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QUASITRIANGULAR COIDEAL SUBALGEBRAS OF U,(g)
IN TERMS OF GENERALIZED SATAKE DIAGRAMS

VIDAS REGELSKIS AND BART VLAAR

ABSTRACT. Let g be a finite-dimensional semisimple complex Lie algebra and 6 an involutive automorphism
of g. Tt is well-known from works of Letzter, Kolb and Balagovié that the fixed-point subalgebra & = g
has a quantum counterpart B, a coideal subalgebra of the Drinfeld-Jimbo quantum group Uq(g) possessing
a cylinder-twisted universal K-matrix K. The objects 6, £, B and K can all be described in terms of a
combinatorial datum, a Satake diagram. In the present work we extend this construction to generalized
Satake diagrams, objects first considered by Heck. A generalized Satake diagram defines a semisimple
automorphism of g restricting to the standard Cartan subalgebra h as an involution. We show that it
naturally leads to a subalgebra & C g, not necessarily a fixed-point subalgebra, but still satisfying €Nnf = b,
Such a subalgebra ¢ can be quantized to a coideal subalgebra of Ug(g) endowed with a cylinder-twisted
universal K-matrix. We conjecture that all such coideal subalgebras of Ug(g) arise from generalized Satake
diagrams in this way.
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1. INTRODUCTION

Given a finite-dimensional semisimple complex Lie algebra g and an involutive Lie algebra automorphism
6 € Aut(g), a symmetric pair is a pair (g, £) where £ = g% is the #-fixed subalgebra of g, see [Ara62, Sat71].
Quantum symmetric pairs are their quantum analogons. That is to say, the enveloping algebra U(g) can
be quantized to a quasitriangular Hopf algebra, the Drinfeld-Jimbo quantum group U,(g) endowed with the
universal R-matrix R, see [Ji85, Dr87]. Similarly, the 6-fixed subalgebra £ can be quantized to a coideal
subalgebra B C U,(g) [Let99, Let02, Kol4] having a compatible quasitriangular structure, the cylinder-
twisted universal K-matrix K [BK16, Kol7].

The involution 6, the corresponding fixed-point subalgebra ¢, the coideal subalgebra B and the universal
object K are all defined in terms of a combinatorial data, the so-called Satake diagram (X, 7). Here X is
a subdiagram of the Dynkin diagram of g and 7 is an involutive diagram automorphism stabilizing X and
satisfying certain compatibility conditions, see [Let02, Ko14].

It is the aim of this paper to extend some of the above work to a more general setting than (quantizations
of) fixed-point subalgebras. A direct motivation for this is the fact that the correct quantum group analogue
of the fixed-point subalgebra in the Letzter-Kolb approach is not a fixed-point subalgebra itself, but merely
tends to one as ¢ — 1, see [Ko14, Ch. 10]. This suggests that there may be a generalization of this approach
that does not require a fixed-point subalgebra as input.
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2 VIDAS REGELSKIS AND BART VLAAR

A careful analysis of [Kol4, BK15, BK16] indeed indicates that the compatibility conditions for X and
T can be weakened, leading to the notion of a generalized Satake diagram, see Definition 2.2, and the whole
theory survives in this setting with very minor adjustments. The resulting Lie subalgebra ¢ = £(X,7) is
given in Definition 3.1 and the corresponding coideal subalgebra B = B(X,7) in Definition 4.1. Indeed,
in [BK15, Rmks. 2.6, 3.14] it is explicitly suggested that some key passages of the theory are amenable for
generalizations.

Our proposed generalization of Satake diagrams can be traced back to the work of A. Heck [He84]. In this
work Heck provides a classification of involutions of finite root systems such that the corresponding restricted
Weyl group is the Weyl group of the restricted root system. We will review this point-of-view and make a
connection with a theorem of Lusztig stating that the restricted Weyl group is in fact a Coxeter group.

The characterization in terms of the restricted Weyl group is relevant in the context of the universal R- and
K-matrices for quantum symmetric pairs. The universal R-matrix R has a distinguished factor called quasi
R-matrix playing an important role in the theory of canonical bases for U,(g) developed by Kashiwara and
Lusztig, see [Ka90] and [Lu94, Part IV]. This object possesses a remarkable factorization property expressed
in terms of the braid group action on U, (g) of the Weyl group associated to g, see e.g. [KR90, LS90]. Recently
it has become clear that many of these properties extend to the cylinder-twisted universal K-matrix IC. It has
a distinguished factor called quasi K-matrix introduced in [BW13] for certain coideal subalgebras of U, (slx)
and in a more general setting in [BK15], and featuring prominently in the theory of canonical bases for
quantum symmetric pairs [BW16]. In [DK18] a factorization property is established for the quasi K-matrix
using a braid group action of the aforementioned restricted Weyl group. In the present work we argue that
the factorization property extends to quasi K-matrices defined in terms of the generalized Satake diagrams.

A generalization of this approach to the Kac-Moody setting will be addressed in a future work. Another
outstanding issue is a Lie-theoretic motivation of the subalgebra €, which we define in a rather ad hoc manner
directly in terms of the combinatorial data (X, 7), see Definition 3.1.

Therefore let us end the introduction with an additional motivation for the study of the subalgebra ¢ and
its quantization B by making some observations related to the representation theory of the pair (Uy(g), B).
Following [BK16, Kol7], there exists a suitable completion U of U,(g) such that the objects R € (U @ U)*
and K € U* have well-defined images under any finite-dimensional representation p : U,(g) — End(V).
Furthermore, there exists an involutive Hopf algebra automorphism ¢ of U such that (¢ ® ¢)(R) = R and
the following quartic relation is satisfied, known as the (universal) ¢-twisted reflection equation (see [Kol7,
Egs. (3.22-3.23))):

(1.1) Ra21 K2 (¢ ®id)(R) K1 = K1 (¢ ® id)(Ra1) K2R ceuUU

where K1 =K ® 1, Ko =1® K, Ro1 = 0(R) and 0 € Autay (U ® U) is the flip map. Let R € GL(V ® V)
be proportional to (p ® p)(R) and K € GL(V) proportional to p(K). In the case ¢ = id, applying p ® p to
(1.1) one obtains the matrix reflection equation

(12) Ro1 Ko RK1 = K1 Ro1 KsR EEDd(V@V)

where K1 = K®Id, Ko =Id® K and Ry; = PRP with P: V®V — V®V the permutation operator. When
¢ # id one naturally obtains the so-called twisted matrix reflection equation which we omit for simplicity,
but this does not significantly affect any of the following remarks. In particular, starting with a Satake
diagram, one will recover the solutions of (1.2) used in [NDS95, NS95] to define quantum symmetric pairs.

Treating the matrix R as given, one can of course solve (1.2) for K € GL(V). For U,(sly) and V = CV
this was done by A. Mudrov [Mu02]. Based on this result and computations for U,(g) with g of types B,,
Chp, D, (n < 4) and G, and V the vector representation, we formulate the following conjecture.

Conjecture 1.1. Let p : Uy(g) — End(V') be the vector representation of Uq(g). If K € GL(V) is a solution
of (1.2) then there exists a generalized Satake diagram (X,T) such that K is proportional to p(KC) where K
is the universal K-matriz for the coideal subalgebra B(X,T), i.e. the quantization of U(¥(X,1)).

Based on the available evidence in terms of solutions to (1.2) known to intertwine restrictions of p to
coideal subalgebras, we also make the following claim.
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Conjecture 1.2. Let p : Uy(g) — End(V) be the vector representation of Uy(g). Then p can be used
to identify coideal subalgebras, i.e. if the distinct coideal subalgebras B, B’ C U,(g) possess the universal
K -matrices K and K', respectively, then p(K) and p(K') are not scalar multiples of each other.

If these two conjectures are true, the only coideal subalgebras of U,(g) which possess a universal K-
matrix in the sense of [Kol7] are those which are quantizations of U(¥(X,7)) with (X,7) a generalized
Satake diagram.

We should remark that coideal subalgebras B in the Letzter-Kolb approach carry additional parameters.
The generators associated to the nodes i € T\ X depend on scalars 7; # 0 and s;, see Definition 4.1. We
can thus sharpen Conjecture 1.1. Any invertible matrix solution K of (1.2) is proportional to p(K) for some
B(X,7) with the additional parameters satisfying certain constraints. Most of these constraints were found
in [Let03, Kol4] given in terms of the sets I'y and S,, see (4.3). Always, we must have (v;);enx € L'y
For the conditions on s; it is helpful to consider the set I, = {i € I\ X |7 does not neighbour X, 7(i) = i},
see (3.16). The constraints on the s; are as follows. If i ¢ I,s then s; = 0. For all (i, j) € I X Is such that
i # j conjecturally one of three conditions must hold: the Cartan integer a;; is even, s; = 0, or 52 /7; lies in
a particular finite subset of a quadratic completion of C(g). The defining condition of the set S, does not
cover the third possibility, which appeared in [BB10].

The paper is organized as follows. Section 2 contains the preliminaries and basic definitions. We define
the necessary Lie-theoretic objects surrounding a finite-dimensional semisimple complex Lie algebra g and
its Cartan subalgebra . We introduce the notion of a generalized Satake diagram as a decoration of the
Dynkin diagram of g. We explain how the generalized Satake diagrams emerge in the work of A. Heck.

In Section 3 we define the main object of this paper, the subalgebra ¢ = ¢(X,7) C g. Theorem 3.2 is the
main result of this section. We show that £ satisfies the intersection condition € N'h = h? (which trivially
holds when £ = g% with §% = idy) precisely if (X,7) is a generalized Satake diagram. We then study the
derived subalgebra of €. When ¢ is not a reductive Lie algebra, Propositions 3.5 and 3.6 establish a semidirect
product decomposition for £ in terms of a reductive subalgebra and a nilpotent ideal of class 2. We end this
section with some results about the universal enveloping algebra U (£). (Appendix A contains three technical
lemmas in aid of Section 3.)

In Section 4 we briefly review the quasitriangular structure behind the quantum symmetric pairs. We
indicate the necessary modifications to the theory of Balagovié¢-Kolb so that it would be applicable to the
quantum pair algebras associated to the generalized Satake diagrams.

Acknowledgments. The authors are indebted to Stefan Kolb and Martina Balagovié¢ for helpful discus-
sions. V.R. was supported in part by the European Social Fund, grant number 09.3.3-LMT-K-712-02-0017.
B.V. was supported by the Engineering and Physical Sciences Research Council (EPSRC), grant numbers
EP/N023919/1 and EP/R009465/1. The authors gratefully acknowledge the financial support.

2. FINITE-DIMENSIONAL SEMISIMPLE LIE ALGEBRAS AND ROOT SYSTEM INVOLUTIONS

Let I be a finite set and A = (a4j);jer a Cartan matrix. In particular, there exist positive rationals d;
(i € I) such that d;a;; = d;jaj;. Let g = g(A) be the corresponding finite-dimensional semisimple Lie algebra
over C. More precisely, g is generated by {e;, f;, h; }icr subject to

(2.1) [hihs] =0, [hise5] = aizej,  [he fi] = —aijf5, les fi] = 6ijhi

(2.2) ad(e;)' "% (e;) = ad(f;)' ¥ (f;) =0  ifi#j,

for all 4,5 € I. We denote the standard Cartan subalgebra by h = (h;|i € I) and also consider the
corresponding nilpotent subalgebras n™ = (e;|i € I), n= = (fi|i € I).

The simple roots o; € b* (i € I) satisfy o;(h;) = a4 for i,j € I. Let Q = >, ; Za; denote the root
lattice. In terms of the root spaces go = {x € g : Vh € b, [h, 2] = a(h)z} (o € Q), g is a Q-graded Lie
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algebra and we have the following identities for h-modules:

(2.3) g=ntohon, nf= P g, =00
aeQt
Hence the root system ® := {a € Q|ga # {0}, a # 0} satisfies ® = &+ U~ where &+ = £(dN Q") and
Qt = Zie] Lo
The Weyl group W is a finite subgroup of GL(h*) generated by the simple reflections r; (i € I) acting via
ri(a) = a —a(h;)aq; for all i € I, o € h*. More precisely, W is a normal subgroup of

Aut(®) = {g € GL(h")|g(®) = ®}.

Since W induces a simple transitive action on the set of bases of ®, one readily obtains that Aut(®) =
W x Aut(A), where

Aut(A) = {0 : I — I invertible | a,(;)s(j) = a;; for all i,j € I'}

is the group of diagram automorphisms (acting by relabelling).
The following subgroup of Aut(g) will be important in what follows:

Aut(g, h) = {0 € Aut(g)|o(h) = b} < Aut(g).
We briefly review some important subgroups of Aut(g,h). A braid group action on g which extends the
dual action of W on b is defined by Ad(r;) = exp(ad(e;)) exp(ad(—f;)) exp(ad(e;)) € Aut(g,h) for i € I,
yielding Ad(W) < Aut(g,h). We also have Aut(A) < Aut(g,h) (acting by relabelling). The Chevalley
involution w € Aut(g,h) is defined by swapping e; and —f; for all ¢ € I; it commutes with Ad(W) and
with Aut(A). Finally, the group H = Hom(Q, C*) naturally induces a subgroup Ad(fl) < Aut(g,b) via
Ad(x)]g. = x()idg, for all x € H,acqQ.

The elements of Aut(g,h) can be dualized to elements of Aut(®). Conversely, given g € Aut(®) there
are 1 € Aut(g, h) whose restriction to h dualizes to g. Indeed, from —idy- € Aut(®) and the direct product
decomposition Aut(®) = W x Aut(A), there exist unique (w,7) € W x Aut(A) such that g = —w7. Then
one easily checks that ¢ = Ad(w)wr € Aut(g, ) satisfies (¢]y)* = g.

2.1. Compatible decorations and involutions of ®. Given a subset X C I denote the correspond-
ing Cartan submatrix by Ax = (as;)ijex and consider the corresponding semisimple Lie algebra gx :=
(ei, fi,hili € X) C g with Cartan subalgebra hx = h N gx, dual Weyl vector p% € bhx and Weyl
group Wy := (r;|i € X) < W. The unique longest element wy € Wy is an involution and there ex-
ists 70, x € Aut(Ax) which satisfies

(2.4) —wx () = Qry 4 (i) for all ¢ € X.

Note that Ad(wx)|gx = 70, x w|gx and Ad(wx)?|g. = ((a)idg, for all « € ®, where ¢ = ((X) € H is defined
b
' C(ay) == (—1)20‘1’(’&) for i e I.
We will study
Aut'™ (g, b) := {9 € Aut(g, h) | ¥y = idy},
Aut™ (@) := {g € Aut(®) | g* = idy-}
by means of combinatorial data: we define
(2.5) CDec(A) = {(X,7) | X C I, 7 € Aut(4), 7> = id;, 7(X) = X, 7|x = 10,x}

and call its elements compatible decorations (of A). In the Dynkin diagram associated to g one marks this
decoration by filling the nodes corresponding to X and drawing two-sided arrows for the nontrivial orbits
of 7.
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Example 2.1. Let A be of type A,,, n > 2. The compatible decorations CDec(A) are

— i
P1 P2 Pk - - -- - -
—_—— —_—— —_—
o0 --00 oO--00--0e0----0e0--0 i i:I b i i:I D

where p1,pi € Z>0, pP2,--.,Pk—1 € Z>1 for any k € Z>o and 0 < r < [n/2].

Given (X, 7) € CDec(A), we define
(2.6) 0=0(X,7) = —wxT € Aut™ (P).

As explained above, the map dual to 6 can be extended to an element of Autinv(g, h) which we shall also call
6. It is given by § = Ad(wx ) 7w so that 0|, = —wx7. Note that, as a consequence of properties of Ad(wx)
mentioned earlier, we have

(27) 9|BX = idng
(2.8) 0%y, = C(a)idy, for all o € ®.

2.2. Generalized Satake diagrams and the restricted Weyl group. We choose a subset I* C I\ X
such that it contains precisely one element from each 7-orbit in I\X. For i € I* denote by X(i) C X
the union of connected components of X neighbouring {4,7(i)} and X[i] := X (i) U {i,7(i)}. By a minimal
subdiagram of (X, 7) € CDec(A) we mean any subdiagram of the form X[i] for some i € I*. By definition

X[i] is a compatible decoration of A; it is also known as a Satake diagram of (restricted) rank 1.

Definition 2.2. Generalized Satake diagrams are elements of the set

GSat(A) := {(X,7) € CDec(A) | (X, T) contains no minimal subdiagram of the form o—e}. z

The compatible decorations in Example 2.1 are generalized Satake diagrams when p; = pr = 0 and
p2=...=pr-1 =1
Remark 2.3. Generalized Satake diagrams were first considered by Heck in [He84] where they are shown to
classify involutions of root systems such that the restricted Weyl group is the Weyl group of the restricted
root system. Heck uses the symbol ¢ to denote the negative of our map 6. He also uses the term Satake
diagram for any (X, 7) such that X C I, 7 € Aut(A), 72 = id; and 7(X) = X (this properly contains the set
CDec(A)) and the elements of GSat(A) are called admissible Satake diagrams. However, the term Satake
diagram has become reserved for those combinatorial data which classify involutions of g up to conjugacy
(and their fixed-point subalgebras), which is the reason for our nomenclature “compatible decoration” and
“generalized Satake diagram”. z

Note that (X, 7) is a generalized Satake diagrams precisely if
(29) V(’L,]) S I\X x X : T(Z) =1, ’LU)((O(Z') =q; ta; = a4 75 -1,

which is precisely the condition needed in [Ko1l4, Proof of Lemma 5.11, Step 1] and [BK16, Proof of Lemma
6.4]. One can show that (2.9) is equivalent to either of the following more compact conditions:

Vi,j €l : 9((11) = —(ai + aj) = a;j 75 -1,
Satake diagrams can be defined as the following subset of compatible decorations of A:
(2.10) Sat(A) = {(X,7) € CDec(4) |Vie NX : i =7(i) = ((a;) =1}

It is well-known that Satake diagrams classify involutive Lie algebra automorphisms up to conjugacy, see
e.g. [Ara62]. More precisely, in the current setup, for (X,7) € Sat(A) and v € (C*)!" define s, € H by
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means of
1 ifi € X,
sy(0i) = S v ifiel”
Yr@yClaq) if i e (INX)\I¥,
cf. [BK16, Egs. (5.1-5.2)]. Then it follows from (2.8) that
(2.11) 6 := Ad(s)0
satisfies (6)% = id,.

If (X,7) € CDec(A)\GSat(A) then there exists a pair (i,5) € I\X x X such that the union of connected
components of X neighbouring i is simply {;j} and a;; = —1. Hence p% = $h; so that ((a;) = (—1)%" = -1
implying (X,7) ¢ Sat(A). Consequently Sat(A) C GSat(A). The complement GSat(A)\Sat(A) is empty
if and only if A is of type A,,. We refer the reader to the classification in [He84, Table I], which does not

explicitly distinguish between elements of Sat(A) and GSat(A)\Sat(A). It is convenient for our purposes to
list the elements of GSat(A)\Sat(A), which we do in Table 1.

TABLE 1. All elements of GSat(A)\Sat(A) for indecomposable Cartan matrices A. By a
case-by-case analysis there is a unique ¢ € I such that ((o;) = —1; we have indicated
the corresponding node in the diagrams. The classical diagrams are labelled in the usual
way. For types C,, and D,, upper bounds on ¢ are imposed to avoid the cases when 6 is an
involution whose fixed-point subalgebra is isomorphic to gl,,.

1 i no 1 i no 1 i el 1 i .
e O--000--090 O--00--0e0 o—o——o—o—o——o/\.. o—o——o—o—o——c(i
n n
i even 1< n 1<n-—1,%even 1< n—2,1even
n even n odd

oels Ooede O e

Consider the real vector space V = R®. For a fixed § € Aut™ (®) we can decompose V into the positive
and negative 6-eigenspaces, V = V% @ V=Y. Denote by ~: V — V the corresponding projection onto V7.
The restricted roots are the elements of

® = {alac ®}\{0}.
Given an arbitrary # € Aut™ (®), @ is not necessarily a root system in its own right. According to [He84,
Thm. 6.1], ® is a (possibly non-reduced or empty) root system precisely if § = 6(X,7) = —wxT, where
(X,7) € GSat(A) or (X, 1) is the diagram o—e.
Now consider the following groups:

Wl ={weWlw=0wd} = {wecW|w=wxT(w)wx},

W = {w|y—o |weW,w(V) VI
If = (X, 7) it follows straightforwardly that Wx is a subgroup of W?. Moreover, [He84, Prop. 3.1] implies
that W is isomorphic to W?/Wx. For i € I* we define 7; := wxwx[;) € W where X[i] = X U {i, (i)} and
set s; € GL(V~?) to be the unique element satisfying s;(@;) = —@; and s;(8) = 8 for all 8 € V7 such that
B(h;) = 0. In [He84, Lemma 3.2, Thm. 3.3, Thm. 4.4] the following result is proved.



QUASITRIANGULAR COIDEAL SUBALGEBRAS OF U,(g) IN TERMS OF GENERALIZED SATAKE DIAGRAMS 7

Theorem 2.4. Let (X,7) € CDec(A). The following conditions are equivalent:
(1) (X,7) € GSat(A).
(ii) For alli€ I*, s, € W.
(i4i) For alli € I*, 7; lies in W9 and satisfies 7;|y—o = si.
(iv) For all i € I*, 1o x|y preserves X.
(v) W =W(®).

In [Lu76, 5.9 (i)] it is shown that (W, {7 }ies+) with W = (;)ie- is a Coxeter system if condition (iv) in
Theorem 2.4 holds (also see [Lu02, 25.1]). If condition (iv) fails then for some i € I*, wx; and wx do not
commute so that 72 # idy. Hence we obtain the following result.

Corollary 2.5. Let (X,7) € CDec(A). Then (W,{Fi}icr+) is a Cometer system if and only if (X,7) €
GSat(4).

3. THE SUBALGEBRA ¢

For (X, ) € Sat(A) and a suitable choice of v € (C*)!" the 6,-fixed subalgebra £ of g can be presented
in terms of generators, see e.g. [Kol4, Lemma 2.8]. This motivates the following seemingly ad hoc definition,
where we permit a more general ~.

Definition 3.1. For (X,7) € CDec(A) and v € (C*)\X define &, = £,(X,7) to be the subalgebra of g
generated by gx, h? and

(3.1) bi,»y = fi + Vle(fl) for all i € I\X. z

It is convenient to suppress the dependence on « and simply write b; and £ if there is no cause for confusion.
We denote b; = f; if i € X. Since hx C h? it follows that € is generated by n;r( :={e;]i € X}, b? and b; for
i € I. Owing to (2.1-2.2), these satisfy

(3.2) [ei,b;] = 8i;hs € forallie X, jel,
(3.3) [h,bj] = ( )b forallhep? jel,
(3.4) [h,ej] = aj(h)e; forallh € b’ j € X,
(3.5) [h, W] =0 for all h,h’ € b?,
(3.6) ad(e;)' " (e;) =0 for all i,j € X, i # j.

By setting m = 1 — a;; in Lemmas (A.1-A.3) one also obtains analogues of Serre relations among the
generators b;. Namely, for i, 5 € I such that i # j,

(L +¢(@) i [0(fi), [fir il € ny if O(e) + i+ € 27, a5 = —1,
—18v7¢; if O(e) + ;i + 5 =0, a;5 = —3,
—i (2h; + hj) if O(e;) + i + 5 =0, a;5 = —1,
(i + (i) ;) [0(fi), f] € nk if 0(c;) +a; € 27, a;; =0,

(3.7) ad(b;)1 =9 (b)) = Yihi =il if () + a; =0, a;5 = 0,
2(vi + ;)b if O(e;) + a; =0, a5 = —1,
—7;b; if () +a; =0,j € I\NX, a;; = —1,
—37i [bi, b;] if () +a; =0,j € I\NX, a;; = -2,
—6v2b; — 3 [bi, [bi, bj]] if O(c;) + ;= 0,5 € I\X, a;; = —3,
0 otherwise.

In order to state the main result of this section, we need some more notation. Consider the subsets

Lig ={i € I"|i# 7(i) and (6(c;))(h;) A0} ={i € I" | i # 7(¢) and Jj € X[i] s.t. a;; < 0}
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and
P=T(X,7)={ye(C)\N|Viel":y # Yriy = 1€ laig}-
For 4 € I' with £ € Z~( we write a; = Zle o, and

bi = ad(by,) -~ ad(bi,_, ) (bi,), € = ad(ei,)---ad(ei,_,)(es,), fi=ad(fi,)---ad(fi,_,)(fi,)-
Observe that n~ = SpJywo{fi}icre. Hence for all £ € Z~( we can choose J; C I' such that {f;}icy, is a
basis for Sp{f;}icre. Then {fi}ics with J :=U,ez_, J¢ is a basis of n™.
Theorem 3.2. Let (X,7) € CDec(A) and v € (C*)\X. The following statements are equivalent:
(i) (X,7) € GSat(A) and v €T.
(i) For alli,j € I such that i # j we have the following bounded Serre relations:
(3.8) ad(b;)' " (b;) ent @b’ ® P Che

kel
ak<)\ij

where \ij == (1 —a;j) o + a; € QT\DT.
(iii) We have the following identity for b -modules:
(3.9) t=nfab’ odDCh
icJ
(iv) We have
(3.10) tnh=no.
Remark 3.3. In the fixed-point case £ = g% (3.10) is trivially satisfied (note that h? = h%). z

Proof of Theorem 3.2.

(i) <= (ii): This is a direct consequence of (3.7).
1) = (41): Owing to (3.3-3.5) it is sufficient to prove (3.9) as an identity for vector spaces. First we
(it) (i) g p y P

prove that ¢ = n;r( +b% 4+ Sp{b;|i € J}. From (3.2-3.3) it follows that, as vector spaces,

(3.11) t=ng+b"+ e =nf+07+ > > Ch
LEL >0 ielt
As a consequence of this, we see that it suffices to prove that for all j € U,I¢ we have
(3.12) bj €nk + b +Sp{b; |i € T}

We will prove this by induction with respect to the height . Since for all j € I we have dim(g_,,) = 1
and hence (j) € J, the case £ = 1 is trivial. Now fix £ € Z~; and assume that (3.12) holds true for
all smaller positive integers. Fix j € I* and repeatedly apply the Serre relations (2.2) to obtain that
for all 7 € J; there exist a; € C such that

fi=Y_ aifi
€T

Hence, by virtue of (ii) and equations (3.2-3.3) it follows that
-1
ie | Im}.
m=1
Using the induction hypothesis for the elements b; in the last summation one obtains (3.12).

It remains to show that the sum in (3.12) is direct. Let j € J. Then f; is nonzero. Because of the
explicit formula (3.1) we have

(3.13) bj — fi € wk + 0% + CO(f;) +Sp{bi | € T, i < aj}.

bj — Z a;b; € Tl;r( + [JG + Sp{b,
€T
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Hence fj = m_q,(b;) for all j € J, where 7, is the projection on g, for a € ®, see (2.3). Thus the
linear independence of {f;}ecs together with (2.3) implies that the sum is direct.
(iii)) = (iv): By definition, h? C €N b so it suffices to show that € Nh C h?. Suppose h € €N h?. Since
T_a,(bj) = f;j and the triangular decomposition (2.3), part (iii) implies h € n ® h? C g% so h € b°.
(iv) = (ii): We prove the contrapositive. If (3.8) fails then (3.14) and (3.7) imply that either v;h; —v;h; €
£N (h\h?) with ; # v; or 2h; + h; € €N (h\h?). In either case (3.10) fails. O

It is convenient to have an explicit description of h?. Given i € I, by applying 0 to 0(h;) — h; — O(hriy) +
h-@iy € gx Nb one obtains 0(h; — h,(;)) = hi — hy(y. From this we straightforwardly deduce

(3.14) b =Pchio @ Clhi —hr)
i€X S

We denote ®x = ® N Qx and note that | 7| = |®|/2; from (3.14) we also obtain dim(h?) = |I| —|I*|. Hence,
given (X, 7) € GSat(A) and v € T', Theorem 3.2 (iii) implies

(3.15) dim(€) = |®x|/2 + |I| — |T*] + |®|/2.
Corollary 3.4. Let (X,7) € GSat(A) and v € I'. The generating set
{hiseitiex ULhi — hr(iy Yiers izr(y U {bi}ier,

and the relations (3.2-3.6) provide a presentation of €.

Proof. There are no relations for the b; other than (3.2), (3.3) and (3.7): otherwise applying m_, with
a € &1 maximal produces a relation for the f; inequivalent to a relation (2.1), (2.2). O

3.1. Ideal structure of ¢. In this section we assume that A is indecomposable, so that g is simple. In order
to describe the derived subalgebra of ¢ recall the set Iqig € I™ and define

Ins = {i € I](0(ci))(hi) = =2} = {i € Ii = 7(i), X (i) = 0},

3.16
(3.16) Inst = {j € Ins|Vi € Ins a;j € 2Z}.

Proposition 3.5. Let (X,7) € GSat(A) and v € T'. As vector spaces we have

t=ta P Clhi—hq) e P Ch

i€ Laiss 1€ Inst

Proof. Fix (X, 1) € GSat(A). Note that neither h; — h,(; (i € lai) nor bj (j € Inst) is a linear combination
of Lie brackets in €. This follows from Corollary 3.4 and (3.2-3.7): these elements do not appear as in the
expressions for Lie brackets in the defining relations of &.

It now suffices to show that the remaining basis elements specified in (3.9) are linear combinations of Lie
brackets in €, for which we argue as follows.

b; with © € Jy, £ > 1: This holds by definition.

i, fi, hi with i € X : This follows from (3.2-3.4).

hi — hry with @ € I*\laig and i # 7(i): The given condition is equivalent to wx (a;) = a; and a;,(;) = 0.
Hence (3.7) implies that h; — h,(;) = Wfl[bi, br(5))-

b; with X (j) # 0: There exists i € X such that a;; # 0. By (3.3) we have b; = —a;;'[hs, bj].

bj with j # 7(j): Note that a,;); < 0. By (3.3) we have b; = (a,(j); — 2) " [h; — hrj), byl

bj with j € Ing\Inst: By definition of I, there exists ¢ € I, such that a;; € {—1, —3}. According to (3.7),
bj = —Vflad(bi)Q(bj) if aij = —1 and bj = —(2%)_1ad(bi)2(bj) — (671-2)_1ad(bi)4(bj) if aj; = —3; in
either case b; € ¢/, O
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It follows that the codimension of ¢ in ¢ equals |lgig| + |[Inst|- For (X,7) € Sat(A), in [Let02, Sec. 7,
Variation 1] it was noted that |Ig;g| < 1 if A is of finite type. In light of the above it is natural to generalize
this in two directions: also involve the set Ing and allow (X,7) € GSat(A4). It turns out the same upper
bound holds true and there are generalized Satake diagrams with |Iaig| + [Inst| = 1 unless A is of type Eg,
F4 or Gg. From Table 1 it follows that the only elements of GSat(A)\Sat(A) for which |Iaig| + |Inst| = 1 are

of the form é—é—o——o@g with 7 > 2 in which case I = {1} and {(ag) = —1.

For the reasons that will become clear a bit later we introduce a further refinement of generalized Satake
diagrams. In particular, we define the set of weak Satake diagrams by

WSat(A) = {(X,7) € GSat(A)\Sat(A) | (X, 7) contains no minimal subdiagram of the form e0}.

As mentioned in Table 1, for elements of GSat(A)\Sat(A) a case-by-case analysis yields that there can be
at most one i € I\ X such that ¢ = 7(¢) and {(a;) = —1. For (X, 7) € WSat(A) we will obtain a semidirect
product decomposition in terms of a reductive Lie subalgebra and a nilpotent ideal in which this unique
1 € i\X plays an important role.

For any r € Z>( and any ¢ € I denote by £(7), the span of all b; such that the coefficient of a; in «; is
precisely . We then have the following decomposition

(biYier = EP (D).

Consider the subspace

£(i) == P e(i)s
r=1

and the subalgebras
&= (g, 0% {0 bengy) €6 o= (e fi hitiengy) C o

Note that € = € + £(i) (not necessarily a direct sum, since e.g. b; may lie in &).

Proposition 3.6. Let (X,7) € WSat(A) and v € T'. Denote by i the unique element of I\X such that
i =7(i) and {(o;) = —1. Then €(i), = {0} if r > 2 and we have the lower central series

£(i) = £(i)1 D E(i)2 D £(3)2 D {0}

so that ¥(4) is nilpotent of class 2. Furthermore, both €(i); and £(i)2 are €;-modules under the adjoint action,
(i) is an ideal of €, & is the fized-point subalgebra of 0|y, and we have £ = & x £(i).

Proof. Note that (3.7) implies, for all j € T\{i}, that
(3.17) ad(b;)' =4 (b;) = 0

(318) ad(bj)liaji (bz) S _Z Fad(bj)r(bl) g E(’L)l
r=1

Since (3.3) and (3.18) are the only relations in ¢ with b; appearing on the right-hand side, it follows that
& = (n¥, 0% 8(i)o) and € = & @ £(i) (as vector spaces). Deleting the node i from any diagram in Table 1 one
obtains a (possibly disconnected) Satake diagram such that 6|4, by virtue of (2.8) is an involution. From
Table 1 it also follows that I* = I\ X so that €; is the fixed-point subalgebra of g; for the involution 6., see
(2.11).

Combined with (3.2-3.3), (3.18) implies that each summand £(7), is a ¢;-module. Hence (7) is a -module
and by virtue of (3.17) it is a subalgebra of €. It follows that €(¢) is an ideal. Automatically we have that
[@2_1£(i),, £(i)1] C ©*L1€(i), for all s € Z>1. A case-by-case analysis using Table 1 yields that the coefficient
in front of «; in the highest root of ® is always 2. This implies £(i)5 = 0 so that £(i) is the centre of £(7)
and we obtain the indicated lower central series. 0
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Regarding the centre 3 of ¢ for (X,7) € WSat(A), recall the notation ¢ for the unique element of I\ X
such that ¢ = 7(i) and {(a;) = —1. Since the centre of the ideal £(i) is €()2, we must have 3 C €(i)2. Define

Teven := {7 € J | Vk € I\X the coeflicient of «; in front of oy is even}

so that

B(7;)2,evelﬂ = @ (CbJ C E(’L)g
jeje\/el)

We claim without proof that 3 is generated by a single element of £(7)2 even-

Let us now explain the motivation behind the definition of the set WSat(A). Consider the excluded
generalized Satake diagram 0. By definition, € is the subalgebra of g = Lie(G2) generated by ey, h1, b1 = f1
and ba = fo + 260(f2) for some 5 € C*. The relations (3.2-3.7) specialize to

le1,b1] = hq, le1,b2] =0, [h1,b1] = —2by, [h1, ba] = ba, [h1,e1] = 2eq,
[blv [bla bQ]] = Oa [b27 [b27 [an [b27 bl]]]] = _187361

According to (3.15) we have dim(#) = 8. A natural basis is given by

e1, b1, ha, b2, bi2,1), b2,2,1); b(2,2,2,1); b(1,2,2,2,1)-

Using the adjoint action of e1, by and by on € it is easy to verify that an ideal of £ equals ¢ if it contains
any of the generators listed above. This together with some straightforward computations shows that ¢ is
in fact a simple Lie algebra. Since dim(¢) = 8, it is must be isomorphic to sl3. On the other hand, if
(X, 7) € WSat(A), since ¢ has a nonzero nilpotent ideal by Proposition 3.6, ¢ is not a reductive Lie algebra.

Proposition 3.7. Let (X, 7) € GSat(A)\Sat(A) and v € I'. Then ¢ is not the fized-point subalgebra of any
automorphism of g.

Proof. We first show this for the case when (X, 7) is 0. Suppose there exists ¢ € Aut(g) such that £ = g°.
From [hg,b1] = 3b1 and [ha, e1] = —3e1 one establishes straightforwardly that ¢(h2) € b and hence that
¢(h2) = 3(m — 1)hy + mhy for some m € C. Next, from 6(f2) = e(2,1) it follows that [ho,bs] = —fo — by;
hence ¢(f2) = mfa + 4(1 — m)by. Combining this with [f2,b2] = 3e1 one obtains m = 1. But this means
that ho and fy are also fixed points of ¢, contrary to assumption. Hence such ¢ does not exist. Now let
(X,7) € WSat(A). In this case € is not a reductive Lie algebra and [Ja62, Thm. 1] implies that £ cannot be
the fixed-point subalgebra of any automorphism of g. 0

Nevertheless, in Section 4 we will show that for all (X, 7) € GSat(A), the subalgebra £ can be quantized
resulting in a coideal subalgebra possessing a universal K-matrix.

3.2. The universal enveloping algebra U(t). Let (X,7) € GSat(A) and v € I'. We identify £ with
its image in U(¢) under the canonical Lie algebra embedding. The generators of U(€) corresponding to b;
(i € I\X) can be modified by scalar terms, which is a straightforward generalization of [Ko1l4, Cor. 2.9].

Proposition 3.8. For (X,7) € GSat(A), v € I and s € CI\X, the universal enveloping algebra U(ty)s is
generated by e;, f; (i € X ), h € b? and

(319) bi;’y,s = fl + vzﬁ(fl) + 8 fOT all i € I\X

Again, if there is no cause for confusion, we will suppress 7 and s from the notation. Because of Corollary
3.4 we immediately obtain the following result, which addresses [Kol4, Rmk. 2.10].

Proposition 3.9. For (X,7) € GSat(A), v € T and s € C'\X, the defining relations of the universal
enveloping algebra U () are given by (3.2-3.6), with the Lie bracket interpreted as commutator.
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We may view U (£) as a Hopf subalgebra of U(g) so that Lie algebra automorphisms of g lift to Hopf algebra
automorphisms of U(g). Call two Hopf subalgebras B, B’ of U(g) equivalent if there exists ¢ € Autnopr(U(g))
such that B’ = ¢(B). Define

= {v €T |~ =1 unless i€ lyg},

(3.20)
S:={seCN¥|s;=0unless i € Ly}

Proposition 3.10. Let (X,7) € GSat(A), v € I and s € CI\X. There exist ¥ € T and s' € S such that
U(ty)s is equivalent to U(ty)s .

Proof. The existence of 4 can be proven in an argument entirely analogous to the proof of [Ko14, Prop. 9.2
(i)]. It follows that U (€y)s is equivalent to U(tz)z for some § € CI\X.

Regarding the existence of s’ € S, note that b; 5 € (¢5)" unless i € I,y owing to Prop. 3.5. Hence U (t5)s
is already generated by e;, f; (i € X), h € b7, biz,0 for i € (INX)\Inst and b;;5,5 for i € I Hence we may
take s} =3; if i € Ing and s, = 0 otherwise. O

4. THE UNIVERSAL K-MATRIX REVISITED

Assume the d; are dyadic rationals and let K be a quadratic closure of C(gq) where ¢ is an indeterminate,
so that ¢; :== ¢% € K for all i € I. The Drinfeld-Jimbo quantum group U, = U,(g) is an associative unital
algebra over K which quantizes the universal enveloping algebra U(g). It is generated by {E;, F;, t;tl} where
i € I, satisfying the relations given in e.g. [Lu94, 3.1.1]. Tt is a Hopf algebra whose structure is defined by
the choice of the coproduct:

AE)=Ee1+t0E, AF)=Fet;'+10F, Alt)=t;t;.
For a = Y, nija; € Q with n; € Z we write to, = [[,, t". The Hopf subalgebra UY = U, (h) is the subalgebra
generated by tfl for ¢ € I and spanned by {ta}acq. In terms of the quantum root spaces

(Ug)a = {u € Uy|Vi € I taut;" = ¢*"u}
where a € ), we have the Q-grading

(4.1) Ug = @(Uq)ou (Uq)a(Uq)ﬂ < (Uq)a-i-ﬁ'
acQ

According to [Tw92, Thm. 2.1] we have Autyops(U,) = Ad(H) x Aut(A) with Ad(x) for x € H acting on
the root space (Uy)q for a € @Q by multiplication by x(«), and Aut(A) acting by relabelling. Other relevant
algebra automorphisms are Lusztig’s automorphisms 7; for i € I given as T}’; in [Lu94, 37.1.3] which define
a braid group action on U, restricting to the Weyl group action on Ug: Ti(ta) = tr,(a) for i € I and o € Q.
For X C I with wx = ry, ---r;, a reduced decomposition we define Tx = T3, ---T;,. Also, we define a
quantum analogue of the Chevalley involution by

(42) wq(Ei) = —ti_lFi, wq(Fi) = —Eiti, wq(tiil) = tjzl

for i € I. Then w, commutes with Aut(A4) and with T; for ¢ € I, see [BK16, Lemma 7.1]. Assuming
7(X) = X, one straightforwardly checks that 7 commutes with T'x.

4.1. Quantum pair algebras. We will follow the approach of the papers [Kol4, BK15, BK16] and simply
highlight where a definition or formula needs to be changed. The quantum analogon of the map 6 =
Ad(wx)Tw is the map
Oy =04(X,7) = TxTwy € Autag(Uy).

Note the absence of the factor Ad(s), cf. [Kol4, Def. 4.3] or [BK16, Def. 5.4 and Eqn. (5.4)], which was present
in 4bid. to guarantee that 6, specializes to the appropriate Lie algebra involution, see [Kol4, Prop. 10.2].
Similar to (3.14) it follows that U, (h)% consists of polynomials in ¢! (i € X) and (tit;(li))il (1 € I*,i # 7(i)).
It is equal to the subalgebra denoted U3’ in [Ko14].
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The quantization of the fixed-point subalgebra in the formalism by [Kol4] relies on the presentation of
g% in terms of generators given in [Kol14, Lemma 2.8]. Our (X, 7) with (X, 7) € GSat(A) by definition can
be quantized to a right coideal subalgebra in the same way.

Definition 4.1. Let (X,7) € GSat(4), v € (K*)\¥ and s € KI\X. Then B = B, ¢(X,7) is the coideal
subalgebra generated by U,(gx), Uy(h)% and the elements

Bi = Biys = F; + 70, (Fity)t; " +sit7' foralli € I\X. &

To make a direct match between the Kolb-Balagovi¢ formalism based on fixed-point subalgebras and our
more general approach one should set, for all i € I\ X,

Vi = 5(047(1'))01',
see also [BK16, Eqn. (7.7)]. If the tuples =, s lie in the sets
Ty ={y e ®)\|Vie "y £ 70 = i€ lar},

4.3
(4.3) S,={se€ KI\X | s; =0 unless i € L}

respectively, then according to [Kol4, Sec. 5.3 and Sec. 6] one obtains decompositions of B yielding the
quantum analogue of (3.10), namely B N U,(h) = U,(h)%. The key condition for Satake diagrams, see
(2.10), is only used in [Kol4, Proof of Lemma 5.11, Step 1], but it is clear that what is needed is precisely
the weaker condition appearing in the definition of a generalized Satake diagram, see Definition 2.2. The
rest of [Kol4] is applicable without change in the setting of generalized Satake diagrams; in particular in the
specialization (¢ — 1) one recovers U (t), see [Kol4, Sec. 10].

In [BK15] the bar involutions for U, and B are studied, following earlier work by [ES13] and [BW13] in
the case of quantum symmetric pairs of gl type. The proof of [BK15, Prop. 2.3] relies on a case-by-case
analysis of Satake diagrams of finite type from Araki’s work [Ara62]. We claim here without proof that
a similar analysis using Table 1 yields the same result for all generalized Satake diagrams, in other words
that [BK15, Prop. 2.5] holds with v; = 1 for all ¢ € I\ X (otherwise v; = —1). In the remainder of [BK15]
the defining condition of Satake diagrams or a case-by-case analysis is not used so that these results remain
valid.

The universal K-matrix for the algebra B is constructed in [BK16] in the case (X,7) € Sat(A4). We
restate some key conditions in terms of the parameters «. Assuming v; = 1 for all i € I\ X, condition [BK16,
Eqn. (5.17)] is equivalent to

[ oy )— hl p—
ey = Clo)gl @2 Mg,

where px is the Weyl vector of gx and ~ denotes the bar involution of U,, which by definition fixes E;, F;
and inverts tlil and ¢. In [BK16, Proof of Lemma 6.4] the defining condition of Satake diagrams is used, but
as before the defining condition of generalized Satake diagrams is what is needed. Then [BK16, Eqn. (7.14)]
needs to be replaced by

o o (v
Ty (Brp) = Clai)g; M7 LB, )

so that the scalar p; appearing in [BK16, Lemma 9.3] equals q;(’(ai)(hi)%(i) since [BK16, Eqn. (9.8)] is
equivalent to
ViTux (Briy) = ;" )T LBy

Finally, we highlight the paper [DK18] which establishes an elegant factorization property of the quasi
K-matrix in terms of the restricted Weyl group of g. Sections 2.2 and 2.3 in ibid. entail an analysis of
the restricted Weyl group and restricted root system following [Lu76]. For completeness, in reference to a
comment in [DK18, between Eqgs. (2.9) and (2.10)] we remark that also for all (X, 7) € GSat(A)\Sat(A) the
set X is invariant under the diagram automorphism 79 = 77, corresponding to the longest element of W
this follows from Table 1. The upshot of this in [DK18] is that 7y x; stabilizes X (for all i € I*). This is
used to derive that the 7; = wxwx[; form a Coxeter system for the group they generate. Alternatively, this
result follows from Corollary 2.5 for all generalized Satake diagrams.
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A. DERIVING MODIFIED SERRE RELATIONS FOR ¢

The following three technical lemmas are used to derive the key equation (3.7). It is convenient to
introduce the notation Qx = Y, y Zo; and Q% :== QT N Qx.

Lemma A.1. Let (X,7) € CDec(A) and v € (C*)\X. For alli € X, j € I and m € Z>, we have

d(fi)™(f; 60 (ad(fi)™(f; f 7 € I\X,
ad(fi)™ (f5) ifjeX.
Proof. This follows immediately from (2.7) and the fact that 8 is a Lie algebra automorphism. O
Lemma A.2. Let (X,7) € CDec(A) and v € (C*)\X. For alli € I\X, j € X and m € Z>, we have

ad(b;)™(bj) = ad(fi)™(f;) + "0 (ad(fi)" (f;)) + LOi;(m)

where
(14 (@) v [0(f:), [fis fill € vk if 7(0) = i, wx (i) — @i — oy € DT, m =2,
—i (2h; — aijh;) if 7(i) =1, wx(0y) = o + a5, m = 2,
LOu;j(m) = § =3(2 + ai;)vi (fi — 0(f:)) if 7(i) = i, wx () = i + o, m =3,
—6aij(2+aij)%2€j ifT(i):i, wX(ai)zai—i—aj,m—él,
0 otherwise.

Proof. By induction with respect to m. For m = 1, (2.7) implies
ad(b;)' (b) = [fi + 7% 0(f:), ;] = ad(f)' (f;) + i 0 (ad(f:)(f;)) +LO; (1)

with LO;;(1) = 0 as required. Now assume m € Z; and suppose the statement holds for all smaller values.
Then, by virtue of the induction hypothesis, the fact that 6 is a Lie algebra automorphism and (2.7), we find

ad(b;)™ (b;) = [bi, ad(b:)™ " (b))]
= [fi +70(fi),ad(£:)™ 1 (f5) + 77710 (ad(f)™ 7 (f5) + LOy (m — 1)]
= ad(fi)" (f;) + "0 (ad(fi)™ (f5))
5 [00£:), ad(£)" 7 (F)] + 7" [£i0 0 (ad(f)™ 71 (£))] + 103, LOs; (m — 1))
Using (2.8) we have 02(f;) = ((c;) f; so that
(A1) LOy;(m) =i [0(fi),ad(f:)™ ()] + Caa)y" 10 ([0(f:), ad(fi)™ 1 (f5)]) + [bi, LOi; (m — 1)].
Suppose that [6(f;),ad(f;)™" 1(fj)] # 0. Then wx (o ¢;)) — (m — 1)y —a; € @U{0}. Now & = dT U D~
implies that 7(i) = i and j € X(i).
If wx (o)) — (m—1); —a; € @ we must have 7(i) = i and m = 2; because wx (o, (;)) —a; — o € Q% it

follows that [0(f:), [fi, f;]] € n¥. The claimed expression for LO;;(2) follows immediately from (A.1); those
for LO;;(m) with m > 2 from (3.2).
Now suppose wx (a+()) — (m — 1)a; — a; € @~ U{0}. Then 7(i) = i and wx (a;) < (m —1)a; + a; so
that X (i) = {j} and hence aj; < 0. In this case we readily obtain
wX(aT(i)) —(m—-1a—a; =2-m)a; — (14 aj;) .
From ® = & U @~ it follows that a;; = —1. Now Za; N ® = {*«;} implies that m € {2,3}. We
straightforwardly compute
ai;ih; — h; ifm=2
0 : ,ad ’L_mfl . — 13°%7 ? ’
602, 20" ()] {_2(1 T,

and the claimed expressions for LO;;(m) readily follow. O
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For i,j € I and m,r € Z such that 0 < r < |m/2| define pz(-;’m) € 7Z by
m+1

(0,m) (—5—m) (r,m+2) _ (r,m+1) (r—1,m)
(A.2) Pij = -1, Dy;; 2 =0, Pij =P = (m+1)(m+ ai;)pu .
Lemma A.3. Let (X,7) € CDec(A) and v € (C*)\X. For alli,j € I\X such that i # j and m € Zxq we
have
ad(bi)™ (b;) = ad(fi)™(f;) + 0 (ad(fi)™ (f;)) + LOs;(m)

where

(i + Clai)y;) [0(fi), f5] € nk if 7(i) = j, wx (i) — o € @, m =1,

Yihi — il if T(i) = j, wx (a;) = o, m =1,

2((vj — aivi) fi = vi(vi — aigyy)e;) if 7(i) = j, wx (i) = ag, m = 2,
LO;; (m) = lm/2]

Z pZ % rad(b;)™ 2 (b)) if 7(1) = i, wx (o) = a,

0 otherwise.

Proof. As in the proof of Lemma A.2 we apply induction with respect to m. For m = 0 we have

ad(bi)"(by) = by = f; +7;0(f;) = ad(fi)(f;) + 70750 (ad(f:)°(f;)) + LO; (0)
with LO,;;(0) = 0 as required. Now assume m € Zs( and suppose the statement holds for all smaller values.
Then, by the induction hypothesis,

ad(b;)™ (bj) = [bs, ad(b:)™ (b))
= [fi +2%0(fi)ad ()™ 1 (f) + 4" 0 (ad(fi) "1 (f5)) +LOg (m — 1)).
Rearranging terms and using that 6 is a Lie algebra automorphism we obtain
ad(b;)™ (b;) = ad(fi)™ (f;) + " ';0 (ad(fi)™ (f;)) + LOy(m)  where

LOy;(m) = [0(f:),ad(fi)™H(£5)] + 2" [fi,0 (ad(fi) ™ (£3))] + [bi, LO (m — 1)].
Using (2.8) we obtain
(A3)  LOy;(m) =7 [0(fi), ad(f:)™ (f;)] + C(aa)y" " ;0 ([0(fi), ad(£:)™ 1 (f5)]) + [bis LO; (m — 1)].
If [0(f:), ad(fi)™*(f;)] # 0 then wx (o)) — (M — 1)y — a; € D U{0}.

If wx (o)) — (m — 1) — o; € @F we must have j = 7(i), X (i) # 0, m = 1; since wx (a,(;)) — a; € Q%

it follows that [0(f:), f;] € n%. The expression for LO;;(1) follows from (A.3); LO;;(m) = 0 with m > 1 is a
consequence of (3.2).

Now suppose wx (ar(;) — (m — 1)o; — a; € &~ U {0}. It follows that X (i) = 0, so ((a;) = 1, and
7(i) € {i,5}. If 7(i) = j then Za; N ® = {£a;} implies that m € {1,2}. Furthermore, 6(f;) = —e; and
a;j = a;;. Now (A.3) implies, as required, LO;;(1) = v;h; — vih;,

LO:;(2) = v 0 ([=e5 [fi, fil]) + i [—e5 [fia fill + [bi, LO4; (1)]
=775 0 ([hy, fil) + i [hy, fi] + [vihy — v s fi — vieg]
=2((v — agvi) fi = vilvi — az‘ﬂj)ej)

and LO;;(m) = 0 if m > 2.
It remains to deal with the case X (i) = @ and 7(i) = i, in which case (f;) = —e;. A straightforward
computation gives
[0(fi), ad(f)™ 1 (f;)] = (m = 1)(m — 2+ ag;)ad(fi)™ ~2(f;)-
By virtue of the induction hypothesis, (A.3) simplifies to
LOij (m) = (m — 1)(m -2+ aij)% (ad(bi)miz(bj) - LOZ-j (m - 2)) + [bl, LOij (m — 1)],
from which the recursion (A.2) follows straightforwardly. O
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