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ABSTRACT. We introduce a new class of infinite-dimensional Lie algebras, which we refer to as
continuum Kac-Moody algebras. Their construction is closely related to that of usual Kac-Moody
algebras, but they feature a continuum root system with no simple roots. Their Cartan datum en-
codes the topology of a one-dimensional real space and can be thought of as a generalization of
a quiver, where vertices are replaced by connected intervals. For these Lie algebras, we prove an
analogue of the Gabber—Kac-Serre theorem, providing a complete set of defining relations featuring
only quadratic Serre relations. Moreover, we provide an alternative realization as continuum colim-
its of symmetric Borcherds-Kac-Moody algebras with at most isotropic simple roots. The approach
we follow deeply relies on the more general notion of a semigroup Lie algebra and its structural
properties.
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In the present paper, we introduce a new class of infinite-dimensional Lie algebras, which we
refer to as continuum Kac-Moody algebras, associated to a topological generalization of the notion
of a quiver, where vertices are replaced by intervals in a real one-dimensional topological space.
These Lie algebras do not fall into the realm of Kac-Moody algebras (nor of their several gener-
alizations due to Borcherds [Bor88], Saveliev—Vershik [SV90], and Bozec [Boz16]). Rather, they
encode the algebraic structure of certain colimits of symmetric Borcherds—-Kac-Moody algebras,

corresponding, roughly, to families of quivers with a number of vertices tending to infinity.
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The simplest non-trivial examples of continuum Kac-Moody algebras are the Lie algebras
of the line and the circle, constructed in [SS19a] together with their quantizations, the quantum
groups of the line and the circle. The latter has various geometric realizations via the theory of Hall
algebras. Originally, it arises from the Hall algebra of coherent sheaves on the infinite root stack of
a pointed curve. In addition, T. Kuwagaki provided in loc. cit. a mirror symmetry type construction
of the same quantum group from the (derived infinitesimally wrapped) Fukaya category of the
cotangent bundle of the circle. In analogy with these constructions, we expect that continuum
Kac-Moody algebras admit various geometric realizations, as classical limits of Hall algebras
associated to coherent sheaves on weighted projective lines, coherent persistence modules !, and
Fukaya categories of cotangent bundles.

In the remaining part of the introduction, we provide some motivations and the description
of the continuum Kac-Moody algebras. These algebras are introduced as examples of a more
general class of Lie algebras, the semigroup Lie algebras, which are naturally associated to (partial)
semigroups. Finally, we prove that the Goldman Lie algebra of the torus can be thought of as a
remarkable example of such Lie algebras.

The continuum Kac-Moody algebras of the line and the circle. In [SS19a], the second and
third-named authors introduced the so-called circle quantum group U, (sI(Q/Z)) and its classical
limit s{(Q/Z). Their defining relations are somewhat cumbersome. Roughly, they are gener-
ated by infinitely-many s[(2)triples indexed by pairs of points (or equivalently intervals %) in the
rational circle Q/Z and commutation relations depending upon their mutual position in Q/Z
(cf. Definition 2.7). The origin of such relations resides in the colimit realization, induced by the
underlying Hall algebra structure. More precisely, s[(Q/Z) can be thought of as a direct limit of
standard affine Lie algebras sl(n), n > 2, with system of morphisms given by iterated applica-
tions on simple root vectors of the elementary map sl(2) — s[(3) identified by the highest root
in s1(3). This construction endows s[(Q/Z) with several rather exotic and interesting features.
For example, its root system has no simple roots, since every simple root vector in sl(1) can
be identified with a commutator in sl(n + 1), and it is presented by quadratic, apparently non—
homogeneous, Serre relations. Several straightforward generalization are at hand. For instance,
one may replace Q/Z with Q, thus obtaining a Lie algebra isomorphic to a colimit of s[(n), n > 2.
Then, one may replace Q and Q/Z with the real line R and the circle S' := R/Z, respectively,
so to obtain the continuum analogues sI(R) and s[(S!). In Section 2, we provide a much shorter
and concise presentation of these Lie algebras (cf. Corollary 2.10), which allows to think of them
as the simplest examples of continuum Kac-Moody algebras.

Semigroup Lie algebras. The original defining relations of the Lie algebras sl(R) and s[(S')
show some similarities, but also some striking differences with the usual relations appearing in
the theory of Kac-Moody algebras. In particular, although the role of vertices in the Dynkin dia-
gram is seemingly played by open—closed intervals, the commutation rules between the elements
ey and fj above do not quite match the usual Kac-Moody relations. From a purely combinatorial
point of view, these new commutation rules depend upon two simple operations on the set of in-
tervals: the concatenation of two adjacent intervals and the truncation of an interval into a smaller
one. These operations amount to a partial semigroup structure on the set of intervals.

Motivated by this observation, we develop in Section 3 a general theory of Lie algebras g(S)
associated to a triple S = (S,x,¢+) where S is a partial semigroup and «,{+: S xS — k are
functions satisfying some natural conditions. The construction of g(S) is close in spirit to that of
Kac-Moody algebras. More precisely, we define g(S) as the Lie algebra generated by elements

I5ee [SS19b] for the notion of coherent persistence modules when X is the line or the circle, and the references therein
about the general theory of persistence modules.
2We call interval the image in Q/Z of an open—closed interval (a,b] C Q with b —a < 1.
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xf and (., with « € S, subject to the conditions

éaéB,B =Cat gﬁ

whenever « @  is defined, and
[gﬂu gﬁ} =0,
G 3] = x(a B,
x5 ] = G gl (0, B3 g — S (B o)z

Then, we set g(S) = g(S)/t, where t is the sum of all two-sided graded ideals in g(S) having
trivial intersection with the Cartan subalgebra generated by the {,’s.

It is natural to ask whether g(S) is graded over S. This led to the study in Section 4 and 5 of a
semigroup analogue of the usual Serre relations of the form
(i x5 ] = e (2 ) g
for some suitable y4+: S x S — k. We identify a list of key properties, encoded by the notion of

a good Cartan semigroup, which guarantee the existence of Serre relations for a large class of pairs
(«, B) (Theorem 5.7).

Continuum quivers and continuum Kac-Moody algebras. We apply the structural results on
semigroup Lie algebras to study a new class of infinite—-dimensional Lie algebras, which we refer
to as continuum Kac-Moody algebras. They are naturally associated to a topological datum,
which we refer to as continuum quiver in that it can be thought of as a topological generalization
of a quiver. Roughly, a continuum quiver is the datum of a one-dimensional real CW complex
X, which is locally modeled by smooth trees glued with copies of S!, with a bilinear form on the
space of locally constant functions (cf. Definition 6.4). More precisely, continuum quivers shall
be thought of as good Cartan semigroups with a topological origin and similar properties to that
of positive roots for a Kac-Moody algebras.

The notion of interval lifts easily from R to X, and the set Int(X) of intervals in X is therefore
naturally endowed with two partially defined operations, i.e., the sum of intervals @ , given by
concatenation, and their difference ©, given by truncation. The set Int(X) is naturally endowed
with a @-bilinear form.

On the space of locally constant, left-continuous functions on R with limited support, we
consider a bilinear form given by:

(fr8) =2 f-()(g-(x) —g+(x)),

where h+ (x) = lim;_,q ~0 h(x £t). Note that the form (-, -) is essentially defined by its values on
the characteristic functions of connected intervals. Therefore, the form (f, g) and its symmetriza-
tion (f,g) = (f,§) + (g f) extend uniquely from R to X by @-bilinearity. Moreover, we regard
them as forms on Int(X) by setting («, ) := (1, 1g) and (&, B) := (I, ). Finally, the continuum
quiver is the good Cartan semigroup Qx = (Int(X),xx, {x) with xx, x: Int(X) x Int(X) — k
given by xx(w, B) = (a, ) and &x(a, B) = (—=1){*P) (a, B). The datum of Qx should be inter-
preted as a topological generalization of the Borcherds—Cartan datum associated to a locally finite
quiver with loops.

Given a continuum quiver Qyx, the continuum Kac-Moody algebra gx := g(Qx) is by defi-
nition the semigroup Lie algebra associated to Qx. Note that its Cartan subalgebra essentially
coincides with the algebra of locally constant functions on X.

Complete presentation and colimit realization. Our main theorem is a continuum analogue
of the Gabber-Kac theorem [GK81]. More precisely, we show that the maximal ideal in gx is
generated by the semigroup Serre relations described by Qx. This leads to the following explicit
description.



4 A. APPEL, F. SALA, AND O. SCHIFFMANN

Theorem (Theorem 6.19). The continuum Kac-Moody algebra gy is generated by the elements x3 and
Ca with a € Int(X), subject to the following defining relations:

(1) forany a, B € Int(X) such that o & B is defined,
.Z;Dé@‘B =Cat+ 5/3 ;
(2) Diagonal action: for any «, B € Int(X),

[gl’él gﬁ] =0, [gou xfzc] =x (D‘/ AB) ’ xfzc ;
(3) Double relations: for any a, p € Int(X),
5] = dup o+ (1) P () (x7p — 250 )
(4) Serre relations: if (v, B) € Sx, then

et 2] =(=1)Poxf
e xg] =(=1) Pl
Roughly, Sx consists of unordered pairs («, ) € Int(X) x Int(X) such that either

e & @ B doesnotexistanda N B =D or

e « is contractible and, for subintervals &' C a and g’ C B with (]1[;, ]1!3/) # 0 whenever
B’ # B, ' @ B is either undefined or non-homeomorphic to S'.

An immediate consequence is the realization of gx as a continuous colimit of symmetric Bor-
cherds-Kac-Moody algebras with at most isotropic simple roots (Theorem 6.23). This is based
on the following observation. The semigroup Serre relations do imply the usual Serre relations
appearing in the case of quivers with at most one loop in every vertex, suggesting that gx can be
locally described in terms of standard Borcherds—-Kac-Moody algebras.

Let J be a finite set of intervals a € Int(X), which roughly corresponds to a local description
of X as a CW complex. More precisely, this means that every interval is either contractible or
homeomorphic to S!, and given two intervals o, € J, a # f, one of the following mutually
exclusive cases occurs:

(a) a @ B exists;
(b) a © B does not existand a N g = ©;
() a~SlandB Cu.

For any such J, we get a symmetric matrix Ay = ((«,f)) and therefore a quiver Q 7.

a,ped
Note that the diagonal entries of A 7 are either 2 or 0, while the off-diagonal entries are 0, —1, or

—2. In the table below, we give few examples.

Configuration of intervals Borcherds—Cartan diagram

151 (%) X3 a1 X2 4%
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a1 a3
\ o1 [L5] &3
o—0—
1% T
&1

[4%)

Note, in particular, that any contractible elementary interval corresponds to a vertex of Q 7 with-
out loops, while any interval homeomorphic to S!, corresponds to a vertex having exactly one
loop. This correspondence between intervals and quivers describes the relation between gx and
standard Borcherds-Kac-Moody algebras. Indeed, we prove that the Borcherds—-Kac-Moody al-
gebra gg , is isomorphic to the subalgebra g(J) C gx generated by the elements xi and g, with
ae J.

Moreover, we prove that such local description gives rise to a global description of gx as a
colimit of Borcherds-Kac-Moody algebras. Indeed, let Sh(X) be the set of all quivers which arise
from a collection of intervals in X. Then, we prove that there is a direct system of embeddings
$o,0': 90 — 8¢, indexed by pairs of quivers in Sh(X), which leads to the following:

Theorem (cf. Theorem 6.23). There is a canonical isomorphism gx ~ colim gg.
QeSh(X)

Remark. In [AS20], the first and second—named authors prove that gy is further endowed with
a non-degenerate invariant inner product and a standard structure of quasi-triangular (topolog-
ical) Lie bialgebra graded over the semigroup Qx. The methods used in the proof extend to the
case of a Hopf algebra and allow to construct algebraically an explicit quantization U, (gx) of gx,
which is then called the continuum quantum group of X.

Goldman Lie algebra of the torus and semigroup Lie algebras. The main motivation behind the
theory of semigroup Lie algebras was to provide a solid ground and an abstract approach to the
theory of continuum Kac-Moody algebras. The resulting theory is on the other hand extremely
rich and features remarkable examples, such as the Goldman Lie algebra of the torus.

Recall that in [MS17] the Goldman Lie algebra of the torus gr2 is proved to be isomorphic to
the Lie algebra generated by the elements Py with v := (a,b) € Z? ~ {(0,0)}, modulo the relation

[Py, Pw] = det|[vw|Pyiw,

where [v, w] is the order two matrix with columns v and w.

This presentation suggests an obvious interpretation of gr» as a semigroup Lie algebra. The
integral half plane H := {(a,b) € Z?> |a > 1 or a = 0,b > 1} is naturally endowed with a
structure of (total) semigroup with respect to the usual sum of vectors and truncated difference ©
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given by
(a—a',b-V) if(a—d,b—"V")€eH,
0 otherwise .

(a/ b) © (a’, b,) = {

Set k(v,w) = 0 and & (v,w) := detfwv] = {_(v,w) for any x,y € H. We set H = (H,0,¢)
and consider the semigroup Lie algebra g(H). Note that Z2\ {(0,0)} = HU (—H) and, since

x = 0, the Cartan subalgebra 3 C g(H) is central and we set gy := g(H)/3. Moreover, by
Proposition 4.10, the Serre relations hold in g(H) and one has [x{, x] = det[vw]x{, ,, for any

v, w € H. This yields to the following;:
Proposition. There is a surjective homomorphism of Lie algebras 1 : gy2 — gu given by the assigment

xf ifa>lora=0,b>1,
Py —

x_, otherwise,

where v = (a,b) € Z>~.{(0,0).

We expect ¢ to be an isomorphism.

Highest weight theory and Fock spaces. We conclude by outlining a further direction of re-
search, currently under investigation. The usual description of the highest weight theory of
Borcherds—-Kac-Moody algebras does not extend immediately to continuum Kac-Moody alge-
bras, mainly due to the lack of simple roots and thus of fundamental weights. Nevertheless, we
expect the existence of a continuum analog of the theory of highest weight representations, Weyl
groups, character formulas, both in the classical and quantum setups.

A first example is given in [SS19b], where the second—-named and third—named authors define
the Fock space for U, (s[(IR)), considering a continuum analogue of the usual combinatorial con-
struction of the Fock space of Uy (sl(o0)) in terms of Maya diagrams. In addition, the quantum
group Uy, (sl(S!)) act on such a Fock space, in a way similar to the folding procedure of Hayashi-
Misra-Miwa. It would be interesting to extend this construction to the case of an arbitrary con-
tinuum quiver X, producing a wide class of representations for the continuum quantum group
U, (gx), and therefore for the continuum Kac-Moody algebra gx.

Outline. In Section 2 we give a brief review of Kac-Moody algebras, their generalizations intro-
duced by Saveliev and Vershik, and the Lie algebra s[(R) as a remarkable counterexample. A
unifying approch is developed in Section 3 through the notion of semigroup Lie algebra, whose
weight lattice is controlled by a partial semigroup. In Section 4 we study a semigroup analogue
of the classical Serre relations. We determine necessary and sufficient conditions for such rela-
tions to hold and we prove them in several special cases. In Section 5, we identify a list of key
properties, encoded by the notion of a good Cartan semigroup, which guarantee the existence of
Serre relations (Theorem 5.7). Finally, in Section 6, we apply the abstract framework developed in
the previous sections to describe a new class of infinite-dimensional Lie algebras associated with
a one-dimensional real space. We introduce the notion of continuum quivers, whose defining
data are interpreted in terms of good Cartan semigroup. We define the continuum Kac-Moody
algebra of a continuum quiver as a semigroup Lie algebra and prove a continuum analogue of
the Gabber-Kac theorem (Theorem 6.19). Moreover, we prove that every continuum Kac-Moody
algebra is isomorphic to an uncountable colimit of symmetric Borcherds—Kac-Moody algebras
with at most isotropic simple roots (Theorem 6.23). Finally, in Appendix A we include a brief
review of the basic definitions and properties of the partial semigroups we are mainly interested
in, while in Appendix B, C, D, E we report in details some of the most technical proofs.

Acknowledgements. We are grateful to Antonio Lerario and Tatsuki Kuwagaki for many en-
lightening conversations about the material in Section 6 and to Fabio Gavarini for his comments
and interest in the present work. This work was initiated while the first-named author was vis-
iting Kavli IPMU and completed while the second—named author was visiting the University
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of Edinburgh. We are grateful to both institutions for their hospitality and wonderful working
conditions.

2. KAC-MOODY ALGEBRAS AND THE LIE ALGEBRA OF THE REAL LINE

In this section, we recall the definitions of Kac-Moody algebras and their generalization intro-
duced by Saveliev and Vershik. We then introduce a distinguished Lie algebra s[(IR), which first
appeared in [SS19a] and whose presentation is controlled by the topology of the real line. We
prove that s[(R) admits a simpler presentation i la Kac—Moody, depending upon basic operations
on open—closed connected intervals. Henceforth, we fix a base field k of characteristic zero.

2.1. Kac-Moody algebras. We recall the definition from [Kac90, Chapter 1]. Fix a finite set I and
amatrix A = (a;;); jef with entries in k. Recall that a realization R := (b, IT, TT") of A is the datum
of a finite dimensional k—vector space §, and linearly independent vectors IT := {a;};c; C b*,
I1V := {h;}ie1 C b such that w;(hj) = aj;. Note that these conditions imply dim b > 2|I| — rk(A).
Moreover, up to a (non—unique) isomorphism, there is a unique realization of minimal dimension
2|1 — rk(A).

Let g(R) be the Lie algebra generated by b, {¢;, f; }c1 with relations [, h] = 0 and

(heil = ai(h)e;, [ fi] = —ai(h) fi, [ei fi] = dijhi-
foranyh € handi,j € I. Set
Q=P Zoua; C b,
iel
Q = Q+ & (—Q+), and denote by n, (resp. n_) the subalgebra generated by {e;};c1 (resp.
{fi}ien)- Then, as vector spaces, §(R) = 04 @ h @ n_ with root space decomposition
i = P Fia

aEQy

a#0
where g1, = {X € §(R) | Vh € b, [h, X] = ta(h)X}. Note also that gy = h and dim g+, < co.

The Kac—Moody algebra associated to the realization R is the Lie algebra g(R) := g(R) /¢, where
tis the sum of all two-sided graded ideals in g(R) having trivial intersection with §. In particular,
asideals, t = t4 ®t_, where vty =t Nny.

Remark 2.1. 1f A is a generalised Cartan matrix (i.e., a; = 2, a;; € Z<o, i # j, and a;; = 0 implies
aj;i = 0), then v contains the ideal s generated by the Serre relations

ad(e))'""i(ey) =0 =ad(f)' "I(f;)  i#]
and, if A is symmetrizable, is generated by s [GK81]. A similar property holds, more generally,
for any symmetrizable A such that a;; € Z<o, i # j, and 2a;;/a; € Z whenever a;; > 0. In
this case, g(A) is called a Borcherds—Kac—Moody algebra and the corresponding maximal ideal is
generated by the Serre relations

ad(e)) % (e;) = 0 = ad(f) THU(f)  if ag >0 @.1)

and
lei ej] = 0= [fi, fi if ;<0 and ;=0 (2.2)
for i # j (cf. [Bor88, Corollary 2.6]). A

3The terminology differs slightly from the one given in [Kac90] where g(R) is called a Kac-Moody algebra if A is a
generalised Cartan matrix (cf. Remark 2.1) and R is the minimal realization. Note also that in [Kac90, Theorem 1.2] v is set
to be the sum of all two—sided ideals, not necessarily graded. However, since the functionals «; are linearly independent
in h* by construction, v is automatically graded and satisfies vt = v, @ v_ (cf. [Kac90, Proposition 1.5]).
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Since v = v4 @ v_, the Lie algebra g(R) has an induced triangular decomposition g(R) =
n_ @b D ny (as vector spaces), where

ne= P gta, G={X€cagR)|Vheh [hX] =alh)X}.
aeQ\{0}

Note that dim g, < 0. The set of positive roots is R4 == {a € Q4 \ {0} | ga # 0}.

Remark 2.2. The derived subalgebra g(R)" := [g(R), g(R)] is generated by {e f;, h;};c1 and admits
a presentation similar to that of g(R). Namely, let §’ be the Lie algebra generated by {h;, ¢;, f;}ic1
with relations

[hi,hj] =0, [hjei] = ai(hy)ei, [y, fi] = —ei(hy) fi,  lei, fi] = ijhi - (2.3)

Then, §’ has a Q-gradation defined by deg(e;) = a;, deg(f;) = —w;, deg(h;) = 0, and g, = b/,
where the latter is the |I|-dimensional span of {/;};c1. The quotient of §’ by the sum of all two-
sided graded ideals with trivial intersection with b’ is easily seen to be canonically isomorphic to
g(R)".

Recall that a direct sum of vector spaces L = L_1 @ Lo @ L1 is a local Lie algebra if there are
bilinear maps L; x L; — L;; for [i], ||, |i + j| < 1, such that antisymmetry and Jacobi identity
hold whenever they make sense. We write + instead of £1. It follows that g(R)" := [g(R), §(R)]
is freely generated by the local Lie algebra L = L_ @ Ly @ L+ where

L ::EBk'fi’ Lozz@k%i, Ly ::@k~ei,
1 1 1

with bracket defined by equation (2.3). A

Remark 2.3. It is sometimes convenient to consider Kac-Moody algebras associated to a non-
minimal realization (cf. [FZ85, MO19, ATL19b]). Let R = (h,TI,T1") be the realization given by
b = k2 with basis {h;}ic1 U {A Ve = {hiYicrand TT = {a;}ic; C B, where &; is defined
by

D(l(l’l]) = aji and Déi()\]\-/) = 5ij

We refer to R as the canonical realization of A, and denoteby A" C b the |I|-dimensional subspace
spanned by {AY }c1. Let Ryyn be a minimal realization of A. Itis easy to check that the Kac-Moody

algebra g(R) is a central extension of g(Rmin), i.€., §(R) =~ g(Rmin) B ¢, with dim ¢ = rk(A). A

2.2. Saveliev—Vershik algebras. In [SV91], Saveliev and Vershik introduced the notion of con-
tinuum Lie algebras, providing a generalization of Kac-Moody algebras and covering a wide
spectrum of examples including Lie algebras arising, for example, from ergodic transformations,
crossed products, or infinitesimal area—preserving diffeomorphisms [SV90, SV92, Ver92, Ver(02].
Their generalization is entirely different from the one we shall introduce in Section 6. We briefly
recall their construction and, in order to avoid confusion, we shall refer to it as Saveliev—Vershik
algebras.

Let (A, -) be an arbitrary associative k—algebra (possibly infinite-dimensional, non-unital, and
non-commutative) endowed with three bilinear mappings x+,xy: A x A — A, and L a vector
space of the form L_ & Ly @ L4, where Le ~ A, ¢ = +,0. We denote Xc(¢) the element in L,
€ = +,0, corresponding to ¢ € A, and [-,-]: L ® L — L the bilinear map given by

[Xo(#), Xo()] =Xo([e, ¥]) ,
[Xo(¢), X+ ()] =X (ke (9, ),
[X+(9), X= ()] =Xo (ko (¢, ¥)) ,

where ¢, € A, [, ¢] == ¢ - p — P - ¢. The following is straightforward.
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Lemma 2.4 ([SV91]). The vector space L is a local Lie algebra with bracket [-, -] if and only if the maps x¢
satisfy the following relations:

Kt ([¢, 9], x) =rx (@, k£ (9, X)) — 5 (P 02 (¢, X)) S 24
[, k0 (9, X)) =0 (e (0, ¥), X) + w0 (§, - (0, X)), (2.5)
where ¢, P, x € A.

Let (A, x¢) be an associative algebra endowed with three bilinear maps xe: A® A — A,
€ = =, 0, satisfying (2.4), (2.5). We denote by g(.A, x¢) the Lie algebra freely generated by L. Note
that (A, k¢ ) is Z-graded, i.e.,

ﬁ(A/Ke) = @ ﬁn ’

nez

with homogeneous components gy := Ly, and

~ [ﬁn*l/ L+] ifn>0,
On =9 _ )
[n41, L] ifn<O0.

Definition 2.5 ([SV91]). The Saveliev—Vershik algebra associated to the datum (A, k) is the Lie
algebra

9<Ar Ke) = ﬁ(A/ Ke)/t ,

where t is the sum of all two-sided homogeneous ideals in §(A4, k) having trivial intersection
with Lo. In particular, g(.A, x¢) is Z-graded with gg = Lo. @

The examples given in [SV90, SV92, Ver92, Ver(02] belong to a special case of this formulation,
where A is a commutative algebra, x,s: A — A are distinguished linear mappings, and

ke (,9) == £ -x(p) and xo(¢,9) == s(¢-¥) (2.6)

Note that in this case the conditions (2.4) and (2.5) are automatically satisfied.

Remark 2.6. Definition 2.5 provides a straightforward generalization of derived Kac-Moody alge-
bras as described in Remark 2.2 in terms of the usual 3|I| Chevalley generators. Namely, let I and
A be as in Section 2.1. Then, one sees immediately that g(R)" = g(A, k¢ ), where A is the commu-
tative algebra k/Il endowed with coordinate multiplication, (e;, 1y, f;) = (X (v;), Xo(v;), X—(v;)),
i € I, where v; € k!l are the standard unit vectors, and the linear maps k. are defined as in (2.6)
with x(v) == Avand s(v) := v forany v € A.

It is notable that, while the Kac-Moody algebra associated to the minimal realization does not
fit in this formalism, the canonical Kac-Moody algebra g(R) does, up to a minor change. Namely,
it is enough to consider a local Lie algebra L with Ly = A & A, whose additional elements are
denoted Xy (9), ¢ € A and satisfy [Xg'(9), Xg' ()] = 0 = [Xo(¢), Xg ()] and [Xg/(¢), X+ ()] =
X+ (¢ ). A

2.3. The Lie algebra of the line. In [SS19a], the last-two-named authors introduced quantum
groups U, (sl(K)) with K = Z,Q, R. Since the cases of K = Z, Q are easily deduced from that
of K = R, for simplicity, we focus only on the Lie algebra s[(R).

2.3.1. Intervals. Roughly speaking, s[(R) is a Lie algebra generated by elements labeled by inter-
vals of IR, subject to some quadratic relations, whose coefficients depend upon a bilinear form on
the space of characteristic functions of such intervals. The values of such bilinear form play the
same role as the coefficient of a Cartan matrix.

In order to give the precise definition of s[(IR), we need to introduce some notation. First, we

say that a subset | C R is an interval if it is an open—closed interval of the form | = (a,b] := {x €
R |a < x < b}
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Let Int(R) be the set of all intervals in R and define two partial maps &, S: Int(R) X Int(R) —
Int(R) as follows:

JUJ" ifJNJ = @and JUJ is connected ,

JoJ = _ (2.7)
nd. otherwise,
J\J ifJNnJ =] and ]\ ] is connected,

JoJ = \ ' \ (2.8)
n.d. otherwise.

Denote by Int(]R)g ) the set of pairs (], ]') such that ] @ J' is defined. Similarly, let Int(]R)(e2 ) be the
set of pairs (J, ') that ] © J' is defined. Set

0 otherwise, 0 otherwise .

i / ) . , ()
oy = {1 i (1) € MRS, ng 5y = {1 if (J, ') € Int(R)?

We adopt the following notation, distinguishing all relative positions of two intervals. For any
two intervals | = (a,b] and ]’ = (', V'], we write

e | — J'if b = a’ (adjacent)
o | LJifb<da orb < a(disjoints)
o JJifa=a and b < V' (closed subinterval)
o [Jifa’ <aand b=V (open subinterval) *
o | < Jifad <a < b <V (strict subinterval)
o [ ifa <a <b<b (overlapping)

In particular we have that

(J,7) € Int(R)?

R
(J,]) € Int(R) S

g' ifandonlyif J—J or] =7,
@) ifandonlyif J'FJor] H7J.

2.3.2. Euler form. We denote by fun(IR) the algebra of piecewise constant, left—continuous func-
tions f: R — R, with bounded support and finitely many points of discontinuity. More explicitly,
f € fun(R) if and only if f is a linear combination of finitely many characteristic functions 1; with
J € Int(R).

For any f, ¢ € fun(R), we set
(f.8) =Y f-(0)(g-(x) —g+(x)) and (f,8):=(f.8) + (s f)
where h4 (x) = lim;_,g+ h(x = t). We have

1 if]:]//]/l_]/]_|]//]/rh]/
A )= 0 ifJ L], [ = JF], I HLTI<], ] <], (2.9)
—1 ifJ=7J,Jh].

4The symbol F (resp. ) should be read as | is a proper subinterval in ]’ starting from the left (resp. right) endpoint.
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Thus,
2 if]j=7J,
1,1, = 1 i (1) € Int(R) or (J',]) € Int(R)),
~1 i (],])) € Int(R)2,

0 otherwise .

2.3.3. The first definition. We are ready to give the definition of sI(RR).

Definition 2.7. Let s[(R) be the Lie algebra generated by elements ey, fj, 1}, with J € Int(R),
modulo the following set of relations:

o Kac—Moody type relations: for any two intervals |, ]2,
[y, hpy] =0,
(hrsep] = (U, ) ey
(g0 fr) = = (g ) S

ey fr] = {hh %f h=h (2.10)
0 fhLhhi—=ora—T,
e join relations: for any two intervals J1, [, with (Jy, J2) € Intx (R) g),
hpep, = hy +hy,, (2.11)
epen = (1)1 fer, ep], 2.12)
fropn = (1)W1 £, (2.13)

o nest relations: for any nested J1, [, € Intg(R) (thatis, suchthat J; = Jo, J1 L Jo, 1 < Ja,

2 <JuhitJ2, i3 )2 J2 = Ji,0r 2 A1),
[(3]1,6]2] =0 and [fh,sz} =0. (214)
©
Remark 2.8. 1t is easy to check that the bracket is anti-symmetric and satisfies the Jacobi identity.
Note that the join relations are consistent with anti-symmetry, since, whenever | @ |’ is defined,

(-1) Wy — —(-1) A Moreover, the combination of join and nest relations yields the (type
A) Serre relations (] # ')

leg, leg epl] = 0 =[f}, [f}, f7]] %f 1y, 1y) = -1, (2.15)
ey, ep] =0 =[f}, fy] if (1y,1y) =0.

A

2.3.4. A new presentation. The datum (Int(R), ®, ©) has the role of a continuum root system of
sI(R). It is therefore natural to ask whether s[(R) is an example of a Saveliev—Vershik algebra.
Namely, set A := fun(R), and define the maps «o, x+: A x A — A by setting

Ko(]l],IlI/) = 5]/]/1[]/ and Ki(]l],IlI/) =+ (]l],IlI/) Il] .

The maps «g and x+ satisfy the relations (2.4) and (2.5). Thus there exists a continuum Lie algebra
g(fun(RR), o, k+ ). Nonetheless, we shall show in this section that g(fun(R), o, k+ ) and s[(IR) are
not the same. More generally, the latter cannot be a Saveliev—Vershik algebra. The first result we
need is the following.
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Proposition 2.9. The relations (2.10), (2.12), (2.13), and (2.14) can be replaced by
1,1
leyos £ = g, g, + (=1) W) (17,1) (epep, = fon) - (2.16)
and
[6]1,612} = (_1)@]2,]1]1)6]1@]2 ’
1,1
i f] = ()2 £,

Proof. 1t is clear that (2.16) reduces to (2.10), while (2.17) reduces to (2.12), (2.13), and (2.14), since
J1 @ J» is not defined whenever J; and ], are nested, and thus the RHS of (2.17) equals zero.
Conversely, we shall prove that (2.16) and (2.17) hold in s[(R). The proof is based on a case-by—
case inspection described in Appendix B. g

(2.17)

We are now able to give a more efficient presentation of sI(IR). In order to stress the analogy
with the definition provided in Section 6, we adopt a slightly different notation. Set {; := hy,

xf =ej, x; := fj for any inteval J.
Corollary 2.10. s[(IR) is presented on the generators xft, 1, ] € Int(R), with relations

Croy = 0jep (53 +Cp)

[C1,¢p] =0,

2], x,ﬂ ==+ (1;,1)) x]i,,

) = 80y + (DI (1) (v - x)) (2.18)
) = =)

where we assume that x§

fon = 0 whenever || © ], is not defined, for © = @, S and e = £, 0.

The above presentation of sI(IR) makes clear that the main reason for which s[(IR) cannot co-
incide with g(fun(IR), o, k+ ) is the relation (2.18). Indeed, the latter Lie algebra is, by definition,
generated by a local Lie algebra L (cf. Section 2.2), while this is not possible s[(IR). As we shall
see in the following sections, we need to consider a wider class of Lie algebras, containing both
Saveliev—Vershik Lie algebras (hence, also Kac-Moody algebras) and s[(IR) by relaxing the con-
dition of locality in the spirit of relation (2.18).

Remark 2.11. As we pointed out at the beginning of this section, the description of the Lie algebras
s[(Z) and s[(Q) are easily deduced from that of sI(IR). More precisely, one can consider the subset
Intg (R) C Int(R) consisting of intervals with boundaries in K = Z, Q. The Lie algebra sl(K),
K = Z,Q, is then realized as the subalgebra in s[(IR) generated by x]i and {j with J € Intg (R).

In particular, there is a canonical chain of embeddings s[(Z) C sl[(Q) C sI(R). A

Remark 2.12. We conclude this section by observing that s[(IR) should be rather thought of as a
continuum analogue of the familiar Lie algebra s[(c0). Let

1 2 3 4 n—2 n—1

be the Dynkin diagram of type A,. We can consider two different limits for n — +oco: the infinite
Dynkin diagram

which gives rise to the infinite—dimensional Lie algebra sl(+4-c0), and the infinite Dynkin diagram
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which corresponds to the infinite dimensional Lie algebra s[(c0). One can show that s[(+o0)
coincides with sl(o0) (cf. [DP99, Section 2]). The Lie algebra s[(c0) admits a Kac-Moody algebra
type description with generators e;, f;, h; with i € Z and the infinite Cartan matrix A = (ﬂij)i,je Z
with a;; = 2,a;; = —1,if |i — j| = 1, and a;; = 0 otherwise.
In view of the Serre relations (2.15), there is a canonical embedding sl(c0) — sl(Z) given by
ei e ivt), fi— fiivy, i R i

Moreover, since {e(; iy1), f(i,it1), h(i,i+1) | Vi € Z} is a minimal set of generators, this gives a
canonical isomorphism sl(c0) ~ sl(Z). A

3. SEMIGROUP LIE ALGEBRAS

In this section, we introduce a semi-local version of contragredient Lie algebras [FZ85], as a
straightforward generalization of the new presentation of s[(R) given in Corollary 2.10. We de-
scribe a special class of examples, whose combinatorics depends upon the choice of a partial
semigroups.

3.1. Semi-local continuum Lie algebras. Itis clear from the previous section that the Lie algebra
sI(R) does not fit in the usual Kac-Moody framework (nor in the one introduced by Saveliev—
Vershik). In particular, it is not generated by a local Lie algebra and its Cartan elements satisfy
the linearity condition (2.11). This motivates the following definition and the subsequent con-
struction.

Definition 3.1. We say that a direct sum of vector spaces L = L_ & Lo @ L4 is a semi-local Lie
algebra if there are bilinear maps Ly x L+ — L+ and Ly x L_ — L such that the Jacobi identity
holds whenever it make sense. @

Let (A, -) be an arbitrary associative k-algebra endowed with six bilinear mappings «e, Ge: A X
A — A, with e = £, 0, satisfying

K+ (S0P, ), X) = gy (g, k(@ + ¢, x) and  [So(¢, ¥), x| = Og,(g,9) @ + ¥, X] 3.1)
where ¢, 9, x € A and ¢ (y,y) is the characteristic function of the support of Go, i.e., Oz (p,y) = 1 if
¢o(¢, ) # 0 and it is zero otherwise.

SetL =L4 & Ly @ L_, where L is identified with .4 through a linear isomorphism xFr A—
L+ and Ly is identified with the quotient A/K(&p), where K(p) is the span of vectors &o(¢, 1) —
Sco(p) (@ + 1), ¢, ¢ € A through a linear isomorphism {s: A/K(Go) — Lo. We define a bilinear

mapping

[,-])L&®L—L
as follows:
o, Cp) = g[q;,lp] ’ (3.2)
[gqﬁ/ xlf] = xKii((P,lIJ) 4 (33)
[xp %y ] = xé++(¢,w> +Cxolow) T X (gp) 7 (34)

where ¢, ¢ € A. The following is straightforward.

Lemma 3.2. The map |-, -] is well-defined. In addition, the vector space L is a semi—local Lie algebra with
bracket [-, -] if and only if the map ¢ satisfies the relations (2.4), (2.5), and «e, Ce satisfy

Kt (9, G (1, X)) = Cx (e (@, ), x) + Ex (P, k- (¢, X)) (3.5
where ¢, P, x € A.

We shall think of the tuple (A, k¢, {e) as a Cartan datum and develop its corresponding Kac-
Moody theory.
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Definition 3.3. The tuple (A, k¢, &) is a continuum Cartan datum if x. satisfies (2.4), (2.5), and
ke, Ce satisfy (3.1), (3.5). Then, the (semi-local) continuum Lie algebra associated to (A, k¢, e) is the
Lie algebra

g(-A/ Ke, Ce) = ﬁ(A/ Ke, Ce)/t p

where g(A, xe, Ce) is the Lie algebra freely generated by the semi-local Lie algebra L and v C
(A, ke, Ce) is the sum of all two-sided ideals having trivial intersection with L. @

Let ny C g(A, ke, Ce) be the Lie subalgebra generated by {xg | ¢ € A}. We shall make use of
the following standard result.

Lemma 3.4. Let S be an index set, let {X,} be a collection of elements of ny indexed by a € S, and let
Xs =span{X, | a € S}. If [Xs, x| C X for any ¢ € A, then Xg = 0.

Proof. Assume Xs C ny and set ty = Zi,jad(L+)iad(L0)fX5. tx is a subspace of ni, which
is clearly invariant under ad(Ly) and ad(L). Moreover, since ad(L_)Xs C Xg, one also has
ad(L_)rx C tx. In particular, whenever Xs # {0}, the subspace tx is a non-zero ideal trivially
intersecting Ly. Therefore, necessarily, tx = 0 and Xg = 0. The case Xg C n_ is similar. O

3.2. Cartan semigroups. We shall give a combinatorial description of certain semi-local contin-
uum Lie algebras, whose defining relations (3.2), (3.3), (3.4) are controlled by a class of partial
semigroups, which we refer to as Cartan semigroups.

Henceforth, with a slight abuse of terminology, by a semigroup we mean a positive, commuta-
tive, partial semigroup with a maximal cancellation law (cf. Appendix A).

Let S be a semigroup with commutative product @ and cancellation law ©. Letx: S x S — k
be a function such that

K(D‘ G P, ')/) = 5a@ﬁ (K(D‘/ ')/) + K(AB/ 7)) ’ (3.6)

where 6,44 is the characteristic function® of Sg ) and, by convention, k(a & B,7v) =0 = x(a, BD )
whenever a ©  and B @ v are not defined. Set LS = Li @ Lg @ LS, where

LS ::@kwf and LS = (@k-@) /NS,

a€eS €S

and N is the subspace spanned by the elements of the form

gﬂ(@‘B - 5a@ﬁ (ga + gﬁ) ’
)

where we assume that x;, g =0=Caspif (a,B) ¢ Sg' . By a slight abuse of notation, we will
denote the class of {, in Lg by the same symbol. Given two functions {+: S x S — k, we define

a bilinear map [-,-]: LS x L — LS (whose dependence by & is omitted) by

[gl’él _Z;/S] =0 s
(o x5] = £ x(a, p)xg (3.7)
[xa %] =0u,plu + St (a0, B)xynp — S (B a)xpe, (3.8)

where we assume that xfe p= 0= Cacpif (a,B) ¢ Sg' ). Note that the condition (3.6) is equivalent

to require [N, L5] = 0. Therefore, the map |-, -] is well-defined. The following is straightforward
(cf. Lemmas 2.4 and 3.2).

5This means that dugp takes value one if (a, B) € S('?T), and it takes value zero otherwise.
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Lemma 3.5. The vector space LS is a semi-local Lie algebra with bracket [-, -] if and only if
(B 1)(a, BOY) = Opoy G+(B,7) (k(a, ) — x(a, 7)) (39)
where we assume that x(a, S v) = 0if (B,7) & Sg).
Remark 3.6. Note thatif x: S x S — k is symmetric or satisfies
K(a, BB ) = Opey (k(a, f) +x(a, 7)) (3.10)
then equation (3.9) is automatically satisfied for any choice of ¢ +. A
We shall regard the tuple (S, , {+ ) as a generalization of the usual Cartan datum.

Definition 3.7. A Cartan semigroup is a tuple S = (S, «, {+), where S is a semigroup, k: S X S — k
is a function satisfying (3.6) and (3.10), and ¢+ : S X S — k are two arbitrary functions. We denote
by §(S) the Lie algebra freely generated by LS. ©

3.3. Semigroup Lie algebras. We denote by ¢, the element of the standard basis of Z> for a € S.
Then, we set Q% = Z5/ ~, where ~ is the relation Pucp = Oacp(Pa + @p), and

Q3 = spanz_ {gu |2 €S} C Q.
Set Q° = —Q%, so that Q° = Q3 ® Q3. For A, u € Q°, we say that u < A if and only if
A—pe Qi. The following is standard.
Proposition 3.8.

(1) As vector spaces, §(S) = T ® Ly @ i, where Ty is the subalgebra generated by the elements
x;f, « € S. Moreover, n+ is freely generated.
(2) There is a natural QS—gradation on §(S) given by deg(xF) = +¢, and deg(ly) = 0. In

particular,
a<s>:< D @)@LS@( D ﬁu)
neQ3\{0} neQx\{0}

Definition 3.9. The semigroup Lie algebra with Cartan datum S is the Lie algebra
9(S) =8(S,x,&x)/x,

where t is the sum of all two-sided Q°—graded ideals in §(S) having trivial intersection with LS .
©

and ﬁiy C .

In particular, it follows immediately from Proposition 3.8 that g(S) inherits the triangular de-
composition g(S) = ny @ L7 & n_, where ni C g(S) denotes the subalgebra generated by x;,
a € S, and the Qs—gradation

9(S) = ( @ 914) @LS@( D 9—#)
neQ3\{0} neQ\{0}

Definition 3.10. We call root an element u € Q3 \ {0} such that gy 7 0. We say that a root y is
positive (resp. negative) if y > 0 (resp. u < 0). The set of roots (resp. positive, negative roots) is
denoted by RS (resp. RS, R%). %)

where g1, C ny.

Remark 3.11. Let S be a Cartan semigroup and let f: S — (k, +, —) be a homomorphism of partial
semigroups. Then, we may define a gradation with respect to f by setting

degxy = +f(x) and degl,:=0.
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Remark 3.12. As expected, a semigroup Lie algebra is a special cases of a semi-local continuum
Lie algebra as in Definition 3.3. Namely, let S be a Cartan semigroup, Ag = kIS] the algebra
of regular functions over the set S, and 1, € Ag the characteristic function of # € S. For any
«, B €S, define

KS,O(]lvu ]llg) = 50{,,81[& and KS,i(]lvu ]llg) = :tK(lX, 18)1,3

and

&s,0(la, 1g) = Sagpllacsp
CS,+(10¢/ Ilﬁ) = 5&9,86-&-(“/ AB)IlaQ,B
CS,* (Ilﬂtfﬂﬁ) = _5ﬁ9a§— (ﬁf”‘)ﬂﬁea

where we assume that lyop = 0 whenever («,B) ¢ S(®2 ), ® = @,0. Then, the assignment
xF— X+ (14) and Co — Xo (1) gives a Lie algebra isomorphism

9(S) ~ a(As, kse,Cse) /T

where T is the sum of all two-sided graded ideals in g(.Asg, ks ¢, Cs ) having trivial intersection
with its Cartan subalgebra. In particular, g(S) is a graded semi-local continuum Lie algebra. A

3.4. Derived Kac-Moody algebras and semigroups. Derived Kac-Moody algebras are easily
realized as degenerate examples of semigroup Lie algebras. We use the notation from Section 2.

Let S be the trivial semigroup with underlying set IT = {a;|i € I} and Sg' ) =@ = Sg‘ ), Then,
S = (S,xa,0), with xa (&, ocj) = ajj, ¢(i,j) = 0, is a Cartan semigroup and the assignment

(% Car Xog) > (eis b, fi)
defines a Lie algebra isomorphism g(S) ~ g(A)’.

Symmetric Borcherds—-Kac-Moody algebras can also be described in terms of a more interest-
ing semigroup structure. More precisely, we show in Proposition 6.18 and Theorem 6.19 that
Borcherds—Kac-Moody algebras corresponding to quivers with at most one loop on each vertex
and at most two arrows between any two vertices, can be realised as Lie subalgebras of semi-
group Lie algebras g(S) for some non-trivial semigroups of topological origin.

4. SEMIGROUP SERRE RELATIONS

In this section, we study the necessary and sufficient conditions for the occurrence of distin-
guished quadratic relations in a semigroup Lie algebra g(S). Such relations, which we refer to as
semigroup Serre relations, are clearly inspired by the case of s[(IR) as described in Corollary 2.10.

4.1. Serre relations. In analogy with the case of Kac-Moody algebras and sl(R), it is desirable
to have in g(S) certain quadratic Serre relations of the form

(x5 = s, B) - x5,
for some pi+: S xS — k. The next result describes the necessary and sufficient conditions for
such relations to hold. To this end, we shall define recursively the set S, C S of partitions of
« € S as follows. We set

SG = {a},
S(gnog ={Bov]| 'yGS,‘BGS(g,;l)} forn>1,

and S, = | J s More precisely, &’ € S¢, if and only if there exist a sequence

ot
n=0

!/
X =0Q1,082,...,8n, K41 = K
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such that (a;, a;11) € 5(92) forany 1 < i < n, so that
a=(p1® (P & (Pnda’) )

where ; = a; © a; 1. We shall call such a sequence an partition of a at «’ and we write &’ < «
if «’ € S¢,. Finally, we denote by Si . the subset of all elements &’ in S, for which there exists
a partition @ = ay,a2,..., &, 0,41 = &' such that, if n > 1 we have ¢+ (a;,a;11) # 0 for any
1<i<n.
Proposition 4.1. Lef p+: S xS — k be two functions and , 3 € S, & # . Then,

i, xg ) = e (0 B) X (41)
holds in g(S) if and only if the following relations hold.

(1) Foranya € Séa, beSt

<p
Ee(a®b,a) = ux(a,b) = —Z(a®b,b), 4.2)
K(a, b) =G+ (a ©® b/”)g—(a D b/a) - (5a6b + (5b6a)g+(b/a)§— (b/a) = K(b/a) : (4.3)

(2) Foranya € Sza, be Szﬁ/ ceSs,

5C@(ﬂ@b)§i<a @b, a)gi (C/ a® b) =
= 0(con)cpb+(C,a)8+(c O a,b) = §ccpycab+(c,D)Ex(cOba) . (4.4)

(3) Foranya € Séa, be Siﬁ,c €S,c#a,b,

Cx(a,0)i+((@a0c)®b,b) —Cx(bc)ix(ad (bOc)a) =
O (con) 67 (€, a)8+(b,c© a) = Gpcap)F(c, b)¢+(a,c D)
- 5(a@b)@c§¥ (ﬂ ®D, a)gi(a ®b, C) . (45)

Proof. The result follows as a straightforward application of Lemma 3.4. Namely, let X5 , g be
the element defined by the equation (4.1) for the pair («, ). We shall prove that X , g generates
anideal in fi1, having trivial intersection with L3. Then, X+ , g = 0in g(8S). By direct inspection,
one sees easily that this holds if and only if the elements X , }, for any (a,b) € S%‘L o X S;‘L ps are

also added to the generating set of the ideal and the functions x and ¢+ satisfy the relations listed
above. In Appendix C, we carry out this computation in full details.

O

In Sections 4.2 and 4.3 below, we study two special cases for which the conditions (4.2)—(4.5)
are particularly simple to describe.

4.2. Orthogonality. Recall that, in a Kac-Moody algebra, generators corresponding to orthogonal
vertices in the Dynkin diagram (i.e., a;; = 0) commute. In the case of trivial Cartan semigroup (i.e.,
with &+ = 0), Proposition 4.1 reduces precisely to an analogue of the Serre relations for 4;; = 0 in
a Kac-Moody algebra.

Corollary 4.2. If the functions ¢+ are trivial, then
[xf,xg] =0 ifandonlyif «x(a,B)=0=x(B,a),
where a, 3 € S.

More in general, Corollary 4.2 suggests to introduce a suitable notion of orthogonal subsemi-
groups, so that the corresponding generators automatically commute.
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Definition 4.3. Let §/,S” C S be two saturated® sub-semigroups. We say that ' and S” are
orthogonal, and we write S’ L S”, if they satisfy the following property: foranya € S, b € S and
ceSs,

(1) a @ b is not defined;

(2) x(a,b) =0=1x(b,a);

(B) ¢x(c,b) =C+(coa,b)and 1 (b,c) = &+(b,c ©a) whenever all terms are defined.
IfS" 15", acS, andb €S”, wealsowritea L b. %)
Remark 4.4.

(i) Note that if 2 L b, then the elements a © b, b O a are never defined. Indeed, since S’ is
saturated and a € S/, then a © b should belong to S’. Therefore the sum (a ©b) &b = a
would be defined, contradicting condition (1) above.

(ii) Note also that, by equation (3.6), x already satisfies the analogue of condition (3) above.
Namely, if a L b, then it follows from condition (2) above that

k(c,a) =x((ceb)@ba)=x(coba)+xba)=x(cob,a),
x(a,c) =x(a,(ceb)®b) =«x(a,cob) +x(ab) =x(a,cob),

whenever ¢ © b is defined.

This notion of orthogonality produces the desired outcome.

Corollary 4.5. Let o, B € S be such that « | B. Then [x, xﬁ] =0.

Proof. Let S',S” be the smallest orthogonal saturated sub—semigroups containing «, 8, respec-
tively. Note that Sjgta C S and Siﬁ C S”. Thus, (4.2) and (4.3) are automatically satisfied in view
of Remark 4.4—(i) and Definition 4.3—(1) and (2). The condition (4.4) follows immediately from
Definition 4.3—(3). Finally, (4.5) follows from Remark 4.4-(i). O

4.3. Degenerate elements and Serre relations. Another particularly simple case is given by ele-
ments which, roughly, do not interact with any other element.

Definition 4.6. We say thata € Sis

o degenerate if, for any B € S, one of the following holds:
(1) a ® B, a© B, pO a are not defined;

(2) if (1) does not hold, then &+ (&, B), &+ (B, ), &+ (a ® B, B), £+ (B, a & B) vanish.

e locally degenerate if there exists a saturated sub—semigroup S’ such that « is degenerate
inS'.

We denote by D(S) (resp. D'°°(S)) the subset of degenerate (resp. locally degenerate) elements in
S. @

Remark 4.7. Let « € D'°°(S) and S a saturated sub-semigroup such that & € D(S’). Then, S<, C
S’ and Sg = {a}. A

The generators x;°, for & € D(S), satisfy simple commutation relations in g(S).

Proposition 4.8.

OThe notion of saturated sub—semigroup is given in Definition A.4.
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(1) Let w € D(S)and B € S, p # . Then
[Xf,x;ﬂ =0
if and only if x(a,y), x(vy, &) vanish for any y € Siﬁ.

(2) Forany o, B € D(S), a # B, such that x(x, &) = 2, x(a, B) € Z<o, and x(«, B) = 0 if and only
ifx(B, ) = 0. Then,

ad(x) ) (x2) = 0

Proof. (1) We proceed as in Proposition 4.1. Let Saiﬁ

all elements of the form [xf,xgev] for some ¢ € S. Then, one readily sees that, since « €

D(S), the identities (C.1), (C.2) are trivial and, since x(a, ) = 0 = «(B,«), (C.3) reduces to
E+(B,7)[xi, xﬁev]. The result follows as usual from Lemma 3.4.

be the subspace spanned by [x;ét,xfgt] and

(2) The proof follows closely [Kac90, Section 3.3]. We first observe that (x, (s, x; ) is an s1(2)—
triple, since x (&, «) = 2, which acts on g(S) by restriction.

Set vy = (xz )k~ Xg, k> 0.Then, (o - v = (—x(a, B) — 2k)vg, and
xioop =k(—x(a, B) —k+1)vy . (4.6)
The last relation follows from the fact that « € D(S) and therefore x|, xlg} =0.
Set 0,5 = (x;) 1 —(@p). Xg. By (4.6), [x4,0ap] = 0. Note that, for any k > 1, one has

g ()" xg ] = a - [x, ()] =

=()* g ap) = ()F - Gp = w(Ba) () xy
For k = 1 —«x(a, B), this implies [x‘ﬁ",eaﬁ] = 0, since if x(«,f) = 0 then x(B,a) = 0 and if
k(a, B) # 0thenk > 1.

Finally, since «, 8 € D(S), for any 7 # a,, one has [x,x,] = 0 = [x} ,xg] and therefore

[x3,84p] = 0. By Lemma 3.4, 6,4=0. O
Proposition 4.8—(1) is easily generalized at the level of saturated sub-semigroups and we get

the following corollary.

Corollary 4.9. Let a be degenerate in a saturated sub—semigroup S', for which x(a,y) = 0 = (v, a) for

any vy € S'. Then [xff,xg} = 0 forany B € S<a.

4.4. Total semigroups. We conclude this section by showing that the situation becomes particu-
larly simple for an actual semigroup with operations which are always defined. Let S = (S, «,{+)
be a Cartan semigroup satisfying the following additional conditions:

(1) S is total with respect to @, i.e., Sg) =SxS§S;

(2) S is total with respect to ©, i.e., for any &, B € S, a # B, either («, B) or (B, «) is in Sg);

(B) xk=0;

(4) ¢4+ = ¢— =: ¢ is antisymmetric and S-linear.
In this case, the quadratic Serre relations hold globally for every pair of elements in S.
Proposition 4.10. Forany a, B € S, it holds [x;t,xﬁi] =C(B ) ~x;t@ﬁ in g(S).
Proof. The result follows from a straightforward application of Proposition 4.1, based on a case-

by—case analysis. Note that there is a standard strict partial order < on S given by
x < pB ifandonlyif Boaes,
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for «, B € S. First, note that equation (4.2) follows from the antisymmetry of ¢, while, because of
condition (2), equation (4.3) holds if and only if x = 0. Moreover, equation (4.4) is either trivial or
all the terms are defined since:

adb<c & a<candb<coa & b<canda<cob.

In the latter case, a straightforward check show that equation (4.4) holds. Finally, we have to
check that relation (4.5) holds in the following mutually exclusive cases:

e c<ad®b,c<a,andc <b;
ec<adbc<aandb <
e c<ad®ba<c,andb <
ec<a®dbc<banda <
e 1db<c.

Note that in the last case, both sides of (4.5) are zero. The other cases are proved with a simple
direct inspection. O

5. GOOD CARTAN SEMIGROUPS AND SERRE RELATIONS

In this section, we introduce the notion of good Cartan semigroup. The definition is tailored
around the conditions highlighted by Proposition 4.1 and aims to provide a list of simple prop-
erties a Cartan semigroup S should satisfy so to induce Serre relations in the Lie algebra g(S).

5.1. Good Cartan semigroups. Let S = (S, «,¢+) be a Cartan semigroup. Locally degenerate
elements are semigroup analogues of imaginary roots. This leads to the following definition.

Definition 5.1. We say that a € S is imaginary if there exists a’ € S¢, which is locally degenerate;
while « is real if it is not imaginary. We denote by S'™ (resp. S™) the set of imaginary (resp. real)
elements of S. ©

Remark 5.2. Note that, if « € S"®, then S¢, C S'™. A

The following notion of good Cartan semigroup lists five crucial properties concerning the
basic semigroup operations, the real elements and the functions x and ¢+ .

Definition 5.3. A Cartan semigroup S is good if the following conditions hold.
(1) Multiplicity free. For any «, 8 € S, at most one between the elements « & , « © B, and
B & a s defined (52 NS = 7).
(2) Locality. The following holds:
(L1) ifa £ B, then (y ©a) & B is defined only if a & f is defined;
(L2) if (¢ ® B) © 7y is defined and « L «, then B © 7 is defined.

(3) Real elements. If « € S™ and v © « is defined for some y & S, then there exists ¢/ € S"™
such that ¥ © 7' is defined and « L (y ©9/).

(4) ¢4 (a, B) = &—(B,«) and satisfies the following properties (¢ := {):
e foranyw, B €S,
Sla®pa)=—C(adp,p), (5.1)
S(,a®p)=—¢(Badp); (5.2)

e forany «, 8,y € S such that
- a0 B, a®yand B P v are defined;
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- if @ @ 1y is imaginary, then 8 ® <y is not a partition of the locally degenerate part

ofa®1;”
one has

Slady,poy) =C(ap). (5.3)

(5) « is symmetric (i.e., k(a, B) = x(B, «)) and satisfies the following properties:
e foranya,f,y €S,

K(a® B, 7) = daap (k(a,v) +x(B,7)) ; (54)
e foranya € S®and g €S,

Ea®Ba)i(q,adp) if (ap) €SP and (x) holds,

K(a,B) = — &, B)E(B, ) if (0, ) € S or (B,a) € S, (5.5)
0 ifa® B, a0 B, and B O a are not defined ,

where () is the following condition: if B € S™ then a ® € S™; if B € S'™ then
a @B ¢ Doc(S).

@

Remark 5.4. Note that, by (L2) and (3), it follows that, if « is a real element in Sgg with v & S'€,

then there exists a real element ' € Sg such that a € S(<1“)r/' A

5.2. Admissible pairs and triples. We shall prove in Theorem 5.7 that in the case of a good
Cartan semigroup certain semigroup Serre relations occur for suitable pairs of elements in S.
This leads to the following definitions of admissible pairs and triples.

Definition 5.5. Let S be a good Cartan semigroup.

(1) Let (a,B8,7) € SxS xS. The triple (a,B,7) is admissible if («,B,y) € S™ x S x S™ or
(0, B,7) €S xSM x S™ witha f B, then
(a) either none or exactly two elements among v © (a ® ), (ySa) ©p, and (Yo p) O
can be simultaneously defined;

(b) either none or exactly two elements among (¢ & )&, (kS y) BB, a® (S 7), a
(y© B), and B & (7 & a) are simultaneously defined.

(2) Let («, B) be an unordered pair of elements in S with & € S™. We say that («, B) is a admissible
pair if for any a € Sza, be Siﬁ we have that

(a) forany ¢ € S, the triple (a, b, c) is admissible;

(b) either (a,b) ¢ Sg) ora®b ¢ D'°¢(S).
We denote by Serre(S)2d™ the set of admissible pairs.

@
Remark 5.6. Note that, if («,8) € Serre(8)2I™, then Sjgta X Siﬁ C Serre(S)2d™. Moreover, if
a, B € S', the element « @ B is necessarily real, whenever defined. Finally, if («, B) € Serre(S)2™,
then (a,a © B) € Serre(S)29™ whenever a @ B is defined. A

5.3. Serre relations. Let Serre(S) be the union of Serre(S)29™ and the set of orthogonal pairs.

Theorem 5.7. For any («, B) € Serre(S), [xf,xﬁﬂ =Clr(adBu)- xf@ﬁ.

7Note that this condition implies & @ 7, B ® v & D'°°(S).
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Proof. 1t is clear that, if « L , then Corollary 4.5 implies the result. Therefore, we have to prove
the Serre relations for any pair of elements in Serre(S)24™. As before, we proceed by showing
that for any such pair the conditions (4.2), (4.3), (4.4), and (4.5) from Proposition 4.1 hold. The
first two conditions follow immediately from the properties (5.1), (5.2), and (5.5) of good Cartan
semigroups. This simple observation can also be thought of as the main motivation behind these
properties. The proof of the remaining two conditions is longer and more technical, but it can be
easily carried out on a case-by—case analysis, whose detailed computations motivate the other
properties featured in Definition 5.3. The full proof is given in Appendix D. g

From Corollary 4.5, Remark 5.6 and Theorem 5.7, we obtain the following result, which can be
thought of as a semigroup analogue of the Serre relations for Borcherds-Kac-Moody algebras in
the case a;; = —1, 0 respectively (cf. Equations (2.1) and (2.2)).

Corollary 5.8. Leta,p € S.
(1) If (&, B) € Serre(S)24™, then [x, [xf,xﬁﬂ =0.
(2) Ifa L B, then [xf,xg] =0.

5.4. Locally nilpotent adjoint actions. We conclude this section by proving that in the case of a

good Cartan semigroup the generators x; associated to real elements act locally nilpotently on

Q(S/ K, C:,()

Proposition 5.9. Let « € S'®, B € S be such that (a,B) ¢ Serre(S)2d™, a f B, and there exists a
sequence of elements B;, i = 1,...,k, such that

D) B=(--(B1DP2) D ®PBy);

2) ((-+ (B1®B2) @B Bi),Pir1) € Serre(S)2IM foranyi=1,...,k—1;
(3) either w L B;or (a, B;) € Serre(S)29™ for any i.

Then ad(xf)kﬂ(xg) =0.

Proof. By conditions (1) and (2), we can iteratively apply Theorem 5.7 to the elements ;, ..., By,
and get

xp = Ixpogoxpl =l b xp] L L]
for some constant c. Therefore,
k+1 . .
(e a5) = e a0 o i) = 1 [ad (v )41 (xj )2 (5 )
From Corollary 5.8, ad(xf)l(xgk) = 0for! > 2. Thus,
ad (x5 () = o [ad (6 (ks ), ] o fad () (), ad () ()]

Therefore, we are reduced to prove the statement for k = 2. In this case, we have

ad(xi ) (1) = ¢ [x,, ad ()P ()] + ¢ [ad (x) (x3 ), ad (62 (x,)] = 0

where the last equality follows directly from Corollary 5.8. O
Corollary 5.10. Assume that every B € S admits a decomposition as in Proposition 5.9. Then, every
element x;F with « € S'® acts locally nilpotently on g(S, x, ¢).

Proof. Note that, for any &, 8 € S, one has ad(x;)3(xJ) = 0 and ad(x;ét)z(gﬁ) = 0. Moreover,
ad(x;f)Z(xE) = 0 for B # a, since the elements  © (B © ) and ( © a) © a are never defined,
therefore ad (x;") (x?;e L) =0=ad(x¥) (xffe ﬁ)' The result then follows from Proposition 5.9. [
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6. CONTINUUM KAC-MOODY ALGEBRAS

In this section, we introduce the notion of a continuum quiver as a distinguished semigroup as-
sociated to a one—dimensional real space. We prove that continuum quivers are examples of good
Cartan semigroup. Relying on the results obtained in Section 5, the corresponding semigroup Lie
algebras, which we refer to as continuum Kac—-Moody algebras, are explicitly presented in terms of
generators and relations and proved to be isomorphic to a colimit of symmetric Borcherds—Kac-
Moody algebras.

6.1. Vertex spaces. We introduce the class of topological spaces we are mainly interested in.
These can be thought of as smoothings of one—dimensional real CW complexes.

Definition 6.1. Let X be a Hausdorff topological space. We say that X is a vertex space if for any
x € X, there exists a chart (U, A, ¢) around x such that

(1) U is an open neighborhood of x,
(2) A ={A;}is afamily of closed subsets A; C U containing x, such that U = |J; 4,,

(3) ¢ = {¢;} is a family of continuous maps ¢;: A; — R which are homeomorphisms onto
open intervals of IR, such that if the intersection between A; and A; strictly contains the
point x, then ¢ ANA; = ol \ ANA; and ¢;| 4,0 A induces a homeomorphism between A; N A;
and a closed interval of R.

We say that x is

e a regular point if the exists a chart such that A = {U},
e a critical point if there exists a chart such that the boundary 9(A; N A]-) of AjNAj as a
subset of U, contains x for any i, j.

@
Remark 6.2. Let x be a critical point with a chart (U, A, ¢) such that x € 9(A; N Aj) for any i, j.
Then x € 0A; for any i. A
Example 6.3. Simple examples of a vertex space, beyond R and S?, are given below:

A

6.2. Semigroup of intervals. We lift the notion of open—closed interval on R to an arbitrary ver-
tex space X.

Definition 6.4. Let X be a vertex space and let « be a subset of X. We say that « is an elementary
interval if there exists a chart (U, A, ¢) for which « C A; for some i and ¢;(«) is a open-closed
interval of R. A sequence of elementary intervals («y,...,a,), n > 0, is admissible if

(@ (xpU---Unaj)Najpp =Dand (a3 U---Ua;) Uajpq is connected forany i =1,...,n—1;

(b) foranyi =1,...,n — 1, there exist x € X and a chart (U, A, ¢) around x for which U D
(rqU---Ua;)Uajyg and ((a3 U--- Ua;) Uajpq) N Ay is either empty or an elementary
interval for any k.
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An interval of X is a subset « of the form ay U - - - Uy, where (a1, . .., &) is an admissible sequence
of elementary intervals. We denote by Int(X) the set of all intervals in X. %)

The set of intervals Int(X) carries a natural semigroup structure induced by the local structure
on R described in Section 2.3. For any «, § € Int(X), set

a@ﬁz={wﬁ fanp=0andaUp € nt(X),

nd. otherwise,

{zx\ﬁ ifanp=panda\p e nt(X),
xOp =
nd. otherwise.

We refer to @ and © as the sum and difference of intervals, respectively. The following is straight-
forward.

Lemma 6.5.

(1) Every contractible interval is homeomorphic to a finite oriented tree such that any vertex is the
target of at most one edge.
(2) Every non—contractible interval is homeomorphic to an interval of the form

N
Sl@@Tk = ("'(Sl@Tl)@Tz)"'@TN)
k=1
for some pairwise disjoint contractible intervals Ty, with N > 0.

Proof. We assume for simplicity that X is connected. Note that if X has no critical points, X
reduces to either R or S'. In the former case, every interval is elementary, while in the latter
the only non—contractible interval is S! itself. Assume that there exists at least one critical point
in X. If & does not contain any critical point, it is elementary. If a contains a critical point and
it is contractible, then it must be a finite sum of elementary intervals, hence it corresponds to
oriented tree such that any vertex is the target of at most one edge. On the other hand, if « is not
contractible, by definition, it must be either homeomorphic to S! or a sum of one copy of S! with
at least one necessarily contractible interval. g

6.3. Euler forms. We denote by fun(X) the Z-span of the characteristic functions 1, for all inter-
val a of X. Note that 1,45 = 1o + g for a given (a, B) € Int(X)g). We call support of a function
f € fun(X) the set supp(f) := {x € X| f(x) # 0}. Itis a disjoint union of finitely many intervals

of X.
Define a bilinear form (-, -) on fun(X) in the following way. Let f, ¢ € fun(X), and assume that

there exists a point x with a chart (U, A, ¢) for which the supports of f and g are contained in A;
for some i, then we set

(f,8) = Z;,l.ff(X)(gf(X) —8+(x))-

Since we can always decompose an interval into a sum of elementary subintervals (and we can
do similarly with supports of functions of fun (X)), we extend (-, -) with respect to @& by imposing
the condition that (1, 1) = 0 for two elementary intervals a, B for which there does not exist a
common A; containing both.

As a consequence of the definition, the bilinear form (-, -) is compatible with the concatenation
of intervals, by Lemma 6.5, it is entirely determined by its values on contractible elements.

Remark 6.6. Thanks to Definition 6.4-(b), one can easily verify that

e if B is a non—contractible sub-interval of &, then (1, 1) = (a5, 15) Whenever a © B is
defined;

o if (a,B) & Int(X)g) and a N B = @, then (1, 1) = 0.
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A

Remark 6.7. Let a be a contractible interval given as &« = a1 U - - - U &y, for some admissible se-
quence («aq,...,ay) of elementary intervals. One has (1,,1,) = 1, indeed if n = 1, this follows
from equation (2.9). Assume that the result holds for all intervals given by admissible sequences
consisting of n — 1 elementary intervals. Let us prove for n: we have

<]lvu Ila> :<1a1U---Uo¢n + ]lva,,H/ ]lvqu---Uan + Ilan+1>
=(Nay U Us LaqUe-Ua) + My Layy) + Mg UV Ly gq) + (Layys LagUeUa ) -

Now, the first summand of the second formula is one by the inductive hypothesis. On the other
hand, thanks to Definition 6.4-(b), we can reduce the computations of the other summands to the
case of elementary intervals, and rely on equation (2.9). Hence, we get the assertion.

Let « be a non—contractible interval Assume that « is of the form
sl@@:rk (S'eT)eT) &)
for some pairwise disjoint contractlble intervals Tj. Then by the previous remark, we get

N N N
(Mo, L) =(Ug1, A1) + Y (g, Ag) + ) (i, Agy) + Y (A7, 1g1) =0,
k=1 k=1 k=1

since (g1, 1g1) = 0, the second summand equals N by the previous computation; while, the
computation of the last two summands can be obtained by reducing to the case of elementary
intervals thanks to Definition 6.4-(b): we get —N and zero, respectively. A

Set (f,g) = (f,8) + (g f) for f,g € fun(X). It follows from an easy generalization of the
computations carried out in Section 2.3 that, if «, B € Int(X) are contractible, then

2 ifa=p,
1 if (a,) € Int(X)P or (B,a) € Int(x)?,
(I, 1) =< 0 if (w,B) & Int(X)P andan g = 3,
-1 if(a,pB) € Int(X)g;2 and « @ B is contractible ,
-2 if (a,B) € Int(X)g) and « & B is non—contractible .

All other cases follow therein. Note in particular that, if « is non—contractible, (1, 1,) = 0.

6.4. Continuum quivers. For any «, B € Int(X), we set

Kx (1) = (o, 1) and &x (w,B) = (1)) (1,,1p) .
One checks immediately that xx satisfies the conditions (3.6) and (3.10). Therefore, the datum
Qx = (Int(X), kx, {x) is a Cartan semigroup, which we refer to as the continuum quiver of X.

Remark 6.8. Recall that, given a quiver Q with adjacency matrix Bg, its Cartan matrix is the
symmetric matrix Ag =2-id —Bg — BtQ. Analogously, we think of Int(X) as a set of vertices and
of xx as a generalized Cartan matrix. A

The description of locally degenerate, imaginary and real elements in Qy is easily obtained.
Specifically, we have the following.

Lemma 6.9. Let a, B be two intervals.
(1) w is a locally degenerate element if and only if it is homemorphic to S'.

(2) w is an imaginary (resp. real) element if and only if it is non—contractible (resp. contractible).

(3) wand B are perpendicular if and only if (x, B) & Int(X)g) anda N p = Q.
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Remark 6.10. It follows immediately from Remark 6.7 that

2 if aisreal,

KX(D‘/ D‘) = {

0 if a is imaginary.
A

Continuum quivers provide a large class of examples of the theory developed in Sections 5.

Proposition 6.11. The continuum quiver Qx is a good Cartan semigroup.

Proof. We shall show that Qy satisfies the conditions (1)—(5) from Definition 5.3. We first observe
that Int(X) satisfies (1), i.e., at most one among a & B, « © B, and B © « is defined. An easy check
shows that the conditions (2) and (3) hold.

It remains to prove that the functions {x and «x satisfy (4) and (5). Note that xx is symmetric
and satisfies the condition (5.4) by definition. The proof of conditions (5.1), (5.2), (5.3), and (5.5),
which is rather tedious and technical, is carried out in full details in Appendix E. O

6.5. Continuum Kac-Moody algebras and Serre relations. We study in greater detail the case
of semigroup Lie algebras associated with continuum quivers, providing an explicit description
of an essential subset of Serre pairs.

Definition 6.12. Let Qx be a continuum quiver. The continuum Kac—Moody algebra of X is the
semigroup Lie algebra gx := g(Qx). %)

Set Serre(X) := Serre(Qx). We provide a list of pairs in Serre(X) by studying the admissibility
conditions from Definition 5.5 in the context of continuum quivers. Note that, in the two simplest
cases of the real line and the circle, one checks easily that

Serre(R) = Int(R) x Int(R)
Serre(S') = Int(S') x Int(SY)\ {(a,B) | a, B # S', a®p =S}

The general case is roughly the same, but it is necessary to exclude the appearance of S'-partitions
at the level of subintervals.

Proposition 6.13. Let Sx be the set of unordered pairs of intervals («, B) such that either « L Bora L B,
« contractible, and the following conditions hold:

(1) for any subinterval ' C aand B’ C Bwithkx (B, B) # 0 whenever B’ # B, the element o’ @ p’
is either not defined or not homeomorphic to S';
(2) if a is not elementary, o N B does not contain any critical point.

Then, Sx C Serre(X).

Proof. By definition, if & L B, then (a, ) € Serre(X). Assume « £ B. Then, since locally degener-
ate elements are homeomorphic to copies of St in X, condition (1) is equivalent to condition (2b)
in Definition 5.5. Condition (2) is explained as follows. We consider the following configuration
of disjoint intervals
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Seta :=wUxUyUz b= x,and ¢ := wUx. Itis easy to check that the triple (a,b,c) is not
admissible, since it does not satisfy the property (1b) from Definition 5.5. In particular, (a,b) is
not an admissible pair. Condition (2) prevents this configuration to appear and implies that the
pair (a, B) satisfies the property (2a) from Definition 5.5. The result follows. O

Remark 6.14. We shall not need to prove that Sx = Serre(X). In fact, in the proof of Theorem 6.19,
we show that the relations indexed by Sx generates the maximal ideal tx C §(Qx). In particular,
Sx contains enough information to recover Serre(X) in any case.

Note that, if («, B) € Sx and a @ B is defined, one has

Ex(a @ Ba) = (—1)Mepte) (g0, 1,) = (—1)F0M) (24 (15, 10))) = (—1)Te2e)

1p,1a

since a is contractible and (Ill;,Ila) = —1. Similarly, {x(a,a & B) = (—1)< ). Therefore, from

Corollary 4.5 and 4.9, and Theorem 5.7, we get the following.
Corollary 6.15. Let a, B be two intervals of X. The following relations hold in gx.

(1) Ifa L B(ie,anNp =Dand x & B is not defined), then [xff,x;ﬂ =0.

(2) More in general, if (x, B) € Sx, then

Remark 6.16.
(1) If B~ S' and & C B, then (a, B) € Sx. Hence, by (2) above [xf,xlﬂ =0.
(2) For X = R, the relations above coincide with Equations (2.17).
A

6.6. Borcherds—-Kac-Moody subalgebras. Our main goal is to provide an explicit description
of the maximal ideal vx C §(Qx), thus providing a complete presentation by generators and
relations of gx. To this end, it will be crucial to consider symmetric Borcherds—-Kac-Moody sub-
algebras in gx associated with certain finite configurations of disjoint intervals.

Definition 6.17. Let J = {ay }« be a finite set of intervals ay € Int(X). We say that J is irreducible
if the following conditions hold:

(1) every interval is elementary;
(2) giventwointervalsa, f € J, a # B, one of the following mutually exclusive cases occurs:
(@) « @ Bis defined;
(b) a LB
() a~SlandB Ca.
@

Assume henceforth that J is an irreducible set of intervals. Let A 7 be the matrix given by the

values of kx on 7, i.e., Ay = (xx(a, B)), e Note that the diagonal entries of A 7 are either 2 or

0, while off-diagonal the only possible entries are 0, —1, —2. Let Q 7 be the corresponding quiver
with Cartan matrix A 7. Note that a contractible elementary interval in J corresponds to a vertex
of Q 7 without loops at it. For example, we obtain the following quivers.
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Configuration of intervals

Borcherds—Cartan diagram

3
a1 (L% “3 o1 [L%]
(L
X4
o 2
X1 [1%)
X4
(L% X4
/— e ap @ a5
@
X1
a3 a5
a3

one loop at it, as in the following examples.

Instead, an interval of 7 homeomorphic to S corresponds in Q 7 to a vertex having exactly

Configuration of intervals

Borcherds—Cartan diagram

(L%

a3
X

(a3 is a full circle)

X2

1 a3
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) oo

(a1, ap are full circles)

X1

We shall consider two Lie algebras associated to 7. First, let g(.J) be the Lie subalgebra of gx
generated by the elements xi and {, with « € J. Then, let gg  be the symmetric Borcherds-
Kac-Moody algebra of Q 7 (i.e., the derived Lie algebra of g(A 7) — cf. Section 2).

Proposition 6.18. The assignment
ew = X, farrxy and hy > Q4
for any « € 7, defines a surjective homomorphism of Lie algebras ® 7: gg , — 9(J ).

Proof. It is enough to show that @ 7 is a Lie algebra map. The surjectivity is clear. Recall that go ,
is generated by {eq, hy, fa | & € J} with the following defining relations:

[hou 6/5] = Kx(DC, ,B) 6/5 , U’la,fﬁ} = —Kx(DC, ,B) 6/5 , [%wfﬁ} = 5@3 I’la , (6.1)
ad(ex)' P (eg) =0 =ad(fu)' P (fg)  if agS', (6.2)
lea, 5] = 0 = [fa, fg if a~S' and (a,8)=0. (6.3)

Note that, for any «, 8 € J, their difference « © B is defined only in the case (c), thus necessarily
kx (&, 8) = 0. Therefore, the relation (6.1) is easily seen to be satisfied in g(.7). We shall prove
that the (standard) Serre relations (6.2) and (6.3) hold in g(.7).

Letwa, B € J, « # B. First, note that, by construction, (x, ) = 0if and only if we are either in
case (b), i.e., «, B are perpendicular, or in case (c), i.e., & ~ Sl and BC S1. Thus, by Corollary 6.15-
(1) and (2) (and Remark 6.16—(1)), [xff,xg} = 0. Therefore, relations (6.2) (for («,8) = 0) and
equation (6.3) hold.

Assume now that (a, ) # 0 (i.e., (¢, ) = —1, —2) and a @ B is defined. Then, necessarily, one
of the following occurs:

(1) («,p) = —land (&, p) € Sx;
2) (a,) = —2anda®p~S'.

In case (1), it follows from Corollary 5.8 that [x, [x;, xgﬂ = 0 (we assume « is contractible) and

therefore the Serre relation (6.2) with (¢, §) = —1 is satisfied. In case (2), it is easy to see that we
are in the case described by Proposition 5.9 with k = 2. Therefore,

xk, [k, vk, )] = 0,
and the Serre relation (6.2) with (a, B) = —2 is satisfied. The result follows. O

6.7. A presentation by generators and relations. We now prove the main result of this section,
providing a presentation by generators and relations of continuum Kac-Moody algebras. For
simplicity, we set («, B) := (llo, 1) and (&, B) := (14, 1p). Recall also that« L BifaNp =@ and
« @ B is not defined.

Theorem 6.19. The continuum Kac-Moody algebra gy is generated by the elements xi and { for o €
Int(X), subject to the following defining relations:
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(1) forany a, B € Int(X) such that o & B is defined,
Camp = Ca+0p;
(2) forany a, B € Int(X),
[@a, gﬁ] =0,

[gﬂu xﬁi] = i (DC/ ,B) X‘Bi 7

i 5] = Bupa+ (—1) @) (2, 8) (x7p — Xpo)
(3) if (a,B) € Sx, then
et xf ] =(=1)Boxf g,

e xg] =(=1) Pl

(6.4)

Proof. Recall that, by definition, gx = gx/tx, where gx is the Lie algebra generated by xi and
Ca, & € Int(X), with relations (1) and (2), and tx C gx is the sum of all two-sided graded ideals
with trivial intersection with the commutative subalgebra generated by {, with & € Int(X). Let

txC §x be the ideal generated by relations relation (6.4). By Corollary 6.15, we know that txC tx.

Thus we have to prove that tx= tx. We obtain this identity as a consequence of the Gabber—Kac
theorem for Borcherds—-Kac-Moody algebras [GK81, Bor88].

Set E(X ) = gx/ v x. Let m: gx — E(X ) be the natural projection and assume that there exists
v € m(rx) with v # 0. Let J(v) be any finite set of intervals such that v belongs g (J(v)),

where El(j (v)) C E(X ) is the Lie subalgebra generated by the elements xi* and {, with & €
J (v). Using relations (6.4), we can always assume that 7 (v) is an irreducible set of intervals
(cf. Section 6.6). Moreover, since the result of Proposition 6.18 relies exclusively on the relation

(6.4), we can conclude that the homomorphism ® 7, factors through El(j (v)), i.e., there exists a
surjective homomorphism (ij)j(z,): 90,71 N (J (v)) such that @ 7, =7 o %j(y), where 77: 8
(J(v)) = g(J(v)) is the canonical projection. Since v € 7(rx) and &;j(v) is the identity on

the Cartan subalgebras, ( ci)> J(0) )71 (v) generates a two-sided ideal which trivially intersect the
Cartan subalgebra in gg ;. By [Bor88, Corollary 2.6], this is necessarily trivial. Therefore, v = 0

and %X: tyx. The result follows. (]
Remark 6.20. It follows from the proof above that the morphism ® 7 : go, — g(J) from Propo-
sition 6.18 is an isomorphism. A

6.8. Finite quivers and colimit structure. The proof of Theorem 6.19 crucially relies on the fact
that gx can be covered by symmetric Borcherds-Kac-Moody algebras. We describe this relation
in greater details.

Lemma 6.21. Let 7, J' be two irreducible finite sets of intervals in X.

(1) If ' C J, there is a canonical embedding ¢'; ;1: g(J') — 9(J) sending xiE — xf and
o= Caforae T,

(2) If J is obtained from J' by replacing an element as € J' with two intervals ay, ay such that
as = wq & ay, there is a canonical embedding gbf},j, :9(J") — 9(J), which sends
Yy Xy and Lo Lo fora€ T\ {as}, Lo o+l
e (1) Tedald [ ], ag e (1) M) [ xp ]

17 T

Proof. (1) is clear. (2) is a straightforward consequence of Theorem 6.19. O
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Definition 6.22. Let Q be a finite quiver. We say that Q has shape X if there exists an irreducible
set of intervals J such that @ = Q ;7. We denote by Sh(X) the set of all such pairs (Q, 7). @

Thus, for any (Q,J) € Sh(X), there is a canonical embedding ¥ 7: go — gx which factors
through the isomorphism ® ;: gg — g(J) given by Proposition 6.18. We also obtain analogous
injective morphisms

P00 =7 0@y gio®y and $4 g =5 09l 70Dy
Since the morphisms ¢, o/, ¢ o clearly form a direct system and every element in g is con-

tained in the image of ¢ 7 for some 7, we obtain the following colimit realization of the contin-
uum Kac-Moody algebra gx.

Theorem 6.23. The morphisms 7 induce a canonical isomorphism of Lie algebras

VX Py, 9o 70X

Example 6.24. In the case of X = R, S!, we compare our construction with the Lie algebras appear-
ing in [SS19a], i.e., the Lie algebras sl(IR) and s/(S') underlying of the quantum group U, (sl(S')).

If X = R, one checks easily that ggr coincides with the Lie algebra sl(RR) introduced in Sec-
tion 2.3. Consider now the case X = S!. By Theorem 6.19, one checks immediately that the two
Lie algebras do not coincide, but their difference is reduced to the elements xgtl. More precisely,
let gg1 be the subalgebra in gg1 generated by the elements xf and gy, « # S'. Note that the ele-
ments xsi1 and (g1 generate a Heisenberg Lie algebra heis of order one (cf. [Kac90, Section 2.8]). It is

then clear that gg1 = g1 @ heis and there is a canonical embedding s[(S!) — gg1, whose image is
ﬁsl EB k . gsl . A

6.9. Continuum Kac-Moody algebras with marked support. We conclude this section by men-
tioning that Theorem 6.19 can be easily extended to the case of a vertex space with (possibly infinitely
many) marked points. This shall be thought of as a generalization of the case of intervals with inte-
gral or rational boundaries.

Let Y C X be a subset. We say that an interval « is supported on Y if da = w~a® C Y.
We denote by Inty(X) the set of all intervals in X supported on Y. It is clear that Inty(X) is
a subsemigroup of Int(X) and the restrictions of xx and {x to it gives rise to a good Cartan
semigroup Qx y = (Inty(X),xx, {x). Finally, the continuum Kac-Moody algebra of X supported
on 'Y is the semigroup Lie algebra gx y = g(Qx y).

One checks easily that an analogue of Theorem 6.19 holds for gx y, which can therefore pre-
sented in terms of explicit Serre relations involving only intervals supported on Y. In particular,
gx,y can be thought of as a subalgebra of gx and, for Y/ C Y, one has gx y» C gx,y-

Example 6.25. For X = Rand Y = Z, Q, we obtain the sets of intervals with integral and rational
boundaries defined in Remark 2.11. More generally, we can consider integral and rational points
in an arbitrary vertex space X. Namely, let K = Z,Q. We say that a point x € X is a K-point if
there exists a chart (U, A, ¢) around x such that ¢;(x) € K holds for any i. We denote the subsets
of integral and rational points by Xz and Xq, respectively. In analogy with the case of s/(Z) and
s[(Q), one can consider gx x, and gx,Xo- Note that, in contrast with the case of gy, these Lie
algebras have countable dimensions. A

Example 6.26. Let x € X. Clearly, a loop centered a x exists if and only if x is contained in the
image of a circle in X. In this case, it follows that gx (,, = beis. Conversely, if x is not contained
inacircle, gy () = {0}. A
Example 6.27. The finite supports provide an alternative approach to the symmetric Borcherds-

Kac-Moody subalgebras. Namely, let (Q,J) € Sh(X) such that [J,c 7 « is connected and set
0J = Uye 7 0x. Then, we have gg ~ g(J) = gx o7 and finally

gx = colim gxy.
YcX, |Y|<eo
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APPENDIX A. GENERALITIES ON PARTIAL SEMIGROUPS

In this section, we review several basic notions related to partial semigroups, following [ATL19a].
Note that Lemmas A.8 and A.9 are instrumental to the notion of admissible pair from Defini-
tion 5.5.

A.1. Basic definitions.

Definition A.1. A partial semigroup is a tuple (S, S((72), o), where S is a set, S((Tz) C S x S a subset,

and o: S((72) — S a map such that, for any «, 8,y €S,

o(o(a,B),v) = o(ao(B,7))
when both sides are defined, that is if the pairs («, B), (c(«, B),7), (B,77), (&, (B, 7)) belong to
S£(72). We say that a partial semigroup is total if S£(72) =S xS.

A partial semigroup is commutative if s is symmetric, ie., (¢, B) € si? if and only if (B,a) €

S((72), in which case o («, B) = o (B, o). %)
Example A.2. Let
Q+ = @Z;Oﬂéi g [’)* ,
iel
be the root lattice of a Kac-Moody algebra g and R := {a € Q1 \ {0} | g« # 0} the set of positive

roots (cf. Section 2.1). Then, Ry is naturally endowed with a structure of partial semigroup o,
induced by Q. That s, for any «, p € Ry, we set

a+p ifat+peRy,

o(a,p) = {

n.d. otherwise.
AN

Remark A.3. It is common in the literature (see e.g., [Evs84]) to assume that the semigroup law ¢
is strongly associative, i.e., for any «, 8,y € S,

(a,B), (o(a, B),7) €SP ifand only if (B,7), (w,o(B,7)) € S .

This definition is stronger than the one given above, and is not suited for our purposes, since it
does not hold for root systems. For instance, in the root system of s((4), ay + a7 and (ap +a1) + a3
are defined, but clearly a7 + a3 is not. A

We briefly recall the straightforward notions of a morphism of partial semigroups and of a
partial subsemigroup. Let (S, o), (T, T) be partial semigroups. A morphism ¢: (S,0) — (T,7)isa
map such that («, B) € s{?) if and only if (¢(a), p(B)) € T, and $p(os(a, B)) = o1 (¢p(a), ¢(B))
for any (a, B) € si?.

Any subset ' C S inherits a partial semigroup structure. Namely, we denote by t(S’) the
semigroup with underlying set &/,

t(SH? = {(w,p) €S x5 | (a,8) € S and o (a, ) € '},

and semigroup law induced by that of S. Note that a priori t(S’ )((,2) C (Y x9)n s The

corresponding embedding t(S') — S is a morphism of semigroups if and only if S’ is a sub-

semigroup of S, i.e., if (a, B) € (' x S') N si?) implies o (&, B) € S’ (Which means exactly t(S’)((f) =

(S x §') NS,
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Finally, for any « € S, set
Sen=1{(87) €5 | c(p,7) =a}.
Definition A.4. We say that a subset S’ C S is saturated if 5522,( CS xS foranyw € 5. Q

A.2. Partial semigroups with cancellation laws.

Definition A.5. A partial semigroup (S, 0) is (right) cancellative if, for any two pairs («, B), (a/, B) €
s’
ola,p)=0c(,B) = a=4da".

Then, a (right) partial cancellation law on S is a partial map v: S x S — S defined on a (possibly

empty) subset SI(,2) C S x S such that

e forany (a,p) € SI(,Z), then, whenever defined, o(v(a, 8), ) = a, and v(a, v(a, B)) = B;
e forany «, B,y € S, then

v(e(a, B),v) = o(av(B, 7)),
o(v(a,B),v) =v(a,v(B 7)), (A1)
v(a,o(B, 7)) = v(v(w B),7),
when both sides are defined.
We say that v is strong if, for any «, B,y € S, 0(a, B) = v if and only if & = v(7y, B). %)

In particular, if v is strong, one has v(c(«, 8), B) = « for any a, B € S. Left partial cancellation
laws are similarly defined.

Remark A.6. Note that every cancellative partial semigroup is endowed with a standard cancella-
tion law. Namely, let (S, o) be a right cancellative partial semigroup. Then, for any &, B € S, there

is at most one element y € S such that (v, ) € s and (v, B) =a,ie, |S((,22,6 NS x {B}| <1.Set
S = {(wB) €S xS |[SELNSx {B}] =1}
(2)

Then the partial map v: S;”/ €S x S — S defined by v(«, B) = 7, where 7 is the only element in
5522,( NS x {B}, is a right partial cancellation law. A

A.3. Commutative partial semigroups. Let (S, ®) be a commutative partial semigroup with a
maximal cancellation law ©: S x S — S. To alleviate the notation, for any &, 8 € S, we write
a @ pand a © B in place of B(«, B) and S(a, B).

Definition A.7. An element O € S is a partial zero if, whenever defined, t 0 = &« = 0@ « for
any « € S. We denote by Z(S) the set of partial zeros in S. We say that (S, ®, ©) is positive if the
following holds:

1) 2(5) =&
(2) the elements « © & and (« © B) © a are never defined;
(3) the elements « © B and B © « are never simultaneously defined;

(4) up to commutation, & is strongly associative, i.e., (x & B) @ <y is defined if and only if either
a®(BP®y)or Bd (ad ) is defined.

@
We shall make use of the following elementary lemma.
Lemma A.8. Assume that (S, ®, &) is positive. Then

(1) the elements (y o B) Sa,vS (a® B), (v © a) © P are either all of them not defined or at least
two of them are simultaneously defined;
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(2) at most three of the elements x S (y & ), po (you), (acy)®Bad (Bey), (adB)Sy
are simultaneously defined.

Proof. By strong associativity and thanks to Formula (A.1), the existence of an element implies
that of at least another one. Namely, set x = (7 © B) © a. Then, v = (x ® «a) & B and therefore
either y =x® (¢ @ B) or v = (x ® B) @ a. In the first case, we get v © (« © B) and in the second
one we get (7 © a) © B. Similarly for the other cases.

Note that, by Definition A.7—(3), the elements a © (Y& B) and a & (B S ) (resp. S (Y S )
and (« © ) @ B) are never simultaneously defined. This proves the assertion. O

By using the same arguments as in the proof of the above lemma, we get the following.

Lemma A.9. Under the same hypothesis of Lemma A.8, the elements in (1) (resp. in (2)) pairwise coincide
(whenever defined).®

Example A.10.

(1) Every root system is a semigroup with respect to the operations @, © induced by the
inclusion Ry C (Q, +, —).

(2) Let K = Z,Q, R. In Section 2.3.1, we introduced the set Intk (R) together with the partial
operations @ and © (cf. Formulas (2.7) and (2.8)). Then S(K) = (Intx(R),®,©) is a
semigroup.

A

APPENDIX B. PROOF OF PROPOSITION 2.9

In this section, we complete the proof of Proposition 2.9, providing a new presentation for
the Lie algebra of the line. Specifically, we shall prove that the relations (2.16) and (2.17) hold in
sI(R).

Relation (2.17). We first observe that, if [, ], are nested, J; @ ], is not defined and (2.17) coincides
with (2.14). If J; — [, or J, — J1, then (2.17) coincides with (2.12) and (2.13). It remains to prove
that, if J{ M J5, then

ey el =0=1[fy, fl-

In this case, there exists an interval J, such that J{ = J; @ J, with J; = J{ © J, and J; — J», and
J5=J2@® J3, with J3 = J; & J, and J, — J3. Itis therefore equivalent to show that

Heh’e]z}r [612’613“ =0= Hfhff]z]/ [f]z/fh” :
By Jacobi identity,

llen enl lep ep]l = —llep epapl en] — llepan enlen] = 0.

Now, [e},, ef,e7,] = 0by (2.14) since J, - Jo @ J3, hence the first quantity on the RHS is zero. Since
Ji = Jo® J3, we have [e,a,, €1,] = €)@ @), hence by (2.14) the second quantity on the RHS is
zero as well. The computation for f is similar. Therefore, (2.17) holds.

Relation (2.16). We shall now prove that relation (2.16) holds. We proceed case-by—case, accord-
ing to the relative position of two arbitrary intervals. If J; = Jo, J1 — J», Jo = J1, or J1 L Jo, this
is clear. We shall analyze the other cases separately.

8For example, sety = (yOa) OB, z=70O («® p). Then
y=(kon)opoa)op=((fo((xa)on)op=(pOx)0p=x
where the second equality is (A.1). Similarly for x =z = y.
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Case [ b Jo. In this case, (1;,1,) = 0, (1;,,1),) = 1, (1;,1},) = 1, ] & J1 is defined, and
J1 ® J2, J1 © J» are not. We have to show that

lef fl = —fhen -

By definition, [, = J; @ J3, where J3 = [, © J; and J; — J3. Therefore, by (2.13), it is equivalent
to show that

ey, U f1l) = f1s -
By Jacobi identity, we have
e Uno fll = =i Unseenll = Ul £l = [y, fr] = = (U, 1) £
where the second identity follows from (2.10). It remains to observe that (]1 5ol ]3) =-1.
Case [, = J1. This case is identical to the previous one, but we will prove it for completeness. In

this case, (1;,,1),) =1, (1, 1j,) =0, (1j,,1},) =1, J1 © Jo is defined, and J; & J, ] & J; are not.
We have to show that

[eh'ffz] = —¢ne -

By definition, J; = ], @ J3, where J3 = |1 © J and J, — J3. Therefore, by (2.12), it is equivalent
to show that

[[3]2/3]3]/f]2} = ¢ -
By Jacobi identity, we have
[[3]2/3]3]/f]2} = _[[6]3'f]2}'e]2} - [Ulz'efz]'els] = [h]2,6]3] = (1]2']1]3) €5 -
It remains to observe that (1j,,1},) = —1, since [, — .

Case J; - Jo. In this case, (1;,1,) = 1, (1;,,1),) = 0, (1;,1},) = 1, ] & J1 is defined, and
J1 ® J2, J1 © J» are not. We have to show that

e, fr] = fren -

By definition, J, = J; @ J3, where 3 = [, © J; and in this case J3 — J;. Therefore, by (2.13), it is
equivalent to show that

[eh/ [fh/fh” = _ffs :
By Jacobi identity, we have
[6]1, [f]yfh” = —fpsr [fh/ehﬂ - [fh' [eh/fk]] = _[hh/fk} = (]lh']lh) s -
It remains to observe that (1;,,1j,) = —1. The case J, - J; is identical.

Case J; < Jo. In this case, (1;,1,) =0, (1,,1;,) =0, (1;,1},) =0, and 1 ® o, LS J1, 1 © ]
are not defined. We have to show that

[eh'ffz] =0.

By definition, J, = J3 @ J1 @ Js with J3 = 1 — J4, where J3, J4 are the two connected components
of Jo \ J1. It is therefore equivalent to show

len: Ui frenll = 0.
By Jacobi identity,

[6]1, [f]yfh@h” = —frr [fh@hfeh” - [fh@hf [ehfffsﬂ =0,
since J1 - J1 @ Js and J3 — J;. The case [, < ]; is identical.
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Case J1 M J5. In this case, <Ilh,1l]2> = -1, <]l]2,]lh> =1, (]lh’ﬂfz) =0,and 1D Jh, e 1,18
are not defined. We have to show that

[ehfffz] =0.

In this case, there exists an interval [, such that J; = J{ @ J}, with J{ = J; & J, and J{ — J}, and
Jo=J5@J}, with J§ = [ & J, and J5 — J5. Itis therefore equivalent to show that

lepop Uy fryll = 0.
By Jacobi identity,
[3]{@15/ [f]ﬁzf]éﬂ = _[fjéf U[éreji@jé]] - [f]éz [eliealﬁrf]é” =0,
since J1 & J5 — J5and J; - J1 & J}. The case J, h J; is identical.

APPENDIX C. PROOF OF PROPOSITION 4.1
In this section, we complete the proof of Proposition 4.1, providing necessary and sufficient
conditions for the Serre relations to hold in a semigroup Lie algebra.
Foranya,b €S, set
[ Lk +
X a0 =[x, %] — pt(a,b) Xogb -

We denote by S , g the subspace spanned by the elements X ; , witha € Sjgtou b e Sz g We

shall prove that, forany ¢ € S, [S+ 48, X7 C St 0

By the Jacobi identity, the commutation relations (3.7) and (3.8), the commutator of X , , and
xJ is an element in S, , g if and only if the following identities hold in Lo and L_:

H+ (ﬂ, b)ga@b,cgc = 5b,c@a§¢ (C/ ﬂ)gb - 5a,c@b€¢ (C/ b)gu ’ (C.1)

‘ui(ﬂ, b)@‘;(c, aod b)sze(a@b) = C:f;(C, a)é-(?(c oa, b)x?;@a)eb
—Cx(eb)iz(coba)xl, . (C2)

and the element

o (0, bt + 8 (b,0)[xt, 3 ] + Ex (e, )8 (b e Sa)xE,

- (5b,c K(b, a)xai
+ 820, 0) Xm0 X5 ] = S (6, 0)8x(a,c O D) oy — M (@, D)8 (a D b 0)x, o (C3)

belongs to S 4 p.

The identity (C.1). The identity is non-trivial only if c = a @ b, in which casea = c©b, b = cSa,
and it reduces to relation (4.2), i.e., one has

Er(a®b,a)lp —E+(adb,b)la = p+(a,b)(fa+ ) -

and therefore,

r(a®ba) =ps(ab) = —Cx(adb,b).

The identity (C.2). By Lemma A.9, it is enough to observe that the elements c S (a & b), (c©b) &
a,and (c © a) © b coincide whenever defined. Therefore, (C.2) reduces to (4.4).
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The identity (C.3). We first consider the cases ¢ = 4, b.
Assume that a @ b is not defined.

o If (b,a) € 5(92) and (a,b) ¢ 5(92), then, for ¢ = a, we get
x(a, b)xbi +Z1(b,a) [xff, xbieﬂ} ,
which gives
K(a,b) = —&(b,a)(b,a) .

For ¢ = b, we get

—K(b,a)xajE + &+ (b,a)+(bbo a)xbie(bea) ’

which gives
K(ba) =G (ba)i+(b,bSa) = —Gu(b,a)ix(ba),
where the second equality follows from (4.2).
e The case (b,a) ¢ S(e2 ) and (a,b) € Sg' ) is identical to the previous one.
e If (a,b),(b,a) ¢ S(@z), (C.3) reduces to the condition «(a,b) = 0 = (b, a).
If a & b is defined, it is enough to add to the previous identities the summand ¢+ (a & b, a)¢+(a

b, ). This proves (4.3).

We move to the case ¢ # 4,b. By Lemma A.9, the elements a @ (b S¢), b S (c©a), (a©c)® b,
a6 (cob), (a®b) e c coincide whenever defined. In particular, it follows that the element (C.3)
belongs to the subspace S+ , g if and only if (4.5) holds.

APPENDIX D. PROOF OF THEOREM 5.7

In this section, we complete the proof of Theorem 5.7. Given a good Cartan semigroup S, for
any (a, B) € Serre(S), we have to show that the relation [x;", xlﬂ =Cr(adBu)- xf@ﬁ holds in

g(S). By Proposition 4.1, it is enough to show that the relations (4.2), (4.3), (4.4), and (4.5) hold

foranya € Séa, be S;‘Lﬁ, c €S.

The first two follow, respectively, from the properties (5.1), (5.2), and (5.5) of good Cartan semi-
groups. In order to prove the remaining two relations, we shall proceed by analyzing different
cases. Recall that the two relations we are interested in are the following:

(4.4) Forany a € Sza, be Szﬁ' ces,

Sco(aan)i+ (@@ b,a)ie(c,a®b) =
:5(C@u)6bgi(cf a)gi(c oa, b) - 5(c9b)9agi(cf b)gi(c ©b, a) .

(4.5) Foranya € Séa, beSt, ces,c #a,b,

<p’
gx(a,c)is((ac)®b,b) —Cx(b,c)ix(ad (bOc),a) =

Spe(coa)bF(€,a)8+(b,c © a) — Gy cop)§(c, b)E+(a,cOb)
_5(u69b)9c§:|3 (a®ba)i+(adb,c).

Note that, as we show in Corollary 4.5, the relations (4.4) and (4.5) are satisfied whenever a L b.
Therefore, we can assume a [ b.
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Proof of relation (4.4). First, note that, since a £ b, the relation (4.4) is trivial whenever a @ b is
not defined, since c© (a @ b), (c©a) © b, and (c © b) © a cannot exist in this case. Indeed, the
first element does not exist by definition. By Lemma A.8, the second and third element either do
not exist or they both exist. However, the latter situation cannot occur because of condition (L1).
Therefore we can assume that a2 @ b is defined and thus real by Remark 5.6.

Next, (4.4) is trivial whenever ¢ © (a @ b) is not defined. Indeed, in this case it follows by
strong associativity (cf. Definition A.7—(4)) that the elements (c ©a) &b and (c © b) © a are also
not defined. Therefore we can assume that ¢ © (a @ b) is defined.

Thus, we are left considering only the case in which both a & b and ¢ © (a & b) are defined.

Case a,b € S"™. We claim that, if a,b € S, we can assume ¢ € S'. Indeed, in this case a @ b is real
and, by the reality condition, if ¢ ¢ S™, there exists a real element ¢’ such that ¢ & ¢’ is defined
and orthogonal to a & b. It follows that ¢ & ¢’ is orthogonal to 4 and b and thus, by condition (L1),
¢’ ©a (resp. ¢/ ©b) is defined whenever ¢ & a (resp. ¢ © b) is. Therefore, by orthogonality, we
have

Ei(c,a®b) =¢+(d,a®b), &i(c,a)=¢x(d,a), Ex(c,b)=¢x(d,b)
Ci(coab)=¢s(doab),Ei(coba)=2¢1( ©b,a).

It is also clear that
5(c9a)9b = 5(c/ea)eb and 5(ceh)ea = 5(c’9b)9u

since both a and b are orthogonal to ¢ © ¢’’. This proves that the relation (4.4) holds for the triple
(a,b,c) if and only if it holds for the triple (a, b, ¢’). Therefore we can assume ¢ € S'.
Case a € S', b € S™. Note that, in this case, c is necessarily an element in gim,

Assume therefore that either (a,b,c) € S™ x S™ x S™ or (a,b,c) € S x S™ x SM, witha [ b
and ¢ & (a @ b) defined. We first observe that in any good semigroup the conditions (4.4) can
be simplified. Namely, it follows from the admissibility condition (1a) from Definition 5.5 and
Lemma A .8 that either none or exactly two elements among c© (a @ b), (c©a) ©b,and (c©b) ©a
can be simultaneously defined. Recall that, by definition, {4 (x,y) = {—(y, x) and ¢ := . Then,
one checks easily that (4.4) reduces to the condition

Croyx)i((xay) @z xdy) =(x0y) ©2x)EWSzY),
where either (x,y,z) = (a,b,(cca)©6b))or (x,y,z) = (b,a, (c©b) Sa). Itis easy to check that
this holds. Indeed,

Croyx)e((xoy) @z xdy) = ¢
¢
-
-

xByx)e(x@(y®z),x DY)
x®y,x)(yDzy)
x®y,y)¢(yozy)
(x®y)Dzy®z)i(yDzy)
—t(x@(y®z)y®z)i(yD2Y)
= f(xe@yez),x)i(yozy),

where the second and fourth identities rely on (5.3), while the third and sixth ones rely on (5.1)
and (5.2), and the first and fifth ones follow by associativity. Note that we are allowed to use (5.3)
since the elements ¢, a @ b, and ¢ © a (resp. ¢ © b) can never be locally degenerate.

~ A~ N/~ /N

Proof of relation (4.5). First, we claim that, if a,b € S', we can assume ¢ € S, since (4.5) is
trivial otherwise. Indeed, if ¢ ¢ S, the elements a © ¢, b © ¢, and (a @ b) © c are certainly not
defined, since S¢,; and S¢; are contained in S™. Now assume that 2 © (c © b) is defined and
¢+(a,ceb) # 0. Then, c © b is defined, is real (since a is), and belongs to Sjgta' It follows that

¢ = (c©b) @ bisnecessarily real, because the pair (c © b, b) belongs to Serre(S)29™ by Remark 5.6.

9Therefore, for example, (coa)ob=((cad)d(d6a))cb=(cod)®((¢oa)eb).
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Therefore, either 2 & (c © b) is not defined or ¢+ (a,c ©b) = 0, and similarly for b & (coa). It
follows that (4.5) is trivial if ¢ ¢ S".

Assume therefore that either (a,b,c) € S™ x S™ x S or (a,b,c) € S x S™ x S, witha f b.
By Lemma A.8 and the admissibility condition (1b) in Definition 5.5, either none or exactly two
elements among (a ®b) S¢, (acc)®b,a® (bec),ae (cob),and b (c ©a) are simultaneously
defined. Then, one checks easily that (4.5), similarly to the case of (4.4), reduces to the conditions

C(x@z (x02)0y)E((x©2) Oy,yD2) =Y,y ©2)C(x Dz 1), (D.1)
C(xa(y®2),y02)8(y,xy) =8(zy®2)i(x @ (yD2),y), (D2)
S(x,(xoy)©2)0(yy®z) =y, (xy) ®2)¢(x,x D2), (D.3)

whenever all terms are defined. Therefore, we are left to prove the identities (D.1), (D.2), and
(D.3). One checks by direct inspection that, as before, these follow directly from properties (5.1),
(5.2), and (5.3).

APPENDIX E. PROOF OF PROPOSITION 6.11

In this section, we complete the proof of Proposition 6.11, showing the continuum quiver
Qx is a good Cartan semigroup. We shall show that Qx satisfies the conditions (1)-(5) from
Definition 5.3. We proved that (1), (2), and (3) hold. It remains to prove that the functions {x and
kx satisfy (4) and (5). Note that xx is symmetric and satisfies the condition (5.4) by definition.
Below, we prove the conditions (5.1), (5.2), (5.3), and (5.5).

Proof of conditions (5.1) and (5.2).

Case 1: o, B are elementary intervals. Note that, whenever a @ Bis defined, (Lyqp, 1a) + (Lagp, 1g) =
land (l4ep,1a) =1 = (Laep, 1p). Therefore, Ix satisfies (5.1) and (5.2), i.e.,

Ex(a®Ba) = (=)Mot (Loop, Ta) = —(=1) oM (1, 1g) = ~Ex(@ @B, B)
CX(DC/“ @13) — (_1)<11a,]1u¢@/5> (Ilafﬂa@ﬁ) — _(_1)<]1/5,]1,x<;>/5> (]1/3, ﬂ“@ﬁ) = —CX(,B/“ @ﬁ) .
Note that, if either « & B, » © p or p © a is defined, {x(a, ) = —Cx (B, a).

Case 2: w, B are contractible intervals. If a @© B is contractible or undefined, the proof is essentially
identical to the case of elementary intervals. If « ® B is non—contractible, then the conditions
holds by a direct computation.

Case 3:  is a contractible interval, B is homeomorphic to S'. By a direct computation, one sees that,
if & @ B is defined, then both sides of (5.1) (resp. (5.2)) equals —1 (resp. 1).

Case 4: w is a contractible interval, B #* SY is a non—contractible interval. First, by Lemma 6.5, § is of
the form S! & @, T for some pairwise disjoint contractible intervals Ty. Now, a & B exists if and
only if S — a or T}, — & for some h. In the first case, a is perpendicular to all Ty, so the check of
conditions (5.1) and (5.2) reduces to the third case above. On the other hand, in the second case,
« is perpendicular to f © Ty, so the check of conditions (5.1) and (5.2) reduces to the second case
above.

Case 5: a, B are non—contractible intervals. Since a @ 8 is never defined, (5.1) and (5.2) are automat-
ically satisfied.

Proof of the condition (5.5).
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Case 1: a, B are elementary intervals. If o & B is defined, then

Ex(a® B a)ix(a,a®p) = —Ex(v®pa)’ = —1=rx(ap).
If either « © B or B © & is defined, then

—&x(a,B)Ex(Ba) = Ex(a, B)* =1 =rxx(a,p).
Finally, if « @ B, « © f and B © a are not defined, then xx (a, B) = 0.

Case 2: w, B are contractible intervals. Since we need to verify (5.5) only for those «, f such that
a @ B is real (cf. condition (*) in (5.5)) and if ¥ © B or B © « are defined, they are real, this case
reduces to the previous one.

Case 3: w is a contractible interval, B is homeomorphic to S!. 1f « @ B is defined, in particular, it is not
locally degenerate. Thus, by using similar arguments as in the third case of Section E, both sides
of (5.5) equals —1. Next, @ © § is never defined, while if § © « is defined, this implies « C  and
therefore (5.5) is trivial. Finally, if neither « @® 8 or B © « are defined, then « N B = @ and the result
follows.

Case 4:  is a contractible interval, B # S' is a non—contractible interval. 1t follows by the same
arguments as in the previous section.

Proof of the condition (5.3).

Case 1: , B,y are elementary intervals. First, & © B is defined if and only if either § 4 w or B - «a.
Note also that, if « @ o and B @ -y are both defined, then one of the following holds (we use the
notation from Section 2.3):

o o,y —=uav—p
o fdaa— 1y, B—1.

In both cases, we have a &y = (¢ © B) & (B ), hence
<Ilu¢@7/ Ilﬁ@’Y> =<]1/3€ny +Il(0(9’8), Ilﬁ@,ﬁ = <]1/5€B“r' ]1/5@,\{> —+ <Il(0(9[3)/ ]1/5 + 1[7>
=(1y, 1) + <1(a@ﬁ),15> = (I, 1g)

Here, we have applied Formula (2.9) and Remark 6.6 (since v L & © B). One can show similarly
that (1ga, luwq) = (1, 1a). Thus, condition (5.3) holds.

Case 2: w, B,y are contractible intervals. Assume that there exists x © 8. If x @y and B @ v are
contractible, we can reduce to the case of elementary intervals. It remains to be checked when
(1) B & v is non—contractible and it is not homeomorphic to S;

(2) a @ 7 is non—contractible and it is not homeomorphic to S!, and B @ 7 is contractible but
not contained in the locally degenerate part of a @ 1.

In the first case, we can decompose 7y as af @ af such that both « & «f and B & af exist and
are contractible and & is perpendicular to both a and B. Thus, we can reduce the the situation
described in the above paragraph. On the other hand, in the second case one needs to do a direct
computation to show that (5.3) holds.

Case 3: , B are contractible elements, -y is homeomorphic to S'. Assume that « © B, « ® v and B & y
are defined. In this case, one can explicitly verify that

Ex(ady,poy) =(-1)"1 (1) =1=¢x(ap).
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Case 4: , B are contractible elements, oy # S' is non—contractible. First, by Lemma 6.5, v is of the
form S' @ @ Ty for some pairwise disjoint contractible intervals Ty. Now, « © 8, « &y and B & «y
are defined. Thus, we have to consider only the following two situations: S! — ,S' — B or
T, — «, T, — B for some h. In the first situation, we reduce to the third case above, while in the
second one to the second case above.

Case 5: « is a contractible interval, B is homeomorphic to S, «y is an interval. « © B is never defined,
while if B © a is defined, this implies « C B. Thus, {x (B, «) = 0. Let v be an interval such that both
a @y and B @ 7y exist and are not homeomorphic to S!. First note that 7 can be only contractible
since sums of non—contractible intervals never exist. In addition, &y = (S a) ® (B @) and
v L BSa. Thus,

(Lpay, Laay) =(Lawy + Lgow Laay) = (Lgay, Lpaq) + (Lpow Lo +1y)
<]1/3, ]1/3> + <]1139’1’Il”‘> = <]1/3, ]104> =0.

Similarly, (lyaq, 1ge,) = 0.

Case 6: w is a contractible interval, B # S is g non—contractible interval, 7 is an interval. a © is never
defined, while B © a is defined if and only if « C B. By Lemma 6.5, B is of the form S! & @ Ty for
some pairwise disjoint contractible intervals Tj. Let v be an interval such that « © v and B ®
are defined. We have that v is real, since sums of imaginary elements are never defined. We have
two mutually exclusive cases:

e 7 is perpendicular to Ty for all k, so to verify that (5.3) holds, one can suitably reduce to
the fifth case above;

o there exists Tj, such that T;, — v, so to verify that (5.3) holds, one can suitably reduce to
the second case above.

Case 7: a, B are non—contractible intervals, <y is an interval. Assume that § © « is defined, hence it
is necessarily real. As before, we decompose Basf = S@ T, with S € S™and T € S', such
that « © B is perpendicular to S. Let 7y be an interval such that « &  and § @ <y are defined. As
seen before, v is necessarily a real element. If y sums the imaginary part S, then set S’ := S @ 7.
Therefore,

(Law, Lggy) = (Macp + I + g, A7 + 1g) = (Laep, I7) + (Irgs, Lras:)
= (Lasp, 1) = (Lo, 1p)
Similarly, one can prove (lge., lyay) = (1, 1a). If v sums the real part T, denote by T’ the sum
between them. We have T' — a © B. In this case, we get:
Loy, Lpaq) = (lacp + 1 + 15,1 + 1s) = (Lucp, 1) + (Ipes, Irgs)
= (Luep, 1) = 0= (s, 1p) .
Similarly, one can show (lgg, luaqy) = —1 = (g, 1a).
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