ ∈ S \ S0. By [44, Theorem 4.8], and since S is closed, there
exists s1 ∈ (0,∞) maximal with the property that the straight line segment {p̃ · δs (J(νp̃)) : 0 6 s 6 s1} is
contained in S. Set q = p̃ · δs1 (J(νp̃)). Again by [44, Theorem 4.8] (cf. also [35]), q ∈ S0. But in this case,
[44, Theorem 4.17] (cf. also [10]) violates the maximality of s1, a contradiction. �

Proposition 4.6. Let S ⊆ H1 be a smooth, embedded, closed surface. Let Φ be a smooth, non-characteristic
variation of S. Denote by X its velocity. If Φ is first-order area-preserving, then there exists a smooth,
non-characteristic, area-preserving variation with velocity X.

Proof. Let A be a smooth vector field with compact support outside S0. Define the smooth map Φ̃ by

Φ̃(τ, σ, p) := p · (τX(p) + σA(p)) , τ, σ ∈ I, p ∈ H1.



18 M. FOGAGNOLO, A. PINAMONTI, AND S. VERZELLESI

Notice that σH
(

Φ̃(0, 0, S)
)

= σH(S). Moreover, arguing as in the proof of Proposition 4.1 and by (4.6),

∂

∂τ

∣∣∣∣
τ=0

σH
(

Φ̃(τ, 0, S)
)

= δσH(S)[X] = 0

and
∂

∂σ

∣∣∣∣
σ=0

σH
(

Φ̃(0, σ, S)
)

= δσH(S)[A] =

∫
S

(〈A, ν〉+ α〈A, T 〉)HH dσH.

By Lemma 4.5, HH cannot vanish identically on S \ S0. Therefore, we can choose A such that

∂

∂σ

∣∣∣∣
σ=0

σH
(

Φ̃(0, σ, S)
)
6= 0.

Therefore, the implicit function theorem yields the existence of a function σ = σ(τ), smooth in a neighborhood

of 0, such that σ(0) = 0, σ′(0) = 0 and σH
(

Φ̃(τ, σ(τ), S)
)
≡ σH(S). Then Φ̃(τ, p) := Φ̃(τ, σ(τ), p) satisfies

the desired requirements. �

According to the above definitions, we say that S is an area-preserving critical point along non-characteristic
variations (for the total mean curvature) if δH H(S)[Φ] = 0 for any area-preserving, non-characteristic
variation. As customary, stationarity is equivalent to the validity of an appropriate Euler-Lagrange equation,
as well as to the stationarity of a suitable penalized functional. We just recall the following, elementary,
linear algebra result.

Lemma 4.7. Let V be a vector space. Let L1, L2 : V → R be linear functionals. Then, kerL2 ⊆ kerL1 if
and only if there exists λ ∈ R such that L1 = λL2.

Proposition 4.8 (Characterization of stationarity). Let S ⊆ H1 be a smooth, embedded, closed surface. The
following are equivalent:

(i) S is an area-preserving critical point along non-characteristic variations, i.e.

δH H(S)[Φ] = 0

for any area-preserving, non-characteristic variation Φ;
(ii) there exist L ∈ R such that

(4.10) δH H(S)[Φ]−L δσH(S)[Φ] = 0

for any non-characteristic variation Φ.

In these cases, L is unique, and

(4.11) − 4
(
J(ν)α+ α2

)
= LHH on S \ S0.

Proof. The proof of (ii) =⇒ (i) follows because area-preserving variations are first-order area-preserving.
We prove (i) =⇒ (ii). Let Φ be any non-characteristic variation. Denote by X its velocity. Assume that

δσH(S)[Φ]=0. By Proposition 4.6, there exists an area-preserving, non-characteristic variation Φ̃ with velocity

X. By (i), δH H(S)[Φ] = δH H(S)[Φ̃] = 0. Therefore, (ii) follows by Lemma 4.7. In addition, (4.11) easily
follows by (ii), (4.6) and (4.8). Finally, uniqueness of L follows by (4.11) and the already known fact that
HH cannot vanish identically on S \ S0. �

One may wonder whether the above-mentioned notions of stationarity are equivalent to stationarity for
the Minkowski quotient QHmink. One implication is trivial.

Proposition 4.9. If S is a critical point for QHmink along non-characteristic variations, then S is an area-

preserving critical point for H H along non-characteristic variations.

Proof. Let Φ be an area-preserving non-characteristic variation. Then

0 =
d

dt

∣∣∣∣
t=0

QHmink (Φt(S)) = σH(S)−
2
3
(
δH(S)[Φ]

)
,

whence δH(S)[Φ] = 0, and the thesis follows. �
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Nevertheless, as we will discuss in Section 5, the converse implication is surprisingly false. Finally, we
discuss some equivalent notions of stability of critical points. As in many classical settings (cf. e.g. [4, 38]),
while the first order behavior of H H agrees with that of H H −L σH, these two formulations are no longer
equivalent at second-order.

Proposition 4.10 (Characterization of stability). Let S ⊆ H1 be a smooth, embedded, closed surface. Assume
that S is an area-preserving critical point along non-characteristic variations. The following are equivalent:

(i) S is area-preserving stable along non-characteristic variations, i.e., by definition,

δ2H H(S)[Φ] > 0

for any area-preserving non-characteristic variation Φ;
(ii) if L is as in (4.11), then

δ2H H(S)[Φ]−L δ2σH(S)[Φ] > 0

for any first-order area-preserving non-characteristic variation Φ.

Proof. The implication (ii) =⇒ (i) is trivial. We prove (i) =⇒ (ii). Let Φ be a first-order area-preserving,
non-characteristic variation. Denote by X and Z its velocity and acceleration respectively, and let ϕ,ψ be as
in (4.3). By Proposition 4.6, there exists an area-preserving non-characteristic variation Φ̃ with velocity X

and a suitable acceleration Z̃. Accordingly, if ϕ̃, ψ̃ are as in (4.3), then ϕ̃ = ϕ. Since Φ̃ is area-preserving,

(4.12) 0 = δ2σH(S)[Φ̃]
(4.7)
= δσH(S)[ψ̃] +

∫
S

(
(J(ν)ϕ)2 − 4ϕ2

(
J(ν)α+ α2

) )
dσH.

Moreover, by Proposition 4.8,

(4.13) δH H(S)[ψ]−L δσH(S)[ψ] = 0 = δH H(S)[ψ̃]−L δσH(S)[ψ̃].

Therefore

δ2H H(S)[Φ]−L δ2σH(S)[Φ]
(4.7),(4.9)

= δH H(S) [ψ] + 4

∫
S

(
− SϕJ(ν)ϕ+ ϕ2

(
2Sα−HHα2

) )
dσH

−L δσH(S) [ψ]−L

∫
S

(
(J(ν)ϕ)2 − 4ϕ2

(
J(ν)α+ α2

) )
dσH

(4.13)
= δH H(S)[ψ̃] + 4

∫
S

(
− SϕJ(ν)ϕ+ ϕ2

(
2Sα−HHα2

) )
dσH

−L δσH(S)[ψ̃]−L

∫
S

(
(J(ν)ϕ)2 − 4ϕ2

(
J(ν)α+ α2

) )
dσH

(4.12)
= δH H(S)[ψ̃] + 4

∫
S

(
− SϕJ(ν)ϕ+ ϕ2

(
2Sα−HHα2

) )
dσH

(4.9)
= δ2H H(S)[Φ̃],

and the thesis follows by (i). �

5. Total mean curvature: rotationally invariant critical points

In this section we characterize rotationally invariant surfaces in H1 which are mean convex area-preserving
critical points of H H along non-characteristic variations. Precisely, we explicitly solve the Euler-Lagrange
equation (4.11). To this aim, we specialize it to a rotationally invariant surface. Indeed, by (3.3) and (3.7),

(5.1) J(ν)α+ α2 = ṫ(s)

(
ẋ(s)2ṫ(s)− x(s)

(
ẋ(s)ẗ(s)− ẍ(s)ṫ(s)

)(
ṫ(s)2 + x(s)2ẋ(s)2

)2
)
.

Therefore, combining (3.15) with (5.1), then (4.11) reads as

−4ṫ

(
ẋ2ṫ− x

(
ẋẗ− ẍṫ

)(
ṫ2 + x2ẋ2

)2
)

= L

(
x3(ẋẗ− ẍṫ) + ṫ3

x
(
x2ẋ2 + ṫ2

)3/2
)
.

Equivalently, letting L ∈ R be such that L = 4L, we need to solve

(5.2) xṫ
(
ẋ2ṫ− x

(
ẋẗ− ẍṫ

) )
+ L

√
x2ẋ2 + ṫ2

(
x3(ẋẗ− ẍṫ) + ṫ3

)
= 0.
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First, we show that there are no rotationally invariant closed surfaces satisfying (5.2) with L = 0.

Proposition 5.1. Assume that S satisfies (5.2) with L = 0. Then:

(i) either S is, up to vertical translations, the horizontal plane of Example 3.3;
(ii) or S is, up to dilations, the vertical cylinder of Example 3.4;
(iii) or the profile of S is γ(s) = (

√
as+ b,±s) for some a 6= 0, b ∈ R, and any s ∈ R with as+ b > 0.

Proof. Let γ = (x, t) : I → R2 be the profile of S. Since x > 0 on I, then ṫ
(
ẋ2ṫ − x

(
ẋẗ− ẍṫ

) )
= 0 on I.

If ṫ(ŝ) = 0 for some ŝ ∈ I, then, by uniqueness, ṫ ≡ 0. In this case, S is, up to vertical translation, the
horizontal plane of Example 3.3. Assume instead ṫ 6= 0 on I. In this case we can choose either γ(s) = (x(s), s)
or γ(s) = (x(s),−s). In both cases,

0
(5.2)
= ẋ2 + xẍ =

d

ds
(xẋ) =

1

2

d2

ds2

(
x2
)
.

Therefore, x(s)2 = as + b, for some a, b ∈ R. If a = 0, then S is, up to dilations, the vertical cylinder of
Example 3.4. If a 6= 0, then x(s) =

√
as+ b, where I is defined by as+ b > 0. The thesis follows. �

Next, we provide an a priori bound for L in order for (5.2) to be satisfied by a closed surface. Moreover,
we show that closed solutions to (5.2) are the union of two vertical graphs.

Proposition 5.2. Let S be a rotationally invariant closed surface. Since S is closed, there exists ŝ such that

x(ŝ) = max{x(s), s ∈ I}.
Up to dilations, we assume that x(ŝ) = 1. If S solves (5.2), then L ∈ (0, 1). If in addition S is mean convex,
S is the union of two vertical graphs.

Proof. Let ŝ be as in the statement. In particular, ẋ(ŝ) = 0 and ẍ(ŝ) 6 0. Since the parametrization is
counterclockwise, then ṫ(ŝ) > 0. By evaluating (5.2) at ŝ, we infer that

ẍ(ŝ)ṫ(ŝ)2 + Lṫ(ŝ)
(
−ẍ(ŝ)ṫ(ŝ) + ṫ(ŝ)3

)
= 0.

Since ṫ(ŝ) 6= 0, then ẍ(ŝ) + L
(
−ẍ(ŝ) + ṫ(ŝ)2

)
= 0, that is

(5.3) (1− L)ẍ(ŝ) = −Lṫ(ŝ)2.

By Proposition 5.1, the right hand side of (5.3) is not zero. Therefore L 6= 1, and moreover

ẍ(ŝ) = −
(

L

1− L

)
ṫ(ŝ)2.

Since ẍ(ŝ) 6 0, then L
1−L > 0. Recalling that L 6= 0 and L 6= 1, we conclude that L ∈ (0, 1). Assume that S is

mean convex. We prove that it is the union of two vertical graphs. Without loss of generality, assume that γ
is parametrized by arc-length, so that κ = ẋẗ− ẍṫ is the curvature of γ. Notice that a rotationally invariant,
closed surface is homeomorphic either to a sphere or to a torus. Assume first that S is homeomorphic to a
sphere. We claim that ŝ is the unique point in I such that ẋ(ŝ) = 0. Assume not by contradiction. Let s1 6= ŝ
be such that ẋ(s1) = 0. Then there exists s̃ ∈ I such that ẋ(s̃) = 0 and κ(s̃) 6 0. Indeed, if κ(s1) 6 0, just
choose s̃ = s1. Otherwise, there exists s2 ∈ I satisfying the desired properties, and in this case we set s̃ = s2

Since ẋ(s̃) = 0, then ṫ(s̃) 6= 0. We claim that ṫ(s̃) > 0. If not, then

HH(s̃) =
x3(s̃)κ(s̃) + ṫ3(s̃)

x(s̃)|ṫ(s̃)|3
< 0,

a contradiction with the fact that S is mean convex. In particular, 0 > κ(s̃) = −ẍ(s̃)ṫ(s̃), whence ẍ(s̃) > 0.
Evaluating (5.2) at s̃, and since ẋ(s̃) = 0 and ṫ(s̃) > 0, we get

x(s̃)2ẍ(s̃)ṫ(s̃)2 + Lṫ(s̃)
(
−x(s̃)3ẍ(s̃)ṫ(s̃) + ṫ(s̃)3

)
= 0,

whence

(5.4) x(s̃)2ẍ(s̃) (1− Lx(s̃)) = −Lṫ(s̃)2.

By definition of ŝ, then x(s̃) 6 1. Since L ∈ (0, 1), then 1−Lx(s̃) > 0. Therefore, (5.4) implies that ẍ(s̃) < 0,
a contradiction. Therefore, the profile of S is the union of two vertical graphs over the interval (0, ŝ). Finally,
assume that S is homeomorphic to a torus. Let š ∈ I be such that x(š) = min{x(s) : s ∈ I}. We claim that
š and ŝ are the unique points where ẋ = 0. If not, one can argue as above to infer the existence of s̃ ∈ I such
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that ẋ(s̃) = 0 and κ(s̃) 6 0. Then, since S is mean convex, we deduce as above that ṫ(s̃) > 0. In particular,
ẍ(s̃) > 0. Arguing verbatim as above, we conclude that ẍ(s̃) < 0, reaching a contradiction. Again, the profile
of S is the union of two vertical graphs over the interval (š, ŝ). The thesis follows. �

By Proposition 5.2, mean convex solutions to (5.2) are the union of an upper vertical graph and a lower
vertical graph. Denote respectively by γ+ = (s, t+(s)) and γ− = (s, t−(s)) their profile. Notice that γ+ is
parametrized clockwise, while γ− is parametrized counterclockwise. When S is homeomorphic to a sphere,
γ+, γ− : (0, 1)→ R2. Moreover, since S is at least of class C1, then

lim
s→1−

ṫ−(s) = +∞, lim
s→1−

ṫ+(s) = −∞.

Instead, when S is homeomorphic to a torus, then γ+, γ− : (š, 1)→ R2 for some š ∈ (0, 1), and moreover

lim
s→1−

ṫ−(s) = +∞, lim
s→š+

ṫ−(s) = −∞, lim
s→1−

ṫ+(s) = −∞, lim
s→š+

ṫ+(s) = +∞.

Notice that, when a profile γ admits a graphical parametrization γ(s) = (s, t(s)), (5.2) simplifies as

(5.5) sṫ(s)2 − s2ṫ(s)ẗ(s) + L

√
ṫ(s)2 + s2

(
s3ẗ(s) + ṫ(s)3

)
= 0.

In particular, setting w(s) = ṫ(s), (5.5) reads as

(5.6) sw(s)2 − s2w(s)ẇ(s) + L
√
w(s)2 + s2

(
s3ẇ(s) + w(s)3

)
= 0.

Our final step consists in characterizing all possible solutions to (5.6) under the above-mentioned boundary
verticality conditions. We focus on γ−, being the characterization of γ+ completely analogous. First, we
consider the case in which S is homeomorphic to a sphere.

Lemma 5.3. Let L ∈ (0, 1). Then the system

(5.7)

sw(s)2 − s2w(s) ẇ(s) + L
√
w(s)2 + s2

(
s3ẇ(s) + w(s)3

)
= 0,

lim
s→1−

w(s) = +∞

is solvable in C1(0, 1) if and only if L ∈
(
0, 1

2

]
. The solution is unique, and it is given explicitly by

w−L (s) =
s√
2L

√
Ls2 − 2L+ 1 + s

√
L2s2 − 2L+ 1

1− s2
.

Proof. When L ∈
(
0, 1

2

]
, simple computation shows that w−L is well-defined and solves (5.7). Conversely, fix

L ∈ (0, 1) and let w be a solution to (5.7). Set

z(s) =
w(s)√

w(s)2 + s2
, s ∈ (0, 1).

Then z ∈ C1(0, 1), and

ż(s) =
1

w(s)2 + s2

(
ẇ(s)

√
w(s)2 + s2 − w(s)

(
w(s)ẇ(s) + s√
w(s)2 + s2

))
= s

(
ẇ(s)s− w(s)

(w(s)2 + s2)
3
2

)
.

In particular,

(5.8) w(s) = z(s)
√
w(s)2 + s2, ẇ(s)s− w(s) =

ż(s)
(
w(s)2 + s2

) 3
2

s
.

Therefore,

0
(5.7)
= sw(s)2 − s2w(s)ẇ(s) + L

√
w(s)2 + s2

(
s3ẇ(s) + w(s)3

)
= sw(s) (w(s)− sẇ(s)) + L

√
w(s)2 + s2

(
s2 (sẇ(s)− w(s)) + w(s)

(
w(s)2 + s2

))
(5.8)
= −z(s)ż(s)

(
w(s)2 + s2

)2
+ L

√
w(s)2 + s2

(
sż(s)

(
w(s)2 + s2

) 3
2 + z(s)

(
w(s)2 + s2

) 3
2

)
=
(
w(s)2 + s2

)2 (− z(s)ż(s) + L (sż(s) + z(s))
)

= −1

2

(
w(s)2 + s2

)2 d

ds

(
z(s)2 − 2Lsz(s)

)
.
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Since
(
w(s)2 + s2

)2 6= 0 on (0, 1), then there exists a ∈ R such that

(5.9) z(s)2 − 2Lsz(s) + a = 0, s ∈ (0, 1).

By the verticality condition of (5.7), we deduce that lims→1− z(s) = 1. Combining this information with
(5.9), we deduce that a = 2L− 1, whence

(5.10) z(s)2 − 2Lsz(s) + 2L− 1 = 0, s ∈ (0, 1).

Notice that (5.10) is a quadratic equation in z(s), whose discriminant is given by 4L2s2 − 4(2L − 1). By
(5.10), then, 4L2s2−4(2L−1) > 0 for any s ∈ (0, 1), whence we deduce that L 6 1

2 . We conclude that in this

case w = wL. Indeed, since L 6 1
2 , the discriminant 4L2s2 − 4(2L− 1) is positive for any s ∈ (0, 1), whence

z(s) ≡ Ls+
√
L2s2 − 2L+ 1 or z(s) ≡ Ls−

√
L2s2 − 2L+ 1, s ∈ (0, 1).

The second possibility can be discarded, because in that case lims→1− z(s) = 2L− 1 6= 1. We conclude that

z(s) = Ls+
√
L2s2 − 2L+ 1, s ∈ (0, 1).

Since 0 < z(s) < 1 for any s ∈ (0, 1), then w(s) > 0 for any s ∈ (0, 1), and, by simple computations,

w(s) =
sz(s)√

1− z(s)2
= w−L (s).

�

Finally, we show that S cannot be homeomorphic to a torus.

Lemma 5.4. Let L ∈ (0, 1) and š ∈ (0, 1). The system

(5.11)


sw(s)2 − s2w(s) ẇ(s) + L

√
w(s)2 + s2

(
s3ẇ(s) + w(s)3

)
= 0,

lim
s→š+

w(s) = −∞

lim
s→1−

w(s) = +∞

is not solvable in C1(š, 1).

Proof. Assume by contradiction that w solves (5.11) for some L, š ∈ (0, 1). Let z be as in the proof of
Lemma 5.3. Arguing verbatim as above, the equation and the verticality condition at 1 imply

(5.12) z(s)2 − 2Lsz(s) + 2L− 1 = 0, s ∈ (š, 1).

Moreover, the verticality condition at š and the definition of z imply

(5.13) lim
s→š+

z(s) = −1.

By (5.12) and (5.13) it follows that 2L(š+ 1) = 0, whence either L = 0 or š = −1, a contradiction. �

In the same way, the unique possible profiles of vertical upper graphs are of the form γ+
L (s) = (s,−t−L (s))

for L ∈
(
0, 1

2

]
. Therefore, S is the union of two vertical graphs with profiles γ+

L and γ−L for some L ∈
(
0, 1

2

]
.

We then proved the following rigidity statement.

Proposition 5.5. Let S be rotationally invariant, closed, mean convex. The following are equivalent:

(i) S is an area-preserving critical point for H H along non-characteristic variations;
(ii) S is the union of two vertical graphs with profiles γ+

L and γ−L for some L ∈
(
0, 1

2

]
.

For L ∈
(
0, 1

2

]
, denote the corresponding critical point by SL. We first show that it is possible to describe

them by means of a global parameterization. Let γL = (xL, tL) : [− arccos
√

1− 2L, arccos
√

1− 2L]→ R2 be
the regular parametrization given by

xL(s) =
1

2L

(
cos s− 1− 2L

cos s

)
,

tL(s) =
1

4L2

(
s

2
+

sin 2s

4
− (1− 2L)2 tan s

)
.
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We show that γL is indeed a parametrization of SL. We write xL = x and tL = t, and we set k = 1− 2L. Set

h(s) =
1

2L

(
cos s+

k

cos s

)
.

Notice that both x and h are positive on (− arccos
√
k, arccos

√
k). Moreover,

ḣ(s) =
1

2L

(
− sin s+

k sin s

cos2 s

)
= − tan s x(s).

Therefore
ẋ(s) =

1

2L

(
− sin s− k sin s

cos2 s

)
= − tan s h(s),

ṫ(s) =
1

4L2

(
cos2 s− k2

cos2 s

)
= x(s)h(s),


ẍ(s) = − h(s)

cos2 s
+ tan2 s x(s),

ẗ(s) = − tan s h(s)2 − tan s x(s)2.

In particular

(5.14) x(s)2ẋ(s)2 + ṫ(s)2 = tan2 s x(s)2 h(s)2 + x(s)2 h(s)2 =
x(s)2 h(s)2

cos2 s

and

(5.15) ẋ(s)ẗ(s)− ẍ(s)ṫ(s) = tan(s)2h(s)3 +
x(s)h(s)2

cos2 s
.

A simple check reveals that γL solves (5.2). By Proposition 5.5, we conclude that γL is the profile of SL.

Remark 5.6. Notice that

γ 1
2
(s) =

(
cos s,

s

2
+

sin 2s

4

)
, s ∈

(
−π

2
,
π

2

)
is precisely the Pansu sphere as in Example 3.5. In particular, Proposition 5.5 shows that the Pansu sphere is
an area-preserving critical point for H H under non-characteristic variations. However, Theorem 3.7 demon-
strates that the non-characteristic condition is essential: it constructs a variation of the Pansu sphere that
fixes the characteristic points but is not non-characteristic, and for which the first variation does not vanish.

Remark 5.7. It is interesting to observe that the Pansu sphere is also a critical point for the volume-
constrained Heintze-Karcher problem (1.4). Indeed, by Theorem 4.2 and [42, Proposition 1.19], the Euler-

Lagrange equation associated with the minimization of
(
H H)−1

under volume constraint reads as

(5.16) ∆̂H,S

(
1

(HH)2

)
+

4
(
J(ν)α+ α2

)
(HH)2 + 2 = L ,

where L ∈ R is the Lagrange multiplier arising from the volume constraint. Since the Pansu sphere has
constant mean curvature, (4.11) implies that J(ν)α+α2 is constant. Hence, the Pansu sphere satisfies (5.16).

Motivated by Remark 5.6, we refer to our critical points as Pansu-Minkowski spheres. It is then natural to
understand, among all Pansu-Minkowski spheres, which is a critical configuration for (1.3), as well as which
is the optimal shape for the same problem. To this end, notice that

dσH
(5.14)

=
x(s)2h(s)

cos s
ds dθ =

1

8L3

(
cos2 s− k − k2

cos2 s
+

k3

cos4 s

)
ds dθ,(5.17)

and moreover

HH
(5.15)

=
cos(s)3

x(s)h(s)3

(
tan2 s h(s)3 +

x(s)h(s)2

cos(s)2
+ h(s)3

)
=
x(s) + h(s)

x(s)h(s)
cos(s) =

4L cos4 s

cos4 s− k2
(5.18)

and

(5.19) HH dσH = x(s) (x(s) + h(s)) =
1

2L2

(
cos2s− k

)
ds dθ.
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Therefore

σH(SL) =
π

4L3

∫ arccos
√
k

− arccos
√
k

(
cos2 s− k − k2

cos2 s
+

k3

cos4 s

)
ds

=
π

4L3

∫ arccos
√
k

− arccos
√
k

(
1 + cos 2s

2
− k − k2 d

ds
(tan s) + k3 d

ds
(tan s)

(
1 + tan2 s

))
ds

=
π

2L3

[
s

2
+

sin s cos s

2
− ks− k2 tan s+ k3 tan s+

k3

3
tan3 s

]arccos
√
k

0

=
π

2L3

(
(1− 2k) arccos

√
k

2
+

√
k(1− k)

2
− k2(1− k)

√
1− k
k

+
k3

3

(
1− k
k

) 3
2

)

=
π

4L3

(
(4L− 1) arccos

√
1− 2L+

(
1− 8L(1− 2L)

3

)√
2L(1− 2L)

)
.

(5.20)

Moreover,

(5.21) H H(SL) =
π

L2

∫ arccos
√
k

− arccos
√
k

(
cos2 s− k

)
ds =

π

L2

(
(4L− 1) arccos

√
1− 2L+

√
2L(1− 2L)

)
Therefore, recalling that QHmink :=

(
σH
)−2/3

H H, we conclude that

QH(SL) = 2(2π)
1
3

(4L− 1) arccos
√

1− 2L+
√

2L(1− 2L)(
(4L− 1) arccos

√
1− 2L+ 1

3(3− 8L+ 16L2)
√

2L(1− 2L)
) 2

3

.

The next result highlights the distinguished role played by the optimal Pansu-Minkowski sphere S 1
4
.

Proposition 5.8. The following holds.

QHmink(SL) > (18π)
1
3 , QHmink(SL) = (18π)

1
3 if and only if L =

1

4
.

Moreover,

(5.22) L =
2H H(SL)

3σH(SL)
if and only if L =

1

4
,

and S 1
4

is the unique rotationally invariant critical point of QHmink under non-characteristic variations.

Proof. We show that S 1
4

is the unique minimum point of QHmink within Pansu-Minkowski spheres. Consider

the re-parametrization

` = 2 arccos
√

1− 2L ∈ (0, π].

A simple computation shows that

(4L− 1) arccos
√

1− 2L = −1

2
` cos `,

√
2L(1− 2L) =

1

2
sin `,

1

3
(3− 8L+ 16L2) = 1− 1

3
sin2 `.

Therefore

QHmink

(
SL(`)

)
= (2π)

1
3

sin `− ` cos `(
1
2

(
1− 1

3 sin2 `
)

sin `− 1
2` cos `

) 2
3

= 4(2π)
1
3

sin `− ` cos `(
3 sin `+ 1

3 sin 3`− 4` cos `
) 2

3

,

where in the last equality we exploited the identity −4 sin3 ` = sin 3` − 3 sin `. Notice that L
(
π
2

)
= 1

4 . To
conclude, it suffices to check that

(5.23)
dQHmink

(
SL(`)

)
d`

< 0 on
(

0,
π

2

)
,

dQHmink

(
SL(`)

)
d`

∣∣∣∣∣
`=π

2

= 0,
dQHmink

(
SL(`)

)
d`

> 0 on
(π

2
, π
)
.
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To this aim,

dQHmink

(
SL(`)

)
d`

= 4(2π)
1
3
` sin `

(
3 sin `+ 1

3 sin 3`− 4` cos `
)
− 2

3 (sin `− ` cos `) (cos 3`− cos `+ 4` sin `)(
3 sin `+ 1

3 sin 3`− 4` cos `
) 5

3

=
4(2π)

1
3

3

sin 2`
(
−1

2` sin 2`− 2`2 − cos 2`+ 2 sin2 `+ 1
)

+ `
(
2 sin2 `

(
1+cos 2`

2

)
− 4 cos2 `

(
1−cos 2`

2

))(
3 sin `+ 1

3 sin 3`− 4` cos `
) 5

3

= −4(2π)
1
3

3
sin 2`

` sin 2`+ 2`2 + cos 2`− 2 sin2 `− 1(
3 sin `+ 1

3 sin 3`− 4` cos `
) 5

3

 .

Then, (5.23) follows if f(`) = ` sin 2`+ 2`2 + cos 2`− 2 sin2 `− 1 is positive on (0, π). Observe that

ḟ(`) = 2` cos 2`+ 4`− 3 sin 2`.

In particular, f(0) = ḟ(0) = 0. Then f > 0 on (0, π) provided that f̈ > 0 on (0, π). To this aim,

f̈(`) = 4 (1− cos 2`− ` sin 2`) = 8 sin ` (sin `− ` cos `) .

Therefore f̈ is positive. Then (5.23) follows. We prove (5.22). Combining (5.20) and (5.21),

L − 2H H(SL)

3σH(SL)
= 4L(4L− 1)

(
arccos

√
1− 2L+ (4L− 1)

√
2L(1− 2L)

3 (4L− 1) arccos
√

1− 2L+ (3− 8L+ 16L2)
√

2L(1− 2L)

)
.

Then (5.22) follows provided that arccos
√

1− 2L + (4L − 1)
√

2L(1− 2L) 6= 0 for any L 6= 1
4 . Changing

variables as above,

arccos
√

1− 2L+ (4L− 1)
√

2L(1− 2L) =
1

4
(2`− sin 2`) , ` ∈ (0, π],

whence (5.22) easily follows. Finally, fix an arbitrary non-characteristic variation. Then, recalling Proposi-
tion 4.9,

d

dt

∣∣∣∣
t=0

QHmink (Φt(SL)) = σH(SL)−
2
3

(
−2H H(SL)

3σH(SL)

(
δσH(SL)[Φ]

)
+
(
δH H(SL)[Φ]

))
(4.10)

= σH(SL)−
2
3
(
δσH(SL)[Φ]

)(
−2H H(SL)

3σH(SL)
+ L

)
.

By (5.22), S 1
4

is a critical point. Moreover, again by (5.22) and choosing a non-characteristic variation for

which δσH(SL)[Φ] 6= 0, S 1
4

is the unique critical point. The thesis follows. �

Proof of Theorem 1.2. It follows by Proposition 5.5 (and subsequent remarks) and Proposition 5.8. �

6. Total mean curvature: stability of Pansu-Minkowski spheres

Next, we discuss the stability of Pansu-Minkowski spheres. By Proposition 4.10, we focus on the penalized
functional PHL as introduced in (1.8). Fix a smooth non-characteristic variation Φ. Let ϕ and ψ be as in
(4.3). First, we evaluate the second variation of PHL at the Pansu-Minkowski sphere SL. By (4.7) and (4.9),

δ2PHL (SL)[Φ] = δH H(SL) [ψ]− 4LδσH(SL) [ψ]

+ 4

∫
SL

(
− SϕJ(ν)ϕ+ ϕ2

(
2Sα−HHα2

) )
dσH − 4L

∫
SL

(
(J(ν)ϕ)2 − 4ϕ2

(
J(ν)α+ α2

) )
dσH

(4.10),(4.11)
= 4

∫
SL

((
− SϕJ(ν)ϕ− L (J(ν)ϕ)2 )+

(
2Sα−HH

(
α2 + 4L2

) )
ϕ2
)
dσH.

We make the zero-order term explicit, and we provide a sharp lower bound.

Lemma 6.1. It holds that

2Sα−HH
(
α2 + 4L2

)
=

2(1− 2L)

x(s)3h(s)
.

In particular,

2Sα−HH
(
α2 + 4L2

)
>
[
2Sα−HH

(
α2 + 4L2

) ]∣∣∣
s=0

=
2L(1− 2L)

1− L
.



26 M. FOGAGNOLO, A. PINAMONTI, AND S. VERZELLESI

Proof. Notice that

α
(3.3)
= − ẋ√

ṫ2 + x2ẋ2
=

sin s

x
, Sα (3.8)

=
ṫα̇

ṫ2 + x2ẋ2
=

cos s

x2h

(
cos2 s+

h

x
sin2 s

)
.

Therefore, recalling (5.18),

2Sα−HH
(
α2 + 4L2

)
=

2 cos s

x2h

(
cos2 s+

h

x
sin2 s

)
− 2 cos2 s

2Lxh

(
sin2 s

x2
+ 4L2

)
=

2 cos s

x3h

(
x cos2 s+ h sin2 s− sin2 s cos s

2L
− 2Lx2 cos s

)
=

2 cos s

x3h

(
(x− h) cos2 s+ h− sin2 s cos s

2L
− cos3

2L
+

2(1− 2L) cos s

2L
− (1− 2L)2

2L cos s

)
=

cos s

Lx3h

(
cos s+

1− 2L

cos s
− sin2 s cos s− cos3−(1− 2L)2

cos s

)
=

2(1− 2L)

x3h
.

To conclude, recall that x and h achieve their maximum at s = 0, and moreover x(0) = 1 and h(0) = 1−L
L . �

Next, we deal with the first-order term.

Lemma 6.2. It holds that

−SϕJ(ν)ϕ− L (J(ν)ϕ)2 =

(
cos3 s

xh2
− L cos2 s

h2

)(
∂ϕ

∂s

)2

+

(
2L cos2 s

xh
− cos s cos 2s

x2h

)
∂ϕ

∂s

∂ϕ

∂θ
−
(

sin2 s cos s

x3
+
L cos2 s

x2

)(
∂ϕ

∂θ

)2

.

(6.1)

If in addition ϕ is independent of θ, then the following sharp lower bound holds:

−SϕJ(ν)ϕ− L (J(ν)ϕ)2 > (1− L) (J(ν)ϕ)2 .

Proof. Notice that

J(ν)ϕ
(3.7)
= −

(
x√

ṫ2 + x2ẋ2

)
∂ϕ

∂s
+

(
ṫ

x
√
ṫ2 + x2ẋ2

)
∂ϕ

∂θ
= −

(cos s

h

) ∂ϕ
∂s

+
cos s

x

∂ϕ

∂θ
,

Sϕ (3.8)
=

(
ṫ

ṫ2 + x2ẋ2

)
∂ϕ

∂s
+

(
ẋ2

ṫ2 + x2ẋ2

)
∂ϕ

∂θ
=

(
cos2 s

xh

)
∂ϕ

∂s
+

(
sin2 s

x2

)
∂ϕ

∂θ
.

Therefore

(J(ν)ϕ)2 =

(
cos2 s

h2

)(
∂ϕ

∂s

)2

−
(

2 cos2 s

xh

)
∂ϕ

∂s

∂ϕ

∂θ
+

(
cos2 s

x2

)(
∂ϕ

∂θ

)2

and

−SϕJ(ν)ϕ =

(
cos3 s

xh2

)(
∂ϕ

∂s

)2

−
(

cos s cos 2s

x2h

)
∂ϕ

∂s

∂ϕ

∂θ
−
(

sin2 s cos s

x3

)(
∂ϕ

∂θ

)2

,

whence (6.1) follows. Next, assume that ϕ is independent of θ. Let µ > 0. Then

−SϕJ(ν)ϕ− (L+ µ) (J(ν)ϕ)2 (6.1)
=

(
cos3 s

xh2
− (L+ µ) cos2 s

h2

)(
∂ϕ

∂s

)2

=
( cos s

2Lxh2

) (
(L− µ) cos2 s+ (L+ µ)(1− 2L)

)
.

Assume first that L− µ > 0. Since cos2 s > (1− 2L) on (− arccos
√

1− 2L, arccos
√

1− 2L), then

(L− µ) cos2 s+ (L+ µ)(1− 2L) > 2L(1− 2L) > 0.

Assume instead L− µ < 0. Since cos2 s 6 cos2(0) = 1 on (− arccos
√

1− 2L, arccos
√

1− 2L), then

(L− µ) cos2 s+ (L+ µ)(1− 2L) > (L− µ) + (L+ µ)(1− 2L) = 2L(1− L)− 2Lµ,

whence −SϕJ(ν)ϕ− (L+ µ) (J(ν)ϕ)2 > 0 provided that µ 6 1− L. �
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Motivated by Lemma 6.2, we introduce a relevant class of variations. Precisely, we say that a smooth
non-characteristic variation of SL is rotationally invariant if ϕ is independent of θ.

Remark 6.3. We stress that requiring a variation to be rotationally invariant is much weaker than restricting
to the class of rotationally invariant competitors, as no restriction on ψ is imposed.

Combining Lemma 6.1, Lemma 6.2 and Proposition 4.10, we deduce that Pansu-Minkowski spheres are
(much more than) stable for H H along area-preserving, rotationally invariant, non-characteristic variations.

Proposition 6.4. Let L ∈
(
0, 1

2

]
. Let Φ be a non-characteristic rotationally invariant variation. Then

(6.2) δ2PHL (SL)[Φ] > 4(1− L)

∫
SL

(J(ν)ϕ)2 dσH +
8L(1− 2L)

1− L

∫
SL

ϕ2 dσH.

In particular, SL is stable for H H along area-preserving non-characteristic rotationally invariant variations.

Remark 6.5. When L = 1
2 , i.e. when SL is the standard Pansu sphere, the coefficient multiplying the

zero-order term in the right hand side of (6.2) vanishes. Nevertheless, by the Poincaré inequality, it is still
possible to provide a lower bound of the form

(6.3) δ2PHL (SL)[Φ] > cI(δ, L)
(
‖ϕ‖2L2(I(δ)) + ‖ϕ̇‖2L2(I(δ))

)
,

where suppϕ ⊆ I(δ) :=
(
− arccos

√
1− 2L+ δ, arccos

√
1− 2L− δ

)
and cI(δ, L) > 0, and cI(δ, L) tends to 0

as δ → 0+.

We conclude this section with the proof of Theorem 1.4: the rotational invariance constraint cannot be
removed, as Pansu-Minkowski spheres are unstable under more general variations.

Proof of Theorem 1.4. Fix L ∈
(
0, 1

2

]
. Let 0 < δ < arccos

√
1− 2L. Let M ∈ N+. Let ψ ∈ C∞c (−δ, δ) be not

identically vanishing. Define

ϕ(s, θ) = ψ(s) sinMθ, s ∈
(
− arccos

√
1− 2L, arccos

√
1− 2L

)
, θ ∈ (0, 2π).

Let X be such that X|S = ϕν. Set Z = 0. Let Φ be a variation as in (4.1). Then Φ is a smooth, non-
characteristic, horizontally normal variation with velocity X and with no acceleration. Moreover,

δσH(SL)[Φ]
(4.6)
=

∫
SL

ϕHH dσH
(5.19)

=

(∫ 2π

0
sinMθ dθ

)(∫ δ

−δ
ψx(x+ h) ds

)
= 0,

whence Φ is first-order area-preserving. Notice that

∂ϕ

∂s
= ψ̇ sinMθ,

∂ϕ

∂θ
= Mψ cosMθ.

Since ∫ 2π

0
sinMθ cosMθ dθ = 0,

∫ 2π

0
sin2 θ dθ =

∫ 2π

0
cos2 θ dθ = π,

then (5.17) , Lemma 6.1 and Lemma 6.2 imply that δ2PHL (SL)[Φ] equals

4π

∫ δ

−δ

[(
x cos2 s

h
− Lx2 cos s

h

)
ψ̇2 +

(
2(1− 2L)

x cos s

)
ψ2

]
ds− 4πM2

∫ δ

−δ

(
h sin2 s

x
+ Lh cos s

)
ψ2 ds.

Since ∫ δ

−δ

(
h sin2 s

x
+ Lh cos s

)
ψ2 ds > 0,

then δ2PHL (SL)[Φ] < 0 provided that M is sufficiently large. The thesis follows by Proposition 4.10. �
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7. Total mean curvature: local minimality of Pansu-Minkowski spheres

In this section we prove that Pansu-Minkowski spheres are local minimizers, in the sense of (1.2), in the
class of rotationally invariant surfaces. To this aim, fix L ∈

(
0, 1

2

]
, and denote the profile of SL simply by

(x, t). Fix δ > 0, recall that I(δ) = (− arccos
√

1− 2L + δ, arccos
√

1− 2L − δ). Fix ϕ ∈ C∞c (I(δ)), and set
SϕL := S · ϕν. By (2.1) and (3.4), SϕL can be parametrized by (ξϕ(s, θ), ηϕ(s, θ), tϕ(s, θ)), where

ξϕ :=

(
x+

ϕṫ√
ṫ2 + x2ẋ2

)
cos θ −

(
ϕxẋ√
ṫ2 + x2ẋ2

)
sin θ,

ηϕ :=

(
x+

ϕṫ√
ṫ2 + x2ẋ2

)
sin θ +

(
ϕxẋ√
ṫ2 + x2ẋ2

)
cos θ,

tϕ := t− ϕx2ẋ√
ṫ2 + x2ẋ2

.

Since √
(ξϕ(s, θ))2 + (ηϕ(s, θ))2 =

√√√√(x+
ϕṫ√

ṫ2 + x2ẋ2

)2

+

(
ϕxẋ√
ṫ2 + x2ẋ2

)2

=: xϕ(s),

then SϕL is a rotationally invariant surface, with profile (xϕ, tϕ).

Proposition 7.1. Fix L ∈
(
0, 1

2

]
and δ > 0. There exists ε = ε(δ, L) > 0 such that, if ϕ ∈ C∞c (I(δ)) satisfies

σH
(
SϕL
)

= σH (SL) , ‖ϕ‖C2(I(δ)) 6 ε,

then

H H (SL) 6H H (SϕL) .
Proof. For p ∈ SL and τ ∈ [−1, 1], set

Φ(τ, p(s, θ)) = (ξτϕ(s, θ), ητϕ(s, θ), tτϕ(s, θ)) ,

and extend it smoothly into a smooth variation of H1. For any τ ∈ [0, 1], Φ(τ, S) is the rotationally invariant
surface with profile (xτϕ, tτϕ). Moreover, denoting by X the normal velocity of Φ, then X|S = ϕν. Define
f : R5 → R by

f(p1, q1, q2, r1, r2) :=
p3

1 (q1r2 − q2r1) + q3
2(

q2
2 + p2

1q
2
1

)2 − 4Lp1

√
q2

2 + p2
1q

2
1.

Moreover, define Q : [0, 1]→ R5 by

Q(τ) :=
(
xτϕ, ẋτϕ, ṫτϕ, ẍτϕ, ẗτϕ

)
.

With these definitions,

PHL (Φ(τ, S)) = 2π

∫
I(δ)

f (Q(τ)) ds.

By Taylor’s formula with Lagrange remainder, and since SL is an area-preserving critical point along non-
characteristic variations, there exists τ̃ ∈ (0, 1) such that

PHL
(
SϕL
)

= PHL (SL) +
d

dτ

∣∣∣∣
τ=0

PHL (Φ(τ, S)) +
1

2

d2

dτ

∣∣∣∣
τ=τ̃

PHL (Φ(τ, S))

= PHL (SL) + δPHL (S)[Φ] +
1

2
δ2PHL (S)[Φ] + π

∫
I(δ)

(
∂2

∂τ

∣∣∣∣
τ=τ̃

f(Q(τ))− d2

dτ

∣∣∣∣
τ=0

f(Q(τ))

)
ds

(4.10)
= PHL (SL) +

1

2
δ2PHL (S)[Φ]︸ ︷︷ ︸

I

+π

∫
I(δ)

(
∂2

∂τ

∣∣∣∣
τ=τ̃

f(Q(τ))− d2

dτ

∣∣∣∣
τ=0

f(Q(τ))

)
ds︸ ︷︷ ︸

II

.

Since f is affine in the variables r1 and r2, a simple computation yields that

∂2

∂τ2
f(Q(τ)) = Aτϕϕ2 +Bτϕϕϕ̇+ Cτϕϕϕ̈+Dτϕϕ̇2 + Eτϕϕ̇ϕ̈,
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where Aτϕ, Bτϕ, Dτϕ depend smoothly on τϕ, τ ϕ̇, τ ϕ̈ and Cτϕ, Eτϕ depend smoothly on τϕ, τ ϕ̇. Therefore,
integrating by parts, ∫

I(δ)

∂2

∂τ2
f(Q(τ)) ds =

∫
I(δ)

(
Aτϕϕ2 + B̃τϕϕϕ̇+ D̃τϕϕ̇2

)
ds,

where

B̃τϕ = Bτϕ − ∂

∂s
Cτϕ, D̃τϕ = Dτϕ − Cτϕ − 1

2

∂

∂s
Eτϕ.

In particular, Aτϕ, B̃τϕ, D̃τϕ depend smoothly on τϕ, τ ϕ̇, τ ϕ̈. Therefore, since suppϕ ⊆ I(δ), there exists
cII(δ, L) such that

(7.1) |II| 6 cII(δ, L)‖ϕ‖C2(I(δ))

(
‖ϕ‖2L2(I(δ)) + ‖ϕ̇‖2L2(I(δ))

)
.

Combining (7.1) and (6.3), we conclude that

PHL
(
SϕL
)
> PHL (SL) +

(
1

2
cI(δ, L)− cII(δ, L)‖ϕ‖C2(I(δ))

)(
‖ϕ‖2L2(I(δ)) + ‖ϕ̇‖2L2(I(δ))

)
.

Since σH(SϕL) = σH(SL), then PHL
(
SϕL
)
− PHL (SL) = H H (SϕL)−H H (SL), whence the thesis follows. �

Proof of Theorem 1.3. It follows combining Proposition 6.4 and Proposition 7.1. �

Appendix A. Variation formulas for Riemannian mean curvature functionals

In this first appendix, we establish variation formulas for functionals driven by mean curvature in arbitrary
Riemannian manifolds; see Theorem A.8. For ease of reference, the presentation is entirely self-contained.
Much of the notation and several results are borrowed from [42]. We refer to [17] for a general account of
Riemannian geometry.

A.1. Preliminaries. Here and hereafter, M is a fixed (n + 1)-dimensional Riemannian manifold for some
n > 1, 〈·, ·〉 is its Riemannian metric and ∇ is its Levi-Civita connection. In the following, Einstein’s
summation convention is assumed. Denote by R both the (3, 1) and the (4, 0) Riemann tensor, namely

R(A,B)C = ∇A∇BC−∇B∇AC−∇[A,B]C, R(A,B,C,D) = 〈R(A,B)C,D〉 , A,B,C,D ∈ Γ(TM).

If A,C ∈ Γ(TM) are fixed, denote by C the (2, 0)-tensor field defined by

C(A,C)(B,D) := R(A,B,C,D), B,D ∈ Γ(TM).

In this way,

Ric(A,C) = − trace C(A,C), A,C ∈ Γ(TM).

We recall that, if A,B,C,D ∈ Γ(TM), then

(∇A Ric) (B,C) = − trace (∇A R) (B, ·,C, ·), (∇A R) (B,C,D,D) = 0.

Let p ∈M . Let x1, . . . , xn+1 be local coordinates in M near p. Write

R

(
∂

∂xi
,
∂

∂xj

)
∂

∂xk
= Rl

ijk

∂

∂xl
,

(
∇ ∂

∂xα

R
)( ∂

∂xi
,
∂

∂xj

)
∂

∂xk
= (∇R)lαijk

∂

∂xl
, α, i, j, k = 1, . . . , n+ 1.

Notice that

(A.1) Rl
ijk =

∂Γljk
∂xi

−
∂Γlik
∂xj

+ ΓmjkΓ
l
im − ΓmikΓ

l
jm, i, j, k, l = 1, . . . , n+ 1,

where Γkij are the Christoffel symbols with respect to x1, . . . , xn+1. In particular, when x1, . . . , xn+1 are
normal coordinates centered at p,

(A.2) Γkij(p) = 0 for any i, j, k = 1, . . . , n+ 1,

so that

(A.3) Rl
ijk(p) =

∂Γljk
∂xi

(p)−
∂Γlik
∂xj

(p) for any i, j, k, l = 1, . . . , n+ 1
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and

(A.4) (∇R)lαijk (p) =
∂2Γljk
∂xα∂xi

(p)−
∂2Γlik
∂xα∂xj

(p) for any α, i, j, k, l = 1, . . . , n+ 1.

The following technical lemma is the main computational tool used below.

Lemma A.1. Let p ∈ M . Let x1, . . . , xn+1 be local coordinates in M near p. Let A,B,C,D ∈ Γ(TM).
Then, near p,

∇A∇BC = AαBβ

(
∂2Cγ

∂xα∂xβ

∂

∂xγ
+
∂Cγ

∂xα
Γδβγ

∂

∂xδ
+ Cγ

∂Γδαγ
∂xβ

∂

∂xδ
+
∂Cγ

∂xβ
Γδαγ

∂

∂xδ
+ CγΓδαγΓηβδ

∂

∂xη

)

+Aα
∂Bβ

∂xα

(
∂Cγ

∂xβ

∂

∂xγ
+ CγΓδβγ

∂

∂xδ

)
+ R(A,B)C.

(A.5)

Assume in addition that x1, . . . , xn+1 are normal coordinates centered at p. Then, at p,

∇A∇BC = R(A,B)C +AαBβCγ
∂Γδαγ
∂xβ

∂

∂xδ
+AαBβ ∂2Cγ

∂xα∂xβ

∂

∂xγ
+Aα

∂Bβ

∂xα

∂Cγ

∂xβ

∂

∂xγ
(A.6)

and

∇A∇B∇CD = (∇B R) (A,C)D + R(A,B)∇CD + R (A,C)∇BD + R (A,∇BC) D + R (∇AB,C) D

+AαBβ

(
∂2Cδ

∂xα∂xβ

∂Dγ

∂xδ
+
∂Cδ

∂xβ

∂2Dγ

∂xα∂xδ
+
∂Cδ

∂xα

∂2Dγ

∂xβ∂xδ
+ Cδ

∂3Dγ

∂xα∂xβ∂xδ

)
∂

∂xγ

+AαBβ

(
Cη

∂Dδ

∂xη

∂Γγαδ
∂xβ

+
∂Cδ

∂xβ
Dη ∂Γγαη

∂xδ
+ Cδ

∂Dη

∂xβ

∂Γγαη
∂xδ

+
∂Cδ

∂xα
Dη

∂Γγδη
∂xβ

+ Cδ
∂Dη

∂xα

∂Γγδη
∂xβ

)
∂

∂xγ

+AαBβCδDη ∂
2Γγαη

∂xβ∂xδ

∂

∂xγ
+Aα

∂Bβ

∂xα

(
∂Cδ

∂xβ

∂Dγ

∂xδ
+ Cδ

∂2Dγ

∂xβ∂xδ
+ CδDη

∂Γγβη
∂xδ

)
∂

∂xγ
.

(A.7)

Proof. By a direct computation, near p,

∇A∇BC = Aα∇ ∂
∂xα

(
Bβ∇ ∂

∂xβ

(
Cγ

∂

∂xγ

))
= AαBβ∇ ∂

∂xα

(
∇ ∂

∂xβ

(
Cγ

∂

∂xγ

))
+Aα

∂Bβ

∂xα
∇ ∂

∂xβ

(
Cγ

∂

∂xγ

)
= AαBβ∇ ∂

∂xα

(
∂Cγ

∂xβ

∂

∂xγ
+ CγΓδβγ

∂

∂xδ

)
+Aα

∂Bβ

∂xα

(
∂Cγ

∂xβ

∂

∂xγ
+ CγΓδβγ

∂

∂xδ

)
= AαBβ

(
∂2Cγ

∂xα∂xβ

∂

∂xγ
+
∂Cγ

∂xα
Γδβγ

∂

∂xδ
+ Cγ

∂Γδβγ
∂xα

∂

∂xδ
+
∂Cγ

∂xβ
Γδαγ

∂

∂xδ
+ CγΓδβγΓηαδ

∂

∂xη

)

+Aα
∂Bβ

∂xα

(
∂Cγ

∂xβ

∂

∂xγ
+ CγΓδβγ

∂

∂xδ

)
.

Since

AαBβCγ

(
∂Γδβγ
∂xα

∂

∂xδ
+ ΓδβγΓηαδ

∂

∂xη

)
= AαBβCγ

(
∂Γδβγ
∂xα

+ ΓηβγΓδαη

)
∂

∂xδ

(A.1)
= R(A,B)C +AαBβCγ

(
∂Γδαγ
∂xβ

+ ΓηαγΓδβη

)
∂

∂xδ
,

then (A.5) follows. Moreover, (A.6) follows by (A.5) and (A.2). Finally, at p,

∇A∇B∇CD = ∇A∇B (∇CD)

(A.6)
= R(A,B)∇CD +AαBβ (∇CD)γ

∂Γδαγ
∂xβ

∂

∂xδ
+AαBβ ∂

2 (∇CD)γ

∂xα∂xβ

∂

∂xγ
+Aα

∂Bβ

∂xα

∂ (∇CD)γ

∂xβ

∂

∂xγ
.
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Fix α, β, γ = 1, . . . , n+ 1. Recall that

(∇CD)γ = Cδ
∂Dγ

∂xδ
+ CδDηΓγδη.

Then, at p,

∂ (∇CD)γ

∂xβ
=
∂Cδ

∂xβ

∂Dγ

∂xδ
+ Cδ

∂2Dγ

∂xβ∂xδ
+
∂Cδ

∂xβ
DηΓγδη + Cδ

∂Dη

∂xβ
Γγδη + CδDη

∂Γγδη
∂xβ

(A.2)
=

∂Cδ

∂xβ

∂Dγ

∂xδ
+ Cδ

∂2Dγ

∂xβ∂xδ
+ CδDη

∂Γγδη
∂xβ

,

and moreover

∂2 (∇CD)γ

∂xα∂xβ

(A.2)
=

∂2Cδ

∂xα∂xβ

∂Dγ

∂xδ
+
∂Cδ

∂xβ

∂2Dγ

∂xα∂xδ
+
∂Cδ

∂xα

∂2Dγ

∂xβ∂xδ
+ Cδ

∂3Dγ

∂xα∂xβ∂xδ

+
∂Cδ

∂xβ
Dη

∂Γγδη
∂xα

+ Cδ
∂Dη

∂xβ

∂Γγδη
∂xα

+
∂Cδ

∂xα
Dη

∂Γγδη
∂xβ

+ Cδ
∂Dη

∂xα

∂Γγδη
∂xβ

+ CδDη
∂2Γγδη
∂xα∂xβ

.

Therefore

∇A∇B∇CD = R(A,B)∇CD +AαBβCη
∂Dγ

∂xη

∂Γδαγ
∂xβ

∂

∂xδ

+AαBβ

(
∂2Cδ

∂xα∂xβ

∂Dγ

∂xδ
+
∂Cδ

∂xβ

∂2Dγ

∂xα∂xδ
+
∂Cδ

∂xα

∂2Dγ

∂xβ∂xδ
+ Cδ

∂3Dγ

∂xα∂xβ∂xδ

)
∂

∂xγ

+AαBβ

(
∂Cδ

∂xβ
Dη

∂Γγδη
∂xα

+ Cδ
∂Dη

∂xβ

∂Γγδη
∂xα

)
∂

∂xγ︸ ︷︷ ︸
I

+AαBβ

(
∂Cδ

∂xα
Dη

∂Γγδη
∂xβ

+ Cδ
∂Dη

∂xα

∂Γγδη
∂xβ

)
∂

∂xγ

+AαBβCδDη
∂2Γγδη
∂xα∂xβ

∂

∂xγ︸ ︷︷ ︸
II

+Aα
∂Bβ

∂xα

(
∂Cδ

∂xβ

∂Dγ

∂xδ
+ Cδ

∂2Dγ

∂xβ∂xδ

)
∂

∂xγ
+Aα

∂Bβ

∂xα
CδDη

∂Γγδη
∂xβ

∂

∂xγ︸ ︷︷ ︸
III

.

Since

I
(A.3)
= R (A,∇BC) D +AαBβ ∂C

δ

∂xβ
Dη ∂Γγαη

∂xδ

∂

∂xγ
+ R (A,C)∇BD +AαBβCδ

∂Dη

∂xβ

∂Γγαη
∂xδ

∂

∂xγ
,

II = AαBβCδDη
∂2Γγδη
∂xβ∂xα

∂

∂xγ

(A.4)
= (∇B R) (A,C)D +AαBβCδDη ∂

2Γγαη
∂xβ∂xδ

∂

∂xγ
,

III
(A.3)
= R (∇AB,C) D +Aα

∂Bβ

∂xα
CδDη

∂Γγβη
∂xδ

∂

∂xγ

then (A.7) follows. �

A.2. Hypersurfaces. Let S ⊆ M be a smooth, closed, embedded hypersurface. Denote by N a globally
defined unit normal to S. If A ∈ Γ(TM), denote by AT its orthogonal projection onto TS. Denote by A
and h respectively the shape operator and the second fundamental form computed with respect to N, i.e.

A (A) = ∇AN, h(A,B) = 〈A(A),B〉 , A,B ∈ Γ(TS).

Denote by H the (non-normalized) mean curvature of S, and by ∇S the Levi-Civita connection of S. If B is
a (2, 0)-tensor field on S, set

Bt(A,B) := B(B,A), 〈LB(A),B〉 = B(A,B), A,B ∈ Γ(TS).

For any k ∈ N+, define

Bk(A,B) =
〈
LkB(A),B

〉
, A,B ∈ Γ(TS).
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If B is symmetric, then Bk is symmetric. If p ∈ S and e1, . . . , en is an orthonormal basis of TpS, we write(
Bk
)
ij

:= Bk(ei, ej) =
n∑

l1,...,lk−1=1

Bil1Bl!l2 · · ·Blk−1lk−1
Blk−1j , i, j = 1, . . . , n.

If A,B,C ∈ Γ(TS), the Codazzi equation and the traced Codazzi equation read as(
∇SBh

)
(A,C) =

(
∇SAh

)
(B,C) + R(A,B,C,N),(

divS h
)

(A) = AH + Ric(A,N)(A.8)

We will make use of the following consequence of the traced Codazzi equation (A.8).

Lemma A.2. Let A ∈ Γ(TM). Then

(A.9)
〈
h,∇SA

〉
+ Ric(A,N) = divS A

(
AT
)
−ATH + 〈A,N〉

(
|h|2 + Ric(N,N)

)
.

Proof. Let p ∈ S. Let E1, . . . ,En be a geodesic frame of S at p. Then〈
h,∇SA

〉
=

n∑
i,j=1

h(Ei,Ej) 〈∇EiA,Ej〉

=
n∑

i,j=1

h(Ei,Ej)Ei 〈A,Ej〉 −
n∑

i,j=1

h(Ei,Ej) 〈A,∇EiEj〉

=

n∑
i,j=1

Ei (h(Ei,Ej) 〈A,Ej〉)−
n∑

i,j=1

Ei (h(Ei,Ej)) 〈A,Ej〉 − 〈A,N〉
n∑

i,j=1

h(Ei,Ej) 〈N,∇EiEj〉

=

n∑
i=1

Ei

(
h
(
Ei,A

T
))
−

n∑
i,j=1

(
∇SEih

)
(Ei,Ej) 〈A,Ej〉+ 〈A,N〉 |h|2

= divS A
(
AT
)
−
(
divS h

) (
AT
)

+ 〈A,N〉 |h|2.
Therefore〈

h,∇SA
〉

+ Ric(A,N) = divS A
(
AT
)
−
(
divS h

) (
AT
)

+ Ric
(
AT ,N

)
+ 〈A,N〉

(
|h|2 + Ric(N,N)

)
(A.8)
= divS A

(
AT
)
−ATH + 〈A,N〉

(
|h|2 + Ric(N,N)

)
.

�

A.3. Variations. A smooth variation is a smooth map Φ : I ×M →M , where I ⊆ R is any open neighbor-
hood of 0, such that:

• p 7→ Φ(t, p) is a diffeomorphism for any t ∈ I;
• Φ(0, p) = p for any p ∈M .

We may adopt the notation Φt(p) := Φ(t, p). Define the time-dependent vector field X by

X (t, q) =
∂

∂s

∣∣∣∣
s=0

(
Φs+t ◦ Φ−1

t

)
(q) for any t ∈ I and q ∈M .

Define

X(q) = X (0, q), X′(q) =
∂

∂t

∣∣∣∣
t=0

X (t, q), Z(q) =
(
X′ +∇XX

)
(q) for any q ∈M .

The vector fields X and Z are known as variational velocity field and variational acceleration field of Φ. We
point out that, while the velocity depends only on the underlying differential structure, the acceleration does
depend on the metric via the connection term ∇XX. Fix ϕ and XT ∈ Γ(TS) such that

X|S = XT + ϕN.

When XT ≡ 0, Φ is called normal variation. Set St := Φt(S) for any t ∈ R. If p ∈ S is fixed, set βp(t) := Φt(p)
for every t ∈ I. If there is no ambiguity, we write β = βp. By definition, β(t) ∈ St for every t ∈ I. Moreover,

X (t, β(t)) = X (t,Φt(p)) =
∂

∂s

∣∣∣∣
s=0

Φs+t(p) =
∂

∂s

∣∣∣∣
s=t

Φs(p) = β̇(t) for any t ∈ R.
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Therefore, Φ is the (time-dependent) flow of X . For any t ∈ R, denote by N (t, ·) a smooth choice of arbitrary
local extensions, around St, of unit normals to St, in such a way that N (0, q) = N(q) locally around S.
Moreover, if p ∈ S, denote by Ht (Φt(p)) the mean curvature of St at Φt(p). When p ∈ S is fixed and local
coordinates x1, . . . , xn+1 around p are given, we will write

X (t, q) = ai(t, q)
∂

∂xi

∣∣∣∣
q

, N (t, q) = ck(t, q)
∂

∂xk

∣∣∣∣
q

and

X(q) = Xi(q)
∂

∂xi

∣∣∣∣
q

, X′(q) =
(
X ′
)i

(q)
∂

∂xi

∣∣∣∣
q

, N(q) = N i(q)
∂

∂xi

∣∣∣∣
q

.

Notice that, by definition,

Xi(q) = ai(0, q), (X ′)i(q) =
∂

∂t

∣∣∣∣
t=0

ai(t, q), N i(q) = ci(0, q).

We denote by D
dt the covariant derivative operator, along β, induced by ∇. We recall that

(A.10)
D

dt

(
f j(t)

∂

∂xj

∣∣∣∣
β(t)

)
= ḟ i(t)

∂

∂xj

∣∣∣∣
β(t)

+ ai(t, β(t))f j(t)Γkij(β(t))
∂

∂xk

∣∣∣∣
β(t)

.

Finally, when p ∈ S and e ∈ TpS are fixed, we set

(A.11) E(t) := (dΦt) |p(e) for every t ∈ I.

E is a vector field along β, and E(t) ∈ Tβ(t)St for every t ∈ I. In local coordinates around p, we write

E(t) = bj(t)
∂

∂xj

∣∣∣∣
β(t)

Fix p ∈ S. Let e1, . . . , en be an orthonormal basis of TpS. The Jacobian of Φt|S at p is defined by

Jac (Φt|S) (p) :=
√

detG(t)

where the symmetric matrix G is defined by

(A.12) G(t)ij := 〈Ei(t), Ej(t)〉, i, j = 1, . . . , n.

If p ∈ S and we fix local coordinates x1, . . . , xn+1 in a neighborhood of p, say U , the continuity of Φ ensures
that Φt(q) ∈ U for any t small and any q sufficiently close to p. We will tacitly assume this.

A.4. Pointwise variations. In this section we deduce the pointwise evolution of the relevant geometric
quantities. The first lemma (cf. [42, Lemma 1.13] and [42, Lemma 1.22]) describes the behavior of E.

Lemma A.3. Let p ∈ S. Let e ∈ TpS. Then

D

dt

∣∣∣∣
t=0

E(t) = ∇eX;(A.13)

D2

dt2

∣∣∣∣
t=0

E(t) = ∇eZ + R(X, e)X.(A.14)

By Lemma A.3, we can compute the evolution of the Jacobian of Φ. Lemma A.4 is surely well-known (cf.
[42, Theorem 1.11] and [42, Theorem 1.21]). We include its proof for the sake of completeness.

Lemma A.4. Let p ∈ S. Then

d

dt

∣∣∣∣
t=0

Jac (Φt|S) (p) = ϕH + divS XT ,(A.15)

d2

dt2

∣∣∣∣
t=0

Jac (Φt|S) (p) =
(
divS X

)2 − 〈∇SX,
(
∇SX

)t〉− Ric(X,X)− R(XT ,N,XT ,N)(A.16)

+
∣∣∇Sϕ∣∣2 − 2h

(
∇Sϕ,XT

)
+ h2

(
XT ,XT

)
+ divS Z.

In particular, if Φ is a normal variation,

d2

dt2

∣∣∣∣
t=0

Jac (Φt|S) (p) = ϕ2H2 − ϕ2|h|2 − ϕ2 Ric(N,N) +
∣∣∇Sϕ∣∣2 + divS Z.(A.17)
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Proof. Since G(t) has full rank for every t sufficiently small, Jacobi’s formula grants that, for any such t,

ddetG(t)

dt
= detG(t) trace

(
G(t)−1dG(t)

dt

)
,

whence
d

dt
Jac (Φt|S) (p) =

1

2
Jac (Φt|S) (p) trace

(
G(t)−1dG(t)

dt

)
.

Recalling that G(0)ij = δij for i, j = 1, . . . , n by construction,

d

dt

∣∣∣∣
t=0

Jac (Φt|S) (p) =
1

2
trace

(
d

dt

∣∣∣∣
t=0

G(t)

)
(A.13)

=

n∑
i=1

〈∇eiX, ei〉 = divS X.

Since

divS X = divS (ϕN) + divS XT = ϕH + divS XT ,

(A.15) follows. Moreover, since

(A.18)
dG(t)−1

dt
= −G(t)−1dG(t)

dt
G(t)−1,

then

d2

dt2

∣∣∣∣
t=0

Jac (Φt|S) (p)
(A.15)

=
(
divS X

)2
+

1

2
trace

(
−
(
d

dt

∣∣∣∣
t=0

G(t)

)2
)

︸ ︷︷ ︸
I

+
1

2
trace

(
d2

dt2

∣∣∣∣
t=0

G(t)

)
︸ ︷︷ ︸

II

.

First,

I =
(A.13)

= −1

2

n∑
i,j=1

(
〈∇eiX, ej〉+

〈
∇ejX, ei

〉)2
= −

n∑
i,j=1

〈∇eiX, ej〉
2 −

n∑
i,j=1

〈∇eiX, ej〉
〈
∇ejX, ei

〉
.

Moreover,

II
(A.13),(A.14)

=
n∑
i=1

〈∇eiX,∇eiX〉+
n∑
i=1

〈∇eiZ + R(X, ei)X, ei〉

=
n∑

i,j=1

〈∇eiX, ej〉
2 +

n∑
i=1

〈∇eiX,N〉
2 + divS Z− Ric(X,X)− R(X,N,X,N)

=

n∑
i,j=1

〈∇eiX, ej〉
2 +

n∑
i=1

(
ei(ϕ)−

〈
A
(
XT
)
, ei
〉)2

+ divS Z− Ric(X,X)− R(XT ,N,XT ,N)

=

n∑
i,j=1

〈∇eiX, ej〉
2 +

∣∣∇Sϕ∣∣2 − 2h
(
∇Sϕ,XT

)
+ h2

(
XT ,XT

)
+ divS Z− Ric(X,X)− R(XT ,N,XT ,N).

In this way, (A.16) follows. Finally, if Φ is a normal variation, then X = ϕN and XT = 0. In particular,

∇SX =
(
∇SX

)t
= ϕh, and (A.17) by (A.16). �

Define V (t) := N (t, β(t)). By definition, V is a vector field along β, and in particular V (t) is normal to St
at β(t) for every t ∈ I. V evolves as follows.

Lemma A.5. Let p ∈ S. Let e1, . . . , en be an orthonormal basis of TpS. Then

V ′(p) :=
D

dt

∣∣∣∣
t=0

V (t) = −∇Sϕ+A
(
XT
)

;(A.19)

V ′′(p) :=
D2

dt2

∣∣∣∣
t=0

V (t) =
(
−
∣∣∇Sϕ∣∣2 − ∣∣A (XT

)∣∣2 + 2h
(
XT ,∇Sϕ

))
N(A.20)

+
n∑
j=1

(
−
〈
N,∇ejZ + R(X, ej) XT

〉
+ 2

〈
∇Sϕ−A

(
XT
)
, ϕA(ej) +∇ej XT

〉)
ej .
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Moreover, fix local coordinates x1, . . . , xn+1 in M near p, and set

N′(q) =
∂ck

∂t
(0, q)

∂

∂xk

∣∣∣∣
q

, N′′(q) =
∂2ck

∂t2
(0, q)

∂

∂xk

∣∣∣∣
q

locally around p.

Then, when q ∈ S is close to p,

N′(q) = V ′(q)−∇XN,(A.21)

N′′(q) = V ′′(q)− 2∇XN′ −∇X′N−∇X∇XN(A.22)

Proof. First, (A.19) follows by [42, Lemma 1.25]. We prove (A.20). As |V (t)| ≡ 1, then

(A.23)

〈
D

dt
V (t), V (t)

〉
≡ 0.

In particular, by (A.19) and (A.23),〈
D2

dt2

∣∣∣∣
t=0

V (t), N|p
〉

=
d

dt

∣∣∣∣
t=0

〈
D

dt
V (t), V (t)

〉
−
∣∣V ′(p)∣∣2 = −

∣∣∇Sϕ∣∣2 − ∣∣A (XT
)∣∣2 + 2h

(
XT ,∇Sϕ

)
.

Let f ∈ TpS. Set F (t) := (dΦt) |p(f). Recall that F (t) is a vector field along β, and F (t) ∈ Tβ(t)St. Therefore〈
D2

dt2

∣∣∣∣
t=0

V (t), f

〉
=

d

dt

∣∣∣∣
t=0

〈
D

dt
V (t), F (t)

〉
−
〈
D

dt

∣∣∣∣
t=0

V (t),
D

dt

∣∣∣∣
t=0

F (t)

〉
= − d

dt

∣∣∣∣
t=0

〈
V (t),

D

dt
F (t)

〉
−
〈
D

dt

∣∣∣∣
t=0

V (t),
D

dt

∣∣∣∣
t=0

F (t)

〉
= −

〈
N,

D2

dt2

∣∣∣∣
t=0

F (t)

〉
− 2

〈
D

dt

∣∣∣∣
t=0

V (t),
D

dt

∣∣∣∣
t=0

F (t)

〉
(A.13),(A.14),(A.19)

= −
〈
N,∇f

(
∇XX + X′

)
+ R(X, f)X

〉
+ 2

〈
∇Sϕ−A

(
XT
)
,∇fX

〉
= −

〈
N,∇fZ + R(X, f) XT

〉
+ 2

〈
∇Sϕ−A

(
XT
)
, ϕA(f) +∇f XT

〉
.

In this way, (A.20) follows. Next we prove (A.21). Indeed, if q ∈ S is close to p,

D

dt

∣∣∣∣
t=0

N (t, βq(t))
(A.10)

=
∂ck

∂t
(0, q)

∂

∂xk

∣∣∣∣
q

+Xi(q)
∂Nk

∂xi
(q)

∂

∂xk

∣∣∣∣
q

+Xi(q)Nk(q)Γlik(q)
∂

∂xl

∣∣∣∣
q

= N′ +∇XN.

Finally, for q close to p,

D2

dt2

∣∣∣∣
t=0

N (t, βq(t)) =
D2

dt2

∣∣∣∣
t=0

(
ck(t, βq(t))

∂

∂xk

∣∣∣∣
βq(t)

)

=
D

dt

∣∣∣∣
t=0

(
∂ck

∂t
(t, βq(t))

∂

∂xk

∣∣∣∣
βq(t)

+ ai(t, βq(t))
∂ck

∂xi
(t, βq(t))

∂

∂xk

∣∣∣∣
βq(t)

)

+
D

dt

∣∣∣∣
t=0

(
ai(t, βq(t))c

k(t, βq(t))Γ
l
ik(βq(t))

∂

∂xl

∣∣∣∣
βq(t)

)

= N′′(q) + 2Xi(q)
∂2ck

∂xi∂t
(0, q)

∂

∂xk

∣∣∣∣
q

+ 2Xi(q)
∂ck

∂t
(0, q)Γlik(q)

∂

∂xl

∣∣∣∣
q

+ (X ′)i(q)
∂Nk

∂xi
(q)

∂

∂xk

∣∣∣∣
q

+X l(q)
∂Xi

∂xl
(q)

∂Nk

∂xi
(q)

∂

∂xk

∣∣∣∣
q

+Xi(q)X l(q)
∂2Nk

∂xl∂xi
(q)

∂

∂xk

∣∣∣∣
q

+ 2Xi(q)X l(q)
∂Nk

∂xi
(q)Γmlk(q)

∂

∂xm

∣∣∣∣
q

+
(
X ′
)i

(q)Nk(q)Γlik(q)
∂

∂xl

∣∣∣∣
q

+Xm(q)
∂Xi

∂xm
(q)Nk(q)Γlik(q)

∂

∂xl

∣∣∣∣
q

+Xi(q)Xm(q)Nk(q)
∂Γlik
∂xm

(q)
∂

∂xl

∣∣∣∣
q

+Xi(q)Xm(q)Nk(q)Γlik(q)Γ
s
ml

∂

∂xs

∣∣∣∣
q

,

whence (A.22) follows by (A.5). �

Next, we describe the evolution of the shape operator. The following proof relies crucially on Lemma A.1.
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Lemma A.6. Let p ∈ S. Let e ∈ TpS. Then

D

dt

∣∣∣∣
t=0

(
∇E(t)N (t, ·)

∣∣
β(t)

)
= ∇eV ′ + R(X, e)N,(A.24)

D2

dt2

∣∣∣∣
t=0

(
∇E(t)N (t, ·)

∣∣
β(t)

)
= ∇eV ′′ + R (X,∇eX) N + 2 R(X, e)V ′ + R (Z, e) N + (∇X R) (X, e)N,(A.25)

where V ′ and V ′′ are given respectively by (A.19) and (A.20).

Proof. Consider local normal coordinates x1, . . . , xn+1 centered at p. Since E(t) ∈ Tβ(t)St, then

∇E(t)N (t, ·)
∣∣
β(t)

= bj(t)
∂ck

∂xj
(t, β(t))

∂

∂xk

∣∣∣∣
β(t)

+ bj(t)ck(t, β(t))Γljk(β(t))
∂

∂xl

∣∣∣∣
β(t)

.

Therefore

D

dt

(
∇E(t)N (t, ·)

∣∣
β(t)

)
= ḃj(t)

∂ck

∂xj
(t, β(t))

∂

∂xk

∣∣∣∣
β(t)

+ bj(t)
∂2ck

∂t∂xj
(t, β(t))

∂

∂xk

∣∣∣∣
β(t)

+ ai(t, β(t))bj(t)
∂2ck

∂xi∂xj
(t, β(t))

∂

∂xk

∣∣∣∣
β(t)

+ ai(t, β(t))bj(t)
∂ck

∂xj
(t, β(t))Γlik(β(t))

∂

∂xl

∣∣∣∣
β(t)

+ ḃj(t)ck(t, β(t))Γljk(β(t))
∂

∂xl

∣∣∣∣
β(t)

+ bj(t)
∂ck

∂t
(t, β(t))Γljk(β(t))

∂

∂xl

∣∣∣∣
β(t)

+ ai(t, β(t))bj(t)
∂ck

∂xi
(t, β(t))Γljk(β(t))

∂

∂xl

∣∣∣∣
β(t)

+ ai(t, β(t))bj(t)ck(t, β(t))
∂Γljk
∂xi

(β(t))
∂

∂xl

∣∣∣∣
β(t)

+ ai(t, β(t))bj(t)ck(t, β(t))Γljk(β(t))Γmil (β(t))
∂

∂xm

∣∣∣∣
β(t)

.

(A.26)

In particular, by (A.2),

D

dt

∣∣∣∣
t=0

(
∇E(t)N (t, ·)

∣∣
β(t)

)
= ḃj(0)

∂Nk

∂xj
(p)

∂

∂xk

∣∣∣∣
p

+ ej
∂2ck

∂t∂xj
(0, p)

∂

∂xk

∣∣∣∣
p

+Xi(p)ej
∂2Nk

∂xi∂xj
(p)

∂

∂xk

∣∣∣∣
p

+Xi(p)ejNk(p)
∂Γljk
∂xi

(p)
∂

∂xl

∣∣∣∣
p

.

Observe that

(A.27) ḃi(0)
∂

∂xi

∣∣∣∣
p

(A.2)
=

D

dt

∣∣∣∣
t=0

E(t)
(A.13)

= ∇eX
(A.2)
=

∂Xi

∂xj
(p)ej

∂

∂xi

∣∣∣∣
p

,

whence (A.24) follows by

D

dt

∣∣∣∣
t=0

(
∇E(t)N (t, ·)

∣∣
β(t)

)
=
∂Xi

∂xj
(p)ej

∂Nk

∂xi
(p)

∂

∂xk

∣∣∣∣
p

+ ej
∂2ck

∂xj∂t
(0, p)

∂

∂xk

∣∣∣∣
p

+Xi(p)ej
∂2Nk

∂xi∂xj
(p)

∂

∂xk

∣∣∣∣
p

+Xi(p)ejNk(p)
∂Γljk
∂xi

(p)
∂

∂xl

∣∣∣∣
p

(A.6)
= ej

∂2ck

∂xj∂t
(0, p)

∂

∂xk

∣∣∣∣
p

+∇e∇XN− R(e,X)N

(A.2)
= ∇eN′ +∇e∇XN− R(e,X)N

(A.21)
= ∇eV ′ − R(e,X)N.
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We prove (A.25). By (A.26) and (A.2),

D2

dt2

∣∣∣∣
t=0

(
∇E(t)N (t, ·)

∣∣
β(t)

)
= b̈j(0)

∂Nk

∂xj
(p)

∂

∂xk

∣∣∣∣
p

+ 2ḃj(0)
∂2ck

∂xj∂t
(0, p)

∂

∂xk

∣∣∣∣
p

+ 2Xi(p)ḃj(0)
∂2Nk

∂xi∂xj
(p)

∂

∂xk

∣∣∣∣
p

+ ej
∂3ck

∂xj∂t2
(0, p)

∂

∂xk

∣∣∣∣
p

+ 2Xi(p)ej
∂3ck

∂xi∂xj∂t
(0, p)

∂

∂xk

∣∣∣∣
p

+ (X ′)i(p)ej
∂2Nk

∂xi∂xj
(p)

∂

∂xk

∣∣∣∣
p

+X l(p)
∂Xi

∂xl
(p)ej

∂2Nk

∂xi∂xj
(p)

∂

∂xk

∣∣∣∣
p

+Xi(p)X l(p)ej
∂3Nk

∂xl∂xi∂xj
(p)

∂

∂xk

∣∣∣∣
p

+Xi(p)Xm(p)ej
∂Nk

∂xj
(p)

∂Γlik
∂xm

(p)
∂

∂xl

∣∣∣∣
p

+ 2Xi(p)ḃj(0)Nk(p)
∂Γljk
∂xi

(p)
∂

∂xl

∣∣∣∣
p

+ 2Xi(p)ej
∂ck

∂t
(0, p)

∂Γljk
∂xi

(p)
∂

∂xl

∣∣∣∣
p

+ 2Xi(p)Xm(p)ej
∂Nk

∂xi
(p)

∂Γljk
∂xm

(p)
∂

∂xl

∣∣∣∣
p

+ (X ′)i(p)ejNk(p)
∂Γljk
∂xi

(p)
∂

∂xl

∣∣∣∣
p

+Xm(p)
∂Xi

∂xm
(p)ejNk(p)

∂Γljk
∂xi

(p)
∂

∂xl

∣∣∣∣
p

+Xi(p)Xm(p)ejNk(p)
∂2Γljk
∂xm∂xi

(p)
∂

∂xl

∣∣∣∣
p

.

Notice that

D2

dt2

∣∣∣∣
t=0

E(t)
(A.10)

=
D

dt

∣∣∣∣
t=0

(
ḃj(t)

∂

∂xj

∣∣∣∣
β(t)

+ ai(t, β(t))bj(t)Γlij(β(t))
∂

∂xl

∣∣∣∣
β(t)

)
(A.2)
= b̈j(0)

∂

∂xj

∣∣∣∣
p

+Xi(p)Xm(p)ej
∂Γlij
∂xm

(p)
∂

∂xl

∣∣∣∣
p

=

(
b̈j(0) +Xi(p)Xm(p)el

∂Γjil
∂xm

(p)

)
∂

∂xj

∣∣∣∣
p

.

Therefore, by (A.2), (A.6), (A.14) and for any j = 1, . . . , n+ 1,

b̈j(0) = (∇e∇XX)j (p) +
(
∇eX′

)j
(p) + (R(X, e)X)j (p)−Xi(p)Xm(p)el

∂Γjil
∂xm

(p)

= elXi(p)Xm(p)
∂Γjlm
∂xi

+ elXi(p)
∂2Xj

∂xl∂xi
(p) + el

∂Xi

∂xl
(p)

∂Xj

∂xi
(p) + el

∂(X ′)j

∂xl
(p)−Xi(p)Xm(p)el

∂Γjil
∂xm

(p)

= elXi(p)
∂2Xj

∂xl∂xi
(p) + el

∂Xi

∂xl
(p)

∂Xj

∂xi
(p) + el

∂(X ′)j

∂xl
(p),

(A.28)
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where the last equality follows by the symmetry of ∇. Then, by (A.27) and (A.28),

D2

dt2

∣∣∣∣
t=0

(
∇E(t)N (t, ·)

∣∣
β(t)

)
= elXi(p)

∂2Xj

∂xl∂xi
(p)

∂Nk

∂xj
(p)

∂

∂xk

∣∣∣∣
p

+ el
∂Xi

∂xl
(p)

∂Xj

∂xi
(p)

∂Nk

∂xj
(p)

∂

∂xk

∣∣∣∣
p

+ el
∂(X ′)j

∂xl
(p)

∂Nk

∂xj
(p)

∂

∂xk

∣∣∣∣
p

+ 2
∂Xi

∂xj
(p)ej

∂2ck

∂xi∂t
(0, p)

∂

∂xk

∣∣∣∣
p

+ 2Xi(p)
∂Xm

∂xj
(p)ej

∂2Nk

∂xi∂xm
(p)

∂

∂xk

∣∣∣∣
p

+ ej
∂3ck

∂xj∂t2
(0, p)

∂

∂xk

∣∣∣∣
p

+ 2Xi(p)ej
∂3ck

∂xi∂xj∂t
(0, p)

∂

∂xk

∣∣∣∣
p

+ (X ′)i(p)ej
∂2Nk

∂xi∂xj
(p)

∂

∂xk

∣∣∣∣
p

+X l(p)
∂Xi

∂xl
(p)ej

∂2Nk

∂xi∂xj
(p)

∂

∂xk

∣∣∣∣
p

+Xi(p)X l(p)ej
∂3Nk

∂xl∂xi∂xj
(p)

∂

∂xk

∣∣∣∣
p

+Xi(p)Xm(p)ej
∂Nk

∂xj
(p)

∂Γlik
∂xm

(p)
∂

∂xl

∣∣∣∣
p

+ 2Xi(p)
∂Xm

∂xj
(p)ejNk(p)

∂Γlmk
∂xi

(p)
∂

∂xl

∣∣∣∣
p

+ 2Xi(p)ej
∂ck

∂t
(0, p)

∂Γljk
∂xi

(p)
∂

∂xl

∣∣∣∣
p

+ 2Xi(p)Xm(p)ej
∂Nk

∂xi
(p)

∂Γljk
∂xm

(p)
∂

∂xl

∣∣∣∣
p

+ (X ′)i(p)ejNk(p)
∂Γljk
∂xi

(p)
∂

∂xl

∣∣∣∣
p

+Xm(p)
∂Xi

∂xm
(p)ejNk(p)

∂Γljk
∂xi

(p)
∂

∂xl

∣∣∣∣
p

+Xi(p)Xm(p)ejNk(p)
∂2Γljk
∂xm∂xi

(p)
∂

∂xl

∣∣∣∣
p

.

A careful comparison between the above expression and (A.6) and (A.7) grants that

D2

dt2

∣∣∣∣
t=0

(
∇E(t)N (t, ·)

∣∣
β(t)

)
= ∇e∇X∇XN− (∇X R) (e,X)N− 2 R(e,X)∇XN− R (e,∇XX) N

− R (∇eX,X) N + 2∇e∇XN′ − 2 R(e,X)N′ +∇eN′′ +∇e∇X′N− R(e,X′)N.

In addition,

−2 R(e,X)N′ − 2 R(e,X)∇XN
(A.21)

= −2 R(e,X)V ′

and

∇eN′′ + 2∇e∇XN′ +∇e∇X′N +∇e∇X∇XN
(A.22)

= ∇eV ′′,
whence

D2

dt2

∣∣∣∣
t=0

(
∇E(t)N (t, ·)

∣∣
β(t)

)
= − (∇X R) (e,X)N− R (e,Z) N +∇eV ′′ − 2 R(e,X)V ′ − R (∇eX,X) N,

and (A.25) follows. �

Lemma A.6 allows to compute the pointwise evolution of the mean curvature at first and second-order.

Lemma A.7. Let p ∈ S. Then

d

dt

∣∣∣∣
t=0

Ht (Φt(p)) = −∆Sϕ− ϕ
(
|h|2 + Ric(N,N)

)
+ XTH(A.29)

d2

dt2

∣∣∣∣
t=0

Ht (Φt(p)) = 2
〈
h,
(
∇SX

)2〉− 2
〈
∇SX,

(
∇SV ′

)t〉− 〈h, C(X,X)〉 −
〈
∇SX, C(N,X)

〉
(A.30)

+
(
−
∣∣∇Sϕ∣∣2 + 2h

(
∇Sϕ,XT

)
− h2

(
XT ,XT

))
H + divS

(
Ṽ ′′
)T

− 2 Ric(X, V ′)− R
(
XT ,N, V ′,N

)
− (∇X Ric) (X,N)

−∆S 〈Z,N〉 − 〈Z,N〉
(
|h|2 + Ric(N,N)

)
+ ZTH,

where (
Ṽ ′′
)T

:=
n∑
j=1

(
R(X, ej ,N,XT ) + 2

〈
∇Sϕ−A

(
XT
)
, ϕA(ej) +∇ej XT

〉)
ej
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In particular, if Φ is a normal variation,

d2

dt2

∣∣∣∣
t=0

Ht (Φt(p)) = divS
(
A
(
∇Sϕ2

))
+ 2ϕdivS A

(
∇Sϕ

)
− 2ϕ

〈
∇SH,∇Sϕ

〉
−
∣∣∇Sϕ∣∣2H

+ 2ϕ2 trace
(
h3
)
− 2ϕ2 〈h, C(N,N)〉 − ϕ2 (∇N Ric) (N,N)

−∆S 〈Z,N〉 − 〈Z,N〉
(
|h|2 + Ric(N,N)

)
+ ZTH.

(A.31)

Proof. Formula (A.29) is well-known (cf. [42, Lemma 1.26]). We prove it for the sake of completeness. Let
e1, . . . , en be any orthonormal basis of TpS. For j = 1, . . . , n, let Ej(t) be as in (A.11). Define §(t) by

§(t)ij =
〈
∇Ei(t)N (t, ·)

∣∣
β(t)

, Ej(t)
〉
, i, j = 1, . . . , n.

Then §(t) is symmetric, and H(Φt(p)) = trace
(
G(t)−1§(t)

)
, where G is defined in (A.12). Recalling (A.18),

d

dt
Ht(Φt(p)) = trace

(
−G(t)−1dG(t)

dt
G(t)−1§(t) + G(t)−1d§(t)

dt

)
.

Since e1, . . . , en is orthonormal, then G(0)ij = δij for i, j = 1, . . . , n, whence

d

dt

∣∣∣∣
t=0

Ht(Φt(p)) = trace

(
−
(
d

dt

∣∣∣∣
t=0

G(t)

)
§(0) +

d

dt

∣∣∣∣
t=0

§(t)
)
,(A.32)

d2

dt2

∣∣∣∣
t=0

Ht(Φt(p)) = trace

(
2

(
d

dt

∣∣∣∣
t=0

G(t)

)2

§(0)

)
︸ ︷︷ ︸

I

+ trace

(
−
(
d2

dt2

∣∣∣∣
t=0

G(t)

)
§(0)

)
︸ ︷︷ ︸

II

(A.33)

+ trace

(
−2

(
d

dt

∣∣∣∣
t=0

G(t)

)(
d

dt

∣∣∣∣
t=0

§(t)
))

︸ ︷︷ ︸
III

+ trace

(
d2

dt2

∣∣∣∣
t=0

§(t)
)

︸ ︷︷ ︸
IV

.

First, by (A.32),

d

dt

∣∣∣∣
t=0

Ht(Φt(p)) = −
n∑

i,j=1

(
d

dt

∣∣∣∣
t=0

G(t)ij

)
§(0)ij +

n∑
i=1

d

dt

∣∣∣∣
t=0

§(t)ii

(A.13),(A.24)
= −

n∑
i,j=1

hij
(
〈∇eiX, ej〉+

〈
∇ejX, ei

〉)
+

n∑
i=1

〈
∇eiV ′, ei

〉
− Ric(X,N) +

n∑
i=1

〈∇eiN,∇eiX〉 .

Notice that, for i, j = 1, . . . , n,

〈∇eiX, ej〉+
〈
∇ejX, ei

〉
= 2ϕhij +

〈
∇eiXT , ej

〉
+
〈
∇ejXT , ei

〉
= 2ϕhij + 2 sym

(
∇SXT

)
ij(A.34)

and

(A.35)
〈
∇eiV ′, ej

〉 (A.19)
= −

(
HessS ϕ

)
ij

+
〈
∇eiA

(
XT
)
, ej
〉
.

Moreover,

n∑
i=1

〈∇eiN,∇eiX〉 = ϕ
n∑
i=1

〈∇eiN,∇eiN〉+
n∑
i=1

〈
∇eiN,∇eiXT

〉
= ϕ|h|2 +

〈
h, sym

(
∇SXT

)〉
(A.36)

Therefore, by (A.34), (A.35) and (A.36),

d

dt

∣∣∣∣
t=0

Ht(Φt(p)) = −∆Sϕ− ϕ
(
|h|2 + Ric(N,N)

)
−
〈
h, sym

(
∇SXT

)〉
+ divS A

(
XT
)
− Ric(XT , N).

Next, extend XT to a smooth vector field with compact support in M . Denote by Ψt : M → M its flow.
Then Ψ is a variation of S with velocity XT . By the above formula,

XTH(p) =
d

dt

∣∣∣∣
t=0

Ht(Ψt(p)) = −
〈
h, sym

(
∇SXT

)〉
+ divS A

(
XT
)
− Ric(XT ,N).
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Therefore, (A.29) follows. Next, we prove (A.30). First we compute I. Indeed,

I = 2

n∑
i,j,k=1

(
d

dt

∣∣∣∣
t=0

G(t)ik

)(
d

dt

∣∣∣∣
t=0

G(t)jk

)
§(0)ij

(A.13)
= 2

n∑
i,j,k=1

hij (〈∇eiX, ek〉+ 〈∇ekX, ei〉)
(〈
∇ejX, ek

〉
+ 〈∇ekX, ej〉

)
.

Next we compute II. Noticing that

(A.37) 〈∇eiX,N〉 = ei(ϕ) +
〈
∇eiXT ,N

〉
= ei(ϕ)−

〈
∇eiN,XT

〉
= −

〈
V ′, ei

〉
i = 1, . . . , n,

we deduce that

II = −
n∑

i,j=1

(
d2

dt2

∣∣∣∣
t=0

G(t)ij

)
§(0)ij

= −
n∑

i,j=1

hij
d2

dt2

∣∣∣∣
t=0

〈Ei(t), Ej(t)〉

= −2
n∑

i,j=1

hij
d

dt

∣∣∣∣
t=0

〈
D

dt
Ei(t), Ej(t)

〉

= −2

n∑
i,j=1

hij

〈
D2

dt2

∣∣∣∣
t=0

Ei(t), Ej(t)

〉
− 2

n∑
i,j=1

hij

〈
D

dt

∣∣∣∣
t=0

Ei(t),
D

dt

∣∣∣∣
t=0

Ej(t)

〉
(A.13),(A.14)

= −2

n∑
i,j=1

hij 〈∇eiZ, ej〉 − 2

n∑
i,j=1

hij R(X, ei,X, ej)− 2

n∑
i,j=1

hij
〈
∇eiX,∇ejX

〉
= −2

〈
h,∇SZ

〉
− 2 〈h, C(X,X)〉 − 2

n∑
i,j=1

hij 〈∇eiX, ek〉
〈
∇ejX, ek

〉
− 2

n∑
i,j=1

hij 〈∇eiX,N〉
〈
∇ejX,N

〉
(A.37)

= −2
〈
h,∇SZ

〉
− 2 〈h, C(X,X)〉 − 2

n∑
i,j=1

hij 〈∇eiX, ek〉
〈
∇ejX, ek

〉
− 2h

(
V ′, V ′

)
.

We compute III. To this aim,

III = −2

n∑
i,j=1

(
d

dt

∣∣∣∣
t=0

G(t)ij

)(
d

dt

∣∣∣∣
t=0

§(t)ij
)

(A.13),(A.24)
= −2

n∑
i,j=1

(
〈∇eiX, ej〉+

〈
∇ejX, ei

〉) (〈
∇eiV ′ + R(X, ei)N, ej

〉
+
〈
∇eiN,∇ejX

〉)
= −2

n∑
i,j=1

(
〈∇eiX, ej〉+

〈
∇ejX, ei

〉) 〈
∇eiV ′, ej

〉
− 2

n∑
i,j,k=1

hij (〈∇eiX, ek〉+ 〈∇ekX, ei〉) 〈∇ekX, ej〉

− 2
〈
∇SX, C(X,N)

〉
− 2

〈
∇SX, C(N,X)

〉
.

Finally, we compute IV. Indeed, by (A.14), (A.24) and (A.25),

IV =

n∑
i=1

d2

dt2

∣∣∣∣
t=0

§(t)ii

= divS V ′′︸ ︷︷ ︸
IV.1

+
n∑
i=1

〈
R (X,∇eiX) N + 2 R(X, ei)V

′ + R (Z, ei) N + (∇X R) (X, ei)N, ei
〉

︸ ︷︷ ︸
IV.2

+ 2

n∑
i=1

〈
∇eiV ′ + R(X, ei)N,∇eiX

〉
︸ ︷︷ ︸

IV.3

+

n∑
i=1

〈∇eiN,∇eiZ + R(X, ei)X〉︸ ︷︷ ︸
IV.4

.
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First,

IV.1
(A.20)

=
(
−
∣∣∇Sϕ∣∣2 + 2h

(
∇Sϕ,XT

)
− h2

(
XT ,XT

))
H + divS

(
V ′′
)T
.

Moreover,

IV.2 =

n∑
i,j=1

〈∇eiX, ej〉R(X, ej ,N, ei) +

n∑
i=1

〈∇eiX,N〉R(X,N,N, ei)

− 2 Ric(X, V ′)− 2 R(X,N, V ′,N)− Ric(Z,N)− (∇X Ric) (X,N)

(A.37)
=

〈
∇SX, C(N,X)

〉
− 2 Ric(X, V ′)− R(XT ,N, V ′,N)− Ric(Z,N)− (∇X Ric) (X,N).

In addition,

IV.3 = 2

n∑
i,j=1

〈
∇eiV ′, ej

〉
〈∇eiX, ej〉+ 2

n∑
i=1

〈
∇eiV ′,N

〉
〈∇eiX,N〉+ 2

n∑
i,j=1

R(X, ei,N, ej) 〈∇eiX, ej〉

(A.37)
= 2

n∑
i,j=1

〈
∇eiV ′, ej

〉
〈∇eiX, ej〉+ 2h

(
V ′, V ′

)
+ 2

〈
∇SX, C(X,N)

〉
Finally,

IV.4 =

n∑
i,j=1

hij 〈∇eiZ, ej〉+

n∑
i,j=1

hij R(X, ei,X, ej) =
〈
h,∇SZ

〉
+ 〈h, C(X,X)〉 .

Recalling (A.33) and combining the above computations,

d2

dt2

∣∣∣∣
t=0

Ht (Φt(p)) = 2
〈
h,
(
∇SX

)2〉− 2
〈
∇SX,

(
∇SV ′

)t〉− 〈h, C(X,X)〉 −
〈
∇SX, C(N,X)

〉
+
(
−
∣∣∇Sϕ∣∣2 + 2h

(
∇Sϕ,XT

)
− h2

(
XT ,XT

))
H + divS

(
V ′′
)T

− 2 Ric(X, V ′)− R
(
XT ,N, V ′,N

)
− (∇X Ric) (X,N)−

〈
h,∇SZ

〉
− Ric(Z,N).

Next, fix p ∈ S and a geodesic frame E1, . . . ,En at p. Recall that(
V ′′
)T

= −
n∑
i=1

〈N,∇EiZ〉Ei +
(
Ṽ ′′
)T

.

Therefore

divS
(
V ′′
)T

= −
n∑
i=1

Ei 〈N,∇EiZ〉+ divS
(
Ṽ ′′
)T

= −
n∑
i=1

Ei 〈N,∇Ei (〈Z,N〉N)〉 −
n∑
i=1

Ei

〈
N,∇EiZ

T
〉

+ divS
(
Ṽ ′′
)T

= −
n∑
i=1

Ei (Ei 〈Z,N〉) +
n∑
i=1

Ei

〈
A
(
ZT
)
,Ei

〉
+ divS

(
Ṽ ′′
)T

= −∆S 〈Z,N〉+ divS A
(
ZT
)

+ divS
(
Ṽ ′′
)T

.

Moreover,

−
〈
h,∇SZ

〉
− Ric(Z,N)

(A.9)
= −divS A

(
ZT
)

+ ZTH − 〈Z,N〉
(
|h|2 + Ric(N,N)

)
.

Therefore (A.30) follows. Finally, assume that Φ is normal. Then X = ϕN, XT = 0 and V ′ = −∇Sϕ, so that

d2

dt2

∣∣∣∣
t=0

Ht (Φt(p)) = 2
〈
h,
(
∇S (ϕN)

)2〉
+ 2

〈
∇S (ϕN) ,

(
∇S
(
∇Sϕ

))t〉− ϕ2 〈h, C(N,N)〉

− ϕ
〈
∇S (ϕN) , C(N,N)

〉
−
∣∣∇Sϕ∣∣2H + divS

(
Ṽ ′′
)T

+ 2ϕRic(N,∇Sϕ)− ϕ2 (∇N Ric) (N,N)

−∆S 〈Z,N〉 − 〈Z,N〉
(
|h|2 + Ric(N,N)

)
+ ZTH.
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Noticing that ∇S (ϕN) = ϕh and
(
∇S
(
∇Sϕ

))t
= HessS ϕ, we deduce that

d2

dt2

∣∣∣∣
t=0

Ht (Φt(p)) = 2ϕ2 trace
(
h3
)

+ 2ϕ
〈
h,HessS ϕ

〉
− 2ϕ2 〈h, C(N,N)〉 −

∣∣∇Sϕ∣∣2H + divS
(
Ṽ ′′
)T

+ 2ϕRic
(
N,∇Sϕ

)
− ϕ2 (∇N Ric) (N,N)−∆S 〈Z,N〉 − 〈Z,N〉

(
|h|2 + Ric(N,N)

)
+ ZTH.

Moreover,

2ϕ
〈
h,HessS ϕ

〉
+ 2ϕRic

(
N,∇Sϕ

) (A.9)
= 2ϕdivS A

(
∇Sϕ

)
− 2ϕ

〈
∇SH,∇Sϕ

〉
.

Finally, since(
Ṽ ′′
)T

= 2

n∑
i=1

〈
∇Sϕ,ϕA(ei)

〉
ei =

n∑
i=1

〈
∇S
(
ϕ2
)
, A(ei)

〉
ei =

n∑
i=1

〈
A
(
∇S
(
ϕ2
))
, ei
〉
ei = A

(
∇S
(
ϕ2
))
,

(A.31) follows. �

A.5. Riemannian variation formulas. Let S be a smooth, embedded, closed hypersurface. If f : R→ R
is smooth in a neighborhood of {H(p) : p ∈ S}, set

(A.38) Hf (S) =

∫
S
f(H) dS.

If Φ is a smooth variation, the area formula implies that

(A.39) Hf (Φt(S)) =

∫
S
f (Ht (Φt(p))) Jac (Φt|S) (p) dS.

Denote by J the Jacobi operator associated to S,

(A.40) Jϕ = −∆Sϕ− ϕ
(
|h|2 + Ric(N,N)

)
, ϕ ∈ C∞(S).

Recall that J is self-adjoint, namely

(A.41)

∫
S
ϕJψ dS =

∫
S
ψJϕdS, ϕ, ψ ∈ C∞(S).

The first and second variation formulas for (A.38) read as follows.

Theorem A.8. Let S ⊆M be a smooth, closed, embedded hypersurface. Let Φ be a smooth variation. Denote
by X and Z its velocity and acceleration respectively. On S, decompose X as X|S = ϕN + XT . Then

δHf (S)[ϕ] := δHf (S)[Φ] =

∫
S
ϕ
(
−∆Sf ′(H)− f ′(H)

(
|h|2 + Ric(N,N)

)
+ f(H)H

)
dS,(A.42)

δ2Hf (S)[Φ] = δHf (S)
[
〈Z|S ,N〉 − 2XTϕ+ h

(
XT ,XT

)]
+

∫
S
ϕLϕdS,(A.43)

where

Lϕ = J
(
f ′′(H)Jϕ

)
+ 2f ′(H) divS A

(
∇Sϕ

)
−
(
f ′(H)H + f(H)

)
∆Sϕ

− 2f ′′(H)
〈
∇SH,A

(
∇Sϕ

)〉
+
(
f ′′(H)H − 2f ′(H)

) 〈
∇SH,∇Sϕ

〉
+ ϕf ′(H)

(
2 trace

(
h3
)
− 2 〈h, C(N,N)〉 − (∇N Ric) (N,N)

)
+ ϕ

(
f(H)H2 −

(
2f ′(H)H + f(H)

) (
|h|2 + Ric(N,N)

))
.

Proof. First,

dHf (Φt(S))

dt

(A.39)
=

∫
S

d

dt

(
f (Ht (Φt(p))) Jac (Φt|S) (p)

)
dS

=

∫
S

(
f ′ (Ht (Φt(p)))

dHt (Φt(p))

dt
Jac (Φt|S) (p) + f (Ht (Φt(p)))

d Jac (Φt|S) (p)

dt

)
dS.

In particular, by (A.15) and (A.29),

δHf [X] =

∫
S

(
f ′(H)

(
−∆Sϕ− ϕ

(
|h|2 + Ric(N,N)

)
+ XTH

)
+ f(H)

(
ϕH + divS XT

) )
dS.
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Notice that, being S closed,

(A.44)

∫
S

(
f ′(H)XTH + f(H) divS XT

)
dS =

∫
S

divS
(
f(H)XT

)
dS = 0.

The divergence theorem and (A.44) imply (A.42). We prove (A.43). We reduce to deal with the case of normal
variations. Let Y ∈ Γ(TM) be such that Y|S = XT . Denote by Ψ the flow of −Y. Since Y|S ∈ Γ(TS), then

Ψ(t, S) = S for any small t. Set Φ̃(t, p) := Φ(t,Ψ(t, p)). Then Φ̃ is a smooth variation, and moreover

(A.45) S̃t := Φ̃(t, S) = Φ(t,Ψ(t, S)) = Φ(t, S) = St

for any t sufficiently small. The area formula and (A.45) imply that

(A.46) δ2Hf (S)[Φ] = δ2Hf (S)[Φ̃].

We compute the velocity X̃ and the acceleration Z̃ of Φ̃. Fix p ∈M . Fix local normal coordinates x1, . . . , xn+1

centered at p. Set q(t) = Φ−1
t (p) and r(t) = Ψ−1

t (q(t)). Then, since Ψ is the flow of −Y,

X̃ (t, p) =
∂

∂s

∣∣∣∣
s=0

Φ(t+ s,Ψ(t+ s, r(t)))

=

n+1∑
i=1

∂Φi

∂t
(t, q(t))

∂

∂xi
+

n+1∑
i,j=1

∂Φi

∂xj
(t, q(t))

∂Ψj

∂t
(t, r(t))

∂

∂xi

= X (t, p)−
n+1∑
i,j=1

∂Φi

∂xj
(t, q(t))Y(q(t))

∂

∂xi
.

(A.47)

In particular, X̃ = X−Y, and X̃|S = ϕN, whence Φ̃ is a normal variation. Moreover, as Φ (t, q(t)) = p,

0 =
∂Φ

∂t
(0, p) +

n+1∑
i,j=1

∂Φi

∂zj
(0, p)q̇j(0)

∂

∂xi
=
∂Φ

∂t
(0, p) + q̇(0),

whence q̇(0) = −X(p). Therefore

X̃′(p)
(A.47)

= X′(p)−
n+1∑
i,j,k=1

(
δik

∂2Φi

∂t∂xj
(0, p)Yj(p) +

∂2Φi

∂xk∂xj
(0, p)q̇k(0)Yj(p) +

∂Φi

∂xj
(0, p)

∂Yj

∂xk
(p)q̇k(0)

)
∂

∂xi

= X′(p)−
n+1∑
i,j=1

∂Xi

∂xj
(p)Yj(p)

∂

∂xi
+

n+1∑
i,k=1

∂Yi

∂xk
(p)Xk(p)

∂

∂xi

= X′(p)− (∇YX) (p) + (∇XY) (p).

Finally,

Z̃ = X̃′ +∇X̃X̃ = X′ −∇YX +∇XY +∇X−Y (X−Y) = Z− 2∇YX +∇YY,

so that, recalling that Y|S = XT ,

(A.48)
〈
Z̃|S ,N

〉
= 〈Z|S ,N〉 − 2XTϕ+ h

(
XT ,XT

)
.
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Then, by (A.15), (A.17), (A.29), (A.31) and (A.46),

δ2Hf (S)[Φ] =

∫
S
f ′′(H)

(
∆Sϕ+ ϕ

(
|h|2 + Ric(N,N)

))2
dS

+

∫
S
f ′(H)

(
divS

(
A
(
∇Sϕ2

))
+ 2ϕdivS A

(
∇Sϕ

)
− 2ϕ

〈
∇SH,∇Sϕ

〉
−
∣∣∇Sϕ∣∣2H) dS

+

∫
S
f ′(H)

(
2ϕ2 trace

(
h3
)
− 2ϕ2 〈h, C(N,N)〉 − ϕ2 (∇N Ric) (N,N)

)
dS

+

∫
S
f ′(H)

(
−∆S

〈
Z̃,N

〉
−
〈
Z̃,N

〉 (
|h|2 + Ric(N,N)

)
+ Z̃TH

)
dS

+

∫
S

2ϕHf ′(H)
(
−∆Sϕ− ϕ

(
|h|2 + Ric(N,N)

) )
+

∫
S
f(H)

(
ϕ2H2 − ϕ2|h|2 − ϕ2 Ric(N,N) +

∣∣∇Sϕ∣∣2 + divS Z̃
)
dS.

First, combining (A.42) and (A.44), and recalling (A.40),

δ2Hf (S)[Φ] =

∫
S

(
f ′′(H)Jϕ

)
JϕdS︸ ︷︷ ︸

I

+

∫
S
f ′(H)

(
divS

(
A
(
∇Sϕ2

))
−
∣∣∇Sϕ∣∣2H) dS︸ ︷︷ ︸

II

+

∫
S
f ′(H)

(
2ϕdivS A

(
∇Sϕ

)
− 2ϕ

〈
∇SH,∇Sϕ

〉 )
dS

+

∫
S
f ′(H)

(
2ϕ2 trace

(
h3
)
− 2ϕ2 〈h, C(N,N)〉 − ϕ2 (∇N Ric) (N,N)

)
dS

+

∫
S

2ϕHf ′(H)
(
−∆Sϕ− ϕ

(
|h|2 + Ric(N,N)

) )
+

∫
S
f(H)

∣∣∇Sϕ∣∣2 dS︸ ︷︷ ︸
III

+

∫
S
f(H)

(
ϕ2H2 − ϕ2|h|2 − ϕ2 Ric(N,N)

)
dS + δHf (S)

[〈
Z̃|S ,N

〉]
.

First,

I
(A.41)

=

∫
S
ϕJ

(
f ′′(H)Jϕ

)
dS.

Moreover,

II =

∫
S

(
−
〈
∇Sf ′(H), A

(
∇Sϕ2

)〉
−
〈
f ′(H)H∇Sϕ,∇Sϕ

〉 )
dS

=

∫
S
ϕ
(
− 2f ′′(H)

〈
∇SH,A

(
∇Sϕ

)〉
+ divS

(
f ′(H)H∇Sϕ

) )
dS

=

∫
S
ϕ
(
− 2f ′′(H)

〈
∇SH,A

(
∇Sϕ

)〉
+
(
f ′(H) + f ′′(H)H

) 〈
∇SH,∇Sϕ

〉
+ f ′(H)H∆Sϕ

)
dS.

Finally,

III = −
∫
S
ϕdivS

(
f(H)∇Sϕ

)
dS = −

∫
S
ϕ
(
f ′(H)

〈
∇SH,∇Sϕ

〉
+ f(H)∆Sϕ

)
dS.

In particular,

II + III =

∫
S
ϕ
(
− 2f ′′(H)

〈
∇SH,A

(
∇Sϕ

)〉
+ f ′′(H)H

〈
∇SH,∇Sϕ

〉
+
(
f ′(H)H − f(H)

)
∆Sϕ

)
dS.

The thesis follows combining the above computations with (A.48). �

Appendix B. Variation formulas for sub-Riemannian mean curvature functionals

In this second appendix we prove Theorem 4.2 by means of a Riemannian approximation scheme. Namely,
we approximate the sub-Riemannian structure of Hn with a sequence of Riemannian manifolds (Hn, 〈·, ·〉ε)ε>0,
and we exploit Theorem A.8 to deduce the analogous sub-Riemannian variation formulas.
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B.1. Preliminaries. For any ε > 0, denote by 〈·, ·〉ε the unique Riemannian metric on Hn such that
(Zε1 , . . . , Z

ε
2n+1) = (X1, . . . , Xn, Y1, . . . , Yn, εT ) is a global orthonormal frame. If A ∈ Γ(THn), denote by

A1,ε, . . . , A2n,ε, A2n+1,ε its components with respect to the above frame. Clearly Aj := Aj,ε is independent
of ε for j = 1, . . . , 2n. We may write A2n+1 := A2n+1,ε when there is no ambiguity. Since 〈A,B〉ε does not
depend on ε when A,B ∈ Γ(H), we set 〈A,B〉 := 〈A,B〉ε . Denote by ∇ε and Rε the induced Levi-Civita
connection and curvature tensor respectively. We recall the following relations (cf. [37]):

∇εXiXj = 0, ∇εYiYj = 0, ∇εTT = 0,

∇εXiYj = −δi,jT, ∇εXiεT =
Yi
ε
, ∇εYiεT = −Xi

ε
,(B.1)

∇εYiXj = δi,jT, ∇εεTXi =
Yi
ε
, ∇εεTYi = −Xi

ε
.

The Levi-Civita connection ∇ε relates to the pseudohermitian connection ∇ (cf. (2.2)) as follows.

Lemma B.1. Let A,B ∈ Γ(THn). Then

(B.2) ∇εAB = ∇AB +
〈A, εT 〉ε

ε
J(B) +

〈B, εT 〉ε
ε

J(A) + 〈A, J(B)〉T.

In particular,

(B.3) ∇εAεT =
1

ε
J(A).

Moreover, if A,B,C ∈ Γ(H), then

(B.4) 〈∇εAB,C〉ε = 〈∇AB,C〉 .

Proof. By a direct computation,

∇εAB =

2n+1∑
j,k=1

Aj,εZεjB
k,εZεk +

2n+1∑
j,k=1

Aj,εBk,ε∇εZεjZ
ε
k

(B.1)
= ∇AB +

n∑
j=1

AjBn+j∇εXjYj + 〈B, εT 〉ε
n∑
j=1

Aj∇εXjεT +
n∑
j=1

An+jBj∇εYjXj

+ 〈B, εT 〉ε
n∑
j=1

An+j∇εYjεT + 〈A, εT 〉ε
n∑
j=1

Bj∇εεTXj + 〈A, εT 〉ε
n∑
j=1

Bn+j∇εεTYj

(B.1)
= ∇AB +

〈A, εT 〉ε
ε

J(B) +
〈B, εT 〉ε

ε
J(A) + 〈A, J(B)〉T.

�

B.2. Ambient curvatures. First, we compute the ambient curvatures of (Hn, 〈·, ·〉ε), starting from Rε.

Proposition B.2. Let ε > 0. Let A,B,C ∈ Γ(THn). Then

Rε(A,B)C =
2

ε2
〈J(A),B〉ε J(C) +

1

ε2
〈J(A),C〉ε J(B)− 1

ε2
〈J(B),C〉ε J(A)

+
A2n+1,ε

ε2
〈B,C〉εεT −

B2n+1,ε

ε2
〈A,C〉εεT +

B2n+1,εC2n+1,ε

ε2
A− A2n+1,εC2n+1,ε

ε2
B.

In particular, if D ∈ Γ(THn),

Rε(A,B,C,D) =
2

ε2
〈J(A),B〉ε 〈J(C),D〉ε +

1

ε2
〈J(A),C〉ε 〈J(B),D〉ε −

1

ε2
〈J(B),C〉ε 〈J(A),D〉ε

+
A2n+1,εD2n+1,ε

ε2
〈B,C〉ε −

B2n+1,εD2n+1,ε

ε2
〈A,C〉ε +

B2n+1,εC2n+1,ε

ε2
〈A,D〉ε −

A2n+1,εC2n+1,ε

ε2
〈B,D〉ε.

(B.5)
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Proof. Fix i, j, k = 1, . . . , n. Then, by (B.1),

Rε(Xi, Xj)Xk = 0,

Rε(Xi, Xj)Yk = ∇εXi∇
ε
XjYk −∇

ε
Xj∇

ε
XiYk −∇

ε
[Xi,Xj ]

Yk = −
δjk
ε
∇εXiεT +

δik
ε
∇εXjεT =

1

ε2
(δikYj − δjkYi) ,

Rε(Xi, Xj)εT = ∇εXi∇
ε
XjεT −∇

ε
Xj∇

ε
XiεT −∇

ε
[Xi,Xj ]

εT =
1

ε
∇εXiYj −

1

ε
∇εXjYi = 0.

Moreover,

Rε(Xi, Yj)Xk = ∇εXi∇
ε
YjXk −∇εYj∇

ε
XiXk −∇ε[Xi,Yj ]Xk =

δjk
ε
∇εXiεT +

2δij
ε
∇εεTXk =

1

ε2
(δjkYi + 2δijYk) ,

Rε(Xi, Yj)Yk = ∇εXi∇
ε
YjYk −∇

ε
Yj∇

ε
XiYk −∇

ε
[Xi,Yj ]

Yk =
δik
ε
∇εYjεT +

2δij
ε
∇εεTYk = − 1

ε2
(δikXj + 2δijXk) ,

Rε(Xi, Yj)εT = ∇εXi∇
ε
YjεT −∇

ε
Yj∇

ε
XiεT −∇

ε
[Xi,Yj ]

εT = 0.

In addition,

Rε(Xi, εT )Xk = ∇εXi∇
ε
εTXk −∇εεT∇εXiXk −∇ε[Xi,εT ]Xk =

1

ε
∇εXiYk = −δik

ε2
εT,

Rε(Xi, εT )Yk = ∇εXi∇
ε
εTYk −∇εεT∇εXiYk −∇

ε
[Xi,εT ]Yk = 0,

Rε(Xi, εT )εT = ∇εXi∇
ε
εT εT −∇εεT∇εXiεT −∇

ε
[Xi,εT ]εT = −1

ε
∇εεTYi =

1

ε2
Xi.

Furthermore,

Rε(Yi, Yj)Xk = ∇εYi∇
ε
YjXk −∇εYj∇

ε
YiXk −∇ε[Yi,Yj ]Xk =

δjk
ε
∇εYiεT −

δik
ε
∇εYjεT =

1

ε2
(δikXj − δjkXi) ,

Rε(Yi, Yj)Yk = 0,

Rε(Yi, Yj)εT = ∇εYi∇
ε
YjεT −∇

ε
Yj∇

ε
YiεT −∇

ε
[Yi,Yj ]

εT = −1

ε
∇εYiXj +

1

ε
∇εYjXi = 0.

Finally,

Rε(Yi, εT )Xk = ∇εYi∇
ε
εTXk −∇εεT∇εYiXk −∇ε[Yi,εT ]Xk = 0,

Rε(Yi, εT )Yk = ∇εYi∇
ε
εTYk −∇εεT∇εYiYk −∇

ε
[Yi,εT ]Yk = −1

ε
∇εYiXk = −δik

ε2
εT,

Rε(Yi, εT )εT = ∇εYi∇
ε
εT εT −∇εεT∇εYiεT −∇

ε
[Yi,εT ]εT =

1

ε
∇εεTXi =

1

ε2
Yi.

Therefore

Rε(A,B)C =

2n+1∑
i,j,k=1

AiBjCk Rε(Zi, Zj)Zk

=

n∑
i=1

2n+1∑
j,k=1

AiBjCk Rε(Xi, Zj)Zk +
n∑
i=1

2n+1∑
j,k=1

An+iBjCk Rε(Yi, Zj)Zk +A2n+1
2n+1∑
j,k=1

BjCk Rε(εT, Zj)Zk

=
n∑

i,j=1

2n+1∑
k=1

AiBjCk Rε(Xi, Xj)Zk +
n∑

i,j=1

2n+1∑
k=1

AiBn+jCk Rε(Xi, Yj)Zk +B2n+1
n∑
i=1

2n+1∑
k=1

AiCk Rε(Xi, εT )Zk

+

n∑
i,j=1

2n+1∑
k=1

An+iBjCk Rε(Yi, Xj)Zk +

n∑
i,j=1

2n+1∑
k=1

An+iBn+jCk Rε(Yi, Yj)Zk

+B2n+1
n∑
i=1

2n+1∑
k=1

An+iCk Rε(Yi, εT )Zk +A2n+1
n∑
j=1

2n+1∑
k=1

BjCk Rε(εT,Xj)Zk

+A2n+1
n∑
j=1

2n+1∑
k=1

Bn+jCk Rε(εT, Yj)Zk.



UNEXPECTED PHENOMENA FOR MEAN CURVATURE FUNCTIONALS IN THE HEISENBERG GROUP 47

By the symmetry of Rε,

Rε(A,B)C =

n∑
i,j=1

2n+1∑
k=1

AiBjCk Rε(Xi, Xj)Zk︸ ︷︷ ︸
I

+

n∑
i,j=1

2n+1∑
k=1

(
AiBn+j −An+jBi

)
Ck Rε(Xi, Yj)Zk︸ ︷︷ ︸

II

+
n∑
i=1

2n+1∑
k=1

(
AiB2n+1 −A2n+1Bi

)
Ck Rε(Xi, εT )Zk︸ ︷︷ ︸

III

+
n∑

i,j=1

2n+1∑
k=1

An+iBn+jCk Rε(Yi, Yj)Zk︸ ︷︷ ︸
IV

+
n∑
i=1

2n+1∑
k=1

(
An+iB2n+1 −A2n+1Bn+i

)
Ck Rε(Yi, εT )Zk︸ ︷︷ ︸

V

.

First,

I =
1

ε2

n∑
i,j=1

AiBjCn+iYj −
1

ε2

n∑
i,j=1

AiBjCn+jYi =
1

ε2

n∑
i,j=1

AjBiCn+jYi −
1

ε2

n∑
i,j=1

AiBjCn+jYi.

Moreover,

II =

n∑
i,j,k=1

(
AiBn+j −An+jBi

)
Ck Rε(Xi, Yj)Xk +

n∑
i,j,k=1

(
AiBn+j −An+jBi

)
Cn+k Rε(Xi, Yj)Yk

=
1

ε2

n∑
i,j=1

(
AiBn+j −An+jBi

)
CjYi +

2

ε2

n∑
i,k=1

(
AiBn+i −An+iBi

)
CkYk

− 1

ε2

n∑
i,j=1

(
AiBn+j −An+jBi

)
Cn+iXj −

2

ε2

n∑
i,k=1

(
AiBn+i −An+iBi

)
Cn+kXi

=
1

ε2

n∑
i,j=1

(
AiBn+j −An+jBi

)
CjYi −

1

ε2

n∑
i,j=1

(
AjBn+i −An+iBj

)
Cn+jXi +

2

ε2
〈J(A),B〉 J(C).

In addition,

III =

n∑
i,k=1

(
AiB2n+1 −A2n+1Bi

)
Ck Rε(Xi, εT )Xk + C2n+1

n∑
i=1

(
AiB2n+1 −A2n+1Bi

)
Rε(Xi, εT )εT

= − 1

ε2

n∑
i=1

(
AiB2n+1 −A2n+1Bi

)
CiεT +

C2n+1

ε2

n∑
i=1

(
AiB2n+1 −A2n+1Bi

)
Xi

= −B
2n+1

ε2

n∑
j=1

AjCjεT +
A2n+1

ε2

n∑
j=1

BjCjεT +
B2n+1C2n+1

ε2

n∑
i=1

AiXi −
A2n+1C2n+1

ε2

n∑
i=1

BiXi.

Furthermore,

IV =
1

ε2

n∑
i,j=1

An+iBn+jCiXj −
1

ε2

n∑
i,j=1

An+iBn+jCjXi =
1

ε2

n∑
i,j=1

An+jBn+iCjXi −
1

ε2

n∑
i,j=1

An+iBn+jCjXi,
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Finally,

V =
n∑

i,k=1

(
An+iB2n+1 −A2n+1Bn+i

)
Cn+k Rε(Yi, εT )Yk

+ C2n+1
n∑
i=1

(
An+iB2n+1 −A2n+1Bn+i

)
Rε(Yi, εT )εT

= − 1

ε2

n∑
i=1

(
An+iB2n+1 −A2n+1Bn+i

)
Cn+iεT +

C2n+1

ε2

n∑
i=1

(
An+iB2n+1 −A2n+1Bn+i

)
Yi

= −B
2n+1

ε2

n∑
i=1

An+iCn+iεT +
A2n+1

ε2

n∑
i=1

Bn+iCn+iεT

+
B2n+1C2n+1

ε2

n∑
i=1

An+iYi −
A2n+1C2n+1

ε2

n∑
i=1

Bn+iYi.

By the above computations,

I + II + IV =
2

ε2
〈J(A),B〉 J(C) +

1

ε2
〈J(A),C〉

n∑
i=1

BiYi −
1

ε2
〈J(A),C〉

n∑
i=1

Bn+iXi

+
1

ε2
〈J(B),C〉

n∑
i=1

An+iXi −
1

ε2
〈J(B),C〉

n∑
i=1

AiYi

=
2

ε2
〈J(A),B〉 J(C) +

1

ε2
〈J(A),C〉 J(B)− 1

ε2
〈J(B),C〉 J(A)

and

III + V =
A2n+1

ε2
〈B,C〉εT − B2n+1

ε2
〈A,C〉εT +

B2n+1C2n+1

ε2
A− A2n+1C2n+1

ε2
B.

The thesis follows combining the above computations. �

The explicit expression of the Ricci curvature Ricε is a simple consequence of Proposition B.2.

Proposition B.3. Let ε > 0. Let A,B,C ∈ Γ(THn). Then

Ricε(B,C) = − 2

ε2
〈B,C〉ε +

(2n+ 2)

ε2
〈B, εT 〉ε 〈C, εT 〉ε(B.6)

and

(∇εA Ricε) (B,C) =
2n+ 2

ε3
〈J(A),B〉ε 〈C, εT 〉ε +

2n+ 2

ε3
〈J(A),C〉ε 〈B, εT 〉ε

In particular,

(B.7) (∇εA Ricε) (A,A) = 0.

Proof. By definition,

ε2 Ric(B,C) =
2n∑
i=1

(
2 〈J(Zi),B〉ε 〈J(C), Zi〉ε + 〈J(Zi),C〉ε 〈J(B), Zi〉ε − 〈J(B),C〉ε 〈J(Zi), Zi〉ε

)
+ 〈B,C〉ε −B2n+1,εC2n+1,ε + (2n+ 1)B2n+1,εC2n+1,ε −B2n+1,εC2n+1,ε.

= −3 〈J(B), J(C)〉+ 〈B,C〉ε + (2n− 1)B2n+1,εC2n+1,ε

= −2 〈B,C〉+ (2n+ 2)B2n+1,εC2n+1,ε.

Therefore, since ∇ε 〈·, ·〉ε ≡ 0,

ε2 (∇A Ricε) (B,C) = (2n+ 2)
(
A (〈B, εT 〉ε 〈C, εT 〉ε)− 〈∇

ε
AB, εT 〉ε 〈C, εT 〉ε − 〈B, εT 〉ε 〈∇

ε
AC, εT 〉ε

)
= (2n+ 2)

(
〈B,∇εAεT 〉ε 〈C, εT 〉ε + 〈B, εT 〉ε 〈C,∇

ε
AεT 〉ε

)
(B.3)
=

2n+ 2

ε
〈J(A),B〉ε 〈C, εT 〉ε +

2n+ 2

ε
〈J(A),C〉ε 〈B, εT 〉ε .

Finally, (B.7) is straightforward. �
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B.3. Extrinsic curvatures. Fix ε > 0. We adapt some aspects of Section 2.2 to the Riemannian structure
(Hn, 〈·, ·〉ε). We fix a smooth, closed, embedded hypersurface S ⊆ Hn, and we assign an upper index ε to the
geometric quantities associated with S and induced by 〈·, ·〉ε. Accordingly,

(B.8) Nε =
1√

1 + ε2α2
ν +

εα√
1 + ε2α2

εT.

Therefore, TS admits the 〈·, ·〉ε-orthonormal decomposition TS = H′TS ⊕ span J(ν)⊕ spanSε, where

(B.9) Sε = − εα√
1 + ε2α2

ν +
1√

1 + ε2α2
εT.

If σε is the Riemannian surface measure induced by 〈·, ·〉ε, it is easy to check that

(B.10) σε =

√
1 + ε2α2

ε
√

1 + α2
σ1.

In the rest of this section, we express some Riemannian extrinsic quantities with respect to the relevant
sub-Riemannian geometric objects. We begin by the second fundamental form.

Lemma B.4. Let ε > 0. Let A,B ∈ Γ(HTS). Let C ∈ Γ(H′TS). Then

(B.11)

hε(A,B) =
1√

1 + ε2α2
h̃H(A,B), hε(C,Sε) =

εCα

1 + ε2α2
,

hε(J(ν),Sε) =
1

ε
+

εJ(ν)α

1 + ε2α2
, hε(Sε,Sε) =

ε2Sα
(1 + ε2α2)

3
2

.

Proof. First, since

(B.12) 〈ν,B〉 = 〈εT,B〉ε = 0,

then

hε(A,B)
(B.8)
=

〈
∇εA

(
1√

1 + ε2α2
ν

)
,B

〉
ε

+

〈
∇εA

(
εα√

1 + ε2α2
εT

)
,B

〉
ε

(B.12)
=

1√
1 + ε2α2

(
〈∇εAν,B〉ε + εα 〈∇εAεT,B〉ε

)
(B.3),(B.4)

=
1√

1 + ε2α2

(
hH(A,B) + α 〈J(A),B〉

)
(2.7)
=

1√
1 + ε2α2

h̃H(A,B).

Let D ∈ Γ(TS). Then

hε(D,Sε) = 〈∇εDNε,Sε〉ε
(B.8)
=

1√
1 + ε2α2

〈
∇εD

(
1√

1 + ε2α2
ν

)
,−εαν + εT

〉
ε

+
1√

1 + ε2α2

〈
∇εD

(
εα√

1 + ε2α2
εT

)
,−εαν + εT

〉
ε

= − εα√
1 + ε2α2

D

(
1√

1 + ε2α2

)
+

1

1 + ε2α2

〈
∇εDν,−εαν + εT

〉
ε

+
εα√

1 + ε2α2
D

(
1√

1 + ε2α2

)
+

εDα

1 + ε2α2
+

εα

1 + ε2α2

〈
∇εDεT,−εαν + εT

〉
ε

=
1

1 + ε2α2

〈
∇εDν, εT

〉
ε
− ε2α2

1 + ε2α2

〈
∇εDεT, ν

〉
ε

+
εDα

1 + ε2α2

(B.3)
= − 1

ε(1 + ε2α2)
〈J(D), ν〉ε −

ε2α2

ε(1 + ε2α2)
〈J(D), ν〉ε +

εDα

1 + ε2α2

=
1

ε
〈D, J(ν)〉+

εDα

1 + ε2α2
.

�

A first trivial consequence of Lemma B.4 is the behavior of the mean curvature.
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Corollary B.5. Let p ∈ S \ S0. Then

Hε =
1√

1 + ε2α2
HH +

ε2Sα
(1 + ε2α2)

3
2

.(B.13)

In particular,

(B.14) A1 · · ·AkH
ε −−−→
ε→0

A1 · · ·AkH
H locally uniformly on S \ S0 for any k ∈ N, A1, . . . ,Ak ∈ Γ(TS).

In the next result, the approximation occurs both in the second fundamental form and in its entries.

Lemma B.6. Let p ∈ S \ S0. Let f, g ∈ C∞(S). Then

hε
(
∇ε,Sf,∇ε,Sg

)
=
h̃H
(
∇H,Sf,∇H,Sg

)
√

1 + ε2α2
+
J(ν)fSg + J(ν)gSf√

1 + ε2α2

+
ε2
〈
∇H,Sα,Sg∇H,Sf + Sf∇H,Sg

〉
(1 + ε2α2)

3
2

+
ε4SαSfSg
(1 + ε2α2)

5
2

.

(B.15)

In particular, if (f ε)ε, (gε)ε converge smoothly to f and g as in (B.14), then

hε
(
∇ε,Sf ε,∇ε,Sgε

)
−−−→
ε→0

h̃H
(
∇H,Sf,∇H,Sg

)
+ J(ν)f Sg + J(ν)g Sf locally uniformly on S \ S0.(B.16)

Proof. Fix p ∈ S \ S0. Let E1, . . . ,En−1,En+1, . . . ,E2n−1 be a local orthonormal frame of H′TS. Set
En = J(ν) and E2n = Sε. In this way, E1, . . . ,E2n is a local orthonormal frame of TS. Then

hε
(
∇ε,Sf,∇ε,Sg

)
=

2n∑
i,j=1

hε(Ei,Ej)EifEig

=
2n−1∑
i,j=1

hε(Ei,Ej)EifEig +
2n−1∑
i=1

hε(Ei,Sε) (EifSεg + EigSεf) + hε(Sε,Sε)SεfSεg

(B.11)
=

h̃H
(
∇H,Sf,∇H,Sg

)
√

1 + ε2α2
+

ε2

(1 + ε2α2)
3
2

2n−1∑
i=1
i 6=n

Eiα (EifSg + EigSf)

+
1√

1 + ε2α2

(
1 +

ε2J(ν)α

1 + ε2α2

)
(J(ν)fSg + J(ν)gSf) +

ε4SαSfSg
(1 + ε2α2)

5
2

=
h̃H
(
∇H,Sf,∇H,Sg

)
√

1 + ε2α2
+
J(ν)fSg + J(ν)gSf√

1 + ε2α2
+
ε2
〈
∇H,Sα,Sg∇H,Sf + Sf∇H,Sg

〉
(1 + ε2α2)

3
2

+
ε4SαSfSg
(1 + ε2α2)

5
2

.

In particular, (B.16) follows by (B.15). �

The next convergence result has been achieved, through a different approach, in [37].

Lemma B.7. Let p ∈ S \ S0. Then

|hε|2 + Ricε(Nε,Nε) =
|h̃H|2 + 4J(ν)α+ (2n+ 2)α2

1 + ε2α2
+

2ε2
∣∣∇H,Sα∣∣2

(1 + ε2α2)2 +
ε4 (Sα)2

(1 + ε2α2)3

In particular,

(B.17) |hε|2 + Ricε(Nε,Nε) −−−→
ε→0

|h̃H|2 + 4J(ν)α+ (2n+ 2)α2 locally uniformly on S \ S0.

Proof. Let E1, . . . ,E2n−1 be as in the proof of Lemma B.6. First, by (B.6) and (B.8),

Ricε(Nε,Nε) = − 2

ε2
+

(2n+ 2)α2

1 + ε2α2
.
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Moreover,

|hε|2 =

2n−1∑
i,j=1

hε(Ei,Ej)
2 + 2hε(J(ν),Sε)2 + 2

2n−1∑
i=1
i 6=n

hε(Ei,Sε)2 + hε(Sε,Sε)2

(B.11)
=

|h̃H|2

1 + ε2α2
+

2

ε2
+

4J(ν)α

1 + ε2α2
+

2ε2 (J(ν)α)2

(1 + ε2α2)2 +
2ε2

(1 + ε2α2)2

2n−1∑
i=1
i 6=n

(Eiα)2 +
ε4 (Sα)2

(1 + ε2α2)3

=
2

ε2
+
|h̃H|2 + 4J(ν)α

1 + ε2α2
+

2ε2
∣∣∇H,Sα∣∣2

(1 + ε2α2)2 +
ε4 (Sα)2

(1 + ε2α2)3 .

The thesis follows combining the above computations. �

Lemma B.4 allows to compare the Laplace-Beltrami operator with ∆̂H,S . We need the following lemma.

Lemma B.8. Let p ∈ S \ S0. Then

(B.18) ∇εSεSε = −2αJ(ν)− ε2α

1 + ε2α2
∇H,Sα− ε2Sα

(1 + ε2α2)
3
2

Nε.

Proof. First,

〈∇εSεSε,Nε〉ε = −hε(Sε,Sε) (B.11)
= − ε2Sα

(1 + ε2α2)
3
2

.

Moreover, 〈∇εSεSε,Sε〉ε = 0. Finally, fix E ∈ Γ(HTS). Then〈
∇εSεSε,E

〉
ε

=
1√

1 + ε2α2

〈
∇ε−εαν+εT

(
−εαν + εT√

1 + ε2α2

)
,E

〉
ε

=
1

1 + ε2α2

〈
∇ε−εαν+εT (−εαν) ,E

〉
ε

+
1

1 + ε2α2

〈
∇ε−εαν+εT εT,E

〉
ε

(B.3)
=

ε2α2

1 + ε2α2
〈∇ενν,E〉ε −

εα

1 + ε2α2
〈∇εεT ν,E〉ε −

α

1 + ε2α2
〈E, J(ν)〉

(B.1),(2.6)
= − 2ε2α3

1 + ε2α2
〈E, J(ν)〉 − ε2α

1 + ε2α2

2n∑
i=1

T (νi)Ei − α

1 + ε2α2

n∑
i=1

(
νiYi − νn+iXi

)
− α

1 + ε2α2
〈E, J(ν)〉

(2.5)
= −2α 〈E, J(ν)〉 − ε2αEα

1 + ε2α2
.

The thesis follows by the above computations. �

Proposition B.9. Let A ∈ Γ(HTS). Let f ∈ C∞(S). Let p ∈ S \ S0. Then

(B.19) divε,S (A + fS) = divH,S A + 2α 〈A, J(ν)〉+ Sf − fHHα+
ε2α

1 + ε2α2
(Aα+ fSα) .

In particular, if ϕ ∈ C∞(S) and p ∈ S \ S0,

(B.20) ∆ε,Sϕ = ∆̂H,Sϕ+
ε2SSϕ

1 + ε2α2
− ε4αSαSϕ

(1 + ε2α2)2 −
ε2HHαSϕ
1 + ε2α2

+
ε2α

1 + ε2α2
∇H,Sα.

Therefore, if (ϕε)ε converges to ϕ smoothly as in (B.14), then

(B.21) J εϕε −−−→
ε→0

JHϕ, locally uniformly on S \ S0.

Proof. Let E1, . . . ,E2n−1 be as in the proof of Lemma B.6. First,

divε,S A
(B.4)
=

2n−1∑
i=1

〈∇EiA,Ei〉 − 〈∇εSεSε,A〉ε
(B.18)

= divH,S A + 2α 〈A, J(ν)〉+
ε2α

1 + ε2α2
Aα.
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Moreover,

divε,S (fS) = Sf + f

2n−1∑
i=1

〈
∇εEiS,Ei

〉
ε

+ f 〈∇εSεS,Sε〉ε

= Sf − fα
2n−1∑
i=1

〈
∇εEiν,Ei

〉
ε

+ f

2n−1∑
i=1

〈
∇εEiT,Ei

〉
ε

+ f

〈
∇εSε

(√
1 + ε2α2

ε
Sε
)
,Sε
〉
ε

(B.3),(B.4)
= Sf − fα

2n−1∑
i=1

〈∇Eiν,Ei〉+
f

ε2

2n−1∑
i=1

〈J(Ei),Ei〉+
f√

1 + ε2α2
S
(√

1 + ε2α2
)

= Sf − fHHα+
ε2fαSα
1 + ε2α2

.

To prove (B.20) it suffices to apply (B.19), noticing that

∇ε,Sϕ = ∇H,Sϕ+
ε2Sϕ

1 + ε2α2
S.

Finally, (B.21) follows by (B.17) and (B.20). �

The above results and the divergence theorem yield the following integration-by-parts formula (cf. [15]).

Proposition B.10. Let ϕ ∈ C∞(S). Let A ∈ Γ(HTS). If supp (ϕA) ⊆ S \ S0, then∫
S
ϕdivH,S A dσH + 2

∫
S
ϕα 〈A, J(ν)〉 dσH = −

∫
S

AϕdσH.(B.22)

In addition, if ψ ∈ C∞(S) and supp(ϕψ) ⊆ S \ S0, then

(B.23)

∫
S
ϕSψ dσH =

∫
S
ϕψHHαdσH −

∫
S
Sϕψ dσH.

Finally, we show the convergence of the cubic curvature term appearing in (A.43).

Lemma B.11. Let p ∈ S \ S0. Then

trace
(

(hε)3
)

=
3h̃H(J(ν), J(ν))

ε2 (1 + ε2α2)
1
2

+
1

(1 + ε2α2)
3
2

(
trace

((
h̃H
)3
)

+ 6h̃H
(
∇H,Sα, J(ν)

)
+ 3Sα

)
+

3ε2

(1 + ε2α2)
5
2

(
h̃H
(
∇H,Sα,∇H,Sα

)
+ 2J(ν)αSα

)
+

3ε4

(1 + ε2α2)
7
2

Sα
∣∣∇H,Sα∣∣2 +

ε6

(1 + ε2α2)
9
2

(Sα)3

Proof. Let E1, . . . ,E2n−1 be as in the proof of Lemma B.6. Set hεij = hε(Ei,Ej) for i, j = 1, . . . , 2n. Then

trace
(

(hε)3
)

=
2n−1∑
i,j,k=1

hεijh
ε
jkh

ε
ki︸ ︷︷ ︸

I

+ 3
2n−1∑
i,j=1

hεijh
ε
i,2nh

ε
j,2n︸ ︷︷ ︸

II

+ 3hε2n,2n

2n−1∑
i=1

(
hεi,2n

)2
︸ ︷︷ ︸

III

+
(
hε2n,2n

)3︸ ︷︷ ︸
IV

.

First,

I
(B.11)

=
1

(1 + ε2α2)
3
2

trace

((
h̃H
)3
)
.
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Moreover,

II = 3
2n−1∑
i,j=1
i,j 6=n

hεijh
ε
i,2nh

ε
j,2n + 6hεn,2n

2n−1∑
i=1
i 6=n

hεi,nh
ε
i,2n + 3hεn,n

(
hεn,2n

)2
(B.11)

=
3ε2

(1 + ε2α2)
5
2

2n−1∑
i,j=1
i,j 6=n

h̃H(Ei,Ej)EiαEjα+ 6

(
1 +

ε2J(ν)α

1 + ε2α2

)
1

(1 + ε2α2)
3
2

2n−1∑
i=1
i 6=n

h̃H(Ei, J(ν))Eiα

+
3

ε2 (1 + ε2α2)
1
2

h̃H(J(ν), J(ν))

(
1 +

ε2J(ν)α

1 + ε2α2

)2

=
3ε2

(1 + ε2α2)
5
2

h̃H
(
∇H,Sα,∇H,Sα

)
+

6

(1 + ε2α2)
3
2

h̃H
(
∇H,Sα, J(ν)

)
+

3

ε2 (1 + ε2α2)
1
2

h̃H(J(ν), J(ν)).

In addition,

III = 3hε2n,2n

2n−1∑
i=1
i 6=n

(
hεi,2n

)2
+ 3hε2n,2n

(
hεn,2n

)2
(B.11)

=
3ε4

(1 + ε2α2)
7
2

Sα
2n−1∑
i=1
i 6=n

(Eiα)2 +
3

(1 + ε2α2)
3
2

Sα
(

1 +
ε2J(ν)α

1 + ε2α2

)2

=
3ε4

(1 + ε2α2)
7
2

Sα
∣∣∇H,Sα∣∣2 +

6ε2

(1 + ε2α2)
5
2

SαJ(ν)α+
3

(1 + ε2α2)
3
2

Sα.

Finally,

IV
(B.11)

=
ε6

(1 + ε2α2)
9
2

(Sα)3 .

The thesis follows combining the above computations. �

Lemma B.12. Let p ∈ S \ S0. Then

〈hε, Cε(Nε,Nε)〉ε =
3h̃H(J(ν), J(ν))

ε2 (1 + ε2α2)
3
2

− 1

(1 + ε2α2)
3
2

(
Sα+HHα2

)
.

Proof. Let E1, . . . ,E2n−1 be as in the proof of Lemma B.6. By (B.5) and (B.8), if B,D ∈ Γ(TS),

Cε(Nε,Nε)(B,D) =
3

ε2
〈Nε, J(B)〉ε 〈N

ε, J(D)〉ε −
B2n+1,εD2n+1,ε

ε2
− α2

1 + ε2α2
〈B,D〉ε.(B.24)

Therefore,

〈hε, Cε(Nε,Nε)〉ε =

2n∑
i,j=1

hε(Ei,Ej)Cε(Nε,Nε)(Ei,Ej)

(B.24)
=

3

ε2
hε(J(ν), J(ν)) 〈Nε, ν〉2ε −

1

ε2
hε(Sε,Sε) 〈Sε, εT 〉2ε −

α2

1 + ε2α2
Hε

(B.8),(B.9),(B.11),(B.13)
=

3h̃H(J(ν), J(ν))

ε2 (1 + ε2α2)
3
2

− Sα
(1 + ε2α2)

5
2

− HHα2

(1 + ε2α2)
3
2

−− ε2α2Sα
(1 + ε2α2)

5
2

=
3h̃H(J(ν), J(ν))

ε2 (1 + ε2α2)
3
2

− Sα
(1 + ε2α2)

3
2

− HHα2

(1 + ε2α2)
3
2

.

�
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Theorem B.13. Let ε > 0. Let p ∈ S \ S0. Then

2 trace
(

(hε)3
)
− 2 〈hε, Cε(Nε,Nε)〉ε − (∇εNε Ricε) (Nε,Nε)

=
1

(1 + ε2α2)
3
2

(
2 trace

((
h̃H
)3
)

+ 12h̃H
(
∇H,Sα, J(ν)

)
+ 8Sα+ 6h̃H(J(ν), J(ν))α2 + 2HHα2

)
+

6ε2

(1 + ε2α2)
5
2

(
h̃H
(
∇H,Sα,∇H,Sα

)
+ 2J(ν)αSα

)
+

6ε4

(1 + ε2α2)
7
2

Sα
∣∣∇H,Sα∣∣2 +

2ε6

(1 + ε2α2)
9
2

(Sα)3 .

In particular,

2 trace
(

(hε)3
)
− 2 〈hε, Cε(Nε,Nε)〉ε − (∇εNε Ricε) (Nε,Nε)

−−−→
ε→0

2 trace

((
h̃H
)3
)

+ 12h̃H
(
∇H,Sα, J(ν)

)
+ 8Sα+ 6h̃H(J(ν), J(ν))α2 + 2HHα2

(B.25)

locally uniformly on S \ S0.

Proof. Notice that

6h̃H(J(ν), J(ν))

ε2 (1 + ε2α2)
1
2

− 6h̃H(J(ν), J(ν))

ε2 (1 + ε2α2)
3
2

=
6h̃H(J(ν), J(ν))α2

(1 + ε2α2)
3
2

.

The thesis follows by (B.7), Lemma B.11 and Lemma B.12. �

B.4. Proof of Theorem 4.2. The proof of Theorem 4.2 follows by applying the results of Appendix B.3.

Proof of Theorem 4.2. Fix ε > 0. Set H ε
f (S) :=

∫
S f (Hε) dσε. Then

H ε
f (S)

(B.10),(B.13)
=

∫
S
f

(
HH√

1 + ε2α2
+

ε2Sα
(1 + ε2α2)

3
2

) √
1 + ε2α2

ε
√

1 + α2
dσ1,

H H
f (S)

(2.8)
=

∫
S
f
(
HH

) 1√
1 + α2

dσ1.

(B.26)

Therefore, by (B.26) and since Φ is supported on S \ S0, we infer that

(B.27) δH H(S)[Φ] = lim
ε→0

εδH ε(S)[Φ], δ2H H(S)[Φ] = lim
ε→0

εδ2H ε(S)[Φ].

Set ϕε = 〈X,Nε〉ε. Then, by (A.42),

εδH ε(S)[Φ] =

∫
S

(
f ′(Hε)

(
−∆ε,Sϕε − ϕε

(
|hε|2 + Ricε(Nε,Nε)

))
+ ϕεf(Hε)Hε

)√1 + ε2α2

√
1 + α2

dσ1.

Notice that

ϕε = 〈X,Nε〉 =
〈X, ν〉√
1 + ε2α2

+
εα 〈X, εT 〉ε√

1 + ε2α2
=

〈X, ν〉√
1 + ε2α2

+
α 〈X, T 〉1√

1 + ε2α2
=

ϕ√
1 + ε2α2

.

Therefore, (B.20) implies that

ϕε −−−→
ε→0

ϕ, ∆ε,Sϕε −−−→
ε→0

∆̂H,Sϕ uniformly on S.

Then, by (B.27) and recalling (B.14) and (B.17), (4.4) follows. Next, we prove (4.5). Set

XT,ε = X− ϕεNε = X− ϕ

1 + ε2α2

(
ν + ε2αT

)
,
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and denote by Zε the acceleration of Φ with respect to ∇ε. By (A.43),

δ2H ε
f (S)[Φ] = δH ε

f (S)
[
〈Z|S ,Nε〉ε − 2XT,εϕε + hε

(
XT,ε,XT,ε

)]
+

∫
S
ϕε J ε

(
f ′′(Hε)J εϕε

)
dσε

+

∫
S

2ϕε divε,S
(
f ′(Hε)Aε

(
∇ε,Sϕε

))
dσε −

∫
S
ϕε
(
f ′(Hε)Hε + f(Hε)

)
∆ε,Sϕε dσε

−
∫
S

4ϕεf ′′(Hε)hε
(
∇ε,SHε,∇ε,Sϕε

)
dσε +

∫
S
ϕε
(
f ′′(Hε)Hε − 2f ′(Hε)

) 〈
∇ε,SHε,∇ε,Sϕε

〉
ε
dσε

+

∫
S

(ϕε)2 f ′(Hε)
(

2 trace
(

(hε)3
)
− 2 〈hε, Cε(Nε,Nε)〉 − (∇εNε Ricε) (Nε,Nε)

)
dσε

+

∫
S

(ϕε)2
(
f(Hε) (Hε)2 −

(
2f ′(Hε)Hε + f(Hε)

) (
|hε|2 + Ricε(Nε,Nε)

) )
dσε.

Denote the terms on the right-hand side by Iε, . . . ,VIIIε. First,

〈Zε,Nε〉ε =
〈X′, ν + αT 〉1√

1 + ε2α2
+ 〈∇εXX,Nε〉ε

(B.2)
=
〈Z, ν + αT 〉1√

1 + ε2α2
+

2 〈X, εT 〉ε
ε

〈J(X),Nε〉ε .

Moreover, X− ϕν ∈ Γ(TS), and

−2XT,εϕε = −2

(
X− ϕ

1 + ε2α2

(
ν + ε2αT

))( ϕ√
1 + ε2α2

)
−−−→
ε→0

−2 (X− ϕν)ϕ uniformly on S.

In addition,

hε
(
XT,ε,XT,ε

)
= −

〈
∇εXT,εX

T,ε,Nε
〉
ε

(B.2)
= −

〈
∇XT,εXT,ε,Nε

〉
ε
−

2
〈
XT,ε, εT

〉
ε

ε
〈J(X),Nε〉ε .

Therefore

〈Zε,Nε〉ε + hε
(
XT,ε,XT,ε

)
=
〈Z, ν + αT 〉1√

1 + ε2α2
−
〈
∇XT,εXT,ε,Nε

〉
ε

+
2 〈J(X),Nε〉ε

ε

〈
X−XT,ε, εT

〉
ε

=
〈Z, ν + αT 〉1√

1 + ε2α2
−
〈
∇XT,εXT,ε,Nε

〉
ε

+
2αϕε 〈J(X),Nε〉ε√

1 + ε2α2

−−−→
ε→0

〈Z, ν + αT 〉1 −
〈
∇X−ϕν (X− ϕν) , ν + αT

〉
1
− 2αϕ 〈X, J(ν)〉

uniformly on S. By the first part of the proof, we conclude that

εIε −−−→
ε→0

δH H
f (S)

[
〈Z, ν + αT 〉1 − 2 (X− ϕν)ϕ−

〈
∇X−ϕν (X− ϕν) , ν + αT

〉
1
− 2αϕ 〈X, J(ν)〉

]
.

Moreover, by (B.21),

εIIε = ε

∫
S
f ′′(Hε)J εϕε J εϕε dσε −−−→

ε→0

∫
S
f ′′(HH)JHϕJHϕdσH =

∫
S
ϕJH

(
f ′′(HH)JHϕ

)
dσH.

Next,

εIIIε = −ε
∫
S

2f ′(Hε)hε
(
∇ε,Sϕε,∇ε,Sϕε

)
dσε

(B.16)−−−→
ε→0

−
∫
S

2f ′(HH)
(
h̃H
(
∇H,Sϕ,∇H,Sϕ

)
+ 2J(ν)ϕSϕ

)
dσH

(2.7)
= −

∫
S

2
〈
f ′(HH)AH

(
∇H,Sϕ

)
,∇H,Sϕ

〉
dσH −

∫
S

4f ′(HH)J(ν)ϕSϕdσH

(B.22),(B.23)
=

∫
S

2ϕdivH,S
〈
f ′(HH)AH

(
∇H,Sϕ

))
dσH +

∫
S

4ϕαf ′(HH)hH
(
∇H,Sϕ, J(ν)

)
dσH

+

∫
S

4ϕJ(ν)ϕf ′′(HH)SHH dσH +

∫
S

4ϕf ′(HH)SJ(ν)ϕ, dσH −
∫
S

4ϕαf ′(HH)HHJ(ν)ϕdσH

(2.7)
=

∫
S

2ϕdivH,S
〈
f ′(HH)AH

(
∇H,Sϕ

))
dσH +

∫
S

4ϕαf ′(HH)
(
h̃H
(
∇H,Sϕ, J(ν)

)
−HHJ(ν)ϕ

)
dσH

+

∫
S

4ϕJ(ν)ϕf ′′(HH)SHH dσH +

∫
S

4ϕf ′(HH)SJ(ν)ϕ, dσH.
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Moreover,

εIVε −−−→
ε→0

−
∫
S
ϕ
(
f ′(HH)HH + f(HH)

)
∆̂H,SϕdσH.

In addition,

εVε (B.16)−−−→
ε→0

−
∫
S

4ϕf ′′(HH)
(
h̃H
(
∇H,SHH,∇H,Sϕ

)
+ J(ν)ϕSHH + SϕJ(ν)HH

)
dσH.

Moreover,

εVIε −−−→
ε→0

∫
S
ϕ
(
f ′′(HH)HH − 2f ′(HH)

) 〈
∇H,SHH,∇H,Sϕ

〉
dσH.

Furthermore, by (B.25),

εVIIε −−−→
ε→0

∫
S
ϕ2f ′(HH)

(
2 trace

((
h̃H
)3
)

+12h̃H
(
∇H,Sα, J(ν)

)
+8Sα+6h̃H(J(ν), J(ν))α2 +2HHα2

)
dσH.

Finally, by (B.17),

εVIIIε −−−→
ε→0

∫
S
ϕ2
(
f(HH)

(
HH

)2 − (2f ′(HH)HH + f(HH)
) (
|h̃H|2 + 4J(ν)α+ (2n+ 2)α2

))
dσH.

The thesis follows combining the above computations. �
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