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ABSTRACT. We present a constructive approach to torsion-free
gradings of Lie algebras. Our main result is the computation of a
maximal grading. Given a Lie algebra, using its maximal grading
we enumerate all of its torsion-free gradings as well as its positive
gradings. As applications, we classify gradings in low dimension,
we consider the enumeration of Heintze groups, and we give meth-
ods to find bounds for non-vanishing ¢4 cohomology.
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1. INTRODUCTION

1.1. Overview. A grading of a Lie algebra g is a direct sum decom-
position

(1) g= @ Va
a€es

indexed by some set S in such a way that for each pair «,, 8 € S there
exists v € S such that

[Vaa Vﬁ] - VY
In this paper, we will focus on Lie algebras defined over fields of char-
acteristic zero and gradings indexed over torsion-free abelian groups,
where the element ~ is given by v = a + .

An important example of a Lie algebra grading is the so called maz-
imal grading (also known as fine grading), that is a grading that does
not admit any proper refinement into smaller subspaces V,. A classical
example of such a maximal grading is the Cartan decomposition, which
plays a fundamental role in representation theory and the classification
of semisimple Lie algebras over C, see for example [HumT78]. There has
been a growing interest in the study of (maximal) gradings of semisim-
ple Lie algebras since the paper [PZ89)], see the survey [Koc09| or the
monograph [EK13| for an overview. Moreover, a classification of max-
imal gradings of simple classical Lie algebras over algebraically closed
fields of characteristic zero can be found in [EId10].

Regarding nilpotent Lie algebras over algebraically closed fields of
characteristic zero, an in depth study of maximal gradings over torsion-
free abelian groups was carried out in [Fav73|. One of the main results
in [Fav73| is that, given a nilpotent Lie algebra g of nilpotency step s
and with abelianization g/[g, g] of dimension r, there are only finitely
many torsion-free maximal gradings, up to automorphisms of the free
nilpotent Lie algebra of step s with r generators. This finiteness in
the number of maximal gradings is in contrast with the existence of
an uncountable number of non-isomorphic nilpotent Lie algebras in
dimension 7 and higher.

There are two other special types of gradings of particular interest in
the case of nilpotent Lie algebras: positive gradings and stratifications
(also called Carnot gradings). A positive grading is a grading indexed
over the reals such that in the direct sum decomposition all the
non-zero spaces V,, have positive indices a > 0. A stratification is a
positive grading for which V; generates g as a Lie algebra.

Lie algebras with a stratification are the Lie algebras of Carnot
groups. These groups have played a central role in the fields of geo-
metric analysis, geometric measure theory, and large scale geometry,
see [LD17] for a long list of references.

Positive gradings are important within the study of homogeneous
spaces, as they appear directly in characterizations of such spaces.
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First, any negatively curved homogeneous Riemannian manifold is a
Heintze group G x R [Hei74|, where G is a nilpotent Lie group and
the action of R on G is given by the one-parameter family of automor-
phisms associated with a positive grading of G. Second, any connected
locally compact group that admits a contracting automorphism is a
positively gradable Lie group [Sie86]. In this latter result, the group
structure and contracting automorphism may also be replaced by a
metric structure and a dilation, see [CKLD™17].

Another active area of research that contains several open problems
relating to positively gradable Lie groups is the quasi-isometric clas-
sification of locally compact groups. A survey on the topic can be
found in [Corl§|. For instance, it is not known whether there exists
a non-stratifiable positively gradable Lie group that is quasi-isometric
to its asymptotic cone, nor whether all large-scale contractible groups
are positively gradable, see [Corl9, Question 7.9|. The quasi-isometric
classification is open also for Heintze groups, see [CPS17| for some
known results.

1.2. Main results. In all of the following statements, let g be a finite
dimensional Lie algebra defined in terms of its structure coefficients
and let F' be the base field of g. That is, we assume we have a fixed
basis Xi,..., X, of g and a family of coefficients {cfj e F:ij ke
{1,...,n}} such that the Lie bracket is defined as

n

X0 X5 =) i X
k=1

Our main result is the following.

Theorem 1.1. Suppose the base field F' is algebraically closed. Then
there exists an algorithm that constructs a mazximal grading of g.

We also give explicit constructions for stratifications and positive
gradings.

Theorem 1.2. There exists an algorithm that constructs a stratifica-
tion of g or determines that one does not exist.

Theorem 1.3. Suppose the base field F' is algebraically closed. Then
there exists an algorithm that constructs a positive grading of g or de-
termines that one does not exist.

Theorem and Theorem are constructive versions of the char-
acterizations of stratifiability in [Corl6, Lemma 3.10] and existence of
a positive grading in |[Corl6, Proposition 3.22].

Using Theorem [I.1] we are able to enumerate all torsion-free grad-
ings.
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Theorem 1.4. Suppose the base field F is algebraically closed. Then
there exists an algorithm to compute a finite collection of gradings con-
taining up to equivalence all the torsion-free gradings of g.

A torsion-free grading is a grading that can be indexed over a torsion-
free abelian group, and gradings are considered equivalent if there is an
automorphism of the Lie algebra mapping layers of one grading to layers
of the other. The precise definitions can be found in Section The
finite set we construct in Theorem [I.4] will in general contain redundant
gradings, i.e., there may exist equivalent gradings in the collection.
We eliminate this redundancy in the case of nilpotent Lie algebras of
dimension up to 6 to find a complete classification up to equivalence of
torsion-free gradings.

For applications related to positive gradings, we also give a method
to extract from the complete list of Theorem of all torsion-free
gradings those that admit a positive realization, i.e., can be indexed
over the positive reals:

Theorem 1.5. Let g =P, o Vi be a grading of g.

(i) There exists an algorithm that constructs a positive realization
of the grading or determines that one does not exist.

(i) If S is a finitely generated abelian group, then there exists an al-
gorithm that constructs a positive realization such that the rein-
dezing S — R of layers is a homomorphism, or determines that
one does not exist.

a€esS

We also give two applications of the enumeration of positive grad-
ings obtained from the above results. First, we show that all non-
equivalent positive gradings define non-isomorphic Heintze groups, see
Proposition[4.7 In this way we are able to enumerate diagonal Heintze
groups. Thus we give methods to tackle the problem of finding all
Heintze groups with prescribed nilradical, which is a question already
posed by Heintze in [Hei74].

Second, the enumeration of positive gradings gives a method to find
better estimates for the non-vanishing of the /9P cohomology of a nilpo-
tent Lie group, which is a quasi-isometry invariant.

1.3. Structure of the paper. In Section [2] we recall various defini-
tions and terminology related to gradings. The core concepts of re-
alization, push-forward, and equivalence are defined in Subsection
and universal realizations are recalled in Subsection 2.2l Subsection 2.3]
recalls how to study torsion-free gradings of a Lie algebra g in terms of
subtori of the derivation algebra der(g). Maximal gradings and their
universal property are covered in Subsection 2.4, Subsection [2.5] re-
duces Theorem on enumeration of gradings to proving Theorem
on algorithmic construction of a maximal grading.
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In Section |3l we give the remaining constructions for our main results.
Subsection [3.1] covers Theorem [I.2on stratifiability. Subsection [3.2]cov-
ers Theorem [I.3] and Theorem [I.5] on positive gradings. An alternate
approach to deciding the existence of a positive realization is also de-
scribed in Appendix [A] Subsection [3.3] covers Theorem [I.1 on maximal
gradings.

In Section [4] we give various applications of gradings to the study
of Lie algebras and Lie groups. Subsection 4.1| shows how to use the
maximal grading of a Lie algebra as a tool to detect decomposability of
a Lie algebra, and how to reduce the dimensionality of the problem of
deciding whether two Lie algebras are isomorphic. In Subsection [4.2] we
classify up to equivalence the gradings of low dimensional nilpotent Lie
algebras over C. In Subsection [4.3| we cover the results on enumeration
of Heintze groups. Finally, in Subsection [£.4] we present the method to
find improved bounds for the non-vanishing of the /9P cohomology.

2. GRADINGS

The contents of this section can, up to some modifications, be found
in [Koc09, Section 3-4]. We nonetheless give here a self-contained pre-
sentation to better fit our constructive approach.

2.1. Gradings and equivalences. In this section we define some key
notions related to gradings of Lie algebras, including equivalence, push-
forwards and coarsenings. We also make a distinction between two
different notions of grading, with the difference being whether the in-
dexing plays a role or not.

Definition 2.1. A grading of a Lie algebra g is a direct sum decompo-
sition V : g = @4 Va such that for each o, 8 € S either [V, V3] =0
or there exists a unique vy € S such that [V,, V3] C V,. When S is an
abelian group A such that the unique element ~ is given by v = a + b,
we say that the grading V is over A, or that V is an A-grading. In this
case, A is the grading group of the grading V.

The subspaces V,, are called the layers of the grading V and the
elements a € S such that V, # 0 are called the weights of V. We
will usually denote the set of weights by €2. A basis of g is said to be
adapted to V if every element of the basis is contained in some layer of

V.

Definition 2.2. Suppose the indexing set S of a grading V : g =
.5 Va can be embedded into an abelian group A such that [V, V3] C

Viaip for all a, 5 € A, where we define V,, = 0 for a ¢ S. Then the
resulting A-grading is called a realization of the grading V.

Definition 2.3. A grading is called torsion-free if it admits a realiza-
tion over a torsion-free (abelian) group.
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In this paper, the notation (X) always refers to the span of X in the
appropriate sense.

Example 2.4. Consider the 6-dimensional Lie algebra spanned by the
vectors X1,Y1, Z1, Xs, Yo, Zs with the non-trivial bracket relations

(X, =2 [Xo, Ya] = Z5.
The subspace decomposition
Va:<X1>7 %:<X2>7 Vc:<Y1,Zz>a Vd:<Zl>Y2>
defines a grading. It can realized over Z? with the embedding
a— (1,0), b— (—1,0), c—(0,1), d— (1,1).

Definition 2.5. Let V : g = @,.4 Vo be an A-grading for some
abelian group A. Given an automorphism ® € Aut(g), an abelian
group B and a homomorphism f: A — B, we define the push-forward
grading f.®(V) : g = @z Wp over B, where

We= B (Vo)
acf~1(B)
When ® = Id, we simply denote f,Id(V) = f.V.

It is readily checked that the push-forward grading is indeed a B-
grading in the sense of Definition [2.1]

Definition 2.6. Let g be a Lie algebra and let V : g = g, Vo and
W:.g= @/BGSQ W3 be two gradings. If for every o € S there exists
B € Sy such that V,, C Wj, then we say that V is a refinement of W,
and that W is a coarsening of V.

Remark 2.7. If W = f.V for some homomorphism f, then W is a
coarsening of V. Such a map f is injective on the weights if and only
if V and W are realizations of the same grading.

There are several different notions of equivalence of gradings in the
literature. The two that we shall use are distinguished as equivalence
and group-equivalence in [Koc(09]. For brevity, we will refer to both
notions as equivalence. Stated in terms of push-forwards, the group-
equivalence notion of [Koc09| takes the following form:

Definition 2.8. An A-grading V and a B-grading WV are said to be
equivalent if there exist an automorphism ® € Aut(g) and a group
isomorphism f: A — B such that W = f,®(V).

For gradings that admit realizations, the equivalence notion of [KocQ9]
can be rephrased through the previous notion as follows.

Definition 2.9. A grading g = 5, Vo and a grading g = P, Wi
over arbitrary indexing sets S7, Sy are said to be equivalent if they admit
realizations as an A-grading and a B-grading that are equivalent in the
sense of Definition 2.8
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Example 2.10. Consider two gradings Vi @ V5 and V; @ V5 of R?
over 7Z with the same one-dimensional layers. The two gradings are
equivalent in the sense of Definition [2.9] since the former is a realization
of the second by the embedding {1,3} < {1,2} C Z, but they are not
equivalent as Z-gradings in the sense of Definition as there does not
exist an automorphism of Z mapping {1,3} — {1,2}.

In the following lemma we demonstrate that, after possibly shrinking
the grading groups, an A-grading and a B-grading are equivalent if and
only if they are push-forwards of each other.

Lemma 2.11. Let V : g = @, 4 Vo be an A-grading and W : g =
@663 Wps be a B-grading such that the weights of V and W generate
the abelian groups A and B, respectively. If there exist homomorphisms
f:A— Band g: B — A such that W = f.V and V = g W, then V
and W are equivalent.

Proof. Let us denote by 24 and 25 the sets of weights of ¥V and W.
Notice first that by definition of the push-forward, f(24) = Qp and
g(Qp) = Q4, so both f and g are injective on weights. Moreover, we
have for every a € 24 and [ € g the correspondence

Vo=Wra) = Vo)  and W= Vi) = Wy

Hence f: Q4 — Qp is a bijection and f~! = g on Qp. Since Q4 and
Qp generate A and B as groups, we get that f~! = g on whole B. [

Notice that the assumption that the weights generate is indeed nec-
essary: for instance, the gradings R = V; over Z and R = V[; o) over Z*
are push-forward gradings of each other, but they are not equivalent.

2.2. Universal gradings. We do not in general require that the weights
of an A-grading generate the grading group A in order to include e.g.
gradings over A = R in the discussion. Moreover, weights of a grading
may have additional relations coming from the ambient group struc-
ture, even when the corresponding layers are unrelated, see for instance
Example[3.13] To build a satisfactory theory using homomorphisms be-
tween grading groups, we consider the notion of an (abelian) universal
realization, see [Koc(09, Section 3.3]|.

Definition 2.12. Let V be a grading of g. A universal realization of
V is a realization V as an A-grading such that for every realization of
V as a B-grading with B abelian, there exists a unique homomorphism
f: A — B such that the B-grading is the push-forward grading f*]j.

Observe that by Lemma [2.11], the universal realization of a grading
is unique up to equivalence.

If a grading admits a realization, then it also admits a universal
realization. The universal realization can be constructed by considering
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the free abelian group generated by the weights and quotienting out
the grading relations, as described by the following algorithm.

Algorithm 2.13 (Universal realization). Input: a grading V that has
a realization. QOutput: a universal realization V of V.

(1) Let Q = {ay,...,a,} be the set of weights of V and let B =
{e1,...,e,} be the canonical basis of Z™. Set R = ().

(2) Repeat for all pairs g, a; € Q: If 0 # [Vo,, Vo, | € Vo, for some
ai € Q) extend R by e; + e, — ey

(3) Foralli=1,...,n, set ‘N/W(ei) = V.., where m: Z" — Z"/(R) is
the projection. Return the obtained 7" /{R)-grading.

Proof of correctness. Consider a realization of )V over an abelian group
A and the homomorphism ¢: Z" — A defined by ¢(e;) = «; for all
1 < i < n. Observe that by construction R C ker(¢). Then the
grading V is well-defined: if w(e;) = 7m(e;), then e; —e; € (R) and we
have a; = ¢(e;) = ¢(e;) = a;. Moreover, the obtained Z"/(R)-grading
is a universal realization of V by the universal property of quotients
and arbitrariness of A. O

In the rest of the paper we will focus on gradings that admit torsion-
free realizations. For such gradings, the universal realizations are grad-
ings over some Z*, as demonstrated by the following lemma.

Lemma 2.14. IfV is a torsion-free grading, then the grading group of
the universal realization of V is isomorphic to some ZF.

Proof. Let V be the universal realization of V. By Algorithm , %
is a Z"/(R)-grading for some subset R C Z". The quotient Z"/(R) is
isomorphic to a group Z* x Gy, where G, is some torsion group.

By assumption there exists a realization of V as an A-grading with
A torsion-free. Since the image of G; under a homomorphism must
vanish in A, we conclude that there are no non-zero weights in Gy.
Since a universal realization is generated by its weights, we conclude
that G, = 0, and V is a Z*-grading. O

The following lemma is a part of [Koc09, Proposition 3.15|, and we
record it for later usage.

Lemma 2.15. If a grading V is a coarsening of a grading W, then
every realization of V is a push-forward grading of the universal real-
ization of W.

2.3. Gradings induced by tori. In this subsection we describe the
correspondence between gradings of a Lie algebra g and the split tori
of its derivation algebra der(g). In general, gradings of a Lie algebra g
are in one-to-one correspondence with algebraic quasitori, see [Koc09,
Section 4]. However, in this study we are only interested in cases when
g is a finite-dimensional Lie algebra over a field of characteristic zero
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and the gradings are over torsion-free abelian groups. In this setting,
the characterization of gradings in terms of algebraic quasitori can be
reduced to studying algebraic subtori of the derivation algebra der(g).

For computational reasons, we will drop the algebraicity requirement
for the subalgebras of der(g). This means we lose the one-to-one corre-
spondence described in [Koc09|, but the less restrictive definition will
be sufficient for our purposes. In particular, it will simplify the explicit
construction of maximal gradings in terms of tori, see Subsection [3.3]

We start by defining split tori and gradings induced by them in the
sense of [FavT73].

Definition 2.16. An abelian subalgebra t of semisimple derivations of
g is called a torus of der(g). If the torus t is diagonalizable over the
base field of g, it is called a split torus.

Lemma 2.17. Let t be a split torus of der(g) and let t* be its dual as
a vector space. For each o € t* define the subspace

Vo={X€g:6X)=a(d)XV et}
Then g = @, e Va is a t*-grading.

Proof. Let Xi,...,X,, be a basis of g that diagonalizes t. Since each
vector X; is an eigenvector of every derivation 6 € t, there are well
defined linear maps ay, ..., ®, € t* determined by

By construction X; € V,,,, so the direct sum @aet* V,, spans all of the
Lie algebra g. The inclusion [V,, V3| C V,1p follows by linearity from
the Leibniz rule §([X,Y]) = [6(X),Y] + [X,d(Y)] for all derivations
0 € t and vectors X € V,, and Y € Vj. O

Definition 2.18. The t*-grading of g defined in Lemma is called
the grading induced by the split torus t.

See Example for some gradings induced by tori in the Heisenberg
Lie algebra.

For the purposes of Subsection we need the following two lem-
mas. In Lemma [2.19] we link equivalences and push-forwards of grad-
ings to relations between the inducing tori.

Lemma 2.19. Let t; and ty be two split tori of der(g) with respective
induced t;-grading V and €;-grading WV .
(1) If there exists an automorphism ® € Aut(g) such that P ot o
Ot =+t,, then V and W are equivalent.
(ii) If 4, C to, then there exists a homomorphism f so that V =
f*W.
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Proof. To show , suppose that Adgt; = ®ot; o d~1 = t, for some
automorphism ® € Aut(g). Let f: t{ — 5 be the linear isomorphism
f =Adj-: given by f(a)(0) = a(P" ' oo ®). Then
O(V,) ={P(X) : 6(X) =a(d)X Vi € 41}
={Y:®0dod (Y)=0a(0)Y Vs €t}
={Y :n(Y) = f(@)(n)Y Vn € 2} = Wy(a).
Hence the gradings V and W are equivalent, as claimed.

Regarding [(ii)} suppose that t; C t,. We claim that V = g W
through the restriction map g: t; — ti, g(8) = BJ,,. Indeed, fix a
basis Xi,..., X, of g that diagonalizes the split torus t (and hence
also the subtorus t;). Let fi,...,0, € t5 be the maps defined by
d(X;) = Bi(0)X; and define oy = fi](,. By construction X; € Wy,
X; € V,,, and ¢g(f;) = «, proving that V = g . O

Finally, we observe that any torsion-free grading has a realization
induced by a split torus.

Lemma 2.20. Let V be a torsion-free grading. Then there exists a
split torus t whose induced t*-grading is a realization of V.

Proof. Let V: g = @,c4 Vo be a realization of V over a torsion-free
abelian group A and let A* be the space of homomorphisms A — F,
where F' is the base field of g. By reducing to the subgroup generated
by the weights, we may assume A is isomorphic to Z™ for some m > 1.
For each ¢ € A* define the linear map

dot 9= 8, 0,(X)=pla)X VX eV,

We claim that t = {d, : ¢ € A*} is a split torus that induces a
realization for V. Indeed, a direct computation shows that all the
maps J, are derivations. They are diagonalizable since by construction
they are multiples of the identity on each layer V,,. Hence t is a split
torus.

Let then W : g =& see- Wp be the t*-grading induced by t. Denote
by € the set of weights of V, and define a map f: Q — t* by f(«)(d,) =
¢(a). Then f is well-defined: if ¢, ¢ € A* are such that §, = d4, then
by the definition of t we have ¢(«) = ¢(«) for all weights o € Q.

First, we show that V,, C Wy, for every a € A. By the construction
of the torus t, for each X € V,, we have that

5,(X) = p(a)X = f(a)(3,)X V6, € L.

By the definition of the grading W, we then have X € W) and so
Vo C Wf(a).

Next, we show that the map f is injective, which would prove that
Vo = Wy(q for all o € 2 and so W would be a realization of V, as
claimed. Note that since A is isomorphic to Z™, for every non-zero o €
A there exists a homomorphism ¢ € A* such that p(«) # 0. Therefore,
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if a,a’ € Q are such that f(a) = f(a/), then by the construction of
the map f we have

pla—d) = pla) - p(a’) = f(@)(6,) — f(e)(6,) =0

for every homomorphism ¢: A — F. So a = o and f is injective,
proving that W is a realization of V. O

2.4. Maximal gradings. We now present the notion of maximal grad-
ing using maximal split tori and prove that a maximal grading has the
universal property of push-forwards (see Proposition . The formu-
lation through the derivation algebra will be convenient in the construc-
tion of maximal grading in Subsection [3.3] The universal property will
be exploited in Subsection [2.5] where we give a method to construct all
gradings over torsion-free abelian groups of a Lie algebra from a given
maximal grading.

Definition 2.21. Let g be a Lie algebra. A mazimal grading of g is the
universal realization of the grading induced by a maximal split torus
of der(g).

Remark 2.22. The maximal grading of a Lie algebra is unique up to
equivalence, since maximal split tori are all conjugate (see for instance,
[Spr09, Theorem 15.2.6.]). Indeed, by Lemma [2.19(i)| the conjugacy
implies that any two maximal split tori induce equivalent gradings, so
also their universal realizations are equivalent.

Proposition 2.23. Let W be a mazimal grading of g and V a grading
of g. Then every torsion-free realization of V is a push-forward of WW.

Proof. Let V' be the realization of V as a t*-grading induced by a split
torus t given by Lemmal[2.20] Let also t' D t be a maximal split torus in
der(g) with the induced grading W'. By Lemma [2.19|[(ii)] the grading
V" is a push-forward of W'. In particular, V is a coarsening of W'.
Since the maximal grading is unique up to equivalence by Remark[2.22]
we may assume that WV is the universal realization of W’. Therefore, by
Lemma [2.15|every realization of V is a push-forward grading of W. [

Remark 2.24. Tt follows from Proposition [2.23] and the discussion in
IKoc(9, Section 3.6] that maximal gradings are universal realizations
of fine gradings. In [Corl6l, Definition 3.18|, maximal gradings are
defined as the gradings induced by maximal split tori in the automor-
phism group Aut(g). [Corl6l Proposition 3.20| states that maximal
gradings in the sense of [Corl6] have a universal property equivalent
to Proposition [2.23] so by Lemma [2.11] any such grading is maximal
also in the sense of Definition [2.21] The maximal gradings considered
in [Fav73| are the gradings induced by maximal split tori.



GRADINGS FOR NILPOTENT LIE ALGEBRAS 12

2.5. Enumeration of torsion-free gradings. Following the method
suggested in [Koc(09, Section 3.7|, we now give a simple way to enu-
merate a complete (and finite) set of universal realizations of gradings
of a Lie algebra using the maximal grading. This reduces the proof of
Theorem to the construction of a maximal grading, which we cover
in Subsection [3.3]

For the rest of this section, let g be a Lie algebra and let W : g =
D,,cz+ Wn be a maximal grading of g with weights (2. Denote by £ —(
the difference set Q—Q = {n—m | n,m € Q}. For asubset I C Q—Q,
let

mr ZF — 78 ()
be the canonical projection. We define the finite set
D= {(m)W|ICQ—Q, ZF/{I) is torsion-free}.

Proposition 2.25. The set I' is, up to equivalence, a complete set of
universal realizations of torsion-free gradings of g.

Proof. Let V be the universal realization of some torsion-free grad-
ing. Due to Lemma .14 the grading group of V is some Z™. By
Proposition [2.23] there exists a homomorphism f: Z¥ — Z™ and an
automorphism ® € Aut(g) such that V = f.®(W). Let

I =ker(f)N(Q—Q).

We are going to show that V' = (77).(W) is equivalent to V. Then,
a posteriori, Z*/(I) is torsion-free and we have V' € T, proving the
claim.

First, since ker(w;) = (I) C ker(f), by the universal property of
quotients there exists a unique homomorphism ¢: Z*/(I) — Z™ such
that f = ¢ o ;. In particular,

V= £ OW) = ¢.(m). QW) = ¢.2(V'),

so V is a push-forward grading of V'.

Secondly, since also ker(f) N (2 —Q) =1 C ker(n;) N (2 — Q), we
deduce that V and ®()’) are realizations of the same grading. Since
V is a universal realization, it follows that ®()’) is a push-forward
grading of V. Consequently, V' is a push-forward grading of V. Since
the grading group of a universal realization is generated by the weights,
we get that the gradings V and V' are equivalent by Lemma [2.11] as
wanted. U

Notice that some of the ZF/(I)-gradings in ' are typically equiv-
alent to each other. From the classification point of view, a more
challenging task is to determine the equivalence classes once the set
I' is obtained. In low dimensions, naive methods are enough to sep-
arate non-equivalent gradings, and for equivalent ones the connecting
automorphism can be found rather easily.
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In [HKMT?20] we give a representative from each equivalence class
of I' for every 6-dimensional nilpotent Lie algebra over C and for an
extensive class of 7-dimensional Lie algebras over C. The results and
the methods for distinguishing the equivalence classes of the obtained
gradings are described in more detail in Subsection [4.2]

3. CONSTRUCTIONS

3.1. Stratifications.

Definition 3.1. A stratification (a.k.a. Carnot grading) is a Z-grading
g = P,,c;, V such that Vi generates g as a Lie algebra. A Lie algebra
g is stratifiable if it admits a stratification.

In this section we show that constructing a stratification for a Lie
algebra (or determining that one does not exist) is a linear problem
and, consequently, prove Theorem . Our method is based on [Corl16),
Lemma 3.10], which gives the following characterization of stratifiable
Lie algebras:

Lemma 3.2. A nilpotent Lie algebra g is stratifiable if and only if
there exists a derivation §: g — g such that the induced map g/[g, g] —
9/, 9] is the identity map. Moreover, a stratification is given by the
layers V; = ker(0 —i).

The condition of Lemma is straightforward to check in a basis
adapted to the lower central series.

Definition 3.3. The lower central series of a Lie algebra g is the de-
creasing sequence of subspaces

where g1 = [g,g@]. A basis X1,..., X, of a Lie algebra g is adapted
to the lower central series if for every non-zero g there exists an index
n; € N such that X,,.,..., X, is a basis of g(i). The degree of the basis
element X; is the integer w; = max{j € N: X; € g}

Proposition 3.4. Let X;,..., X, be a basis adapted to the lower cen-
tral series of a nilpotent Lie algebra g defined over a field F. Let
wi, ..., w, be the degrees of the basis elements and let cfj € F be the
structure coefficients in the basis. A linear map 6: g — @ is a deriva-
tion that restricts to the identity on g/[g,¢] if and only if

wj >wW;
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such that, for each triple of indices i, j, k such that w, > w; + w;, the
coefficients a;; € F' satisfy the linear equation

(3) cfj (wp —w; —w;) = Z aihczj + Z ajncy,

wi<wh§wk—wj wj <wp <wg—w;

E h
- Cijahk~

wi+w; <wp <wyg

Proof. If : g — g is a derivation that restricts to the identity on
d/lg, g], then by Lemma [3.2] g admits a stratification

g=Vi®---aV,

such that 4]y, =i -id. Since the terms of the lower central series are
given in terms of the stratification as g®) =V, @--- @V, it follows that
5(Y) €i-Y +g*Y for any Y € gV, That is, a derivation § restricting
to the identity on g/[g, g] is of the form (2] for some coefficients a;; € F'.
It is then enough to show that is equivalent to the Leibniz rule

5([XZ,X]]) = [(5(X1)7Xj] + [XZ,(;(X])], VZ,j c {1, c ,n}.

Indeed, this would prove that a linear map defined by is a derivation
if and only if the coefficients a;; satisfy the linear system .

Since the basis X; is adapted to the lower central series, only the
structure coefficients with large enough degrees are non-zero, i.e., we
have

W 2w +w;

By direct computation using and we get the expressions

[(5(Xz)7 Xj] = Z ijwiXk + Z Z aihcink

W >w;+w; Wh>W; Wi >Wh+W;
_ k k
[Xi, 6(X;)] = E Cijijk+ E , E a;jnCin Xk
Wk 2Ww;+w;j Wp>Wj W 2W;+wp,
k h
(5([Xl, X]]) = E Cijkak -+ E E Cij&thk
W >wi+w; WhpZW;+wj Wi >Wh,

Denoting >, B X}, = 0([X;, Xj]) — [6(X;), X;] — [X;,0(X;)], we find
that the equation Bf; = 0 is up to reorganizing terms equivalent to .
Finally, we observe that when w; < w; + wj;, the condition ij =0
is automatically satisfied: for w; < w; + w; all of the sums are empty,
and for wy = w; + wj, the only remaining terms from the sums cancel
out as
ij = cfjwk — cfjwl- — cfjwj =0. O
The concrete criterion of Proposition provides the algorithm of
Theorem [1.2
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Algorithm 3.5 (Stratification). Input: A nilpotent Lie algebra g. Out-
put: A stratification of g or the non-existence of one.

(1) Construct a basis X1, ..., X, adapted to the lower central series.

(2) Find a derivation 6 as in (@ solving the linear system (@ If
the system has no solutions, then g is not stratifiable.

(3) Return the stratification with the layers V; = ker(0 — 1).

3.2. Positive gradings.

Definition 3.6. An R-grading V: g = @ g V. is positive if o > 0 for
all the weights of V. If such a grading exists for g, then g is said to be
positively gradable.

One of our main goals is to determine when a grading admits a
positive realization, i.e., can be realized as a positive grading. A char-
acterization is given in [Corl6, Proposition 3.22|. In the lemma and
proposition below, we provide constructive proofs for this characteri-
zation.

Lemma 3.7. Let m > 1 and let V be a Z™-grading of a Lie algebra
g. Suppose the convex hull of the set of weights of V does not contain
the origin. Then there exists a homomorphism f: Z™ — 7 whose
restriction on the weights is injective and positive.

Proof. Let us consider the natural embedding of Z™ into Q™. Using the
canonical inner product (-, -) on Q™, we define for each vector v € Q™
the corresponding open half-space

M, ={zeQ™: (v,z) > 0}.

Denote by Q = {a,...,ay} the set of weights of V. Recall that
the convex hull of a set is the intersection of all the affine half-spaces
containing the set. Hence, because the convex hull of {2 does not contain
the origin, it is contained in an open half-space M,, C Q™. Moreover,
there exists a neighborhood B of vy such that the convex hull of € is
contained in every half-space M, with v € B.

By construction all the inner products (v, ;) with a; € Q and v € B
are strictly positive. Since B has non-empty interior, we may choose
some v € B such that all the numbers (v, ay), ..., (v,ay) are strictly
positive and distinct. Rescaling v to eliminate denominators, we obtain
a vector 0 € Z™, and the map f(-) = (9,-) is the required homomor-
phism Z™ — Z. Concretely, a valid vector © can be found directly by
just enumerating the points of Z* with increasing distance from the
origin and testing one by one if all the inner products with the weights
are positive and distinct. O

Proposition 3.8. Let W be a torsion-free grading. Then VW admits a
positive realization if and only if the convex hull of the set of weights
of the universal realization of VW does not contain the origin.
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Proof. We only need to prove the forward implication due to Lemmal3.7}
Let V be a positive realization of YW and let W be the universal real-
ization of W, which by Lemma is a Z*-grading. Then by the def-
inition of a universal realization there is a homomorphism f: ZF — R
such that V = f, V. Consider the vector v = (f(e1),..., f(ex)) € R,
where eq, ..., e;, are the standard basis vectors of Z*, and express f as
f(-) = (v,-). Since V is a positive grading, then for all weights a of
W we have f(«) > 0, that is, (v, ) > 0. Hence all the weights belong
to the open half-space determined by the vector v, and so the origin is
not contained in their convex hull. O

The above results give the following algorithm for Theorem [L.5[(D)]
We stress that we do not need to assume that the base field of g is
algebraically closed.

Algorithm 3.9 (Positive realization). Input: A torsion-free grading V
for a Lie algebra g. Qutput: A positive realization of V or the non-
existence of one.

(1) Compute the universal realization V of V using Algorithm .
Let 7ZF be the grading group of V.

(2) If the convex hull of the weights 0f]7 contains the origin, then
no positive realization exists.

(3) Otherwise, find a vector v € Z* so that the homomorphism
FiZF = Z, f(-) = (v,") maps all weights of V to distinct
positive integers.

(4) Return the push-forward grading f*17

The algorithm for Theorem is somewhat similar to Algo-
rithm [3.9] Suppose we have an S-grading V for a finitely generated
abelian group S, and we want to find a homomorphism S — R turning
it into a positive grading. If some element of S has torsion, then no
such homomorphism can exist. Otherwise, S is isomorphic to Z* for
some k£ > 1 and we may follow steps of the above algorithm to ob-
tain a homomorphism S — R giving a positive realization if one exists.

Remark 3.10. The argument of Lemma can also be used to find a
realization over Z for any torsion-free grading V. Indeed, first consider
the universal realization of V over some ZF. Then disregarding the
discussion about half-spaces and positivity, find a push-forward to Z
by constructing a vector v for which the projection is injective on the
weights.

Remark 3.11. The results we have established can also be used to ex-
plicitly enumerate the positive gradings of a given Lie algebra g over
an algebraically closed field, in two different senses.
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(i) Consider the maximal grading V' of g over Z*. Up to automor-
phism, positive gradings of g are given by the projections from
ZF to R mapping the weights of V to strictly positive numbers.
A parametrisation of these projections gives a parametrisation
of positive gradings.

(ii) Construct all the gradings of g as in Proposition [2.25] (using a
maximal grading constructed in Algorithm . Then check
one by one which of them admit positive realizations. This
produces a finite list of positive gradings so that every positive
grading of g is equivalent in the sense of Definition [2.9] to one
of the elements on the list.

The algorithm of Theorem [I.3]is given by applying Algorithm [3.9] to
the maximal grading of a Lie algebra. Indeed, if some grading admits a
positive realization, then by Proposition the maximal grading ad-
mits a positive realization as well. For the maximal grading, a positive
realization if one exists is given by Algorithm [3.9]

The existence of a positive realization of a grading can also be
phrased as the existence of a solution to a linear system. This viewpoint
gives rise to an alternate elementary algorithm to determine whether a
positive realization exists, as we explain in Appendix [A]

3.3. Maximal gradings. In this section we prove Theorem by
providing an algorithm to construct a maximal grading for a Lie algebra
g defined over an algebraically closed field of characteristic zero. In this
setting, every torus is split. The method we use to compute maximal
gradings is the following.

Algorithm 3.12 (Maximal grading). Input: A Lie algebra g over an
algebraically closed field F. Output: A maximal grading of g.

(1) Compute a basis for the derivation algebra der(g). Set B = ().

(2) Determine the t*-grading V : g = @, Vi induced by the torus
t=(B).

(8) Compute a basis Ay, ..., A, for the centralizer C(t) C der(g).

(4) Compute the adjoint representation ad: C(t) — €, gl(gl(V))).

(5) Compute a basis Ky, ..., K,, forker(ad) C C(t). If K; ¢ t for
some i =1,...,m, extend t by K; and go back to step[3

(6) Repeat for each A = A; and A = A; + Aj, 4,5 = 1,...,n:
compute the Jordan decomposition A = Ay + A,. If As ¢ ¢,
extend t by As and go back to step[3

(7) Compute and return the universal realization of the grading V.

The rest of the section is devoted to proving the correctness of Al-
gorithm and to explaining the steps in more detail. Step [0]is the
most involved part.

Step [I] is straightforward linear algebra. In step [2| the grading in-
duced by the torus t has a concrete description in terms of a fixed basis
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of t. Namely, a basis di,. .., defines an isomorphism t* — F* and
hence an equivalent push-forward grading over F*. Expanding out the
construction of Lemma shows that the push-forward grading has
the layers

where Eg‘; is the (possibly zero) eigenspace for the eigenvalue \; of the
derivation 9;.

Step |3] is another straightforward linear algebra computation. In
step [4] the key observation is that any linear map A € C(t) preserves
the eigenspaces of all the derivations ¢ € t. Hence such a linear map A
also preserves the layers Vy of the F*-grading. It follows that each map
ad(A) restricts to a linear map ad(A): gl(Vy) — gl(V)) for each weight
A. The direct sum of these representations gives the representation
ad: C(t) = @, gl(gl(Vh)).

Step [o| captures the situation when the torus t can be extended with-
out refining the grading. Indeed, the elements of the kernel of ad are
the elements A € C(t) whose restrictions commute with all other maps
in gl(V)) for each weight A. That is, they are the maps A € C(t) such
that each Al is a multiple of the identity. The eigenspaces of such
maps are sums of the layers V), so they do not further refine the grading
induced by t, as seen in the following example.

Example 3.13. Let h be the Heisenberg Lie algebra with the only
bracket [X,Y] = Z. Consider the derivation

S:h—obh, §(X)=X, 8Y)=2Y, §(Z)=3Z.

The grading induced by dis h =V @ Vo @ Va3 = (X) @ (Y) @ (Z).
The centralizer of ¢ in der(h) is the two-dimensional space C'(J) =
(01, 02), where the two basis derivations are defined by

51(X>:X7 51<Y):07 51(2)22’
5(X) =0, 5(Y) =Y, 5.(2) = 2.

The one-dimensional Lie algebras gl(V;) are all abelian, so the adjoint
representation ad: C(6) — gl(gl(V1))®gl(gl(Va))@gl(gl(V3)) is just the
zero map. Both {0,0,} and {d,d2} span strictly bigger tori than {d},
but neither torus further refines the original grading h =V, & Vs @ Vi:
for instance, the grading induced by (4, 61) is Vi1,1) ® Viz,0) ® V(1) =
(X)ye(Y)e (2).

Step [6] is the most intricate part of Algorithm [3.12] To prove its
correctness, we need to show that if A € t for all basis elements A = A;
and all their sums A = A; + A;, then the torus t is maximal. The proof
is based on the efficient criterion of [dG17, Proposition 2.6.11|:
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Lemma 3.14. Let ¢ be a Lie algebra and let X1, ..., X, be a basis of
¢. Ifad(X;) is nilpotent for 1 <i <n and ad(X; + X;) is nilpotent for
all 1 < i< j <mn, then ad(X) is nilpotent for all X € c.

To make use of the criterion Lemma we also need the fact the
Jordan decomposition is preserved by the adjoint representation.

Lemma 3.15. Let F be a field of characteristic zero. Let A € gl(n, F)
be any linear map and A = Ay + A, its Jordan decomposition. Then
ad(A) = ad(As) + ad(A,) is the Jordan decomposition of the map
ad(A): gl(n, F) — gl(n, F).

Proof. By |[dG17, Proposition 2.2.5|, since the field F' is perfect (as a
field of characteristic zero), the adjoint map preserves both semisim-
plicity and nilpotency, so the map ad(A;) is semisimple and the map
ad(A,) is nilpotent. Moreover, since the maps A and A, commute,
the Jacobi identity implies that the maps ad(A;) and ad(A,,) also com-
mute. The claim follows from the uniqueness of the Jordan decompo-
sition. ]

With the above results, we are able to conclude that if the semisimple
parts of A; and A; + A; are contained in t for all basis elements A;,
then the torus t in step [6] of Algorithm [3.12] is maximal. First, by
step |p| we have t = ker(ad) for the restricted adjoint representation
ad: C(t) = @, gl(gl(V))) defined in step i} Then for any A € C(t) by
Lemma we find that A, € tif and only if ad(A) = ad(A,,), that
is, if and only if ad(A) is nilpotent. By Lemma [3.14] if all ad(A;) and
ad(A; + A;) are nilpotent, then ad(A) is nilpotent for all A € C(t).
Hence A, € t for all A € C(t). In other words, no semisimple element
As € C(1) \ t exists, so t is maximal.

The final part of Algorithm [3.12] is step [7} where we replace the
indexing by eigenvalues of the derivations of t with indexing over some
ZF given by the universal realization. The precise method was described
earlier in Algorithm [2.13] Since the construction of the first six steps of
Algorithm leads to a maximal torus of der(g), by Definition [2.21]
the output is a maximal grading of g.

Remark 3.16. The only part where we use the assumption that the base
field is algebraically closed is in step [0 The significance of the assump-
tion is that the Jordan decomposition and |[dG17, Proposition 2.6.11|
give us an efficient method to construct semisimple elements in C(t) \ t.

If the base field is not algebraically closed, we need to explicitly
require that the constructed elements of C(t) \ t are diagonalizable.
The subset of diagonalizable elements of C(t) \ t is a semialgebraic
set, and constructions to extract points from such sets exist, see for
instance [BPRO6], Section 13] on the existential theory of the reals. The
problem is that these methods are practical only in low dimensions, and

the construction would be needed in dimension dim gl(g) = dim(g)?.
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For Lie algebras defined over finite fields, more efficient randomized
algorithms to find split tori exist, see [CM09] and [Rool3].

4. APPLICATIONS

4.1. Structure from maximal gradings. In this subsection we show
how maximal gradings may be used to find some structural information
of Lie algebras. We start by studying how maximal gradings reveal the
structure of a direct product. A similar result can be found in 1.6.5.
of [Fav73].

Example 4.1. Consider the Lie algebra Lgoo(1) in [CdGS12] with
basis { X7, ..., Xs}, where the only non-zero bracket relations are

[XbXZ] = X5> [X17X3] = X67 [X27X4] = X67 [X37X4] = X5'

In a basis {Y7,...,Ys} adapted to the maximal grading, the bracket
relations are

V1, Ya] = Vs, [V2,Y3] =Y.
From these bracket relations one sees more easily that the Lie algebra
Lg 22(1) is isomorphic to L3 o X L3 o, where Ls s is the first Heisenberg
Lie algebra.

We say that a split torus t C der(g) is non-degenerate if the inter-
section of the kernels of the maps D € tis trivial. That is, a split torus
is non-degenerate if and only if the t*-grading it induces does not have
zero as a weight.

We expect that the following result is known even without the non-
degeneracy assumption, however we have been unable to locate a ref-
erence. We will therefore give a direct proof of the simpler claim.

Lemma 4.2. Let t; C der(gy) and to C der(gs) be non-degenerate
maximal split tori. Then t; Xty is a mazximal split torus in der(g; X g2).

Proof. Denoting t = t; X t, let D € C(t) be a diagonalizable derivation
in the centralizer C'(t). To show the maximality of t, it suffices to show
that D € t. In a basis adapted to the product we may represent

_|En By
p=[r 5]

where F, € der(gl), Ey € der(gg), and F: go — 01 and Fy: g1 — @2
are some linear maps. We are going to demonstrate that £; € ty,
Es €ty and Fy = F5 = 0, which would prove that D = E; x Ey € t.

Let Dy € t;. By assumption D commutes with Dy x0 € t, so a simple
computation shows that E; commutes with D; and D F; = 0. Since
D is arbitrary, we obtain F; € C(t;). From the fact that D;F} = 0
for every Dy € t; we get

Im(Fy) C (] ker(Dy) = {0},

Diety
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where the last equality follows from the non-degeneracy of t;. Conse-
quently, F; = 0.

A similar argument shows that Fy € C(ty) and F» = 0. Since D is
assumed diagonalizable, it follows that E; and FE, are diagonalizable.
Then by maximality of t; and t; we have F, € t; and Fy € t3, which
shows that D = F; x B, € t. O

For gradings, the above lemma implies the following. Suppose V :
g1 =P csVoand W: g, = @BeB W3 are maximal gradings of Lie
algebras g; and go, and suppose zero is not a weight for either VV or W.
Then

(5) VXW:( P Vax{()})@( an {0}><Wﬁ)

(a,0)€AXB (0,8)eAxB

is a maximal grading of g = g1 X go. Indeed, the gradings V and W are
the universal realizations of gradings induced by the respective maximal
split tori t; and t; of the Lie algebras g; and g». By Lemma [4.2]
the product torus t; X ty is maximal. The universal realization of the
grading induced by t; X ty is equivalent to the product grading .

For a grading g = @, Va, consider the graph with vertices 2 de-
fined as follows: Whenever 0 # [V,, V3] C V,, we define edges between
all the three vertices «, 8,7 € ). If the graph 2 admits a partition
Q = €y Uy such that no edges exist between §2; and €25, then the
Lie algebra g is a direct product of the ideals g; = @aem V, and
go = @5692 Vs. In this situation we say the grading V detects the
product structure g; X go of the Lie algebra g. We gather the observa-
tions made above into the following proposition.

Proposition 4.3. If a Lie algebra g is decomposable and the mazximal
gradings of the factor Lie algebras do not have zero as a weight, then
the mazimal grading of g detects the product structure.

We remark that while maximal gradings are able to detect product
structures as indicated above, they are not able to detect some other
algebraic properties. The Lie algebra Lg24(1) in [CAdGS12| provides
examples of two such phenomena. First, the layers of its maximal
grading are not contained in the terms of its lower central series (this
behavior can be also achieved by examples where the maximal grading
is very coarse). Secondly, this Lie algebra has a “nice” basis (see [CR19]
for the precise definition and its motivation), but it can be shown that
no basis adapted to a maximal grading is nice.

Despite these negative results, maximal gradings have another struc-
tural application in simplifying the problem of deciding whether two
Lie algebras are isomorphic or not.

Remark 4.4. Tf two Lie algebras g; and g, are isomorphic, then any
isomorphism maps the maximal grading of g; to a maximal grading
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of go. Therefore, if the maximal gradings of g; and g, are given, then
deciding if g; and g, are isomorphic reduces to determining the exis-
tence of an isomorphism between the maximal gradings. In many cases
this is significantly easier than naively solving the original isomorphism
problem. For example, in low dimensions, the majority of the layers of
the maximal grading are one-dimensional, in which case searching for
possible isomorphisms becomes a combinatorial problem.

4.2. Classification of gradings in low dimension. Following the
strategy outlined in [Koc09, Section 3.7|, we classify torsion-free grad-
ings, i.e., gradings that admit a torsion-free realization, in nilpotent
Lie algebras of dimension up to 6 over C. The main part of the classi-
fication is the construction of a maximal grading (Algorithm and
the enumeration of torsion-free gradings (Proposition [2.25). Here we
will give a brief overview of the gradings of each Lie algebra.

We give a complete listing of the universal realizations for the 669
equivalence classes of gradings for the 46 complex Lie algebras of di-
mension up to 6 in [HKMT20]. We also include a similar listing for an
extensive (but incomplete) family of 7 dimensional Lie algebras over C.
The listing in dimension 7 is incomplete because there are a few un-
countable families of 7 dimensional complex Lie algebras that depend
on a complex parameter A. In these cases, following the study carried
out in [Mag08|, we focus on those singular values of A for which either
the Lie algebra cohomology or the adjoint cohomology have different
dimensions compared to the rest of the Lie algebras in the same fam-
ily. We will also include a few examples corresponding to non-singular
values.

As a starting point we used the classifications of nilpotent Lie alge-
bras given in [dG07| for dimensions less than 6, [CdGS12| for dimension
6, and |Gon9g| for dimension 7. The classification up to dimension
6 has a pre-existing computer implementation in the GAP package
[CAGSGT18|. However these Lie algebras are not always given in a ba-
sis adapted to any maximal grading, so we first compute the maximal
grading using the methods described in Subsection and switch to a
basis adapted to the resulting grading.

The presentations we use for the nilpotent Lie algebras up to dimen-
sion 6 are listed in Table[l]] The Lie brackets [Y,,Y;] = Y. are listed in
the condensed form ab = c. Lie algebras g x R? with abelian factors
have identical structure coefficients with the nonabelian factor g and
are omitted from the list. For example Lo = L3 X R has the basis
Y1, ..., Y, with the bracket relation [Y7, Y] = Y3 from Ljs.

With all the maximal gradings computed, we enumerate all torsion-
free gradings as in Proposition [2.25 For the classification up to equiv-
alence, we first introduce some easy-to-check invariants for gradings.
Recall that by Lemma [2.14] the grading groups of the obtained grad-
ings are isomorphic to some groups Z*. The dimension k is called the
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L3’2 12=3

Lys 12=3 13=4

L574 41 — 5 23 - 5

Ls 5 13=4 14=5 32=5
Lsg 12=3 13=4 14=5
Lz 12=3 13=4 14=5
Lss 12=3 14=5

Lsg 12=3 23=4 13=5
LG’IO 23=4 51 =6 24=6
Le 11 12=3 13=5 15=6
Le 2 23=4 24=5 31=6
L6713 ]_3 — 4 14 — 5 32 - 5
Le 14 12=3 13=4 14=5
L¢.15 12=3 13=4 14=5
L 16 12=3 13=4 14=5
L 17 21=3 23=4 24=5
Le.1s 12=3 13=4 14=5
L&w(-l) 12=3 14=5 25=6
L 20 12=3 14=5 15=6

L&Ql(—l) 12:3 23:4 13:5
L6722(0) 24:5 41:6 23:6
1) 12=3 45=6
L6723 12=3 14=5 15=6
L2a(0)  13=4 34=5 14=6
Loa(l) 12=3 23=5 24=5

Lg o5 12=3 13=4 15=6
L6,26 12=3 24=5 14=6
L6727 ]_2 — 3 13 — 4 25 — 6
L6,28 12 = 3 23 — 4: 13 - 5

23=5
23=06
25=6
15=6
23=5
23=5
25=06
13=6
15=6
43 =6
23=06
14 =6
42 =6
32=6
13=6
15=6

24=6
42 =6
25=6
15=6
43 =6
25=6
25=6

TABLE 1. Lie algebras of dimension up to 6 over C in a
basis adapted to a maximal grading.

23

rank of the grading. We recall also an invariant from [Koc(09, Sec-
.,nk), where

tion 3.2]: The type of a grading is the tuple (ni,no,..
k is the dimension of the largest layer, and each n; is the number of

t-dimensional layers.

From the full list of torsion-free gradings, we initially collect together

gradings using the following criteria:

(1) The ranks of the gradings are equal.
(2) The types of the gradings are equal.

(3) There exists a homomorphism between the grading groups of

the universal realizations mapping layers to layers of equal di-

mensions.
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In this way we get for each Lie algebra families I, I, . .., I of gradings
such that the gradings of I; and I; are not equivalent for i # j.

To compute the precise equivalence classes, we naively check if the
gradings within each family I; are equivalent. For each pair of an A-
grading g = P, 4 Va and a B-grading g = P 5.5 W, there are usually
only a few homomorphisms f: A — B with dim V,, = dim W g). For
each such homomorphism f, we need to check whether there exists an
automorphism ® € Aut(g) such that ®(V,) = Wy for all weights a.
These identities define a system of quadratic equations. Since we are
working over an algebraically closed field, the system has no solution
if and only if 1 is contained in the ideal defined by the polynomial
equations. The dimensions of the layers are generally quite small in
the cases we need to check, so Grébner basis methods work well.

For nilpotent Lie algebras of dimension up to 6, an overview of our
classification of gradings is compiled in Table[2] For each Lie algebra,
we list its label in the classification of [CdGS12], the rank of its maximal
grading (k), whether it is stratifiable or not (s7), the number of gradings
(#), and the number of gradings with a positive realization (#Z. ).

Example 4.5. We present our method of classifying gradings explicitly
in the simple case of the Lie algebra Lss = L3 2 x R given in the basis
Y1, ..., Y with the only bracket [Y7,Y5] = V3. The maximal grading is
over Z3 with the layers

‘/(1,0,0) = <}/1>7 ‘/(0,1,0) = <}/2>7 ‘/(1,1,0) = <YZ’>>7 ‘/(0,0,1) = <Y;1>

Ignoring scalar multiples, the difference set {2 — €2 of weights consists
of the 6 elements e, ey, e — €9, €1 — €3, €3 — €3, and e; + ey — e3,
where e, e, e3 are the standard basis elements of Z3. Subsets of these
points span the trivial subspace, 6 one-dimensional subspaces, 7 two-
dimensional subspaces (€1, e2), (e1, e3), (ea,€3), (€1 — €3, €a), (€1, €2 — €3),
(€1 — e3,e9 — e3), (2e1 — e3,2ey — e3), and the full space Z3.

In this case, each of these 15 subspaces S defines a torsion-free
quotient Z3/S. For instance parametrizing the quotient 7: Z* —
73/ {e; — e3,es — e3) as Z using the complementary line Zes gives the
weights

m(e1) =m(ex) =m(es) =1, 7(e;+ey) =2,
so a push-forward grading for the quotient Z3/(e; — e3, e5 — e3) is the
Z-grading
Vi=(1,Yo,Yy), Vo= (Y3).

To determine the distinct equivalence classes out of the 15 gradings,
we first consider the simple criteria listed earlier. The trivial grading
and the maximal grading are distinguished by the rank. The six Z2-
gradings all have 2 one-dimensional layers and 1 two-dimensional layer.
There exists a homomorphism that preserves the dimensions of the
layers for two pairs of the gradings: one between the quotients by (e;)
and (es), and one between the quotients by (e; — e3) and (e; — e3).
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Name k s? # HZ, Name k s? # HZ,
Lyy 2 v 2 2 Lo 3 v 17 8
Ly 3 v 3 3 L 10 3 23 8
L372 2 \/ 4 2 L6,11 1 2 1
L4’1 4 \/ 5 5) L6,12 2 9 4
Lio 3 v 11 6 L3 2 8 3
L473 2 \/ 6 2 L6,14 1 2 1
Lsy, 5 v 7 7 L 15 1 2 1
Lso 4 v 26 15 L 16 2 v 8 2
Lss 3 v 229 L7 1 2 1
Lsy 3 v 9 4 Lg 15 2 v 8 2
Lss 2 7T 3 Leio(—1) 3 v 21 6
L576 1 2 1 L6?20 2 v 8 3
Ls» 2 v 7 2 Leon(—1) 2 vV 6 2
Lsg 3 v 14 6 Ls2n(0) 3 v 18 8
Lsg 2 v 5 2 Leon(l) 4 v 32 15
L¢y 6 v 11 11 L 23 2 8 4
Léo 5 v 52 31 Lg24(0) 2 8 4
L¢s 4 v 60 27 Leos(1) 2 5 2
Léy 4 v 29 13 L 25 3 v 29 11
Le¢s 3 29 15 L 26 3 v 10 5
Le¢s 2 8 6 L o7 3 v 32 13
Lér 3 v 31 11 L 28 2 v 8 3
L¢g 4 v 52 25

TABLE 2. Gradings of Lie algebras up to dimension 6
over C

Out of the seven Z-gradings, the four quotients by

(e1,e), (€1 — e3,€2), (€1, e — e3), (€1 — €3, €2 — €3)

define gradings with 1 one-dimensional layer and 1 three-dimensional
layer, and the three quotients by

(61, 63>a <€2, 63>7 (261 —e3,2ep — €3>

define gradings with 2 two-dimensional layers. In both families there
is exactly one pair of gradings admitting a homomorphism: the pair
(e1 — e, ez) and (e1, ex — e3), and the pair (e, e3) and (e, e3).

In all of these cases, the homomorphism between the quotients is
induced by the isomorphism f: Z3 — Z3 swapping e; and ey. All of
the mentioned pairs of Z?- and Z-gradings are in fact equivalent, since
there is a corresponding Lie algebra automorphism swapping the basis
elements Y] and Y, that preserves the subspaces (Y3) and (Y;). This
reduces the list of 15 gradings down to 11 distinct equivalence classes.
Universal realizations for each equivalence class of torsion-free gradings
are listed in Table [3
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rank type layers

3 (4) Vioo® Vo0 ® Vino ® Voo = (Y1) ® (Ya) ® (Ys) ® (Ya)
2 (2,1) Voo ® Vip ® Vou = (Ya) @ (Ya) @ (Y1, Y5)
2 (2,1) Vio® Voa © Voo = (Ya) © (Y1, Y2) @ (Y3)
2 (2, 1) Vip @ Vou ® Vin = (Y1,Ys) @ (Ya) © (V3)
2 (2,1) Vi1 @ Vo1 @ Vip = (V1) @ (Y2) @ (Y3, Ya)
1 (0, 2) Vo @ Vi = (Y1,Y)) @ (Y2, Y3)

1 (0, 2) Vi@ V= (Y1,Ys) @ (Ys, Yy)

1 (L0,1) VieVe=(V],Y,Ys) & (Ys)

1 (1,0,1)  VodVi=(¥1,YsYs) @ (V)

1 (1,0,1)  VooVi=M)a (VY5 Y))

0 (0,0,0,1) Vo= (¥1,Ys Y3 Yy

TABLE 3. Gradings of the Lie algebra Ly

4.3. Enumerating Heintze groups. In this section, we present how
our complete list of gradings for a given nilpotent Lie algebra g can be
used to determine a list of Heintze groups over g.

Definition 4.6. A Heintze group is a simply connected Lie group over
R whose Lie algebra is a semidirect product of a nilpotent Lie algebra
g and R via a derivation o € der(g) whose eigenvalues have strictly
positive real parts.

Positive gradings for a given Lie algebra are naturally identified with
diagonalizable derivations with strictly positive eigenvalues, see Sub-
section [2.3] Hence, to any positively graded Lie algebra g we may
associate a Heintze group over g. We shall call these groups diagonal
Heintze groups.

The quasi-isometric classification of Heintze groups reduces to the
study of so called purely real Heintze groups, for which the associated
derivation has real eigenvalues. Note that diagonal Heintze groups
form a subset of purely real Heintze groups. By [CPS17| the quasi-
isometric classification problem of diagonal Heintze groups reduces to
an algebraic problem of finding all the possible derivations defining
non-isomorphic Heintze groups. Proposition [£.7is a tool for tackling
this algebraic problem using positive gradings. We will prove this re-
sult later in this section after discussing its role in the enumeration of
Heintze groups.

Proposition 4.7. Let g be a nilpotent Lie algebra and o, € der(g)
diagonalizable derivations with strictly positive eigenvalues. If o and
B define isomorphic Heintze groups, then they define equivalent R-
gradings.

The enumeration of positive gradings we have established immedi-
ately gives the corresponding enumeration of diagonal Heintze groups
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over g. The enumeration of positive gradings can be understood in two
different ways, see Remark [3.11] The corresponding enumeration of
Heintze groups has similar character: it is either a parametrization via
the projections or a finite list that does not contain all the isomorphism
classes of Heintze groups but a representative for each family in terms
of the layers. If one is able to eliminate equivalent gradings from the
enumeration of positive gradings, then by Proposition [4.7] the corre-
sponding list of Heintze groups does not contain isomorphic Heintze
groups.

Remark 4.8. The enumeration of Heintze groups has a few caveats:

(i) Already over g = R? there are uncountably many isomorphism
classes of Heintze groups due to the multitude of possible pro-
jections Z? — R. The same is true more generally whenever
the maximal torus has dimension at least 2.

(ii) Our methods are in general able to find maximal gradings only
for Lie algebras over algebraically closed fields. On the contrary,
the base field of Heintze groups is R.

Before proving Proposition [4.7, we need the following lemmas.

Lemma 4.9. Let g be a Lie algebra. Let ¢ € der(g) be a diagonalizable
derivation and let X € g be an eigenvector of . Then

Adexp(X) od o Adexp(—X) =0 — adg(x)

Proof. Let Y1, ...,Y, be a basis of g that diagonalizes §. Fix some Y =
Y; and let wy and wx be the eigenvalues of the eigenvectors Y and X.
Since § is a derivation and X and Y are eigenvectors, the vectors ad’ Y
are also eigenvectors, and have the eigenvalues kwy + wy. Using this
fact, and recalling that Adegx) = e2x | see [Kna02, Proposition 1.91],
we compute

50 Adeyx)(¥) = 5

iki d’iXY>

=1
:Zk—(k;wx+wy)ad LY

k=0
> 1 1 =1
— Z W ad_X [—UJXX, Y Z ]{;— wa)
k=1 ) k=0
=1
= Z H ad’iX(—[wXX, Y] + wa)
k=0

= Adep(_x)(— adsx) Y + 6(Y)).

By cancellation of Adey,(x) and Adexp(—x), the claimed formula follows.
O
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Lemma 4.10. Let X,Y € g be two vectors of a Lie algebra g. Then
Adexp(X) © ady o Adexp(_X) = adAd

exp(X) Y

Proof. Since the map Adeyp(x) is a Lie algebra homomorphism and is
the inverse of Adeyp(—x), we have

Adexp(x)[Y; Adexp(-x) 2] = [Adepx) V' Z]
for every Z € g. U

Lemma 4.11. Let 6 € der(g) be a diagonalizable derivation with all
eigenvalues strictly positive. Then for every vector' Y € g there exists
a vector X € g such that Adexp(x) 00 © Adeyxp(—x) = 0 — ady.

Proof. For a vector X € g, denote by Cx: der(g) — der(g) the conju-
gation map

Cx (1) = Adexp(x) 0 © Adexp(—x) -
Let X1,..., X, be a basis of g that diagonalizes §. Consider the map

(b: Rn%der(g% (b(xl,---,xn) :anXno”'O CIS1X1<5)'

By repeated application of Lemma[4.9]and Lemma [£.10], it follows that
®(x) = 0 — adg(y), where ¢: R" — g is the map

(6) ¢(x17 s 7xn) - 5(ann) + Adexp(ran) 5(xn71Xn71) + -
+ Adexp(:chn) Adexp(a:n_1Xn_1) e Adexp(ngg) 5(1'1X1)

Since the composition of conjugations is a conjugation, it suffices to
prove that the map ¢ is surjective.

Let wy,...,w, > 0 be the eigenvalues of the vectors X;,..., X, for
the derivation §. Since the maps z; — sign(x;) |z;|*" are all invertible,
the map ¢: R™ — g is surjective if and only if the map ¢: R® — g
defined by

(7) ¢($1a s >$n) = gb(Slgn(xl) |:I:1|w1 y e >Sign(zn) |xn|wn)
is surjective.

Let Dy € Aut(g), A > 0, be the one-parameter family of dilations
defined by the derivation §. Then for each i = 1,...,n the dilation is
given by D, (X;) = A" X; and we have the dilation equivariance

Adexp()\“’iXi) oDy = Dyo Adexp(Xi) .

Applying the above equivariance to the definition (7)) we find that
the map ¢ is Dy-homogeneous, i.e., p(A\z) = Dy(d(z)) for all z € R"
and A > 0. Consequently the map ¢ is surjective if and only if it is open
at zero. Since the change of parameters in is a homeomorphism,
the same is true also for the map ¢.

By the definition @, the map ¢ is smooth. The derivative of each
summand Adecp(z, x,) - Adexp(a,i 1 x:41) 0(2:X;) at zero is the map x —
d(x; X;), so the derivative Dy¢ of the map ¢ at zero is

DO(Z)(xla s 7xn> = 5(‘T1X1 +e :Can>
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By the strictly positive eigenvalue assumption, the map ¢ is invertible.
Since Xi,...,X,, is a basis of g, it follows that the map ¢ is open at
zero, concluding the proof. O

Proof of Proposition 4.7. Rescaling the derivations by a scalar, we may
assume the smallest of the eigenvalues for both the derivations to be 1.
Since the Heintze groups are assumed to be isomorphic, it is straight-
forward to see that there is a vector X € g so that the derivation
« is conjugate by a Lie algebra automorphism of g to the derivation
B+ adx. We use Lemma to find that actually o and [ are con-

jugate. Applying Lemma [2.19(i)| to the split tori spanned by « and 3
gives the desired result. U

The following example shows that Lemma is false for some
derivations with eigenvalues of different signs.

Example 4.12. Consider the Engel Lie algebra, i.e., the 4-dimensional
Lie algebra given by the basis X, Xs, X3, X4 satisfying the bracket
relations

(X1, Xo] = X3, [X3, X3] = Xy
Consider in this basis the derivations o« = diag(—3,1,—2,—1) and
B = a+ ady,. Then § is similar to «, but the similarity is not an
automorphism.

4.4. Bounds for non-vanishing (?? cohomology. Knowing all the
possible positive gradings of a nilpotent Lie algebra g has one further
application in the realm of quasi-isometric classifications. Different
positive gradings can be used to obtain better estimates in the com-
putation of the 9P cohomology of a nilpotent Lie group, which is a
well-known quasi-isometry invariant.

By definition, the ¢9P cohomology of a Riemannian manifold with
bounded geometry is the ¢?P cohomology of every bounded geometry
simplicial complex quasi-isometric to it. A crucial result of [PRI1S)|
shows that in the case of contractible Lie groups, the ¢?? cohomology
of the manifold is isomorphic to its L9 cohomology.

Definition 4.13. The L%P cohomology of a nilpotent Lie group G is
defined as
_ {closed forms in L}

 d({forms in L}) N Lp’

In [PRI8, Theorem 1.1] it is shown that the Rumin complex con-
structed on a Carnot group allows for sharper computations regarding
LP?H*(G) when compared to the usual de Rham complex. Defining
and reviewing the properties of the Rumin complex (E§,d.) goes be-
yond the scope of this paper. For the following discussion, it is sufficient
to know that the space of Rumin h-forms EJ} is a subspace of the space
of smooth differential h-forms of the underlying nilpotent Lie group G.

LOPH*(G)
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Definition 4.14. Let us consider a positive grading V : g = @ g Va-
Then a left-invariant 1-form 6 has weight «, that is w(0) = «, if § = X*
for X € V,,. In other words, 6 is the dual of a vector field belonging to
the subspace V,, at the identity of the group. In general, given a left-
invariant h-form, we will say that it has weight p if it can be expressed
as a linear combination of left-invariant h-forms 0;, _; =0, A---A0;,
such that w(6;,) +--- +w(b;,) = p.

Given a positive grading V : g = @ g Vo, We call the quantity

Q= Z adim V,

acRy

the homogeneous dimension of V. We also define for each degree h the
number

ONmin(h) = min w(f) — max w(6).

0B} 13 of
The following is [PR18, Theorem 1.1(ii)].

Theorem 4.15. Let G be a Carnot group and homogeneous dimension
Q. If

1 1 ONmn(h
1§p,q§ooand———<¥
p

q Q
then the L9P cohomology of G in degree h does not vanish.

Moreover, in Theorem 9.2 of the same paper it is shown how the
non-vanishing statement has a wider scope, as it can be applied to
Carnot groups equipped with a homogeneous structure that comes from
a positive grading. This result has been further extended in [Tri20] to
arbitrary positively graded nilpotent Lie groups.

A natural question that stems from these considerations is whether
it is possible to identify which choice of positive grading will yield the
best interval for non-vanishing cohomology. This problem can be easily
presented in terms of maximising the value of the fraction § Ny, (h)/Q
among all the possible positive gradings for a given Lie group G.

Let us describe the maximization procedure in more detail. Let
W g =@,z Wn be a maximal grading of g and let © be the set
of weights of W. For a = (ay,...,a;) € R¥, let 7*: Z¥ — R be the
projection given by 72(e;) = a;. Let

(8) A, ={acR":7%n)>0VncQ}.

The push-forward 72(W) is a positive grading if and only if a € A .
In the sequel we shall identify any positive grading of g with the

corresponding vector a € A . In particular, if 6 is the dual of X € W,,,

then the weight of 6 with respect to the grading 72(W) is w(f), =
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m@(n). Then we want to find the value of the following expression for
each degree h:

{mineeEg w(0)a — MaXge ph-1 w(@)a}
max :

Qa

a€A+

where (), is the homogeneous dimension of 72(W).
A problem of this form can be converted into a linear optimization
problem as follows:

1. replace mingegn w(#)a With a new variable z, and add the con-
straint x < w(f), for each 0 € E};
2. replace maxg, g1 w(#) with a new variable y, and add the con-

straint y > w(f), for each § € B,
3. normalize the expression by imposing @), = 1.

We are then left with the following expression for our original maxi-
mization problem
Maximize x —y
subject to x < w(f)., VO ¢c B
y>w(f)a V0e E
QRa=1 acA,

which can easily be solved by a computer, yielding the optimal bound
for non-vanishing cohomology using the method of Theorem .15

Example 4.16. Let us consider the non-stratifiable Lie group G of
dimension 6, whose Lie algebra is denoted as Lg 10 in [dGO7|, with the
non-trivial brackets

[XlaXQ] = X3 ) [X17X3] = [X57X6] = X4-
The space of Rumin forms in G is

Eé = <917 627 957 06>7
ES = <95,6 - 91,3, 91,5, 91,67 92,3, 92,5, 92,6)5
ES = <92,5,6 + 91,2,3, 92,3,5, 62,3,67 91,3,4 - 94,5,6, 6’1,4,5, 91,4,6>-

For the Lie algebra Lg 19, the maximal grading is over Z* with the
layers



GRADINGS FOR NILPOTENT LIE ALGEBRAS 32

The family of projections 72: Z® — R giving positive gradings is
parametrized by (aj,a2,a3) = a € A, as in (8). The weights of left-
invariant 1-forms are

w(bh)a = 72(0,1,0) = ay;
w(f3)a = 72(0,0,1) = ag;
w(f3)a = 7(0,1,1) = ay + ag;
w(0y)a = 72(0,2,1) = 2as + as;
w(05)a = 7(1,0,0) = ay;

w(6’6)a: (—1,2,1) :2a2+a3—a1.
From this computation we get the explicit expression
A, ={acR’:a;>0,a,>0, a3 >0, —a, +2ay +as > 0}

and the homogeneous dimension (), = 6as + 4as.
Let us first consider the bound for non-vanishing cohomology in de-
gree 1. We express

{5Nmm(1)} {min{al,ag,a3,2a2+a3 — al}}
max § ———— = Imax .

acA Qa acA 6as + 4@3

as the linear optimization problem

Maximize =z
subject to x < aq, x < as, r < ag,
r < 2ap + ag — ay,
1 = 6as + 4as,

ai,as,as >0, 2as + a3 —ay > 0.

A solver finds the solution =, which is obtained by choosing a; = ay =

0 Y
1 5len( )

az = 13- Since the quantity is scaling invariant, we find that

the grading defined by a1 = ay = a3 =1 gives (9P H'(G) # 0 with the
optimal bound % — % < %0.
Similarly, once we re-express

{7

as a linear optimization problem and feed it into a solver, we get the
result lio, obtained (up to rescaling) by taking as = ag = 2 and a; = 3.
Therefore (2? H*(G) # 0 for - i_ l <

Likewise, we obtain the optlmal bound s —= < & for (2P H3(G) # 0
by taking a; = ay = az = 1.

Finally, by Hodge duality, see [Tri20, Theorem 7.3|, we obtain the

optimal bounds for (9P cohomology in complementary degree that is
(P HYG) # 0, (9P H(G) # 0, and (7P HO(G) # 0, for © — = < 15
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Remark 4.17. [PR18, Example 9.5] describes an explicit positive grad-
ing in the Engel group that gives an improved bound for the non-
vanishing of the L%P cohomology in degree 2. By a similar computation
as the one shown in Example [£.16], one can verify that the value given
in [PR18, Example 9.5] is indeed the optimal bound.

APPENDIX A. EXISTENCE OF A POSITIVE REALIZATION

Example motivates an alternate approach for deciding the exis-
tence of a positive realization. The grading in the example does not
admit a positive realization: suppose by contradiction that there is
an injection {a,b,c,d} — R that gives a positive realization. The
bracket relations of the Lie algebra imply the equations a + ¢ = d and
b+ d = ¢, which are impossible for strictly positive weights. Here the
non-existence of a positive realization is found simply by considering
the equations implied by the bracket relations of the layers.

In general, a grading can be realized over some abelian group A with
the set of weights {1, ..., At} if and only if certain system of equations
of the type A; + A; = A\;, has a solution (\y, ..., \;) whose components
are all distinct. This system consists of equations coming from the
non-trivial bracket relations among the layers of the grading, see step
of Algorithm [2.13] A positive realization exists if and only if there is a
solution in the group A = R with all weights strictly positive. Indeed,
if there is a positive solution, then there is also a positive solution with
distinct components as we shall see in the proof of Algorithm [A.4]

Deciding if a solution exists with all components strictly positive is a
classical problem in linear programming. By rescaling, we may replace
the open conditions A\; > 0 with the closed conditions A\; > 1. By a
change of variables u; = A\; — 1, we find that the linear problem for
the existence of a positive realization is equivalent to an affine problem

i + pj — pp, = —1 with all the components y; non-negative.
Let A be the N x k-matrix of coefficients of the affine problem and
let b = (—=1,...,—1) € RY. By getting rid of linearly dependent

equations, we may assume that rank(A) = N < k. Our goal is then an
algorithm that either produces an element of the set

(9) P ={x€R"| Ax = b and x > 0}

or indicates that the set P is empty. Here we use the shorthand notation
x > 0 to mean that all the components of the vector x are non-negative.
Notice that the set P of solutions is closed and convex.

There is a vast literature on how to solve linear programming prob-
lems, and we refer to the book [FP93|. This approach and in particular
Lemma below are essentially from section 2.4 of that book. We
state them here for completeness.
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Definition A.1. Let K C R" be a convex set. We say that a point
r € K is an extremal point if it cannot be expressed as a non-trivial
convex combination of the points of K.

Lemma A.2. Let K C R" be a closed convex non-empty set for which
x >0 for allx € K. Then K contains at least one extremal point.

Proof. Consider the lexicographic order < on R", where x < y if there

exists some index i € {1,...,n} such that x; = y; for all j < i and
X; < y;. Observe that if x <y, then
(10) x <tx+(1-1t)y

for every 0 < t < 1. Since x > 0 for all x € K, there exists a
lexicographic minimum X.,;, € K. It follows from that the point
Xmin Cannot be expressed as a non-trivial convex combination. ]

Lemma A.3. Let P be the set of non-negative solutions of a system
Ax = b as in (@ Let x € R be an extremal point of P. Then
there exists an wtnvertible N x N matrix B whose columns are chosen

from the matriz A, such that up to a permutation of components, x =
(B~(b),0,...,0) € R,

Proof. By permuting the basis, we can express x = (x4,0,...,0),
where x, € RP for some p < k and x; > 0. Let A, be the ma-
trix consisting of the first p columns of A. First we show that the
matrix A, has rank p. Suppose towards a contradiction that there is
a non-zero vector w € RP such that A,w = 0. Let § > 0 be so small
that the vectors

7z, =X, + 0w Zo =X, — OW

both satisfy z;,2, > 0. For both i € {1,2}, let u; = (z;,0,...,0) € R*.
Then
Aw; = Az, = A x, = Ax=Db,

so u; € P are both solutions. Now the solution x can be represented
as a non-trivial convex combination x = %ul + %ug of solutions, which
contradicts the assumption that x is an extremal point. We conclude
that the rank of A, must be p. Since rank(A) = N, we deduce also
p<N.

If p < N, then since rank(A) = N it is possible to form an invertible
matrix B by adding some further columns of A to the matrix A,. If
instead p = N, then continue with B = A,. Let x = (x,,0,...,0) €
RY. Then

Bx=A,x,=Ax=b
so X = B~!(b) and the claim follows. O
Algorithm A.4 (Existence of a positive realization). Input: A grad-

ing V of a Lie algebra g. Output: Decision if V admits a positive
realization.
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(1) Form the N X k matriz A associated with the problem and set
b= (-1,...,—1) e R,

(2) For each invertible N x N matriz B formed from the columns of
the matriz A do the following: Compute x = B~1(b). Ifx >0,
then the grading admits a positive realization.

(8) Otherwise, the grading has no positive realization.

Proof of correctness. Let P be as in @ Lemmaimplies that step
constructs all the extremal points of P. By Lemma[A.2] if no extremal
points are found, the set P is empty and no positive realization exists.
We still need to argue that if P is non-empty, then a positive realization
exists.

A priori, even if some x = B~'(b) > 0, the corresponding weights
x;+1,..., 2+ 1 do not necessarily define a realization of the original
grading, since in general these weights are non-distinct and hence define
a coarser grading. By Lemma this coarser grading is a push-
forward grading of the universal realization of the original grading, via
a homomorphism from some Z™ to R mapping the weights to x; +
1,..., 2 + 1. The homomorphism is realized as a projection to some
line of R™, as in the proof of Lemma By perturbing this line, it is
always possible to find another homomorphism that is injective on the
weights and maps all the weights to strictly positive reals. Hence there
is also a positive realization of the original grading. O

Acknowledgements. All of the authors were supported by the
Academy of Finland (grant 288501 Geometry of subRiemannian groups
and by grant 322898 Sub-Riemannian Geometry via Metric-geometry
and Lie-group Theory) and by the European Research Council (ERC
Starting Grant 713998 GeoMeG Geometry of Metric Groups). E.H.
was also supported by the Vilho, Yrjo and Kalle Viisdla Foundation,
and by the SISSA project DIP_ ECC_MATE _CoordAreaMate 0459
- Dipartimenti di Eccellenza 2018 - 2022 (CUP: G91|18000050006).
V.K. was also supported by the Emil Aaltonen foundation. F.T. was
also supported by the University of Bologna, funds for selected re-
search topics, and by the European Union’s Horizon 2020 research and
innovation programme under the Marie Sktodowska-Curie grant agree-
ment No 777822 GHAIA Geometric and Harmonic Analysis with In-
terdisciplinary Applications, and the Swiss National Foundation grant
200020 191978.

REFERENCES

[BPRO6] Saugata Basu, Richard Pollack, and Marie-Francoise Roy, Algorithms
in real algebraic geometry, second ed., Algorithms and Computation
in Mathematics, vol. 10, Springer-Verlag, Berlin, 2006. MR 2248869

[CAGS12| Serena Cicalo, Willem A. de Graaf, and Csaba Schneider, Siz-
dimensional nilpotent Lie algebras, Linear Algebra Appl. 436 (2012),
no. 1, 163-189. MR 2859920



GRADINGS FOR NILPOTENT LIE ALGEBRAS 36

[CAGSGT18] S. Cicalo, W. de Graaf, C. Schneider, and T. GAP Team,

[CKLD*17]

[CMOY]

[Corl16]

[Corl8]

[Cor19]

[CPS17]

[CR19]

[dGO7]

[dG17]

[EK13]

[Eld10]
[Fav73]
[FP93)

[Gon9g)

[Hei74]

[HKMT20|

[Hum?78§]

LieAlgDB, a database of lie algebras, Version 2.2,
https://gap-packages.github.io/liealgdb/, Apr 2018, Referced
GAP package.

Michael G. Cowling, Ville Kivioja, Enrico Le Donne, Sebastiano
Nicolussi Golo, and Alessandro Ottazzi, From homogeneous metric
spaces to Lie groups, arXiv e-prints (2017), arXiv:1705.09648.

Arjeh M. Cohen and Scott H. Murray, An algorithm for Lang’s The-
orem, J. Algebra 322 (2009), no. 3, 675-702. MR 2531217

Yves Cornulier, Gradings on Lie algebras, systolic growth, and co-
hopfian properties of nilpotent groups, Bull. Soc. Math. France 144
(2016), no. 4, 693-744. MR 3562610

Yves de Cornulier, On the quasi-isometric classification of locally
compact groups, New directions in locally compact groups, London
Math. Soc. Lecture Note Ser., vol. 447, Cambridge Univ. Press, Cam-
bridge, 2018, pp. 275-342. MR 3793294

Yves Cornulier, On sublinear bilipschitz equivalence of groups, Ann.
ENS 52 (2019), no. 5, 1201-1242.

Matias Carrasco Piaggio and Emiliano Sequeira, On quasi-isometry
invariants associated to a Heintze group, Geom. Dedicata 189 (2017),
1-16. MR 3667336

Diego Conti and Federico A. Rossi, Construction of mice nilpotent
Lie groups, J. Algebra 525 (2019), 311-340. MR 3911646

Willem A. de Graaf, Classification of 6-dimensional nilpotent Lie
algebras over fields of characteristic not 2, J. Algebra 309 (2007),
no. 2, 640-653. MR 2303198

Willem Adriaan de Graaf, Computation with linear algebraic groups,
Monographs and Research Notes in Mathematics, CRC Press, Boca
Raton, FL, 2017. MR 3675415

Alberto Elduque and Mikhail Kochetov, Gradings on simple Lie al-
gebras, Mathematical Surveys and Monographs, vol. 189, American
Mathematical Society, Providence, RI; Atlantic Association for Re-
search in the Mathematical Sciences (AARMS), Halifax, NS, 2013.
MR 3087174

Alberto Elduque, Fine gradings on simple classical Lie algebras, J.
Algebra 324 (2010), no. 12, 3532-3571. MR 2735398

Gabriel Favre, Systéme de poids sur une algébre de Lie nilpotente,
Manuscripta Math. 9 (1973), 53-90. MR 349780

Shu-Cherng Fang and Sarat Puthenpura, Linear optimization and
extensions: Theory and algorithms, Prentice Hall, 1993.

Ming-Peng Gong, Classification of nilpotent Lie algebras of dimen-
sion 7 (over algebraically closed fields and R), ProQuest LLC, Ann
Arbor, MI, 1998, Thesis (Ph.D.)-University of Waterloo (Canada).
MR 2698220

Ernst Heintze, On homogeneous manifolds of negative curvature,
Math. Ann. 211 (1974), 23-34. MR 353210

Eero Hakavuori, Ville Kivioja, Terhi Moisala, and Francesca
Tripaldi, ehaka/lie-algebra-gradings: v1.0, November 2020,
https://doi.org/10.5281 /zenodo.4267884.

James E. Humphreys, Introduction to Lie algebras and representation
theory, Graduate Texts in Mathematics, vol. 9, Springer-Verlag, New
York-Berlin, 1978, Second printing, revised. MR, 499562


https://gap-packages.github.io/liealgdb/

[Kna02]

[Koc09]

[LD17]

[Mag08]

[PR18]
[PZ89]

[Roo13]

[Sie86]

[Spr09]

[Tri20]

GRADINGS FOR NILPOTENT LIE ALGEBRAS 37

Anthony W. Knapp, Lie groups beyond an introduction, second ed.,
Progress in Mathematics, vol. 140, Birkh&user Boston, Inc., Boston,
MA, 2002. MR 1920389

Mikhail Kochetov, Gradings on finite-dimensional simple Lie alge-
bras, Acta Appl. Math. 108 (2009), no. 1, 101-127. MR 2540960
Enrico Le Donne, A primer on Carnot groups: homogenous groups,
Carnot-Carathéodory spaces, and regularity of their isometries, Anal.
Geom. Metr. Spaces 5 (2017), no. 1, 116-137. MR 3742567

L. Magnin, Adjoint and trivial cohomologies of nilpotent complex Lie
algebras of dimension < 7, Int. J. Math. Math. Sci. (2008), Art. ID
805305, 12. MR 2461422

Pierre Pansu and Michel Rumin, On the £9P cohomology of Carnot
groups, Ann. H. Lebesgue 1 (2018), 267-295. MR 3963292

J. Patera and H. Zassenhaus, On Lie gradings. I, Linear Algebra
Appl. 112 (1989), 87-159. MR 976333

Dan Roozemond, Computing split maximal toral subalgebras of Lie
algebras over fields of small characteristic, J. Symbolic Comput. 50
(2013), 335-349. MR 2996884

Eberhard Siebert, Contractive automorphisms on locally compact
groups, Math. Z. 191 (1986), no. 1, 73-90. MR 812604

T. A. Springer, Linear algebraic groups, second ed., Modern
Birkh&user Classics, Birkh&duser Boston, Inc., Boston, MA, 2009.
MR, 2458469

Francesca Tripaldi, The Rumin complex on nilpotent Lie groups,
arXiv e-prints (2020), arXiv:2009.10154.

(Hakavuori) SISSA

Email address: eero.hakavuori@sissa.it

(Kivioja) UNIVERSITY OF JYVASKYLA
Email address: kivioja.ville@gmail.com

(Moisala) UNIVERSITY OF JYVASKYLA
Email address: moisala.terhi@gmail.com

(Tripaldi) UNIVERSITY OF BERN
Email address: francesca.tripaldi@math.unibe.ch



	1. Introduction
	1.1. Overview
	1.2. Main results
	1.3. Structure of the paper

	2. Gradings
	2.1. Gradings and equivalences
	2.2. Universal gradings
	2.3. Gradings induced by tori
	2.4. Maximal gradings
	2.5. Enumeration of torsion-free gradings

	3. Constructions
	3.1. Stratifications
	3.2. Positive gradings
	3.3. Maximal gradings

	4. Applications
	4.1. Structure from maximal gradings
	4.2. Classification of gradings in low dimension
	4.3. Enumerating Heintze groups
	4.4. Bounds for non-vanishing q,p cohomology

	Appendix A. Existence of a positive realization
	References

