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Characterizations of differentiability
for i-convex functions in stratified groups

VALENTINO MAGNANI AND MATTEO SCIENZA

Abstract. Using the notion of A-subdifferential, we characterize both first and
second order differentiability of #-convex functions in stratified groups. Besides
some new results involving the s-subdifferential of #-convex functions, we show
that at all h-differentiability points of an h-convex function, the existence of a
second order expansion coincides with a suitable differentiability of its horizontal
gradient.
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1. Introduction

The purpose of this work is to establish new results for first and second order dif-
ferentiability of A-convex functions from the viewpoint of Nonsmooth Calculus,
namely, using a suitable notion of subdifferential.

Following notation and terminology of Section 2, we represent a stratified
group G as a finite-dimensional Hilbert space, that is the direct sum of orthogonal
subspaces Hy, Ha, . . ., H, and that is equipped with a suitable polynomial operation.
Here H; is the subspace of horizontal directions at the origin, that yields the first
layer V; of the Lie algebra g, that is formed by the so-called left-invariant horizontal
vector fields. More details and precise definitions can be found in Section 2.

According to [9], an h-convex function u# : Q2 —> R defined on an open set
Q of a stratified group G satisfies the property of being classically convex when
restricted to all horizontal lines contained in 2. More precisely, we say that u :
Q —> R is h-convex if for all h € Hy with [0,h] = {th : 0 <t < 1} and
[0, h] C x~!- @, we have

u(x(th)) < (1 — Hu(x) + tu(xh) (1.1)
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for every t € [0, 1]. This notion of h-convexity is local and does not require any
assumption on 2. It is not difficult to observe that smooth A-convex functions
are characterized by an everywhere non-negative horizontal Hessian, see Defini-
tion 2.7. Throughout this work, all 4-convex functions on an open subset of G will
be assumed to be measurable, since this assumption implies their Lipschitz con-
tinuity on compact subsets, as proved in [23]. Measurability can be replaced by
local boundedness from above, that also yields the Lipschitz continuity on compact
subsets, [18].

We will also use the following local notion of A-subdifferential. We say that
p € H\ is an h-subdifferential of u : @ — Ratx € Q if

u(xh) > u(x) +(p, h) (1.2)

whenever 1 € H and [0, h] C x~!' - Q. The set of all h-subdifferentials of u at x
is denoted by dgu(x). This defines the set-valued mapping dgu : Q@ = Hj. The
scalar product (-, -) in the inequality (1.2) is the one fixed on G.

Our starting point was the characterization of the second order differentiability
of h-convex functions, that we establish in Theorem 1.5. In tackling this problem,
we realized that it first requires different new tools involving /-subdifferentials, fur-
ther nonsmooth notions of differentiability and the characterization of h-differen-
tiability of i#-convex functions through the i-subdifferential. We believe that these
facts should play an important role in the development of a Nonsmooth Calculus
for h-convex functions.

To present our results, we will start from notions of second order differentiabil-
ity. We will say that a locally Lipschitz function u : Q — R is twice h-differentiable
at x if there exists the horizontal gradient Vyu(x) of u at x, and moreover there
exists an h-linear map A, : G — H; such that

—>0 as §—>0". (1.3)

L°(Bs, H1)

H Vau(xw) — Vygu(x) — Ac(w)
wll

Horizontal gradients, A-linear maps and A-differentiability are introduced in Defi-
nition 2.5 and Definition 2.6. If the limit (1.3) holds, then we equivalently say that
Vyu is h-differentiable at x in the extended sense. We call A, the second order
h-differential of u at x and denote it by D%Iu(x), since it is uniquely defined. The
notion of differentiability in the extended sense is well posed, since Lipschitz func-
tions are almost everywhere h-differentiable, [21]. Differentiability in the extended
sense in the Euclidean case has been introduced by Rockafellar, [26]. The next
lemma establishes a precise characterization of this differentiability. In the sequel,
we denote by B the closed unit ball in H; centered at the origin.

Lemma 1.1. Letu : @ —> R be h-convex, let x € Q and let A, : G — H; be
h-linear. We have that u is h-differentiable at x and satisfies (1.3) if and only if
there exists v € Hy such that

dpu(xw) S v+ Ac(w) +o(wlhB (1.4)
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for all w € x~'Q. In particular, the validity of (1.4) implies the h-differentiability
of u at x, with v equal to the horizontal gradient Vyu(x).

This result is an important tool to establish one implication in the characteri-
zation of the second order differentiability of 4-convex functions, stated in Theo-
rem 1.5. Inclusion (1.4) can be seen as a continuity of the subdifferential at those
points where u is h-differentiable, joined with a first order expansion of the horizon-
tal gradient. The delicate implication of Lemma 1.1 is that the extended differen-
tiability of Vyu implies the inclusion (1.4). This is a consequence of the following
theorem.

Theorem 1.2. Let u : Q — R be h-convex. Then for every x € Q, we have
co (Viu(x)) = dgu(x). (1.5)

We denote by co(E) C Hj the convex hull in H; of the subset £ C Hj and by
co(E) its closure. The reachable h-gradient is given by

Viu(x)={peHi: xx—x, Vgu(x;) exists for all k’s and Vyu(xy) = p}. (1.6)

It is not difficult to prove that (1.5) immediately leads us to the characterization of /-
convex functions by the property of having everywhere nonempty /-subdifferential,
see Remark 3.7. The proof of equality (1.5) in the Euclidean case can be found for
instance in [3]. Here we apply the Hahn-Banach’s theorem inside the horizontal
subspace H;. However, the proof of Theorem 1.2 has a new difficulty. In fact,
the group mollification does not commute with horizontal derivatives, hence the
mollification argument of the Euclidean proof cannot be applied. We overcome this
point by a Fubini type argument with respect to a semidirect factorization, as in [17].
The proof of Theorem 1.2 also uses the fact that the graph of the z-subdifferential
mapping is closed. This follows from the following more general “set continuity”
of the h-subdifferential, that does not require the A-differentiability of the function
at the fixed point.

Proposition 1.3. Let Q C G be an open set and let u; : Q — R denote a sequence
of h-convex functions. Suppose that u; uniformly converges on compact sets to an
h-convex function u : Q — R. Let x be a point in Q and let (x;) be a sequence in
Q converging to x. Then for every € > 0, there exists ig € N such that

ogui(x;) Cogu(x)+€B forall i > iy. (1.7)

In addition, if u is everywhere h-differentiable in <2, then for every compact set
K C Qand every € > 0, there exist ic x € N such that

dpu;i(y) € Vyu(y) + €B  forall i > ic g, whenevery € K.  (1.8)

Proposition 1.3 joined with a nonsmooth mean value theorem, see Theorem 3.14,
are used to prove the following first order characterization of A-differentiability.
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Theorem 1.4 (First order characterization). Letu : Q —> R be h-convex. Then
u is h-differentiable at x if and only if dyu(x) = {p} and in this case Vyu(x) = p.

This theorem shows that (1.4) implies in particular the h-differentiability of u
at x. The fact that h-differentiability implies the uniqueness of the /-subdifferential
has been already observed in [9]. The opposite implication is more delicate, since in
the Euclidean approach the use of the Hahn-Banach theorem requires the subaddi-
tivity of horizontal directional derivatives, that was not known before. We establish
this property in Corollary 3.17, proving the formula

w'(x,h) = max (p,h), (1.9)
pedgu(x)

where u’(x, h) is the horizontal directional derivative introduced in Definition 3.16.
Nevertheless, in the proof of Theorem 1.4 we follow a different scheme, that does
not use this subadditivity. We decompose the difference quotient of u into sums of
difference quotients along horizontal directions. This fits with the general approach
to differentiability in stratified groups, [21]. We also point at that Theorem 1.4 is
new also in all Heisenberg groups, see [6] for other related results. The interesting
point here is that the same scheme is one of the important features in the proof of
one implication in the characterization of Theorem 1.5. This corresponds to the fact
that twice h-differentiability implies the existence of a second order /#-expansion.

The second order differentiability of A-convex functions is an interesting re-
search area, where several questions are not yet understood. Since the works of
Busemann and Feller, [5], and of Aleksandrov [2], there have been different meth-
ods to establish the a.e. second order differentiability of convex functions in Eu-
clidean spaces. The functional analytic method by Reshetnyak, [22], relies on the
fact that the gradient of a convex function has bounded variation. This scheme can
be extended to stratified groups, provided that an -convex function is H-B V2 in the
sense of [4]. This has been established by different authors for /#-convex functions
on Heisenberg groups and two step stratified groups [10, 12—-14] and for k-convex
functions with respect to Hormander vector fields of step two, [28].

We refer to [10] for the presently known Aleksandrov-Busemann-Feller theo-
rem in stratified groups: let Q2 be an open set of a two step stratified group and let
u: Q —> R be h-convex. Then u has at a.e. x € Q a second order h-expansion
atx.

We say that u : Q2 — R has a second order h-expansion at x €  if there
exists a polynomial P, : G —> R whose homogeneous degree is less than or equal
to two, such that

u(xw) = Py(w) + o(|lw|?). (1.10)

Unfortunately, in higher step groups the fact that s-convex functions are H-BV?
is not clear yet, hence the Aleksandrov-Busemann-Feller’s theorem is an important
open question for general stratified groups. On the other hand, the first proofs of this
result in Euclidean spaces, [2,5] and also some of the subsequent proofs, did not use
the bounded variation property of the gradient. For instance, Rockafellar’s proof of
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[24] relies on Mignot’s a.e. differentiability of monotone functions, [20], where the
crucial observation is that the subdifferential of a convex function is monotone. This
approach to Aleksandrov’s theorem constitutes a further motivation to develop the
study of both first and second order Nonsmooth Calculus for z-convex functions.
We are now in the position to state our main characterization.

Theorem 1.5 (Second order characterization). Let u : Q@ — R be h-convex
and let x € Q. We have that u has a second order h-expansion at x if and only if it
is twice h-differentiable at x . In addition, in this case the following facts hold:

1. the gradient Vy,u(x) = (Xml+1u(x), e, szu(x)) of u at x along V; exists,
where (X 41, - . .. Xm,) is an orthonormal basis of the second layer V»;
2. if Py is the second order h-expansion of u at x, then

1
Pe(w) = u(@) +{(Vau() + Vyu()). w) + 5 (Vi Prw, w),

X Xi+XiX; . . . . .
where (V,zi),-.,- = % i,j =1,...,my is the horizontal Hessian opera-

tor,
3. if D%Iu(x) is the second order h-differential of u at x and ai.’ are the coefficients

appearing in (2.4), then (Dlzqu(x))l.j = X; X Py and we have

my )
(VEP:),; = (DRu@),;, — Y af Xu(x). (1.11)
I=m+1

Joining the Aleksandrov-Busemann-Feller’s Theorem of [10] with our Theorem 1.5,
we immediately achieve the following corollary.

Corollary 1.6. Let G be a two step stratified group and let Q@ C G be an open
subset. If u : Q@ —> R is h-convex, then the second order h-differential D%Ju(x)
exists for a.e. x € Q2. Moreover, the properties 1,2 and 3 of Theorem 1.5 hold.

Let us point out that (1.11) in the case of commutative groups, namely, finite-
dimensional Banach spaces, yields in particular Rockafellar’s result on symmetry
and nonnegativity of D%L]u (x), see [26]. For h-convex functions on noncommutative
stratified groups the symmetric part V%Iu(x) of D%L]u (x) is non-negative and the loss

of symmetry of D%{u(x) is natural, since it also takes into account the first order
derivatives along directions of the second layer of the Lie algebra of G.

ACKNOWLEDGEMENTS. We are grateful to Andrea Calogero and Rita Pini for
having addressed our attention to the paper by Rockafellar [26], that was our start-
ing point. We thank Luigi Ambrosio for a stimulating conversation and for having
pointed out to us the notion of A-subdifferential in connection with the characteri-
zation of second order differentiability.
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2. Basic notions

A stratified group can be thought of as a graded vector space G = H; @ --- &
H, equipped with a polynomial group operation given by the Backer-Campbell-
Hausdorff formula and whose Lie algebra g satisfies the following properties. There
exist linear subspaces Vi, Va,...,V,of gsuchthatg = Vi & ---® V,, V; =
[Vl, Vj_l], forall j < 1and V; = {0} if and only if j > ¢. On G we can define
a natural family of dilations §, : G — G compatible with the group operation,
see [11]. A scalar product on G will be understood, such that all subspaces H; are
orthogonal. We denote by 7; : G — H; the associated orthogonal projections.

Foreverys =1, ...t,we fix a basis (e;, +1, ..., en,) of Hy, where mo = 0, then
mg 3 mg
Z x;e; € Hi and x = Z Z X €.
i=mg_1+1 s=1i=mz_1+1
We define (X, ;+1, .., X, ) to be the basis of V; such that X ;(0) = e;. Through-

out, we fix a homogeneous distance d on G, i.e. a continuous mapd : G x G —
[0, +00) that makes (G, d) a metric space and it has the following properties

(1) d(x,y) =d(ux,uy) forevery x, y,u € G,
(2) d(6;x,6;y) =rd(x,y) foreveryr > 0.

For every w € G, we denote by ||w| the homogeneous norm of w induced by the
distance d by ||w|| = d(0, w). Open balls with respect to d will be denoted by By ,.
The following proposition is a well known fact, see for instance [19].

Proposition 2.1. Let G be a stratified group and let (ey, ..., ey,) be an orthonor-
mal basis of Hy. Then there exists a positive integer y along with a vector of
integers (i1, ...,i,) € {1,...,m1}Y and a bounded set U C RY such that

)4
Bo.1 C {Haseisl (al,...,ay)eU}. (2.1)

s=1

Remark 2.2. The inclusion (2.1) can be always established by a rescaling argu-
ment, once we know that { ]_[;/:1 ase; | (a1, ...,ay) € U} is a neighbourhood of
the origin.

Definition 2.3. Let U C R” and (i1, ...,i,) € {1,...,m}¥ be as in Proposi-
tion 2.1. Thus, we define

4
W = l_[aseisl(al,...,ay)EU and M = sup ||y|.
s=1 yeWw

Definition 2.4 (h-convex set). We say that a subset C C G is h-convex if for every
x,y € C such that x € H, we have xék(x_ly) e Cforall A € [0, 1].
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We denote by H, the left translation of H; by x, namely H, = xH;. For any
x € G,wesetx-[0,h] = {xéh, 0 <t < 1} and throughout  denotes an open
subset of G.

Definition 2.5. We say that a linear map L : G —> R is h-linear if L(x) =
L(m(x)) forevery x € G.

Definition 2.6. We say that u : Q —> R is h-differentiable at x € 2, if there exists
an h-linear mapping L : G —> R such that u(xz) = u(x) + L(z) + o(||z||). Notice
that L is unique and we denote it by dyu(x). Its associated vector with respect to
the fixed scalar product is the horizontal gradient, denoted by Vyu(x).

Definition 2.7. Let u : © —> R be a C2(2) function. We define the horizontal

Hessian of u as follows (V%Iu)ij = <W) ,foralli, j=1,...,m.
J

1
Definition 2.8. We say that P : G — R is a polynomial on G, if with respect to
some fixed graded coordinates we have P(x) = ). 4 Cax®, under the convention
x* =T]/, x, and x? = 1, where A C N" is a finite set.

The homogeneous degree of P is the integer h-deg(P) = max {d(«), «a € A},
where d(a) = Y dioj,andd; = sif mg_1 + 1 <i < mj.

By the previous definitions, any polynomial P can be decomposed into the
sum of its j-homogeneous parts, denoted by P/ hence

P= Y PY.

0<j<h-degP

A polynomial is j-homogeneous if it coincides with its j-homogeneous part.

As in [11], given a € N, we shall denote by P, the space of polynomials of
homogeneous degree < a. Moreover, by [11, Proposition 1.25], P, is invariant
under left translations. Given a multiindex I = (i1, ..., i), 1 <i; < my, we set

XI=X,-|---X,- and |I| =n.

n

Proposition 2.9 ([11,1.30]). Take a € N, and let 1 be the dimension of P,. Then
P — (X" P(0))112a
is a linear isomorphism from P, to C*.

Remark 2.10. Let P be a polynomial of homogeneous degree at most 2, and sup-
pose that P(0) = pp and X; P(x) = [;(x),fori = 1,...,m| wherel; : G — R are
h-linear maps. Clearly we can compute (X% P)(0) for each multiindex «, || < 2,
then by the previous proposition P is uniquely determined.

We are interested in finding the explicit isomorphism of the previous proposi-
tion in the case of real polynomials of homogeneous degree less than or equal to
two.
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Lemma 2.11. Let P be a 2-homogeneous polynomial

1 o
P(X)ZE Z Cij XiXj + Z Cg X .

1<i,j<m s=mi+1

Then the following formula holds
1
P(x) = (V, P, x) + 2(Vp Px,x), 22)

where (Vy, P, x) = ZJ Zm1 XjPxj.

Proof. Let us consider, with respect to the same system of graded coordinates, the
left-invariant vector fields X ; = Ox; + Z;’Zmde ag. (x)dy, for j =1, ..., n, where
ai. (x) are (d;—d;)-homogeneous polynomial. Since Vy, P = (X5, 11 P, ..., X, P)

and V2 P are 0-homogeneous it follows that they are constant. The explicit expres-
sion of X; immediately yields X ;P = c; forall j = m; + 1,...,m>. Hence, it
remains to prove that

Cijt+Cji _ X,'XjP —|—XJ'X,'P
2 2

(2.3)

for 1 <i, j < m. First we observe that

Xj(x) =0, + Z Za x; 0y + Z al(x) ay, (2.4)

[=m+1i= I=my+1

since a x) = Z 11 a'l x; is 1-homogeneous for d; = 2 and d; = 1. Taking into
account the previous expression, we arrive at the following

X;P(x) = Z(cl]+cﬂ)x,+z Z X, Pdlx;

i=1Il=m+1
that immediately yields
CijTCji + C]l
X X;P = Z X P a} (2.5)
1= m1+1
Finally, formula (2.3) follows by the equality a? = —afj . This is in turn a con-

sequence of the Baker-Campbell-Hausdorff formula for the second order bilinear
terms. O
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Definition 2.12. Letus fix x € Q anda € N. Let f : @ — IR be a continuous
function whose distributional derivatives X/ f are continuous functions in a neigh-
borhood of x whenever |I| < a. We define the left Taylor polynomial of f at x of
homogeneous degree a as the unique P € P,, such that X/ P(0) = X! f(x) for all
1| <a.

Theorem 2.13 (Stratified Taylor Inequality [11, 1.42]). For each positive integer
k there exists Cy > 0 such that for any continuous function f : Q@ —> R whose
distributional derivatives X! [ are continuous functions whenever |1| < k, we have

| (ey) = Pe)] < Cellyl¥n(x, B¥l1y1D)

Jorall x,y € Q, where Py is the left Taylor polynomial of f at x of homogeneous
degree k, b is a constant depending only on G, and for small r > 0, we have

ne,r) = sup |X'f(x2) = X' f)],
lzll<r. =k
where we have set X! = Xi - Xyandl =(iy,...,0) € {1,....m}.

Lemma 2.14. Let P : G — R be a polynomial of homogeneous degree at most 2.
Let PP (x) be the 2-homogeneous part of P and define A = max|,|=1 PP (w)].
If we consider P(xh) as a function of h € G, then for all h € H; there holds

P(xh) > P(x) + (Vg P(x), h) — A||h)2.

Proof. For every 1 < i, j < my, we have X;X;P = X;X;(P(xh)) = ¢; ; for
every x, h € G. This is a consequence of the following general fact, given a smooth
function u and X, a left-invariant vector field on G, then X (u(xh)) = (Xu)(xh).
Consider P(xh) as a function of &, applying Theorem 2.13 we get a polynomial
P, (h) such that

P(xh) = Py(h) + o(IR]]%).

Notice that by the left translation invariance of P,, P(xh) as a function of & is
a polynomial of homogeneous degree at most 2, hence P(xh) = Py (h). Clearly

PX(O) (h) = P(x) and P)gl)(h) = (Vg P(x), h), as a consequence
P(xh) — P(x) — (Vg P(x), h) = PP (h). (2.6)
By (2.6) and previous considerations it follows that
¢ij=XiX;P(h)=X;X;PP(xh) = X;X; PP ), i,j=1,...,m.

Moreover all the other derivatives of Px(z) are zero, thus we can conclude that
P;z) (h) = P® (h) by Proposition 2.9. Finally we get

P(xh) = P(x) + (Vg P(x), h) + PP (h) = P(x) + (Vg P(x),h) — Alh|I*>. O
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3. Properties of the /-subdifferential

This section is devoted to the proofs of our results concerning A-differentiability, /-
subdifferential, converging sequences of i-convex functions and nonsmooth mean
value theorems for h-convex functions. Recall that B C H; is the closed ball
centered at the origin of radius one with respect to the fixed scalar product on G.

Lemma 3.1. Let Q@ C G be an open set and let u : Q2 — R be a continuous
function. Then the set dgu(x) C Hj is convex.

Proof. Let p and g be in dgu(x) and choose A € [0, 1], we need to prove that
Ap + (1 — X)g € dgu(x). This follows from adding the two inequalities

Au(xh) > Au(x) + (Ap, h)
(I —=Mu(xh) = (I —Vulx) +{(1 —r)q, h). O

Remark 3.2. We recall from the introduction that our assumption of measurability
for all #-convex functions yields their Lipschitz continuity on compact subsets, [23].
As a straightforward consequence of this fact, by definition of k-subdifferential it
follows that for every By, with closure contained in 2 and for every h-convex
function u : Q@ — R, there exists a positive number L > 0, depending on x € €2,
r > 0 and u, such that

dpu(y) S LB foreveryy € By .

Remark 3.3. As already mentioned, an s-convex function u : Q@ — R that is
h-differentiable at x € Q2 has unique k-subdifferential, hence dyu(x) = {Vyu(x)},
according to [9].

Recall that the symbol co to denote the linear convex envelope in H;. Then
our first important tool is the following theorem.

Theorem 3.4. Let @ C G be an open set, and let u : Q@ — R be h-convex. Then
for every x € Q we have

dgu(x) C co (Vgu(x)) , (3.1)
where Vi u(x) is defined in (1.6).

Proof. Suppose that there exists p € dmu(x) such that p ¢ co (Vyu(x)). We
can assume that p = 0, otherwise one considers v(x) = u(x) — (p, m1(x)), that
is still A-convex. Since co (V’,;u(x)) is a closed convex subset of H;, the Hahn-
Banach separation theorem can be applied to this set and the origin, hence there
exists g € Hy,d(0,q) = 1,and « > 0 such that

(z.q) >a  Vze Viu(x). (3.2)
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We claim the existence of r > 0 such that B, , C Q and (Vgu(y), q) > % for
every y € By, where u is h-differentiable. By contradiction, suppose there exist
sequences r; — 0 and y; € By ,; such that (VHu(yj), q> < 5. then possibly
passing to a subsequence we have y; — x and Vyu(y;) — z € Vju(x), with
(z,q) < % and this conflicts with (3.2). Denote by r the positive number having the
previous property. Let Q be the set Q = {8;q : t € R} and consider u the Haar
measure on G. By [17, Lemma 2.7] there exists a normal subgroup N C G, such
that N N Q = {e} and NQ = G. Moreover, by [17, Proposition 2.8], there exist
vy and uy , respectively Haar measures on Q and N such that for every measurable
set ACG

n(A) Z/qu(An) dpy(n) (3.3)

where A, = {h € Q : nh € A}. Let P be the set of h-differentiable points of
u, which has full measure in 2. From (3.3) it follows that for uy-ae. n € N,
vo(Q \n~!P) =0. Then for uy-ae.n € N,nd;q € Pforae.t € R.Letii € N
and 8;q € Q be respectively the unique elements in N and Q such that x = ﬁS,q

Lete > 0 and s > 0 be such that BN BSQq ¢ C By, where BN and BBQq .

open balls respectively in N and Q. le apointn € BN where u(nh) is v -ae.
differentiable and consider the convex function v(t) = u(nétq) for vy-ae. 84,
t € (—e +1,€+1) we have

IS}

V(1) = (Vhu(ndiq), q) > .

[\

Integrating the previous inequality and taking into account the Lipschitz regularity
of v we get

v(ty) — v(ta) = u(ndy,q) — u(nd,q) > %(u — 1)

where —e +7 <1 <t <e+t. Nowletn; - n € BN be such that n;h is
a differentiable point of the map A — u(n;h) for every j and vg-ae. h, by the
previous considerations we have

o - -
un;idyq) —um;jdng) > E(tl — 1) —et+t<bh<t]<e+t
finally we can pass to the limit in j and get the strict monotonicity of u(nd,q) i.e.
W@ g) — uidng) = S —1)  —eti<n<n<eti  (34)

Recall that 0 € dyu(x), i.e. u(xh) > u(x) whenever [0, h] € H; Nx~'Q. Thus,
u(nd;q) > u(ndrq) forallt € (t — ¢, + €), in contrast with the monotonicity
(34). O
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Joining Theorem 3.4 with [9, Theorem 9.2], we immediately get:

Corollary 3.5. Letu : Q@ — R be an h-convex function. There exists C = C(G) >
0 such that for every ball B(x,r) C G one has

C 1
sup |pl < = / u(y)ldy. (35)
pedgu(y) r |Bx,15r| By 15¢
YEBy »

Givenaset E C G and p > 0,by I(E, p), we denote the open set
I(E,p)={x€G, dx,E) < p}.

Proof of Proposition 1.3. We argue by contradiction in both cases, hence we sup-
pose that there exist € > 0 and a subsequence p;, € dnu;, (x;,) such that for every
p € 0gu(x) we have |p; — p| > €. By estimate (3.5) one easily observes that the
sets dgu;(x;) are equibounded, thus possibly passing to a subsequence, p;, — ¢
and dist(p ., dgu(xj,)) > €. Define a monotone family of compact sets

1
K, = {xeD, : d(x,Qc)z—},
T
such that | J,. o K: = Q. Let us select a sequence of compact sets (K;) and a
subsequence (j;) such that p;, — g and |Ju;, — ul|L~k,) < % Recall that pj, €
dpuj (xjp). It follows that uj; (x;;h) > uj (x,) + (pj. h), whenever [0, k] € H; N
x;I Q. By the uniform convergence of (u;), for any integer / sufficiently large, we
get

1

for all h € H; such that [0, h] C H N xJ;I - K;. Now, we fix any h € H, such that

[0, h] € x~! -Q2. Therefore there exists [y € N such that forevery [ € N_greater than
Iy, we have [0, ] € x~1 - K; and there exists p > Osuchthat I (x - [0, k], p) C K.
By the continuity of left translations, we get /; € N greater than /y, such that

u(xjh) > u(xj;) —

Xj - [07}_1] - I()C . [07 }_l]v ,O),

for all I > ;. It follows that [0, 2] € xj_llKl for all /[ > [ and this allows us to
apply (3.6) for h = h and pass to the limit with respect to [, getting

u(xh) > u(x) +(q. h). 3.7)

The arbitrary choice of 4 implies that ¢ € d5u(x), giving a contradiction.

Let us now suppose in addition that u is everywhere h-differentiable. Again,
by contradiction, there exist a compact set D C €2, € > 0 and a subsequence (j;)
such that for all /, x; € D we have

81—]1/{]'[()(]'[) ,¢_ 81—]1/{()(]'[) + €BB.
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Therefore we can find p; € dyuj,(xj) such that dist(p;,, dgu(x;)) > €, for
all [ > 0. As before, we can suppose that, possibly passing to a subsequence,
Xxj — x € Dand p; — p. By h-differentiability at x and Remark 3.3, taking into
account the first part of this proposition, for every § > 0 there exists I’ € N such
that

Oguj(x;) C Vyu(x) + 6B

for every [ > I’. Thus, we achieve € < dist(pj,, dgu(x;)) <28 foralll > I'. If we
choose § = §, then reach a contradiction, concluding the proof. O

Taking the constant sequence of h-convex functions in the previous propo-
sition and taking into account (1.7), we immediately reach the following simple
consequence.

Corollary 3.6. Let Q be an open set of G and let u : Q@ — R be an h-convex
function, then dgu : Q@ — P(H}) has closed graph.

The previous corollary allows us to complete the proof of Theorem 1.2.

Proof of Theorem 1.2. By virtue of Theorem 3.4, we only have to prove the inclu-
sion
co (V;Iu(x)) C dgu(x).

By Corollary 3.6, the set-valued map 0y u has closed graph and dgu(y) ={Vyu(y)}
at any h-differentiable point y of u. This immediately yields

Viu(x) € dgu(x).
Moreover dyu(x) is a convex set in Hj for every x € G, then our claim follows. [

Remark 3.7. The almost everywhere h-differentiability of an A-convex function u
implies that V},u(x) # ¢ for all x € Q. Thus, in view of formula (1.5), it follows
that dyu(x) # @ for all x € Q2. We have then shown that any ~-convex function has
everywhere nonempty /s-subdifferential. This fact was first observed in [6] for A-
convex functions on Heisenberg groups. The opposite implication in general strati-
fied groups can be found in [9] for #-convex domains. This implication holds also
for h-convex functions on general open sets. In fact, the everywhere existence of an
h-subdifferential implies the everywhere existence of the one dimensional classical
subdifferential along horizontal lines. Then the one dimensional characterization of
convexity through the subdifferential gives the classical convexity along horizontal
lines and this proves the s-convexity.

Definition 3.8. Let @ C G be open, let u : & — R and let x € Q. We define the
set

Jul’_(x)z{p € Hy : u(xh) > u(x) + (p, h) + o(IAl), if [0, h] C Hy mx—lsz}
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Remark 3.9. Let u be an h-convex function in 2. Then u is /h-subdifferentiable at
x if and only if Jul’_(x) # (). Moreover Jul’_(x) = dgyu(x). For the reader’s sake
we give the proof of this property, that in the Heisenberg group has been proved

in [6]. The inclusion JM1 " (x) D dyu(x) follows by definition. Now let p be in
Jul’f(x), and fix [0, 1] € (x~!- Q)N H, . Then p satisfies

u(x8¢h) = u(x) + (p, th) + o(llth]).
By h-convexity of u, tu(xh) + (1 — t)u(x) > u(x8:h) which implies

u(xh) > u(x) + (p, h) + 0(||§h||)

Now the claim follows letting  — 0.

Definition 3.10. Let © C G an open subset and consider u# : @ — R . Given
A > 0 we define the A-subdifferential of u at x € Q as

3y u(x)

={p € Hy :u(xh) > u(x)+ (p, h) — )»||h||2, whenever [0, 1] C H; ﬂx_ISZ} .

Notice that B%M(x) coincides with the s-subdifferential oy u(x).

Lemma 3.11. Consider a functionu = U + P in Q, where U is h-convex and P

is a polynomial with h-degP < 2. Denote by P® the 2-homogeneous part of P.

Thus, defining A = ”mlzlilx1 |P(2)(w)|, it follows that a,*,u(x) 20gU(x)+ Vg P(x).
w|=

Proof. Recall that by Lemma 2.14, for every x, h € G we have
P(xh) = P(x) + (Vi P(x), h) — Allh|>.
If p € 9gU(x), then
U(xh) 4+ P(xh) > U(x) + P(x) + (p + Vi P(x), h) — x| h|?
whenever [0, 2] € x~!'Q N H and this implies that p + Vy P(x) € dju(x). O

Proposition 3.12. Let Q C G be open, let U : Q — R be an h-convex function
and let V be in C}J(Q). We define the function u be equal to U + V and fix A > 0.

It follows that for every x € 2, we have 81)Ilu(x) CogUx)+ VgV(x).

Proof. Let p be in 8%Iu(x) and consider any [0, k] € Hi N x~'Q. We have

u(xh) = u(x) + (p, h) — A||h|?,
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that can be written as follows
Uxh) + V(xh)>=U(x) + V(x) + (Y V(x), h) + (p = Ve V(x), h) — A|[R])* .
Thus, the C }LI smoothness of V gives
Uxh) 2 U(x) +(p — VeV (x), h) +o(lhl),

hence p — Vg V(x) € Jlll’_(x). Since U is h-convex, in view of Remark 3.9 we
have that p — VgV (x) € dgU (x). This concludes the proof. O

The following theorem extends the classical nonsmooth mean value theorem
to stratified groups.

Theorem 3.13. Let U be h-convex and let P be a polynomial, with h-deg P < 2
and . = max|y|=1 | P (w)|. We define the function u as u = U + P. Then for
every x € 2 and every h such that [0, h] € H; N x~1Q, there exist t € [0, 1] and
pE Bﬁ‘{u(x&h) such that u(xh) — u(x) = (p, h).

Proof. Let U; be a sequence of C°°(2) h-convex functions, converging to U uni-
formly on compact sets. Define u; = U; 4+ P. For such functions the mean value
theorem holds i.e. there exists ; € [0, 1] such that

ui(xh) —u;(x) = (Vyu;(x8,h), h), [0,h] C HiNx~'Q.

Possibly passing to a subsequence we have t; — t and Vgyu;(x6;h) — p, thus by
the uniform convergence

u(xh) — u(x) = (p, ).

Our claim follows if we prove that p € aﬁlu(xéth). By Proposition 1.3, for every
k > 0 there exists i; such that

1
VaU;(x6;,h) = 0gU; (x8;,h) € ogU (x8:h) + %IB, Vi > ig.
Moreover, possibly choosing a larger iy, we have
2
VuU;(xé,h) + Vi P(x8;h) € 0gU (x8:h) + Vg P(x8:h) + %B, Vi > ig.

By Lemma3.11, 81);u(x) 2 dgU(x)+ Vg P(x) thus the previous inclusion implies
that

2
Viui(xd,h) = ViaUp(edyh) + Vi P(edh) C du(es) + 7B, Vi = i

then letting k — oo we get that p € Bgu(x&h). O

As a consequence of the previous result, we immediately get the following
theorem.
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Theorem 3.14 (Nonsmooth mean value theorem). Let u : Q@ —> R be an h-
convex function. Then for every x € Q and every h such that [0, h] € H; N x~'Q,
there exists t € [0, 1] and p € dgu(xdé:h) such that u(xh) — u(x) = (p, h).

Proof. 1t suffices to apply Theorem 3.13 with P = 0 and A = 0. O

Remark 3.15. In the literature a nonsmooth mean value can be found for Lip-
schitz mappings on Banach homogeneous groups, that clearly include stratified
groups, [27]. Unfortunately, this work does not imply our Theorem 3.14, since
it uses the notion of Clarke generalized gradient for Lipschitz mappings adapted to
homogeneous groups.

Definition 3.16. Let 2 C G be an open set, and let u : & — R be a function. Take
h € Hp. The horizontal directional derivative of u at x, along h, is given by the
limit limy o+ (u(x8,h) — u(x))A =", whenever it exists. We denote this derivative
by u'(x, h).

Corollary 3.17. Let u be an h-convex function in Q2. Then for every x € Q and
h € H\ the horizontal directional derivative u'(x, h) exists and satisfies

W(x,hy= max (p,h), (3.8)
pEIFuU(x)

hence it is subadditive with respect to the variable h.

Proof. The h-convexity of u implies the existence of u’(x, k) for any x € Q and
h € Hy. Let pg € dgu(x) be such that (po, h) = max ey, ucx) (P, h). By definition
of dgu(x),

u(x83h) > u(x) + (po, Ah), whenever [0, Ah] C x~'Q N Hy.
Then we easily get that

u(xdh) —u(x) -

lim > (po, h) .

A—0t A
Notice that, for A small enough, [0, Ah] C x~1Q N Hj, hence we can apply The-

orem 3.13. Then for every A there exist c(A) € [0, 1] and p(A) € dgu(xSer)ih)

such that (e, h) )
u(x —u(x
% = (p(A), h).

Now fix a sequence A; — 0 such that p(1;) — p, then by the closure property of
the subdifferential we get p € dyu(x). Moreover, the existence of the following
limit gives

u(xdh) —u(x) _
- = ’h < 7h b
R LA - L

concluding the proof. O
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Proof of Theorem 1.4. Uniqueness of the h-subdifferential under A-differentiability
has already been established in [9], see Remark 3.3. Let us assume now that the &-
subdifferential p of u at x is unique. Let U, W and M be as in Definition 2.3. Thus,
for any w € G with |Jw] = 1, we have w = ]_[;/:1 ase;, for some (ai, ..., a,) € U.
We fix r > 0 such that By, C x~ 12 and define the h-convex function

g(y) =uxy) —ulx)—{(p,y)

for any y € x~1'Q. We choose pg > O such that pgM < r. Thus, whenever
0 < p < po, by Theorem 3.14 and the generating property, we have

Y
gpw) = Z(ps’ paseis) - (pv paseis)

s=1

where py € dpu(x8,([T}Z] axei )8 8pase;,) with 7, € [0, 1]. By Proposition 1.3,
for every € > 0 there exists pp such that

s—1
ogu <x8p (H aseik) 3,55/)(156,'5) Cogu(x) +eB = {p}+¢€B

k=1

forall0 < p < ppands = 1,...,y. Thus |g(8,w)| < Cyep, where C is

independent on (ay, ..., ay), since W is a bounded set. This implies that ‘g(iﬂ

uniformly converges to zero with respectto w € W as p — 0. O

4. Second order differentiability

The aim of this section is to prove the characterization of the second order dif-
ferentiability of #-convex functions, stated in Theorem 1.5. Let us begin with the
following simple fact.

Proposition 4.1. Let Q@ C G be an open set and let u : Q@ — R. If u has a second
order h-expansion Py at x € 2, then u is h-differentiable at x

PO (w) = (Vyu(x), w). (4.1)
Proof. 1f (1.10) holds, then we can rewrite this condition as
u(xw) — POw) — PP (w) = PP ) +o(|wl?).
Clearly Px(o) (w) = u(x) and P}l)(w) is an h-linear map. Thus, we achieve
Ju(xw) — u(x) = PP )| = o(|wl),

and the h-differentiability of u follows. In view of the uniqueness of the h-differ-
ential, we get (4.1), concluding the proof. O
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Definition 4.2 (Difference quotients). Let u : 2 — R be h-convex and assume
that it is i-differentiable at x. For every t > 0 define the first order h-quotient at x

e e (w) = v (@S w) —u(x)
and the second order h-quotient at x

AZ u(w) _ M(X(S'L’LU) - M(X) -7 (VHu(x), w)

- (4.2)

assuming in addition that u is h-differentiable at x. At this A-differentiability point,
the h-difference quotient of 0gu is given by the set-valued mapping

ogu(xd;w) — Vyu(x)

Ay 0pgu(w) = 4.3)

T

Remark 4.3. Notice that A)%’ru can be written as
2 _ 1
Ax,'[u(w) =T [ux,r(w) - (vHu(x)s w)]

where u, ; is clearly h-convex. Moreover if we take the subdifferential of A)%,Tu
we get

o [ A2 )| = 7 {0t (w) = Viuo)

=!I {dgu(xé;w) — Vyu(x)} “44)
Ay r0pu(w),

where the equality 0y uy - (w) = dgu(xé;w) follows from the definition of u, ;.

Proof of Lemma 1.1. Choosing w = 0 we get dgu(x) = {v}, thus by Theorem 1.4,
u is h-differentiable at x, moreover v = Vyu(x). The twice h-differentiability im-
mediately follows from (1.4), taking its restriction to all points of s-differentiability.
For the converse implication, we rewrite expansion (1.3) as follows, for all € > 0
there exists p > O such that

Al < p, (4.5)

VHu@hX—VHMXX—AAM'<E
1]l -

for all & € x~'Q such that u is h-differentiable at xk. By (1.6), for any w €
x~lQn By, p, taking into account (4.5), we get

'p — Viu(x) - Ax(w)' _.
fwl -

forall p € Vju(xw).

In an equivalent form, we have

Viuxw) € Vyu(x) + Ax(w) + €l|lw||B. (4.6)
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Moreover, the set on the right is convex, hence Theorem 1.2 yields
dgu(xw) = co (V;,u(xw)) C Vyux) + Ax(w) + o(||lw])B. 4.7
This concludes the proof. O

Proposition 4.4. If u : @ —> R is h-convex, then it is twice h-differentiable at x
if and only if for any compact set D C Q2 and for all € > 0, there exists 6 > 0 such
that for all w € D and 0 < © < & we have

Axrogu(w) — Ay(w) C €B. (4.8)

Proof. Let u be twice h-differentiable at x, fix a compact set D C 2 and € > 0.
We set up = maxyep ||w]|. Then there is p(e, D, ) > 0 such that

lwll e

ogu(xw) C Vyu((x) + Ay (w) + B,

M“D
whenever |[w|| < p(e, D, ) and By, p,0) C 2. We consider w = §;h, where
heD,and0 <t < %. It follows that

ogu(xd:h) C Vyu(x) + tAy(h) +etB

which is equivalent to (4.8). Conversely, let S = {w € G : ||w| = 1} be a compact
set and fix € > 0. Then there exists § > 0 such that (4.8) holds whenever0 < t < §.

Thus, we have
ogu(xé;w) — Vyu(x)

— Ay(w) C eB.
T

In other words, whenever 0 < ||| < &, we have
dgu(xh) € Vyu(x) + Ax(h) + €||h||B,
that establishes the twice h-differentiability of u at x. O

Finally, we have enough tools to establish the characterization of second order
differentiability of 4-convex functions.

Proof of Theorem 1.5. Let us assume that u has a second order A-expansion at x.
By Proposition 4.1, u is h-differentiable at x, then Px(o)(u)) = u(x) and Px(l)(w) =
(Vhgu(x), w), where Py is the polynomial associated to the second order s-expan-
sion. Define ¢ (w) := Px(z) (w) and notice that Vg Px(z) (w) is an h-linear map, since
it is a polynomial of homogeneous degree 1. The second order #-expansion yields

u(xs;w) — PO, w) — PP (8,w) — PP (8, w)
2 (4.9)

A% cu(w) — d(w) =

o(I8-w]|)
72 '
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As a consequence, A2 - uniformly converges to ¢ on compacts sets as T — 0F.

Moreover A2 LU is h-convex, then so is ¢. Applying Proposition 1.3, we can estab-
lish that for every compact set D C 2 and € > 0 there exists § > 0 such that

AL u(w) S Vyp(w) +eB, forall weD and 7€ (0,9).
Notice that (4.4) gives BHAi,u(w) = Ay dgu(w), hence
Ay dgu(w) € Vi PP (w) + €B.

As a result, we have Ay dgu(w) — VHPJSZ)(w) C €B whenever w € D and
0 < t < §. By Proposition 4.4, u is twice h-differentiable. Furthermore, Vg Pf)
is the second order A-differential D%,u(x) of u at x.

We now assume that u is twice h-differentiable at x, where D%Ju(x) denotes
the second order h-differential of # at x. By Lemma 1.1, we have

Vyu(xw) = Vyu(x) + DLu(x)w + o(||w])),

where D%Iu(x) is regarded as an A-linear mapping. Let U, W and M be as intro-
duced in Definition 2.3. We define

v(w) = u(xw) — u(x) — Pr(w),

for every w € x~' - Q and P, is the unique polynomial with h-degP < 2 that
satisfies the condition Py (0) = 0 and

Vg Py(w) =Vyu(x) + D%_,u(x)w. 4.10)

This is as a consequence of Remark 2.10. Let 7 > 0 be such that By, C x~! - Q.
Let po > 0 be such that poM < r and choose w such that ||w| = 1. We consider
0<p<poandd,w = ]_[";:1 pase; , for some (ai, ...,a,) € U. Then v(§,w) =
v(8pw) — v(0) can be written as

Y N s—1
v(8pw) = Zv (H pai,ei,) -V (1_[ pai,eil> .
s=1  \i=I I=1
Observe that v is an s-convex function plus a polynomial of homogeneous degree

less than or equal to two. By Theorem 3.13 applied to horizontal directions e;, , we

get
Y

v@Bow) =Y (ps, paser,)

i=1

with py € 3% v(x([T3Z] o ke, ) (tsp ager,)), where £ € [0, 1] and

A= max |P@ (h)|.
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Moreover, by Proposition 3.12 we know that

s—1 s—1
ps+V Py ((l_[ pakeik) (tsp aseis)> €dqu <x (H pakeik) (tsp aselg)) - (4.11)

k=1 k=1

The expansion (1.4) for the k-subdifferential of # implies that

s—1
opu (x (l_[ Pakeik) (tsp aseis)) C Vhu(x)
k=1
s—1
(l_[ Pakeik) (tsp aseiy)

s—1
+ Ay ((1_[ Pakeik) (tsp aseis)) +o0 ( ) B.
k=1 k=1

Thus, by formula (4.10), taking into account (4.11) and (4.12), we get that

s—1
|ps| =0 < 8/) (1_[ akeik> CSIS‘S,oaseis ) =o(p).

k=1
As a consequence, |v(S,w)| = 0(,02). This concludes the proof of our characteri-
zation.
Next, we have to prove the claims (1), (2) and (3). The first one follows con-
sidering the restriction of (4.9) to directions z € H,, with |w| = 1, and taking into
account (2.2), hence getting the uniform limit

4.12)

u(x exp(2Z)) — u(x) — 12(Vy, P2, 2)
l»2

ast — 07, where z varies in a compact neighborhood of zero in H; and Z is the
unique left-invariant vector field such that Z(0) = z. In fact, we have used the
equality

X872 =x-6,exp(Z) =x -exp(tzZ),

In particular, we have Vy,u(x) = Vy, P. Taking into account Proposition 4.1
and formula (2.2), then claim (2) follows. Now, with respect to the fixed basis
(e1, ..., e,) of G, we have the coefficients (D%Iu(x))l.j such that
m
Dlzqu(x)w = Z (D%_Iu(x))l.j w;ej,
i,j=1

therefore (4.10) yields VHPX(Z)(w) = Di,u(x)w. Forany j =1,...,m, we have

mj
X; PP w) =Y " (Avijwi,
i=1
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then formula (2.5) gives

my
X;X;P® = (D},u(x))ij = (V4 Px@))ij + > Xu(x)dY.
l=m1+1

As aresult, we get

my
(VEPP)ij = (Av)ij — Z Xju(x) ag.’ ,
I=m+1

that coincides with the formula of claim (3). Finally, we recall that Px(z) is the
uniform limit on compact sets of the 4-convex functions A/%’Tu. This implies that

Px(z) is also h-convex and then its horizontal Hessian is non-negative. U
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