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and tame maps in Carnot groups of step 2

Abstract. This note concerns low-dimensional intrinsic Lipschitz
graphs, in the sense of Franchi, Serapioni, and Serra Cassano, in Carnot
groups of step 2. More precisely, we prove the equivalence between in-
trinsic Lipschitz and tame maps.
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1 - Introduction

In this paper, we focus our attention on low-dimensional intrinsic Lipschitz
graphs in Carnot groups of step 2. They are important in order to study the
notion of rectifiable set in Carnot groups.

More precisely, rectifiability, introduced by Besicovich in the plane, is a
key notion in Geometric Measure Theory and Calculus of Variations. The
classical definition was given by Federer: in Euclidean spaces, rectifiable sets
are defined as being essentially contained in the countable union of Lipschitz
graphs. In Carnot groups, the corresponding notion of Lipschitz graphs is
intrinsic Lipschitz graphs (iLG).

iLG were introduced by Franchi, Serapioni, and Serra Cassano in [13] in
the context of Heisenberg groups H” which are the most important examples of
Carnot groups of step 2. The definition of iLG makes perfect sense also for low
dimensions, but there are fewer works that study specifically low-dimensional
iLG. Recently, they have appeared in [3,4,10,12]. In [10], in H", we used
this notion in order to obtain an easy proof about the extension of intrinsic
Lipschitz maps. A first step of the proof is to show their equivalence with the
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so-called tame maps (see Definition 2.13). Hence, it is natural to ask if it is
possible to have the same equivalence in a more general case, i.e., for instance,
in Carnot groups of step 2. In this paper, we give a positive answer about this
question. More precisely, our main result proves that

¢ is an intrinsic Lipschitz map <= 1 is a tame map

where there is an explicit link between ¢ and v : they have the same horizontal
components and their vertical components are equal up to the sign. We de-
fer the definitions to Section 2 and more precise statements to Section 3, see
especially Theorems 3.4 and 3.7.

Regarding the extension of intrinsic Lipschitz maps in Carnot groups of
step 2, the proof in [10, Theorem 1.1], in H", where the vertical component
is just one, is not applicable. The reason is purely algebraic and is due to the
fact that in Carnot groups of step 2 the vertical components are more than
one. However, in [18, Theorem 1.1] and [18, Theorem 4.5] the author provides
a characterization of (locally) Lipschitz functions from (geodesically convex)
subsets of Riemannian manifolds into graded groups through a system of first
order PDEs known as weak contact equations. Here the target space belongs to
a special class of Carnot groups of step 2, called Allcock groups which includes
Heisenberg groups. Finally, we want to recall a negative answer about the
extension in step 3 proved in [5].

2 - Preliminaries
2.1 - Carnot groups of step 2

We here introduce Carnot groups of step 2 in exponential coordinates. We
adopt as a general reference [6, Chapter 3], but the interested reader could also
read [1,2]. For a general introduction of Carnot groups we recall [17]. In this
subsection G will always be an arbitrary Carnot group of step 2.

We denote with m the rank of G and we identify G with (R™*" .) by means
of exponential coordinates associated with an adapted basis (Xi,..., X,
Yi,...,Y},) of the Lie algebra g. In this coordinates, we will identify any point
q € G with ¢ = (x1,...,Zm,Y1,---,yr). The group operation - between two
elements ¢ = (z,y) and ¢’ = (2/,y') is given by

1
(2.1) q-¢d =qd = <m+w’,y+y’—2<5w,x’>),

where (Bz,2') = ((BVz,2'),..., (BMz, 2')) and B® are linearly independent
and skew-symmetric matrices in R™*™ for { = 1,... h. Forany £ =1,... h
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and any j,i =1,...,m, weset (B®));, = (bg.?), and we stress that (B¥z, 2') ==

Moreover the dilation dy : R™+" — R™+" defined as
ox(z,y) :== Az, N%y), for all (z,y) € R™Hh,

is an automorphism of (R™*+" .), for all A > 0.
The identity of G is the origin of R™*" and (z,y)™! = (-, —y). For any
p € G the intrinsic left translation 7, : G — G is defined as

q = Tpq = pq.

It is standard to observe that in these coordinates we can write

Moreover,

>

0
22) (X, Xi] Z bi;Yp, and

[Xj,Yg]:O, Vj,i=1,...,m, and Y =1,... h.

Remark 2.3. Note that the above arguments show that there exist step 2
Carnot groups of any dimension m € N of the first layer and any dimension

h<m<mQ—1>’

of the second layer: it suffices to choose h linearly independent matrices B, ...
B™ in the vector space of the skew-symmetric m x m matrices (which has
dimension m(m — 1)/2) and then define the composition law as in (2.1).

A homogeneous norm on G is a nonnegative function p — ||p|| such that for
all p,q € G and for all A >0

lpl =0 if and only if p=0
1oxpll = Allpll, llpall < llpll + llall-
We make the following choice of the homogeneous norm in G:

(2.4) 1z, )| = max{|a|zm, |yl ),
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for a suitable ¢ € (0,1] (for the existence of such an £ > 0 see Theorem 5.1
in [14]). From now on, with a bit abuse of notation, we will write the norm of
R?® for every s € N with the same symbol | - |.

However, given any homogeneous norm || - ||, it is possible to introduce a
distance in G given by

d(p,q) = d(p_lq, 0) = Hp_qu for all p,q € G.

The metric d is well behaved with respect to left translations and dilations,
i.e. for all p,q,¢ € G and X > 0,

d(pg,pd') = d(q.q),  d(dxq,0,q") = \d(q.q)

Moreover, for any bounded subset 2 C G there exist positive constants ¢; =
c1(R2), ca = () such that for all p,q € Q

crlp — gl < d(p,q) < ealp — '/,
and, in particular, the topology induced on G by d is the Euclidean topology.
Moreover, the metric dimension is different w.r.t. the Euclidean one; more

precisely, it is equal to the integer ). 4 dimG? = m+2h, called homogeneous
dimension of G.

2.2 - Complementary subgroups

A homogeneous subgroup W of G is a Lie subgroup such that §yz € W for
every x € W and for all A > 0. Homogeneous subgroups are linear subspaces
of R™*" when G is identified with R™*".

Definition 2.5. We say that V and W are complementary subgroups in
G if V and W are homogeneous subgroups of G such that WNV = {0} and

G =VW.

By this we mean that for every p € G there are pyw € W and py € V such that
b = pvPw-

If V and W are complementary subgroups of G and one of them is a normal
subgroup then G is said to be the semi-direct product of V and W. If both
V and W are normal subgroups then G is said to be the direct product of V
and W.
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The elements pw € W and py € V such that p = pypw are unique because
of VAW = {0} and are denoted components of p along V and W or projections
of pon V and W. The projection maps Py : G — W and Py : G — V defined

Pw(p) = pw, Py(p) = pv, for all p € G,

are polynomial functions (see Proposition 2.2.14 in [16]) if we identify G with
R+ hence are C>®. Nevertheless in general they are not Lipschitz maps,
when V and W are endowed with the restriction of the left invariant distance
d of G (see Example 2.2.15 in [16]).

The stratification of G induces a stratifications on the complementary sub-
groups Vand W. If G = G! ©® G? then also V=V! @ V2, W = W! & W? and
G' = V' @ W'. A subgroup is horizontal if it is contained in the first layer G*.
If V is horizontal then the complementary subgroup W is normal. Moreover,

G =VW = WV,

but, obviously, the projections of any point are different.

In this paper, we choose the splitting G = VW.

Proposition 2.6 ([16]). If V and W are complementary subgroups in G
there is co = co(V, W) € (0,1) such that for every p € G, it holds

(2.7) co(llpwll + llpvl) < llpvew|l < llpwll + v

In the sequel, we denote by V and W two arbitrary complementary sub-
groups of G with V horizontal and k-dimensional. Up to choosing a proper
adapted basis of the Lie algebra g, we may suppose that V = exp(span{ Xy, ...,
Xi}) and W = exp(span{ Xx+1,..., Xm, Y1,...,Ys}). Thus, by means of expo-
nential coordinates we can identify W and V with R™+"~* and R¥, respectively,
as follows

V={(z1,,...,2%,0...,0) : z; e Rfori=1,...,k},

(28) WE{(07'"aoaxk-i-lv"',xmayla"'ayh) :
zi,ye € Rfori=k+1,...,m;{=1,...h}.

Once complementary subgroups as in (2.8) have been fixed, it is convenient
to identify ¢ : E € V — W with a function ¢ : E ¢ R¥ — R™+"=* in the
obvious way. This identification applied to intrinsic Lipschitz functions leads
to the notion of tame maps which we discuss in the next section, see especially
Theorems 3.4 and 3.7.
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2.3 - Intrinsic graphs

This concept was introduced by Franchi, Serapioni and Serra Cassano. The
reader can see [8,11,13,15].

Definition 2.9. We say that S C G is a left intrinsic graph or more
simply an intrinsic graph if there are complementary subgroups W and V in G
and ¢ : F C V — W such that

S = graph(¢) := {a¢(a) : a € E}.

Observe that, by uniqueness of the components along V and W, if S =
graph(¢) then ¢ is uniquely determined among all functions from V to W.
We call graph map of ¢, the function ¢ : £ — G defined as

(2.10) ®(a) :=ap(a) foralla € E.

Hence S = ®(FE) is equivalent to S = graph(¢).
The concept of intrinsic graph is preserved by translation and dilation, i.e.

Proposition 2.11 ([16]). If S is an intrinsic graph then, for all X > 0 and
forall q € G, q-S and §)S are intrinsic graphs. In particular, if S = graph(¢)
with ¢ : ECV — W, then

(1) For all X > 0,
ox (graph(9)) = graph(¢»)
where ¢y : XE CV — W and ¢x(a) := 6x¢(01/ra), for a € 61 E.
(2) For any q € G,
q graph(¢) = graph(¢q)
where ¢ : By CV — W is defined as ¢4(a) == (Pw(qg ta))1o(Py(¢ ta)),
for alla € E;:={a : Py(q¢ 'a) € E}.

We conclude this section with the definition of intrinsic Lipschitz maps.
Regarding their properties, the reader can see [7,9,19, 20].

Definition 2.12. Assume that V and W are homogeneous subgroups of
G as above. A map ¢ : E C V — W is said to be intrinsic L-Lipschitz for a
constant L > 0 if

[Pw (@) @(v)]| < LIPy(@() " @), v,v' € E,

where & : E C V — G is the graph map defined as (2.10).
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2.4 - Tame maps

The notion of tame maps is studied in [10,12], when G is the Heisenberg
group H". Here we extend this definition to Carnot groups of step 2.

Definition 2.13. Let m,h,k € N with k < m and h < W, B, ...,
B™ be linearly independent and skew-symmetric matrices in R™*™, E C R¥,
and L; >0 forie {k+1,...,m+h}.

We say that a map ¢ = (Ppr1,..., dmgn) : B — R F g (Lpq, ...,
Lyyip)-tame if

(1) ¢; is Euclidean L;-Lipschitz for i =k +1,...,m;

(2) It holds

[Gmse0) — bmsele) + 5 S 00 mea) - 3 Zb s — ;)|

i, j=k+1 i=k+1 j=1
1 & («
| o) = dmie(@) +5 > b0 5 Zbﬂ’@ (5 — %5)]
i,j=k+1 i=k+1 j=1

S Ler@’y - x’27

for {=1,...,hand for all x = (x1,...,2),y = (y1,-.-,yx) € E.

Remark 2.14. It is possible to replace the condition (2) in Definition 2.13
(with different constant L,,,¢ which depends on Lgy1,. .., Ly, Linte, BY, ..,
B™) by its one-sided version:

(2.15)
Om(y) — S (x Z bl S Zbﬁ% — ;)
ij=k+1 i=k+1 j=1
< Kmpely — af?,
for ¢ =1,...,h and for all x = (z1,...,2x),y = (y1,-..,yk) € E. Indeed, it is

trivial fact that the condition (2) in Definition 2.13 implies (2.15). Moreover,
the other implication follows using the condition (1) in Definition 2.13 and



104 DANIELA DI DONATO 8]

recalling that the matrices B, ..., B" are skew-symmetric, i.e.,
k
‘¢m+€ ) ¢m+f + 5 Z b Zbgl ¢2 - :L‘])‘
1

k

Jj=
+ ‘QZ)TTL-‘FZ ) Qbm—‘,—f + 5 Z b’L] d)J Zbgz ¢Z - IJ)‘
7=1

’Lj k+1 i=

m
ij=k+1 i=k+1
m
k+1
< Lygely — z)?
> Lo |Y z

o) = bmae@) + 2 30 800,0)64(a)

i,j=k+1

3 S ) + ), —ay)|

i=k+1 j=1

< 2Lnyely — ol + | z zb“ i () (y; — ;)

i=k+1 j=1

-----

as desired.

Remark 2.16. For all 1 < k < m, Definition 2.13 implies that ¢, ¢ is
locally Lipschitz. This fact follows noting that

3 0 eie)

ij=k+1

(2.17) = Z S b9 (0i(2)ily) — 6i(y)ilx))

i=k+1j=k+1,...m
J>i

= Z S b (0i(@)(ily) — dilw)) — dil)(5(y) — 5(x))),
i=k+1 j=k+1,...m
7>

where, in the first equality, we used the skew-symmetry of the matrices B, .. .,
B, However, to require that Om+1s-- -, Omn 18 locally Lipschitz does not
implies that ¢ = (¢x41,- .., Pmin) is a tame map because if E is an unbounded
set and ¢;,,4¢ does not a globally Lipschitz map the condition (2) in Definition
2.13 does not work (you can choose any map ¢, +¢ with unlimited derivative).
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3 - Link between tame maps and intrinsic lipschitz functions

In this section, we explore the connection between intrinsic Lipschitz func-
tions (as in Definition 2.12) and tame maps (as in Definition 2.13). This con-
nection is motivated by [10,12] where the authors prove their equivalence in
the context of Heisenberg groups. Throughout this section, we assume that
1<k<m,1<h< m(mT_l and V is a k-dimensional horizontal subgroup of
G with complementary normal subgroup W with coordinate expressions as in
(2.8). Slightly abusing notation, we identify a set £ C V with & C R¥, and
¢: E— W with ¢ : E — RmTh=k,

Lemma 3.1. A function (¢gs1,---,Omen) : E CV — W is intrinsic

L-Lipschitz if and only if
10,50, @1 (V) = Sry1(v), -, G (V) — P (v), H (v, 0"))]
<L —wv|, v, ek,
where
H(v,v') == (Hps1(0,0), ... Hyyn(v,0))
is defined as
1 « ¢
Hno(0,0) = $ne () = busev) = 5 3 b705(0)i(v)

ij=k+1
m k .
+ 0 Y e)() vy,
i=k+1 j=1
fort=1,....,h and v = (v1,...,%,0,...,0),v" = (v{,...,v},0,...,0) € E.

Proof. We recall from Definition 2.12 that ¢ is intrinsic L-Lipschitz if and
only if
(3.2) [Py (@(v) " (")) < LIPy(@(0) T @), v.0' € E.
Moreover, because W is a normal subgroup, we get
Py(2(v) 7' @(v') = Py(¢(v) v~ '¢(v")) = Py(p(v) v H0)
=Py((v™)(v™) () o)
= vilv’,
Py (2(v) "' @(v")) = Pw(g(v) v~ '¢(v")) = Pw(p(v) o~ ') (V)
= Pw((v™)(071) To(v) o) g(v)
— (™) (o) (W),

(3.3)
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where we used the simply fact (v™1v")"1p(v')(v"1v") € W (because W is nor-
mal) and v~ € V.

Consequently, the right-hand side of (3.2) is equal to L|v —v|. On the other
hand, for v = (v1,...,v,0,...,0),0" = (v],...,v;,0,...,0) € E, it follows

(v ) Lp(w) 7t = (v — 0, =rp1(v), ..., —Om(v),

1 m k
— O (0) + 5 D b)),

i=k+1j=1
1 m k N
NCORESY sz’@(v)(vj—v;)),
i=k+1 j=1
and, recall that (z,y)"! = (—z,—y), we also obtain the explicit form of

v~ 1'¢(v'). Then, by an easy computation, we have that the left-hand side
of (3.2) can be written as

[Py (@ (v) " 2 ("))|
= ”(07 -0, ¢k+1(v/) - ¢k+1(v)’ s 7¢m(vl) - qu(v), H(U’ U,))Hv

for v,v" € E, where H(v,v') is defined as in the statement of the lemma. O

Lemma 3.1 provides a link between intrinsic Lipschitz and tame maps. We
formulate this in two separate statements because, as we will see, the Lipschitz
constants change.

Theorem 3.4. If ¢ = (Pkt1s--y Pmin): B CV — W is intrinsic L-Lip-

schitz, then (d)k-}—la ey Omy —Pmg1s ey _¢m+h) is an (Lk+17 s 7Lm+h)_tame
map from E C RF to R™h=k yth,

L, fori=k+1,...,m,

3.5 L; = )
(3:5) ’ —2L2, fori=m+1,....m+h,
€

where € € (0,1] is given by (2.4).

Proof. Let ¢ be an intrinsic L-Lipschitz function. According to Lemma 3.1
this means that

(3:6) 11(0,.,0,6p41(v)) = Grr1 (), (V') = b (v), H(v,0))

<Ll —v|, v €E,



[11] SOME REMARKS ABOUT INTRINSIC LIPSCHITZ 107

where H(v,v") := (Hpyy1(v,0"), ..., Hpyn(v,0")) is defined as

Hiyo0,0') = Onse(o) = @) = 5 D2 60 05(0)n(0)

i,j=k+1

+ Z z:b(E oi(v v] —vj),

i=k+1 j=1

for ¢ =1,...,hand v,v' € E.

Recalling that ||(x,y)|| = max{|z|,e/[y[} for (z,y) € R™xR" and € € (0, 1],
inequality (3.6) implies first that ¢; is a Euclidean L-Lipschitz function for
i=k+1,...,m, which is part (1) of the tameness condition in Definition 2.13.
Second, we deduce from (3.6) that

1/2
@
St (V) = Sme(v) — = Z b 65 (v! +Z Zb) (v} — v))
,j=k+1 i=k+1 j=1
L
< = -,
for¢=1,...,hand v = (vi,...,,0,...,0),v = (v],...,v;,0,...,0) € E.

Hence, recall Remark 2.14, (¢2,..., ¢my, —Omt1s---y —Gmyn) is (L,... L,
E%LQ,...,EQQ L?)-tame in both cases and the proof of the statement is com-
plete. O

We now consider the converse implication.

Theorem 3.7. If (Grst1,-- s Py —Omaits- - r —Omin): £ C RF — RMHA—k
is an (Lgs1,-- -5 Limtn)-tame map, then ¢ = (prr1,- -, Gman) : ECV = W is
intrinsic L-Lipschitz with

L= max{\(LkH,..., W e/ Tontts - - m+h)y}
where ¢ € (0,1] is given by (2.4).
Proof. If (Pkt1s---sPmy—Pmsly- vy —Pman) 1S (L1, ..., Lipin)-tame,

we find by the first condition in Definition 2.13 that for i = k+ 1,...,m
the function ¢; is Euclidean L;-Lipschitz on E. Moreover, the second condition
in the tameness definition for
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(Pkt1s- -+ Py —Bmt1s- - -, —Pmrn) reads as follows:
[6m1et)) ~ bmrew) + 5 3 b0 =S Zb“ 6i()(0] — v5)|
i,j=k+1 i=k+1 j=1
+ ‘¢m+€(v ) d)m—i-f Z b Z Zbﬂ ¢7, U - U])‘
zg k+1 i=k+1 j=1

< Lm+€|vl - U|27

for every £ =1,...,hand for all v = (vy,...,v4,0,...,0),v = (v,...,v,,0,...,
0) € E.

Using Lemma 3.1 and in particular (3.3), we conclude that ¢ := (¢g41, ...,
Gman) : E CV — W is an intrinsic L-Lipschitz function since its graph map
satisfies

[Pw(@()) " @) < max { (L1, L)l ev/[Tomsts - ol Jo =
— Ljv— /| = L[Py(®(v) "B, 0,0 € B,

as desired. O

4 - Infinitesimal condition for tame maps on open sets

There is an equivalent condition of tame maps in terms of an infinitesimal
one where the "vertical” constants depend on the structure of the group (see

(4.3)).

In this section, we consider the case k = 1.

Proposition 4.1. Let I C R be an open interval, and let ¢ = (p2,...,
bmsn) : T — RIHIL

(1) If ¢ is (La, ..., Lyyn)-tame, then ¢; is L;-Lipschitz for i = 2,...,m, and
Omt1y -y Oman are differentiable almost everywhere on I, gme e Ly.(I)
fort=1,...,h, and

. i 1 & . )
(4.2) Pt = Z bﬁ?cbi 3 Z Z bg)((bjgbi — ¢i0j), a.e. onl,
i=2 i=2 j>i
fort=1,... h.

(2) Conversely, if ¢; is Li-Lipschitz for i = 2,...,m, ¢piy is locally Lips-
chitz for £ = 1,...,h, and (4.2) holds for every £ = 1,...,h, then ¢ is
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(Ly, ..., Ly, . ,)-tame with

L;:=1L; fori=2,...,m,
(4.3)

Lo = 2By ZL +ZZLL . fort=1,...,h,

=2 j>i
where BM:max{bgf) ci,j=1,...,m{=1,... h}.

Remark 4.4. We underline that By; > 0 because the matrices B, ..., B()
are skew-symmetric.

Proof. We assume first that ¢ is (La, ..., Ly, 1p)-tame, in particular, ¢; is
a Lipschitz function on I for ¢ = 2,..., m. Rademacher’s theorem implies that
¢; is differentiable almost everywhere on I with bounded derivative. Condition
(2) in Definition 2.13 reads

(4.5)
Gmte(y) — ¢m+z Z b Z Z b(é) ¢z x ¢z(x)¢g(y>

Y= y—z

1=2 j>i

N Prnre(y) — ¢m+e Zb Zzb(e) bi(y)¢;(x) — di(x)d;(y)

— T
Y- =2 j>1 Yy

< Lm+€|y - $|7

for £ =1,...,h and for all x,y € I with x # y. By

(4.6) 9i(y)oj(x) = ¢i(x)dj(y) = ¢i(y)()(x) — d(y)) — ¢i(Y)(¢i(x) — di(y)),

it is easy to see that gf)erg exists almost everywhere on I for £ =1,...,h, and
(4.2) holds. In particular, ¢p4e € Li5.(I) for £ =1,..., h, as desired.

Conversely, assume that ¢; is an L;—Lipschitz function for i = 2,...,m
and ¢,+¢ is a locally Lipschitz function satisfying (4.2) for every £ =1,...,
Then, the corresponding one-sided version of (4.5) is satisfied for

=

“2Bps Z L; + Z Z L;L;|” instead of “Lim+e” .

=2 j>1
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Indeed, for x,y € I with x < y, the expression (4.6) can be rewritten as

61(y)65(2) — 64(2)05(y) = —6ily / b5(5) ds + 65y / dils

and, according to Remark 2.14, it suffices to verify the one-sided version of
(4.5) (without the constant ”2”). Hence,

Gm+e(y) = bmre(2 Zb — )

+5 Zzb (x) = di(x)d;(y))

1=2 j>i
s> 00 [ outy) ds
1=2 T
y . y .
LS 065(0) / bi(s) ds — b0 6(y) / $i(s) ds

[ w606 - 6w
T =2

(4.2)

Y (3:()[650) — B5()] + d5(5)[u(s) — ()] ds )

=2 j>i

< By ZL +ZZLL ly — z|?,

1=2 j>1

where in the last inequality we used the fact that ¢; is L;—Lipschitz for every
1=2,...,m. As a consequence, the proof is complete. O
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