NONCOMMUTATIVE LOOPS OVER LIE ALGEBRAS

ARKADY BERENSTEIN AND VLADIMIR RETAKH

ABSTRACT. The aim of this paper is to introduce and study Lie algebras over
noncommutative rings. For any Lie algebra g sitting inside an associative
algebra A and any associative algebra F we introduce and study the F-loop
algebra, which is the Lie subalgebra of F ® A generated by F ® g. In most
examples A is the universal enveloping algebra of g. Our description of the
F-loop algebra has a striking resemblance to the commutator expansions of F
used by M. Kapranov in his approach to noncommutative geometry.
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0. INTRODUCTION

The aim of this paper is to introduce and study Lie algebras over noncommutative
rings as noncommutative loop Lie algebras. A naive definition of a Lie algebra as a
bimodule over a noncommutative algebra F does not bring any interesting examples
beyond GL,,(F) and the corresponding Lie algebra gl,,(F) = Mat,(F) = F Q gl,.
Even the special Lie algebra sl,,(F) (which is the set of all matrices in gl,,(F) whose
trace belongs to the commutator [F, F]) is not an F-bimodule. Similarly, the special
linear group SL,,(F) is not defined by equations but rather by congruences given by
the Dieudonne determinant (see [1]). This is why the approach to classical groups
over rings started by J. Dieudonne in [4] and continued by O. T. O’Meara and
others (see [5]) does not lead to algebraic groups. Also, unlike in the “commutative
case”, these methods does not employ rich structure theory of Lie algebras.

Contrary, to this approach, we start this paper by introducing “noncommutative”
Lie algebras as noncommutative loop Lie algebras. Roughly speaking, for any Lie
algebra g sitting inside an associative algebra A and any associative algebra F we
define (g, A)(F) to be the Lie subalgebra of F ® A generated by F ® g (usually we
set A = U(g), the universal enveloping algebra of g). In other words, (g, A)(F) can
be viewed as an F-envelope of g in F ® A.
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2 A. BERENSTEIN and V. RETAKH

Our main result (Theorem 4.2) is an explicit computation (g, A)(F) for all
semisimple Lie algebras and all algebras A containing g. The formula for (g, A)(F)
has a striking resemblance to the commutator expansions of F used by M. Kapra-
nov in [6] and then by M. Kontsevich and A. Rosenberg in [7] as an important tool
in noncommutative geometry. Our method works for a much larger class of pairs
(g, A), where A is an associative algebra containing g. Generalizing Theorem 4.2,
we provide a similar computation of the noncommutative loop Lie algebra (g, A)(F)
for all perfect pairs in the sense of Definition 4.1.

Our concluding result is a very compact formula (Theorem 4.8) for (sl2(Q), A)(F),
which, apparently has a deep physical meaning.

This paper is continuation of our study of algebraic groups over noncommutative
rings and their representations started in [2]. In the next paper we will focus on
noncommutative semisimple groups, their geometric structure, and representations.

Acknowledgements. We would like to thank M. Kapranov for very useful discus-
sions and encouragements during the preparation of the manuscript. The authors
are grateful to Max-Planck-Institut fiir Mathematik for its hospitality and generous
support during the final stage of the work.

Throughout the paper, NV will denote the category which objects are algebras
over Q (not necessarily with 1) and arrows are algebra homomorphisms.

1. COMMUTATOR EXPANSIONS

Let F be an object of N'. For k > 0 define the k-th commutator space Fk)
of F recursively as FO = F FO = 7 = [F F|, F® = F" = [F,F], ...,
F®) = [F,F*=D] ... where for any subsets S;,S, of F the notation [S;,Ss]
stands for the linear span of all commutators [a,b] = ab —ba, a € S, b € Ss.

The recursive definition defines the canonical map 7y : F&F — F*). For any
subset S of F set S*) = 7;,(S) for k > 0 and S© is the Q-linear span of S in F.
Using this notation, for any subset S C F define the space S(®) by

(1.1) S =3 "s®
k>0

The following result is obvious.

Lemma 1.1. For any S C F the subspace S'® is the Lie subalgebra of F generated
by S.

Following [6] and [7], define the subspaces I (F) by:

[ﬁ(]:) — Z]:(M)}“(Az) oo Q) ,
A

¢

where the summation goes over all A = (A1, Az, ..., A) € (Z>0)* such that > \; =
i=1

k. Denote also

(1.2) IFAF) = Y I (F), I(F) =I5 =Y Ti(F) .

1<'<e >1

Clearly, FI{(F), I{(F)F C I;T(F). Therefore, I;(F) is a two-sided ideal in F. It
is also easy to see that I (F) = IF(F) + F - I}F(F).
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Lemma 1.2. For each k,¢ > 1 one has:

(a) I{(F) C I, (F), IT'(F) € I, (F).

(b) [F. L (F)) C I{(F), [F, I (F)] C I (F).
(c) I H(F) = FIF I (F) + [F 5 ().

Proof. To prove (a) and (b) we need the following obvious recursion for I} (F):

(1.3) Zf”ﬂ e

>0

(with the natural convention that If,(F) = 0 if ¥ < 0). Then we prove (a) by
induction in ¢. If ¢ = 1, the assertion becomes F*¥) < F*=1  TIterating this
inclusion and using the inductive hypothesis, we obtain

HF) =Y FOLZNF) = FI,7N(F)+ Y FOLZNF)

i>0 i>0
CFLY(F) + Y FUVLZH(F) =Y FOLZL (F) =TI ((F).
>0 >0

This proves (a).
Prove (b) also by induction in £. If £ = 1, the assertion becomes [F, F*~1)]
F*) | which is obvious. Using the inductive hypothesis, we obtain

F L (F)) = Y IF FOVLTHF)] €
i>1
CY FFOEINLZHF) + FOVF LR € Y FOLZHF) = IL(F) .

i>1 >0

This proves (b).
Prove (c). Obviously, I=""(F) o F[F, I (F)] + [F, I=5(F)] by (b). There-
fore, it suffices to prove the opposite inclusion
IENF) C FIF IS (F) + [F I (7))
We will use the following obvious consequence of (1.3):
<e+1 Z F(0) I<e
i>0

Therefore, it suffices to prove that
(1.4) FOIS(F) € FIF, IS5 (F)] + [F, IS5 (F)
forall¢ >0, ¢ >1, k> 1. We prove (1.4) by induction in all pairs (¢,4) ordered
lexicographically. Indeed, suppose that the assertion is proved for all (¢/,i") < (£,1).
The base of induction is when ¢ = 1, i = 0. Indeed, Ikgl(}') = F® for all k and
(1.4) becomes FF®) c F|F, FE=V] 4 [F, Ikgfl (F)], which is obviously true since
[F, FE=1] = Fk),
If £> 1,4 >0, we obtain, using the Leibniz rule, the following inclusion:
FOI(F) = [F, FODIE(F) C [F, FEVIE(F) + FODIF I25(F)]
Therefore,

FOLLF) c [FFEVLEL () + FOVLE (F)
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by (b). Finally, using the inductive hypothesis for (¢,7— 1) and taking into account
that .7-'@*1)[,;_6 (F) C 1',;_‘31"1(.7:)7 and, therefore,
F FOVES (R < (R T

we obtain the inclusion (1.4).
If £ > 2, i = 0, then using the inductive hypothesis for all pairs (¢ —1,4’), i’ > 0,
we obtain:
LENF) = FIF T F) + [F L ()
Multiplying by F on the left and using the distributivity of multiplication of sub-
spaces in F - A, we obtain:

FISF) = PPIF T (F) + FIF I () = FIF I (F)]
because F2 C F and Ikg_el_l(}') C Ikg_gl(]:). This immediately implies (1.4).

Part (c) is proved. The lemma is proved. O

Lemma 1.3. For any k', k > 0, and any ¢,¢' > 1 one has:
(a) T(F)IG(F) € L0 (F), IR (F)IEE (F) € I (), /
(0) IL(F) T (F)) € [F L F), (). 5 (F)) € 17 I 1)L
Proof. Part (a) follows from the obvious fact that
(FOOFQ2) - gQaly(Flu) pluz) . Flie)) o IﬁlJrfz (F) |

where k = X1 + Ao+ -+ Ay + 1 + pi2 4+ + po,-

Prove (b). First, we prove the first inclusion for £ = 1. We proceed by induction
in k. The base of induction, k = 0, is obvious because I}(F) = F. Assume that
the assertion is proved for all k1 < k, i.e., we have:

FOD IL(F)) € 1F Ty e (F)) -
Then, using the fact that F*) = [F, F*=1] and the Jacobi identity, we obtain:
[FE, 1 () = [[F, 7], 1 (F)] ©
C IR FED, L (F))) + [F& U F L (F)]]
CIFNF T PN+ FE DI () € [F T 1 (F))
by the inductive hypothesis and Lemma 1.2(b). This proves the first inclusion of
(b) for £ =1.

Furthermore, we will proceed by induction in ¢. Now ¢ > 1, assume that the
assertion is proved for all ¢; < ¢, i.e., we have the inductive hypothesis in the form:

(10 (F), I (F)] € [F I8 ()

forall k > > 0.
Using (1.3) and (2.7) with all a € F®, b € I}_}(F), ¢ € I{,(F), we obtain for
all i > 0:

(FOLZF).IGF) € [FOLZHAIF) + L (F), FOLF) €
FO, LN+ (LN, L )] € (F I (F))

by the the already proved (a) and inductive hypothesis. This finishes the proof of
the first inclusion of (b). The second inclusion of (b) also follows. O
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Generalizing (1.3), for any subset S of F denote by If(F,S) the image of S
under the canonical map F&k — If(F), ie.,

(1.5) I (F,S) = ZSW)SW) L.
A
In particular, I} (F,S) = S*) and I = S*.
The following result is obvious.

Lemma 1.4. Let F be an object of N and S C F. Then:
(a) For any k >0, £ > 2 one has

k
I{(F,S) =Y _SYUL=I(F,S) .
i=0
(b) For any k', k >0, and any £,¢' > 1 one has:

IL(F, S)IL(F,S) C ILHE(F,S), [IL(F,S), IL(F,S)] € I[HEL(F,S) .

In particular,

(1.6) SOINF,S) C IEH(F, S), SO IHF,S)] C I (F.S) .

2. NONCOMMUTATIVE LOOP LIE ALGEBRAS

Denote by LieAct the category whose objects are triples (F, £, o), where F is
an object of A/, L is a Q-Lie algebra, and a : F ® £ — L is an action of F on £

(a(f ®1) = f(1)) satistying:

L1, (D) = f1(f2(D) = f2 (1 (D), f([lns l2]) = [f(la), L] + [la, f(12)]
for all f, f1,fo € F, I,l1,la € L (i.e., a defines a semidirect product F x £)); a
morphism (F1, L1, 1) — (Fa,La,a2) is a pair (¢,v), where ¢ : F1 — Fa is a
morphism in A and ¢ : £1 — L2 such that the following diagram is commutative

-7:2 ® £2 —>a2 Ez
In particular, this defines a natural projection functor m : LieAct — N by
m(F,L,a) =F and w(p, ) = .

Definition 2.1. A noncommutative loop Lie algebra (N -loop Lie algebra) is a func-
tor 5 : N/ — LieAct such that m os = Idy (i.e., s is a section of 7).

In what follows we will suppress the tensor sign in expressions like F ® A and
write F - A instead.

The next construction provides a first example of N-loop Lie algebras. For any
objects A and F of A one defines an object 54(F) = (F, F- A, ) of LieAct, where
the action « is given by

(2.1) filfa-a)=1[f1,f2] - a
for all f1, fo € F, a € A.
The following result is obvious.

Lemma 2.2. The association F +— s4(F) defines a noncommutative loop Lie
algebra 54 : N — LieAct.
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Our main object of study will a refinement of the above example. Given an
object A of N/, and a subspace g C A such that [g,g] C g (i.e., g is a Lie subalgebra
of A), we say that (g, A) is a compatible pair. For any compatible pair (g, A) and
an object F of A/, denote by (g, A)(F) the Lie subalgebra of the - A =F ® A
(under the commutator bracket) generated by F - g, that is, (g, A)(F) = (F - g)®
in the notation (1.1).

Proposition 2.3. For any compatible pair (g, A) the association F +— (g, A)(F)
defines the noncommutative loop Lie algebra

(g,A4) : N — LieAct .

Proof. It suffices to show that any arrow ¢ in A, i.e., any algebra homomorphism
¢ : F1 — F defines a homomorphism of Lie algebras (g, A)(F1) — (g, A)(F2). We
need the following obvious fact.

Lemma 2.4. Let Ay, As be objects of N and let p : Ay — Ay be an algebra
homomorphism. Let S1 C Ay and Sy C As be two subsets such that p(S1) C
Sa. Then the restriction of ¢ to the Lie algebra S:f') (in the notation (1.1)) is a

homomorphism of Lie algebras S:f') — Sé').

Indeed, applying Lemma 2.4 with A; = F;- A, S; = F;-9,i=1,2, o = fQida :
F1-A — Fo- A, the trivial extension of F, we obtain a Lie algebra homomorphism
(0, A(F) = (F1-9) = (F2- 9 = (g, 4)(F2).

It remains to construct the action of F on £ = (g, A)(F) = (F - g)(*). Indeed,
S = F - g is invariant under the action (2.1) on F - A. Therefore, £ = (F - g)(®) is
also invariant under this action of F. The proposition is proved. O

If F is commutative, then (g, A)(F) = F - g is the F-loop algebra. Therefore,
if F is an arbitrary object of N, the Lie algebra (g, A)(F) deserves a name of
noncommutative loop Lie algebra associated with the compatible pair (g, A).

If A = U(g), the universal enveloping algebra of g, then we will abbreviate
9(F) :== (g,U(g))(F). Another natural choice of A is the algebra End(V'), where
V is a faithful g-module. In this case, we will sometimes abbreviate (g, V)(F) :=
(9, End(V))(F).

The following result provides an estimation of (g, A)(F) from below. Set

(2.2) @=> g,

E>1
i.e., (g) is the associative subalgebra of A, maybe without unit, generated by g.

Proposition 2.5. Let (g, A) be a compatible pair and F be an object of N'. Then:
(a) F®) . ghtl C (g, A)(F) and FF® - [g,g"*1] C (g, A)(F) for all k> 0.
(b) If g is abelian, i.e., g’ = [g,g] =0, then

(2.3) (9, A)(F) =D F® . gt

k>0

(c) If [F,F)=F (i.e., F is perfect as a Lie algebra), then (g, A)(F) =F - (g).

Proof. Prove (a). We need the following technical result.
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Lemma 2.6. Let g be a Lie subalgebra of an associative Q-algebra A. For all
m > 2 denote by g™ the Q-linear span of all g, g € g. Then for any m > 2 one
has

(2.4) g" + (g™ ng") =g"
Proof. Since gi~tg/gm i1 C gm~! for all i < m — 1, we obtain the following
congruence for any ¢ = (¢, -+ ,¢p) € (Q)™ and x = (z1,...,Tm) € g°™:

(11 4 Cmty)™ = XA: <T) Az mod (@™ tng™m),
where the summation is over all partitions A = (A1,..., Ay,) of m and we abbrevi-
ated * = ¢}' -+ ¢ and 2 = 273 - x)m . Varying ¢ = (c1,-- -, em) € (Q%)™, the

above congruence implies that that each monomial 2* belongs to g™ + (@™ 1ngm).
In particular, taking A = (1,1,...,1), we obtain g™ C g™ + (g™ ! N g™). Taking
into account that g™ C g™, we obtain (2.6). The lemma is proved. O

We also need the following useful identity in F - A:
(2.5) [sE,tF) =st-[E,F|+[s,t]- FE =ts-[E,F]+ [s,t] - EF

for any s,t € F, E, F € A.

We will prove the first inclusion (a) by induction in k. If £ = 0, one obviously
has F(Og! = F.g C (g, A)(F). Assume now that k > 0. Then for g € g we obtain
using (2.5):

[f g’f’(k—l) . gk] — []:’ f(k_l)] . gk-‘rl — ]_'(k) . gk+1

which implies that F*) . acjf/l C (g, A)(F) (in the notation of Lemma 2.6). Using
Lemma 2.6, we obtain

F®) gt = k) g+l pog FR) L (gh A ghtly

Taking into account that F*).(gkngkt1) ¢ F+=1.g* C (g, A)(F) by the inductive
hypothesis (where we used the inclusion F *) c F (kfl)), the above implies that
F®) . gh+1 also belongs to (g, A)(F). This proves the first inclusion of (a). To prove
the second inclusion, we compute:

[F-g, FED . gF = FFED g g¥] mod FP) . gt

Therefore, using the already proved inclusion F®*) . gkt1 (g, A)(F), we see that
FFE=1) . [g,g*] also belongs to (g, A)(F). This finishes the proof of (a).

Prove (b). Clearly, (a) implies that (g, A)(F) contains the right hand side of
(2.3). Therefore, it suffices to prove that the latter space is closed under the com-
mutator. Indeed, since g is abelian, one has

[]_'(kl) . gk1+1’]:(k2) . gk2+1] — []_‘(kl),f(kg)] . gk1+k2+2 C

c _7:(k1+k2+1) _gk1+k2+2 c (g,A)(F)
because [F(F1)| Fk2)] ¢ Flhitkz+1) | This finishes the proof of (b).

Prove (c). Since F' = F, the already proved part (a) implies that F - g* C
(g, A)(F) for all k > 1, therefore, F-(g) C (g, A)(F). But since (g) is an associative
subalgebra of A containing g, we obtain an opposite inclusion (g, A)(F) C F - (g).
This finishes the proof of (c).

The proposition is proved. |
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Remark 2.7. Proposition 2.5(c) shows that the case when [F,F] = F is not
of much interest. This happens, for example, when F is a Weyl algebra or the
quantum torus. In these cases a natural anti-involution on F can be taken into
account. We will discuss it in a separate paper.

Definition 2.8. A pair (g, A) is of finite type if there exists m > 0 such that
g+g2+---+g™= A, and we call such minimal m the type of (g, A). If such m
does not exists, we say that (g, A) is of infinite type.

Note that (g, A) is of type 1 if and only if g = A, which, in its turn, implies that
(g,A)(F) = F - A for all objects F of N. Note also that if (g) = A and A is finite
dimensional over Q, then (g, A) is always of finite type.

Proposition 2.9. Assume that (g, A) is of type 2, i.e., g # A and g + g> = A.
Then

(2.6) (0, A)(F)=F -g+F - A+FF -[A 4],
where F' = [F, F].

Proof. Proposition 2.5(a) guarantees that
FFg+F @+ FF -[g,6% C (3, 4)(F) .

Clearly, F - g+ F'-g> =F -g+ F - A (because F' C F). Let us now prove that
[9,A] = [A, A]. Obviously, [g, A] C [A, A]. The opposite inclusion immediately
follows from the following one [g?,g%] C [g,¢%]. That latter inclusion is a direct
consequence of the following useful analogue of Jacobi and Leibniz identities in F:

(2.7) [ab, ] + [be, a] + [ca,b] =0

for all a,b,c € F. Indeed, taking any a € g, b € g, ¢ € g2, we obtain [ab, c] C [g, ¢°].
Using the equation [g, A] = [A, A] we obtain FF' - [A, A] C (g, A)(F). This
proves that (g, A)(F) contains the right hand side of (2.6).
To finish the proof, it suffices to show that the latter space is closed under the
commutator. Indeed, abbreviating A’ = [A, A], we obtain

[F-g, F A CcFF g, A+ [F,Fl-Agc FF - A +F -AcC(g,A)(F),
(F-9.FF - Al Cc P27 (g A+ [F,FF) - Algc FF - A+ F - AC (9, 4)(F),
[F-AF A c(FY? A+[F.F1- 2cFF -A+F - -Ac (g, A)(F),
[(F'-AFF - AV FFF - [A A+ [F,FF|-A'AcC (g,A)(F)
because F'FF' - [A,A') C FF' - A" C (g,4)(F) and [F,FF]-AACF -AC

(g, A)(F). Finally,

(FF-AFF - A C(FF? A A+ [FFFF)-(A) C(g,A)(F)
because (F'F)%-[A',A') c F'F-A' C (g, A)(F) and [F'F,FF']-[A,A? C F'-AC
(g, A)(F). The proposition is proved. O

For any Q-vector space V and any object F of N/ we abbreviate sl(V,F) :=
(sl(V), End(V))(F). We will also naturally make a natural convention gl(V,F) :=
(End(V), End(V))(F) = F - End(V).
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Corollary 2.10. Let V be a finite-dimensional Q-vector space. Then the pair
(g,A) = (sl(V), End(V)) is of type 2. In particular,

sV, Fy=F-sl(V)+F -1.
Hence sl(V, F) is the set of all X € gl(V,F) such that Tr(X) € F' = [F,F] (where

Tr : gl(V,F) = F - End(V) — F is the trivial extension of the ordinary trace
End(V) — Q).

Proof. Let us prove that the pair (g,4) = (sl(V),gl(V)) is of type 2, ie.,
sl(V) + sl(V)? = gl(V). Tt suffices to show that 1 € sl(V)2. To prove it, choose a
basis e, ...,e, in V so that V = Q", si(V) = si,(Q) and A = End(V) = M, (Q).
Indeed, for any indices ¢ # j both E;; and Ej; belong to sl(V) and, therefore,
E;jEj; = E;; € sl(V)?. Therefore, 1 = Y7 | Ej;; also belongs to sl(V). Applying
Proposition 2.9 and using the obvious fact that [A, A] = sl(V), we obtain

SV, F)=F -sl(V)+F - A+ FF[A A =F-slV)+F -1.
This proves the first assertion. The second one follows from the obvious fact that

the trace T'r : F - End(V) — F is the projection to the second summand of the
direct sum decomposition

F-EndV)=F -sl(V)+F-1.
This proves the second assertion. The corollary is proved. O

We can construct more pairs of type 2 as follows. Let V be a Q-vector space
and @ : V x V — Q be a bilinear form on V. Denote by o(®) the orthogonal Lie
algebra of @, i.e.,

o(®) ={M € End(V) : (M (u),v) + ®(u, M(v)) =0V u,v € V} .

Denote by K = K¢ C V the sum of the left and the right kernels of ® (if ® is
symmetric or skew-symmetric, then K is the left kernel of ®). Finally, denote by
End(V, K) the parabolic subalgebra of End(V') which consists of all M € End(V)
such that M (K) C K. Clearly, o(®) C End(V, K), ie., (o(®), End(V,K)). For
and any object F of N' we abbreviate o(®, F) := (o(®), End(V, K))(F).

Corollary 2.11. Let V be a finite-dimensional Q-vector space and ® be a sym-
metric or skew-symmetric bilinear form on V. Then (o(®), End(V, K)) is of type
2. In particular,

28)  o(®,F)=F 0@ +F -1+ F 1+ (FF +F)-sl(V,K) .

Here sl(V, K) is the set of all M in End(V, K) such that Tr(M) =0 and Tr(Mg) =
0, where Mg : K — K is the restriction of M to K and 1x € End(V, K) is any
element such that Q- 14+ Q-1x +sl(V,K) = End(V,K). If K =0, we set 1x = 0.

Proof. First prove that (g, A) = (o(®), End(V, K)) is of type 2. We complexify the
involved objects, i.e., replace both V and K with V=C-V=C®V,K=C-K
etc. Using the obvious fact that U+ U’ = U + U’ and U - U’ = U - U’ for any
subspaces of End(V) and o(®) = o(®), we see that it suffices to show that the pair
(o(®), End(V, K) is of type 2.

Furthermore, without loss of generality we consider the case when K = 0, i.e.,
the form ® is non-degenerate. If ® is symmetric, one can choose a basis of V'
so that V' =2 C", and @ is the standard dot product on C". In this case o(®) is

0r,(C), the Lie algebra of orthogonal matrices, which is generated by all elements
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E;; — Ej; where Ej; is the corresponding elementary matrix. Using the identity
(Eij — Eji)? = —(Eyu + Ej;) for i # j, we see that 0,(C)? contains all diagonal
matrices. Furthermore, if 4, j, k are pairwise distinct indices then (E;; — Ej;)(Ej, —
Ex;) = Ejj,. Thus we have shown that 0,(C)? = M,,(C) = End(V, K). Therefore,
0n(Q)? = M, (Q) = End(V, K). This proves the assertion for the symmetric ®.

If ® is skew-symmetric and non-degenerate, then n = 2m and one can choose a
basis of V such that V is identified with C" and o(®) is identifies the symplectic
Lie algebra spa,, (C).

Recall that a basis in spay, (C) can be chosen as follows. It consists of elements
Eij—Ejim,itm fori, j <mand Ej+Eifm —m for ¢ < m, ¢ > m. Using the identity
(Biitm~+FEitmi)*> = Eii+ Eitm,itm and the fact that (Ej — Eipm.itm) € sp2m(Q),
we see that all diagonal matrices belong spay, (C) + sp2m, (C)2.

Also, the identity (Ei; — Eitm,itm)(Eij — Ejtm,i+m) = Eij for ¢ # j implies
that E;; € spap,(C) for all ¢, < m. Similarly, one can prove that E;; € sp2m,(C)
for i,j > m.

Furthermore, the identity (Ei;; — Eitm,itm)(Eic + Eitm t—m) = Fit — Eitm t—m
implies that spa,, (C) + spam(C)? contains all E;, for i < m,k > m and for i >
m, k < m. Thus we have shown that spa,,(C) + spam(C)? = M, (C) = End(V, K).
Therefore, spam(Q) + spam(Q)? = M,,(Q) = End(V, K). This proves the assertion
for the skew-symmetric ®.

Prove (2.8) now. We abbreviate A = End(V, K). Obviously, [A, 4] = si(V, K)
and, if K # {0}, then Q-1+ sl(V, K) is of codimension 1 in A, i.e, 1 x always exists.
Therefore, applying Proposition 2.9, we obtain

o(®,F) = F-o(®)+F -A+FF'[A Al = F-o(®)+F 1+F 1 +(FF +F)sl(V,K) .
This finishes the roof of Corollary 2.11. g

3. UPPER BOUNDS OF LOOP LIE ALGEBRAS

For any compatible pair (g, A) define two subspaces (g, A)(F) and (g, A)(F) of
F - A by:

B (@AF) =F g+ 3 ()-8 g + [F La (F)] - gH

k>1
where Ik( ) is defined in (1.3); and
(3.2) (g, A — F. 9+Z I£1+1I£2+1 Jk1+1 Jk2+1] [Iﬁi+1’I£§+1]_J§22+1JZ1+1’

where the summation is over all ki,ks > 0, £1,¢> > 0, and we abbreviated Iﬁ =
If(F), Ji = I.(A, g) in the notation (1.5).

We will refer to (g, A)(F) as the upper bound of (g, A)(F) and to (g, A)(F) as
refined upper bound of (g, A)(F).

It is easy to see that the assignments F — (g, A)(F) and F +— (g, A)(F) are

functors (g, A) and (g, A) from N to the category Vectgy of Q-vector spaces.
The following result is obvious.

Lemma 3.1. If (g, A) is a compatible pair of type m (see Definition 2.8), then

m—1

(3.3) (9. A)(F) = F- g+ZIk g, 0"t + [F, i1 (F)] - gF+t .
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The following is the main result of this section, which explains this terminology

and proves that both (g, A) and (g, A)(F) are noncommutative loop Lie algebras
N — LieAct.

Theorem 3.2. For any compatible pair (g, A) and any object F of N one has:

—~—

(a) The subspace (g, A)(F) is a Lie subalgebra of F - A.
(b) The subspace (g, A)(F) is a Lie subalgebra of F - A.

(¢) (8, A)(F) € (g, A)(F) € (g, A)(F)-

Proof. Prove (a). Using (2.5), we obtain

—~—

79, F gl CF[g, 0l + [F. F] - g7 C (8, 4)(F)
because F2 C F, [g,g] C g, and Io(F) = F. Furthermore,

—~—

[F . Iu(F) - 9. 6" Y] C FL(F) - [g. [0, 8" )] + [F, Ie(F)] - [9, 8" ]g C (g9, A)(F)
because FIi(F) C Ii(F), [g,[g,8" ] C [g,¢"], and [g, g"]g C g"2. Finally,
abbreviating Ji := [F, I;_1(F)], we obtain:

[-’T g, Jk : ngrl] CcF- Jk : [gangrl] + [f7 Jk] : gk+2 C (gaA)(f)

because, taking into the account that Jy C Ip_1(F) since Ix_1(F) is a two-sided

ideal in F, we have FJi, C Flp_1(F) C Ix—1(F) and, taking into account that

Jx C I (F) by Lemma 1.2(b) taken with ¢ = oo, we have [F, Ji] C [F, I(F)].
Furthermore, we need the following obvious consequence of (2.7).

Lemma 3.3. For any Lie subalgebra g of A one has

k+1,gm+l] c [ k+m71]

I 9,9
for any k,m > 1.
Therefore, for any k,m > 1 one has:

[14(F) - g™t I (F) - g™ ']

C I(F) I (F) - [ 87 + [T (F), L (F)] - 8772 C (g, A)(F)

because Iy (F)Im (F) = Iytm(F) by Lemma 1.3(a), [g"*!, g™ "] C [g,g"" "] by
Lemma 3.3, and [I5(F), Im(F)] C [F, Ix4m-1(F)] by Lemma 1.3(b) taken with
£ = co. Therefore, taking into account that

—~—

Lo, L] © [Le(F) - g1, Ln(F) - g™ € (g, A)(F)

for I, stands for any of the spaces I,.(F) - [g, " "], [F, I,—1(F)] - ¢" 1 we finish the
proof of (a).
Prove (b). For any subsets X and Y of an associative algebra A and € € {0,1}

denote
Xe. V= XY ?fszO
[X,Y] ife=1

We need the following result.
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Lemma 3.4. Let T be an abelian group and let A and F be objects of N'. Assume
that A, C F and By C A are two families labeled by T' such that
(34) Ay o, Aﬁ c Aa+ﬁ+a»v7 Bﬁ o. B, C Ba+ﬁfe-v

for all o, €T, € € {0,1}, where v is a fized element of I'. Then for any ag € T
the subspace

h = Aao . Bao+v + Z (Aa ® ¢ Aﬁ) . (BﬁJrv L5 Ba+v)
«a,B€le€q{0,1}
is a Lie subalgebra of F - A =F ® A.

Proof. The equation (2.5) implies that
[A - B, A B/] C (A ®_5 A/) . (B/ [ ¥ B)
for each § € {0,1}. Therefore,

(1) Taking A = A, o1« AB7 B = Bgiy ¢ Bato, A = Ay e o Aﬁ’a B =
Bgryy o By, and taking into the account that A C A,v, A" C Agn, B C By gy,
and B’ C B4, by (3.4), where o/ = a+08+(1—¢)-vand 8" =o' +0 +(1—¢') v,
we obtain for each § € {0,1}:

[A- B, A B € (Aar 015 Agn) - (Bas 05 Bargs) C b

(11) Taklng A= Aao, B = Bao-‘rv; A = Ao/ ] ./ Aﬂ’; B = Bﬁ/—‘rv o/ BOt/-‘r’LM
and taking into the account that A’ C Ags and B’ C Bgri, by (3.4), where
B =a 4+ 8 +(1—¢) v, we obtain for each 6 € {0,1}:

[A-B, A" B'] C (Aa ®1-5 Apr) - (Bgr4v 85 Bagtv) Ch .
(ii) Taking A = A’ = A,,, B = B’ = Bq,+v, we obtain for each ¢ € {0,1}:

[A- B, A" B/] C (Aay 01-5 Aay) - (Bag+v 95 Bag+v) Ch .
The lemma is proved. |
Taking in Lemma 3.4: T =Z2, a = (k,{+1) € Z*, v = (1,-1),

. ITNF) ifk, >0 _ (A itk 20
¢ 0 otherwise = 1" 0 otherwise

Lemma 1.4 implies that (3.4) holds for all o, 8 € Z?, ¢ € {0, 1}. Therefore, applying
Lemma 3.4 with ag = (0, 1), we finish the proof of the assertion that (g, A)(F) is a
Lie subalgebra of F - A. This finishes the proof of (b).

Prove (c). The first inclusion (g, A)(F) C (g, A)(F) is obvious because F - g C
(g, A)(F) and (g, A)(F) is a Lie subalgebra of F - A.

Let us prove the second inclusion (g, A)(F) C (g, A)(F) of (c).
Rewrite the result of Lemma 1.3(b) (with ¢; = ¢3 = 00) in the form of (3.4) as:

Iy 1 (F) ife=1

IO Y F) ey IPTY(F) C Ity (F) o1 I, (F) C .
k1 ( ).1 ko ( ) kl( ).1 kz( ) [f7jk1+k2—1(f)] ife=0

Using the obvious inclusion J{ ™ = I/ (A4, g) C gFt! for all k,£ > 0 and Lemma
3.3, we obtain

ka1 Bidl — kol . kil ghithat2 ife=0
J2T e JUTT C gttt e gttt C
aotetn mE el g, g Hht] if e =1
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for all k1, ko, 01,02 > 0, € € {0,1}. Therefore, we obtain the inclusion:
141 lo+1 ka+1 k141
(Ikl ® ¢ Ik2 ) (le o ng ) C

Livika(F) - [g ghthetl]  ife=1  ——
bk (F) o g ] e =1 T
[.7:, Ik1+k271(-7:)] L griThe ife=0

This proves the inclusion (g, A)(F) C (g, A)(F) and finishes the proof of (c).
Therefore, Theorem 3.2 is proved. g

Now we will refine Theorem 3.2 by introducing a natural filtration on each in-
volved Lie algebra and proving the ”filtered” version of the theorem.
For any compatible pair (g, A), an object F of A/, and each m > 1 we define the

subspaces F - ()m, (8, A)m (F), (g, A),,(F) and (g, A), (F) of F- A by:

-7:'<g>m: Z F'gk

1<k<m

(3.5) (0 Am(F) = > (F-g®

0<k<m

(36) (@A) (F)=F-g+ S IE"MF)-[g,8") + [F I HF) - gFH
1<k<m

where Ikg(}') is defined in (1.3) and
(3.7)
( A) — F. g+ ZIZ1+1IZ2+1 Jk1+1 Jk2+1] [Iﬁi—i_l’jﬁz—i_l] . JZQ+1JZI+1’

where the summation is over all k1, ko > 0, £1, 5 > 0 such that k1 +ko+41+0+2 <
m, and we abbreviated I} := I{(F), Jf := I}(A,g) in the notation (1.5).

Recall that a Lie algebra h = (h1 C ha C ...) is called a filtered Lie algebra if
[Dk1 > bks] C Bky ke, for all ky, ko > 0.

Taking into account that [gFit!, gh2*1] c ghitka+l we see that b, = F - (g)m,
m > 0 defines an increasing filtration on the Lie algebra F - (g) (where (g) is as in
(2.2).

The following result is a filtered version of Theorem 3.2.

Theorem 3.5. For any compatible pair (g, A) and an object F of N one has:

(a) The subspace (g, A)(F) is a filtered Lie subalgebra of F - (g).
(b) The subspace (g, A)(F) is a filtered Lie subalgebra of F - {g).
(¢) A chain of inclusions of filtered Lie algebras:

P

(g, A)(F) € (g, A)(F) € (g, A)(F) -
The proof of Theorem 3.5 is almost identical to that of Theorem 3.2.

4. PERFECT PAIRS AND ACHIEVABLE UPPER BOUNDS

Below we lay out some sufficient conditions on the compatible pair (g, A) which
guarantee that the upper bounds are achievable.
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Definition 4.1. We say that a compatible pair (g, A) is perfect if

l9.0"g + (g" NghFtt) = gFt!

for all £ > 2.
We say that a compatible pair (g, A) is split semisimple if g is a split semisimple
(over Q) Lie subalgebra of A.

The following is the main result of this section.

Main Theorem 4.2. Let (g, A) be a compatible pair. Then
(a) If (g, A) is perfect, then for any object F of N one has

(8, A)(F) = (g, A)(F) ,

—_~—

i.e., the noncommutative loop Lie algebras (g, A), (g, AN — LieAct are equal.
(b) If (g, A) is split semisimple, then (g, A) is perfect.
(c) If (g, A) is split semisimple, then for any object F of N one has

41 (@AF) =F g+ Lia(F) - (@) + [F Lo (F)] - Zio)

E>2
where (gF), = [g,g"] is the “centerless” part of g*, Zi(g) = Z({g))Ng", and Z({(g))
is the center of (g) = > 45 gk,
Proof. Prove (a). We need the following assertion regarding the lower bound for

(9, A)(F).

Proposition 4.3. Let g be a Lie subalgebra of A and F be any of N.
(a) Assume that for some k > 2 one has

where I is a left ideal in F. Then:
(4.2) [F,1] - g, 6"a C (9. A)(F) -
(b) Assume that for some k > 2 one has

J-g" C (9. 4)(F)
where J is a subset of F such that [F,J] C J. Then:

(4.3) [FJ)- g T (FT + ) - [g.6%] € (9. A)(F)
Proof. Prove (a). Indeed,

79,1 [9,0"]) = [F,1]-[5,6"]g wmod FI-g,g,8"] .
Since FI C F and [g, [g, g*]] C [g, ¢*], and, therefore, FI - [g,[g,9"]] C I - [g,¢"] C
(g, A)(F), the above congruence implies that [F, I]-[g, g*]g also belongb to (g, A)(F).
This proves (a).
Prove (b). For any g € g we obtain:

(F-g,J-g" =[F,J]-g""!

which implies that [F, J] - g gt C (g, A)(F) (in the notation of Lemma 2.6). Using
Lemma 2.6, we obtain

[F,J]-g ghHl = =[F,J]-g" mod [F,J]- (g" ngtl).
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Taking into account that [F, J] - (gF N g&tt) C [F,J] - g¥ C (g, A)(F), the above
implies that [F, J] - g"*1 also belongs to (g, A)(F). Furthermore,

(F-g,J-g")=FJ-[g,¢"] mod [F,J] gF*!.

Therefore, using the already proved inclusion [F, J] - g**! C (g, A)(F), we see that
FJ - [g,g"] also belongs to (g, A)(F). Finally, using the fact that [g, g*] C g*, we
obtain J - [g,g*] € J - g* C (g, A)(F). This proves (b).

Proposition 4.3 is proved. U

Now we are ready to finish the proof of Theorem 4.2(a). In view of Theorem
3.2(c), it suffices to prove that (g, A)(F) C (g, A)(F), that is,

(4.4) Lu(F) - [0, 6] € (8, A)(F), [F, Iu(F)] - "2 C (9. A)(F)

for k > 0.

We will prove (4.4) by induction in k. First, verify the base of induction at
k = 0. Obviously, In(F) - [g,0] C (g, A)(F) = F - [g,9] C (g, 4)(F). Furthermore,
Proposition 4.3(b) taken with k = 1, J = F implies that [F, F] - g2 C (g, 4)(F).

Now assume that & > 0. Using a part of the inductive hypothesis in the
form [F,Ix_1(F)] - g™t C (g, A)(F) and applying Proposition 4.3(b) with J =
[F, Iy_1(F)], we obtain (FJ +J)-[g,¢**] C (g, A)(F). In its turn, Lemma 1.2(b)
taken with ¢ = oo implies that FJ + J = I};(F). Therefore, we obtain

Ie(F) - g, g™ C (9, A)(F) |

which is the first inclusion of (4.4). To prove the second inclusion (4.4), we will use
Proposition 4.3(a) with I = I (F):

(g, A)(F) 2 [F, Iu(F)] - [9,6" g -
On the other hand, using the perfectness of the pair (g, A), we obtain:
F, L(F)] - g, 6" g = [F. I (F)] - ¢4 mod [F, 1 (F)] - g™
But Lemma 1.2(a) taken with ¢ = oo implies that It (F) C Ix_1(F), therefore,
[F, L(F)] - (6" ng™t?) C [F Ie(F)] - o CIF, L (F)] - 6 C (g, A)(F)

by the inductive hypothesis. This gives the second inclusion of (4.4). Therefore,
Theorem 4.2(a) is proved.

Prove (b) now. We will first show that each the pair (g, A) is perfect, whenever
g C A is split semisimple (over Q).

We need the following simple technical result.

Lemma 4.4. Let (g, A) be a compatible pair. Assume that ho € g is such that ad h
is diagonalizable over Q, i.e.,

(45) g= @gr )
reQ

where each gy is the eigenspace of the operator ad hg : g — g of the rational
eigenvalue v. Then for each k > 1 and each r = (r1,...,r541) € QFFE\ {0} the
subspace gr, -~ Gry,, of 8* belongs to [g,8*]g + (g% N g"t!).
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Proof. Clearly, under the adjoint action of hg on g* each vector of z € g,, - - - g1,
satisfies [ho, 2] = (r1 + -+ + ri)z. Therefore, for any (ry,...,r;) € Q* such that
71+ -+ + 1 # 0 the subspace g, - - - gr, belongs to [g, g*]. Clearly,

— k k+1
Gry o Orin = Broqy " Bron Broerny mod g” Mg

for any permutation o € Sky1.
It is also easy to see that for any r = (ry,...,7%41) € QT \ {0} there exists a
permutation o € Sky1 such that ryq) + -+ + 7,4 # 0 and, therefore,

Ory Breps © @roy  Bro )Brors + 8" N @ € g, 0%+ (8" ngh) .
The lemma is proved. O
Clearly, if g is a split semisimple (over Q) Lie algebra, then it contains a (regular)

semisimple element hg such which satisfies Lemma 4.4 and, moreover, such that in
terms of (4.5) one has go = b is the Cartan (aka maximal toral) subalgebra of g,

and
n"::€£99ran+'::€£>gr

r<0 >0
are opposite maximal nilpotent subalgebras normalized by b.
Therefore, in view of Lemma 4.4, it suffices to prove the following result.

Lemma 4.5. Ifg=n_ @& dny is a split semisimple Lie algbra, then
bt C [g,0"]g + (8" N g"") .

Proof. Let us consider the root decomposition g = § a0 9o , Where go = Q- E,
for each root av. For each positive root « (i.e., such that r = a(h) > 0, i.e, E_, € n_,
E, € ny) we rescale E, in such a way so that the triple (E_,, Hy = [Eq, Fol, Fo)
is an slo-triple.
For each positive root o we obtain the following congruence:
[Ea, 0 E_o]b = 9L Hab mod [Ea, b E_oh

Note that

k—2

[Ea,b* ' E_ob C > 0 Eab* > 7E_ob C 9,09+ (g" N g"™)

i=0
by Lemma 4.4. Therefore, h*~1H,bh C [g, g¥]g + (g N gFT!) for each positive root
. Since all H, span b, this proves that h**! c [g, g¥]g + (" N gFT!). The lemma
is proved. [

Therefore, we have proved that each split semisimple pair (g, A) is perfect. Based
on this and on Theorem 4.2(a), in order to finish the proof of Theorem 4.2(b), it
suffices to show that

(4.6) (@ A)NF)=F-g+ Y h1(F)- ()4 + [F I2(F)] - Zu(g) -
k>2
We need the following simple fact regarding split semisimple pairs (g, A).
Lemma 4.6. For any split semisimple pair (g, A) one has the following decompo-
sition of the g-module gF, k > 2:
" = 10,81 + Zu(0), [0.6"] 1 Zk(g) = {0} .
where Zy,(g) = Z({g)) N ¥, and Z((g)) is the center of (g) = 3, a*.
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Proof. Clearly, g* is a semisimple finite-dimensional g-module (under the adjoint
action). Therefore, it uniquely decomposes into isotypic components one of which,
the component of invariants, is Zx(g). Denote the sum of all non-invariant isotypic
components by (gF);. By definition, g¥ = (g*)4 + Zi(g) and (g¥)+ N Zx(g) =
0. It remains to prove that (gF); = [g,g"]. Indeed, [g,¢*] C (g¥)+. On the
other hand, since each non-trivial simple g-submodule V C g* is faithful, i.e.,
[g,V] = V. Therefore, [g, g*] contains all non-invariant isotypic components, i.e.,
[9,0%] C (g¥)+. The obtained double inclusion implies that (g¥), = [g,g¥]. The
lemma is proved. O

Furthermore, using Lemma 4.6 and the definition (3.1) of (g, A)(F), we obtain

—_~—

(@ A)(F)=F -0+ > Ik(F)-[o,8" "+ [F, Lia (F)] - "
k>1
=F-g+ ) () + [F L (F)]) - 8, 0" + [Fo Liea (F)] - Ziaa)
k>1
which, after taking into account that [F, I—1(F)] C Ix(F) (and shifting the index
of summation), becomes the right hand side of (4.6). This finishes the proof of

Theorem 4.2(b).
Therefore, Theorem 4.2 is proved. O

Remark 4.7. Based on the arguments of Lemmas 4.4 and 4.5, we can generalize
Theorem 4.2(b) to Kac-Moody Lie algebras.

The following result is a corollary of Theorem 4.2.

Theorem 4.8. Let A be a Q-algebra with unit containing sla(Q) as a Lie subalge-
bra. Then

(4.7) (s12(Q), A)(F) = F - sla(Q) + [F, Z1(A, F) - 1+ > Zi(A, F) - Vi,
i>1

where
Zi(A,F) = Tiyaja(F)- A,
Jj=0
A =2EF +2FE + H? is the Casimir element and V; is the sla(Q)-submodule of
A generated by E*. In particular, if A is finite dimensional over Q with unit, then
there exists m > 1 such that E™1 =0, A€ Q-1, and

(4.8) (s12(Q), A)(F) = F - sla(Q) + [F, F]- 14+ Y La(F)- Vi,

where V; is the sla(Q)-submodule of A generated by E°.

Proof. Prove (4.7). Clearly, each g* is a finite-dimensional sl3(Q)-module gener-
ated by the highest weight vectors AJE?, i, > 0, i +2j < k. That is, in notation
of (4.1), one has
(6")4 = > AV
>0,5>0,i+25<k
where the sum is direct (but some summands may be zero) and

Vi= Y Q- (ad FY(EY)

r=—1
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is the corresponding simple sl2(Q)-module; and

1<j<k/2
where the sum is direct. Therefore, taking into account that Iy (F) C Ix_1(F), the
equation (4.1) simplifies to

(sl2(Q), A)(F) =F -g+ Z Livoj1(F) - AVi + Z[}_, Injo(F)] - A
i>0,5>0 i>1
=F sly(Q) + [F. Z1(A, F) - 1+ Zi(A,F) - Vi .
i>1

This finishes the proof of (4.7).

Prove (4.8). Indeed, now (g, A) is of finite type, say, m, therefore using (3.3) and
the fact that Z;(A, F) = I;_1(F) (because I (F) C Ix—1(F) and A is a scalar), we
obtain from already proved (4.7):

i>1
=F-slb(Q+[F,F- 14+ Y La(F)-Vi.
1<i<m
Theorem 4.8 is proved. |
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