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Abstract

Satake diagrams of affine Kac—Moody algebras (untwisted and twisted) are
obtained from their Dynkin diagrams. These diagrams give a classification of
restricted root systems associated with these algebras. In the case of simple Lie
algebras, these root systems and Satake diagrams correspond to symmetric
spaces which have recently found many physical applications in quantum
integrable systems, quantum transport problems, random matrix theories etc.
We hope these types of root systems may have similar applications in theoretical
physics in future and may correspond to symmetric spaces analogue of affine
Kac—Moody algebras if they exist.

PACS numbers: 02.10.—v, 02.20.Qs

1. Introduction

Recent times have witnessed a lot of activity in the study of quantum integrable systems
[1] and quantum transport problems [2, 3] which are based on the theory of symmetric
spaces [4, 5]. The symmetric spaces through their root systems are related to Calogero—
Sutherland models of quantum integrable systems. At the same time, the theory of symmetric
space provides a classification of random matrix models [6—10] which are studied in various
quantum transport problems. Mainly Wigner—Dyson ensemble, chiral, random matrix transfer
ensemble, N S ensemble are linked to one of the eleven classes of symmetric spaces in
the Cartan classification scheme. These symmetric spaces along with symmetric spaces
related with exceptional Lie algebras can be classified in terms of Satake diagrams which are
nothing but modified Dynkin diagrams and correspond to modified root lattices (restricted
root systems). At the same time these diagrams also classify all the real forms of complex Lie
algebras up to isomorphism. Now it is beyond doubt that Kac—Moody algebras, in particular
the affine algebras, have wide physical applications in the context of integrable systems,
two dimensional field theories, string theories etc. Keeping this in view, in this paper we
have obtained an exhaustive list of Satake diagrams of affine Kac—Moody algebras together
with the Dynkin diagrams of the restricted root systems. This will serve two purposes:
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first it will be a preliminary stage for one way of classification of restricted root systems
associated with affine Kac—Moody algebras. We are not sure but hope that these systems
may correspond to symmetric spaces analogue of affine Kac—Moody algebras if they exist.
Second, these diagrams can also classify the real forms of affine Kac—Moody algebras much
of which has been discussed already by different authors [11-14, 21]. Also, the involutive
automorphisms determined from these diagrams [15, 16] have been used successfully for the
direct determination of Iwasawa/Langlands decompositions associated with these algebras
[17, 18].

The organization of the paper is as follows: in section 2, we give a brief introduction to
involutive automorphisms and the real forms of affine Kac-Moody algebras. Here we briefly
outline the essential procedure for the construction of Satake diagrams, and we enumerate
the exhaustive list of these diagrams together with the Dynkin diagrams of restricted root
systems for affine Kac—Moody algebras (both twisted and untwisted). Section 3 contains a
few concluding remarks.

2. Involutive automorphisms and real forms of affine Kac—-Moody algebra

The involutive automorphisms and the real forms of affine Kac—-Moody algebras have been
discussed in great details by various authors [11-14, 21-23]. However, for the sake of
completeness we enumurate the salient points.

We define a group G acting on a Kac-Moody Lie algebra g via adjoint map. Ad:
G — Aut(g). It is generated by the subgroups U, for « € A; A being the root system of g
and Ad (U,) = exp{ad(gy)}, where g, is the o root space in the Lie algebra g and U, is a
subgroup in the Lie group.

A maximal ad,-diagonalizable subalgebra of g is called a Cartan subalgebra. Every
Cartan subalgebra of g is Ad (G)-conjugate to the standard Cartan subalgebra s&. A Borel
subalgebra of g is a maximal solvable subalgebra. It is always conjugated by Ad (G) to b™ or
b~, where

b*=h® g, .1
a>0
b™=h ® Lo (2.2)

But b* and b~ are not conjugated under Ad (G), so there are exactly two conjugacy classes of
Borel subalgebra: the positive and negative subalgebras.

If Aut(g) is the group of all automorphisms of g and Aut, (g) is the group of all semilinear
automorphisms of g, then the group Aut(g) is normal in Aut,(g) and is of index 2. An
automorphism 7 of g is called semilinear if T(Ax) = At(x) for A € C.

A semilinear automorphism of g is said to be the first kind if it transforms a Borel
subalgebra into a Borel subalgebra of the same sign. A semilinear automorphism of g is
said to be of the second kind if it transforms a Borel subalgebra into a Borel subalgebra
of the opposite sign. It has been well established that any automorphism of g is either an
automorphism of the first kind or automorphism of the second kind.

If g is a complex affine Kac—-Moody algebra, a Kac-Moody subalgebra g, of g is a real
form of g if g is the complexification of g, i.e. if g = g, +ig, (direct sum). Such a real form
g determines a mapping C: g — g, namely x +iy — x —iy(x, y € g,). The mapping C has
the following properties:

(1) C is semilinear, i.e. C(rx + uy) = 7C(x) + pC(y),forx,y € gand 7, u € C.
(ii) C is an involution i.e. C* = 1,
(ii) C[x, y] =[Cx, Cy], for x,ye€g. (2.3)
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A map C: g — g with these properties is a bijection called a semilinear involution
of g. Conversely any semilinear involution C of g uniquely determines a real subalgebra
g = {x € g; Cx = x} such that g = g, +1ig,, that is to say a real form of g. The real form g,
of g is said to be almost split if it is associated with a semilinear involution of first kind and is
said to be almost compact if it is associated with a semilinear involution of second kind.

Thus, we see that a semilinear automorphism of order 2 of g is called a semi-involution
of g. For any semi-involution ¢’, we have the decomposition Aut,(g) = {1, 0’} ® Aut(g)
(® denotes semidirect product). We denote by o, the conjugation of g with respect to the
standard split form. We call o, the standard normal semi-involution of g. This commutes with
the standard Cartan involution w.

Let w; = o,w = wo,. Then w; is called the standard Cartan semi-involution of g. Its
algebra of fixed points is the standard compact real form of g. A Cartan semi-involution of g is
a semi-involution w’ conjugate to w/, by an element of Aut,(g). Then &' is a semi-involution
of the second kind and the associated real form is called compact real form #; of g.

Let o’ be a semi-involution and «’ be a Cartan semi-involution. If o’ and ' stabilize the
same Cartan subalgebra /1, one may suppose by conjugating by G that ' commutes with .

Let o’ be a semi-involution of g of the second kind and let g, = g be the corresponding
almost compact real form. A Cartan semi-involution ', which commutes with ¢’ is called a
Cartan semi-involution for ¢’ or g,. The involution o = ¢’w’ (resp. its restriction ! to g,)
is called a Cartan involution of o’ (resp. of g,). The algebra of fixed points 7y = g7 is called
a maximal compact subalgebra of g,. We have the Cartan decomposition g, = ) @ po and
t; =ty @ ipy, where py is eigenspace of w). for the eigenvalue —1.

We obtain under Aut(g) a one—one correspondence between the conjugacy classes of
(linear) involution of the second kind of g and the conjugacy classes of almost split real forms
of g. Now, we consider

(1) The semi-involutions ¢’ of the second kind of g.
(2) The involutions @ of the first kind of g.
(3) The relation o’ ~ 6 if and only if,
(a) ' = 6o’ = o'6 is a Cartan semi-involution.
(b) 6 and ¢’ stabilize the same Cartan subalgebra /.
(c) his contained in a minimal ¢’-stable positive parabolic subalgebra.

Then this relation induces a bijection between the conjugacy classes under Aut(g) of
semi-involutions of the second kind and conjugacy classes of involutions of the first kind.

Thus, we obtain under Aut(g) a one—one correspondence between the conjugacy classes
of (linear) involutions of the first kind of g (including identity) and the conjugacy classes of
almost compact real forms of g. The compact real form is unique; it corresponds to identity.
A classification of involutions of an affine Kac—Moody Lie algebra is given by Levstein [13].
A classification of automorphism of finite order of affine Kac-Moody Lie algebra of type AV
is given by Kobayashi [12]. A description of automorphism of Kac—Moody algebras is given
by Kac and Wang [11] and Cornwell et al [21, 22].

Now, let C be the semilinear involution of g defined by g,, so that C(x +iy) = x — iy for
x,y € g.. Now C acts on the root spaces as follows. For each root « € R, (R being the set of
all roots of the Kac—Moody algebra), define o (o) by

—(o(@)(x) = a(C(x)) for x € h, where £ is a Cartan subalgebra 2.4)
then
C(g*) =g . 2.5)
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Table 1. Ag) . Involutive automorphisms from Satake diagrams.

Dynkin diagram

Satake diagrams Involutive automorphisms

) iao

Q a,
Aao
a, a

-o(a,) =a
-o(a)) = ¢,

-o(q,) =a,

~a(a,) =a,
-o(a) =a,

-o(a,)=ay

0'((10) =@p= ﬁo
-o(ar)=a,ta,
-o{az)=as+ay

-o(a,) = ag +2a4 + 24,
ola))=a= b

olay) =a;= B

olay) =as= Ao
ol@) =a* h

0’(&1) = az - ﬂz

Table 2. Restricted root systems from Satake diagrams.

Satake diagrams

@
Al .
a, W a;
E®

Dynkin diagrams of
Restricted Root tem

A EM

A A §o
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Table 3. Affine untwisted Kac—Moody algebra.

DYNKIN DIAGRAMS OF THE
TYPE DYNKIN DIAGRAMS SATAKE DIAGRAMS RESTRICTED ROOT SYSTEM

Al(‘)

oy a; % &
3 a 01 O as o O O A A2 Aot Ae

BO—0O----O-=0
o M A

OO ----O0-0<0
o Ay Az

—-0--0-0-0
A Az

OLO—(Or---0O-0<0
A Az Aa

The mapping « — —o () extends by linearity to an involutary isometry under which
R_ = R — Ry is stable and Ry is the set of roots & € R such that @ — o () = 0. Therefore, we
are led to consider pairs (R, o), where R is a root system and o is an involutary isometry such
that o (R) = R. The pair (R, o) is said to be normal if « € R implies @ +0 («) € R. Eachreal
Kac—Moody algebra determines a normal pair (R, o) which determines g, up to isomorphism.
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Table 3. (Continued.)
DYNKIN DIAGRAMS OF
TYPE DYNKIN DIAGRAMS SATAKE DIAGRAMS RESTRICTED ROOT SYSTEM
B
£23) | o e O—O—C20 a ———- e O30
a2 a3 e Oy az @3 ¢ Qg O A2 M-! A
% %o do
Q
0 O—O----0-00 -
(Y a2z a3 o a0y Mdz Apa ke
oo
& . 9‘\O—O-----<Z‘f—O>O
G a3 G, (/ Az ks
o Ao
ANy @902 0=O-0--0-0>0
o U3 o L PRT- % A Ak,
g
°“ 0009 EO-0r----0-C=0
oz a3 g0 do A2 ha
£ - odd
[
oy TP PP BO—-0O----O0—C>0
az O3 ®pa1 &g A A2 A
Qg
cm
¢ =000V | BEO-O0-0-0O--- C=O—0O-----0-00
agar Gz a3 &0y @y az o3 LR Ao M Aea Ay
- t-odd | CRO-O—-O-020
apaq a7 03 Qg4 @y Ao My
¢-even BO-O----0-0<0
apay az o3 o a, Ao Ay
G0—0—0-O---0—O—@D 7-even (EO—O-O—O@
Qo @ G LRy ¥ hea A
O>0—0—00O 088 BO—-O-----O0—=0
oo o 02 Ay Ao A2 Ag
00— 00000 0---O-0W {-even OLO—O----0O—C0
Qo @y G2 Q.1 O A2 A Az
D"
%"‘O ""0—0/9‘ -2 S £ A ——- A,
g 92 % %o &z da @z A
a G o 3
e-1
(2 oy ———
C & a3 e D ?ﬁz—o ek,
[ 7
* /g' y ---- OG>0
-------- L o )
G o3 az\Ng 2
[ 2R %
X S— )'“ ¢-even OO
By a3 o,z o Rz e
L8
>N o ./9, ¢- odd BO—O----O-O
a2 o o2 b) Ao d2 Ay
A ®en
' —-0-0.%} -even OH—O----O-C>0
@ oy a2 A A3 As
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Table 3. (Continued.)
DYNKIN DIAGRAMS OF
TYPE DYNKIN DIAGRAMS SATAKE DIAGRAMS RESTRICTED ROOT SYSTEM
Es" o3 %;Oazg 0 im as ag M *ﬁ%kkh
o2 g A2
o %o
A A
m O—O=O-0-0
) as;““a‘ Mk Ml
2
q
O—09@® A2z Ro
ay as as Og
a2
Ae
O-—9-9-9-0 fi
@ 03 Qa4ds O
53
-7 e 1
K egod °
oy Oa a;ug 05 A
ag
@
dr a3 Ao Os O A A2
az
a0
E,(‘)

O-O00—0—-0-0-0
Go Gy O3 Jou Os O @7
a2

-0—0—0
oo a3 o5 s &7

Qo Oy O3 |G4 G5 O O7F
o2

-O-@ —0—0
o Oy O3 as o Qa7
A2

—0-9—-0—®
o @y O3 |ag a5 O Q7
2

Laepeod

Qg 0y Q3 2005 O A7
oz

O —-O0—@
Qg & U3 [Oq Q5 O O7
a2

0o
Op Q03 L OqQs s A7
az

-
Qo G O3 04 Os Ag O7
a2

—O0—0—0
A M A Adids Rs A7
2

O-—O0—0<0—0
L SRy C R PR

Ao g'hlv

G=D

VS ¥
o]
Xo

O=>=0==0
PV ¥

OO0
do i Ra ke R

This condition is used in determining the Satake diagrams and the corresponding involutive
automorphisms out of all possibilities. The construction of the Satake diagrams associated
with a real Kac—Moody algebra and corresponding Dynkin diagrams of restricted root system
proceed as follows.
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Table 3. (Continued.)

DYNKIN DIAGRAMS OF
TYPE DYNKIN DIAGRAMS SATAKE DIAGRAMS RESTRICTED ROOT S§YSTEM
E" o—o—gx—o—o—o—o—o
ooy Jouos as a7 o oo —O0— 0000 O—0O0—0—0O0
2 o a3 | asos o a7 s o A ksihhhhhh
>3 Az
O—-0—e—-0—-0O0-0-0-0 ?—o@—o—o
o o jog 05 05 Q7 s Qo 1 he A7 As o
[ >3
o—o—i—o—o—o—o—o o000
a a3 Jas asas a7 as @ M A M Aeds
az
£4M
O-O-0=0—0
Co Gy ap Oy O
0-0—=0-0 Q=00
o Ot oz G O bo Mha A3 M
O—9-x0-0 =0
oo Q2 Gy O4 Ao M
0000 Q
Qo 0ty Oy O3 O4
- Q
Qo 04 Oz O3 O 2a
*--O-—6=0-9 O)..
G o1 Oy O3 &
) O—C220 O—0O==0 O—0O=0
a0y Of 3 a; &z e A A
(>0 Q
ap Oy O At

Let R be aroot system of an affine Kac—Moody algebra. Fora € R,letA = & = o —o («).
Let us introduce R_ = {«|& # 0, € R}. Alsolet Ry = {« € R|&@ = 0}. The basis B of
R can now be decomposed into two disjoint subsets, By and B_, where By = B N Ry and
B_ = B — By.

If B =B — By = {«;} and By = {;}, then it can be shown that

—0 (o) = iy + ) _ Nty (2.6)

where 7 is an involutive permutation of {0, 1, 2, ..., r} and n,; are non-negative integers. We
can now associate with B its Satake diagrams. Denote the root ¢; with white circles as usual
and the root §; by black circles. If w (i) = k, then it is indicated by a double arrow between
open circles for ¢; and «;. The Satake diagram determines the involution of R uniquely. We
note that o (B;) = By andif ¢ € Rthena+o () ¢ R. If all the vertices of the Satake diagrams
of g are black circles, then the real form is compact. If all the vertices of the Satake diagrams
of g are white circles and if the diagram contains no arrows, then the real form is split. All
other real forms lie in between these two extremes. Let (R, o) be a normal pair with R being a
root system in a vector space V. Let V = V, + V_ be the direct sum decomposition of V into
eigenspaces for —o corresponding to eigenvalues 1. Then the collection ¥ = {&@|o¢ € R}
forms a root system in V., which are referred to as a restricted root system. These vectors are
essentially projections of the roots R onto V, and we can choose simple roots from ¥ to form
a restricted Dynkin diagram.

To illustrate our points, we have taken Ail) and Aél) as two examples and have shown
how to draw the Satake diagrams of these algebras and obtain corresponding real forms.
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Table 4. Affine twisted Kac—Moody aglebras.
DYNKIN DIAGRAMS OF
TYPE DYNKIN DIAGRAMS SATAKE DIAGRAMS RESTRICTED ROOT SYSTEM
A
= =R =
o @ q|
Az:-im L D N
(£22) % 0 O Oa,.ionz, IH—0-0----O-0-0<O 1 - O—0<0
N @z a3 e Oy Az Aad
o
00— O-0-0<0 OD-0----0-0=<O
oz a3 Oy O A Ay Aerde
o
“O—@—0----- 9-0-0<D ¢-even BO—-0O----0-0=0
oz a3 Qg O, Ao Az A4
7%
A S Py O-O-----O-C=0
@ o3 X, LR
Qo
Q
OO0 000
_o—o~-—-o—o~o-© ¥ X ke
oY @2 %3 Qg O
A
gy O-—e-O- Cj?ﬂ)-()-----O—O@
a2 G ad Ot 1 A3
o
AR 000 | =000 OD-O----0-0<0
€22) Qg @y Oz O3 Gy &y oo o Oz a3 O O Ao A Aet Ay
—@-——-O—O—0<0 OLO—O----0~-0<0
o Oy X2 A3 A ey Oy A My Aer Ay
—O----- OO 0O----0-0=0
ag @y O O3 0y O PR
P — OPD-O----O~-00
X2 M
Og oy O O3 LR R
D®y N PN OEO—-Or---O-030
(£22) a @ a Qg O ap aq @ Qpey O o M Rea Ay
......... OO~ OO0
o oy O ey O Ao Ay A2
<O O0—0---00 OO0 O~020
ap oy o Qe & A Az Ret
Ee(z) o O a2 O3 Og Qo & @ A3 (a.j‘ Aa M oAz Ay Ay
(2:9' az O3 a4 Ao A
(@]
dp @y O O3 Gy A
o & & & ) @]
g @y G2 Q3 Q4 2o
®p @y &dz Qa3 &4 %
o @1 O G3 O o e
0o |O—O=O Q—C=0 O—O=Q
O a0y % o &2 2o Mo A
O—@=<@ o)
a o Ro

-2
2

(@) A(ll): the generalized Cartan matrix for this algebra is (:2 ) The Dynkin diagram, the

Satake diagrams and the involutive automorphisms of Aﬁl) are as shown below.
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Dynkin diagram at iagrams Involutive automorphism
=D =0 -ota) <,
a a a
%o ! o ] -o(@)=a,.
=9 -otan) =g -1
a, Qq ola)=a,=f.
Q, 27 -o(@)=a,.

e o@)=a =5

Q, Q, o(a,)=a, = ,80 .

Thus, we see that we have four real forms of this algebra each corresponding to one type
of involutive automorphism, which is similar to the results obtained earlier [12, 21-23].
2 -1 -1
(b) A(zl): the generalized Cartan matrix for this algebra is (l 2 1). The Dynkin diagram,
-1 -1 2
the Satake diagrams and the corresponding involutive automorphisms are as given in
table 1.

Thus, for Aél) we see that we have five real forms of this algebra each corresponding to
one type of involutive automorphism [12, 21-23].

Once the Satake diagrams are obtained it is very easy to construct the corresponding
Dynkin diagrams of the restricted root system as mentioned previously in this section. To
illustrate our point, the Dynkin diagrams corresponding to the restricted root system obtained
from the Satake diagrams of Agl) and Eél) are given in table 2.

In the case of ordinary Lie algebras these Dynkin diagrams correspond to symmetric
spaces, which have many applications as mentioned earlier. But in the case of affine Kac—
Moody algebras, we do not know what type of physical and mathematical significance these
diagrams will have. However, we are trying to address these aspects in a forthcoming paper.

Now we list Satake diagrams together with Dynkin diagrams of restricted root system
associated with all untwisted as well as twisted affine Kac—Moody algebras in tables 3 and 4.

3. Conclusion

In this paper, we have demonstrated how Satake diagrams are one of the easiest tools to classify
the restricted root system associated with affine Kac—Moody algebras. Since symmetric
spaces/real forms are related to the involutive automorphisms of Lie algebras, this technique
may also provide a basis for the determination of symmetric space analogues (if they exist) and
real forms associated with affine Kac—Moody algebras. The Satake diagrams themselves can
be exploited to find the involutive automorphisms which can be used to determine directly the
Iwasawa and Langland’s [15-18] decomposition of the corresponding algebras (particularly
low rank). The same technique can also be used with suitable modification to determine the
real forms and symmetric super spaces associated with simple Lie (super) [19] algebras as
well as that of affine Kac—Moody (super) algebras [20]. Such types of studies are currently in
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progress and will be communicated in future. We hope the restricted root systems determined
from such type of studies may have direct physical relevance with quantum integrable systems
and quantum transport problems which is beyond the scope of this paper.
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