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MAT 552 PROBLEM SET 8

This problem uses Cartan’s criterion to check that the special linear Lie algebra is
semisimple. The remainder of the problem set is devoted to Levi’s Theorem: every
Lie algebra is a semidirect product of its solvable radical and its semisimple part.
For completeness, there are some exercises on bimodules and derivations. This is
used to define the semidirect product of Lie algebras, and it will be used further in
the next problem set about Ado’s Theorem.

Problems.

Problem 1.(The Killing form on sl,,.) Recall the root decomposition of g = s,
from lecture. The diagonal matrices form a maximal Abelian subalgebra b,,. For
the induced adjoint representation of this Abelian subalgebra on all of sl,,, there is
a direct sum decomposition,

g=n_@h®n.= | P ga |00 | P 0a
acd, aEd;)
where ®,, C b is the set of roots, and where ®;' and ®,, are the subsets of positive
and negative roots. Precisely, @, equals {a; ;|1 < i < j < n}, where «; ; € is
the linear functional that is the difference x; — x; between the (i,¢)-entry and the
(4,7)-entry of a diagonal matrix, and ®;,, equals —®;}, where —«; ; equals «; ;. For
every a = «; j, the root space g, is spanned by the elementary matrix X, that has
(i, 4)-entry equal to 1 and all other entries equal to 0.
(a) Since b/, is Abelian and since every g, is 1-dimensional, conclude that for every
X € by,
adyoadx :g— g
has trace equal to

Br(X,X)=> (0, X)*=2 > (o, X)%

acd acdt

(b) Since the trace of X equals 0, compute that
Bg(X,X) =2 Z (xi(X)? = 2x: (X)X (V) + x5 (V)?) =

1<i<j<n

4 Y ) F2m-1) Y x(X)? =

1<i<j<n 1<i<n

2
=2 > xi(X) ] +2n D xi(X)? =2nTrcn (X 0 X).

1<i<n 1<i<n

(¢) For every diagonalizable element of Mat,, «,,, there exists a basis such that the
element is in b,. Thus, every diagonalizable element X of sl, is conjugate to an
element of /. For such elements, conclude that B (X, X) = 2nTrea (X o X).
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(d) Finally, since the subset of diagonalizable elements in sl,, is dense, conclude
that Bi (X, X) equals 2nTrcn (X o X)) for every X in sl,,. Thus, the Killing from
By = Baq equals a positive scalar multiple of the invariant symmetric form Bgq
of the standard representation of sl,, on C™.

(e) For every matrix X, for the matrix X from the proof of Cartan’s Solvability
Criterion, the trace of X equals the complex conjugate of the trace of X. Thus,
if X is in sl,, so is Xg. Since Tren (X o Xg) equals 0 if and only if X is nilpotent,
conclude that the kernel of the Killing form consists only of nilpotent matrices.
By the Jordan canonical form, there exists a basis of C™ such that the nilpotent
matrix X has nonzero entries only on the main superdiagonal, and these equal 0 or
1. For the transpose matrix X, compute Tren (X o XT). Conclude that the kernel
of the Killing form is trivial, and thus sl,, is a semisimple Lie algebra by Cartan’s
Semisimplicity Criterion.

Problem 2. (Bimodules.) Let k be a field, either K = R or ¥k = C. Let
(A;myg : Ax A — A) and (B,mp : B x B — B) be associative k-algebras, not
necessarily unital. For a k-vector space M, an A-B-bimodule structure on M is a
pair of k-bilinear operations,

L:AxM— M, R:MxB — B,
such that the induced k-linear maps,
Z A — Homk(Ma M)7 za(y) = L((L, y)v

R: B — Homy(M, M), Ry(z) = R(xz,b),
are homomorphisms of associative k-algebras and such that for every a € A and for
every b € B,
LooRy=RyoL,.
If A and B are unital, an A-B-bimodule structure is unital if both L and R are ho-

momorphisms of associative, unital k-algebras, i.e., they also send the multiplicative
identity to the multiplicative identity.

(a) Check that an A-B-bimodule structure on M is equivalent to a module structure
for the k-algebra A®j B (usual product structure, not the Z-graded variant). Thus
the usual operations for modules over an algebra all make sense: direct sum, direct
product, kernel, cokernel, etc.

(b) As usual, for a right B-module (M, Ry : M x B — M) and for a left B-module
(N,Ly : Bx N — N), denote by

ﬂM,BVNIMXNg)M(X)BN,

the universal biadditive map that is B-balanced, i.e., for every x € M, for every
b € B, and for every y € N,

Bum,B,N(Rar(2,0),y) = Br,B,n (2, Ly (b, y))-

For associative k-algebras A, B, and C, for an A-B-bimodule (M, Ly, Rys), and
for a B-C-bimodule (N, Ly, Ry), check that the following maps are B-balanced
biadditive maps,

BM7B7NO(LM(CL,—)XIC1N) cMxN — MxN — M®BN, (x,y) — BM7B,N(LM(CL,Z‘),y),

BB, no(Idy xRy (—,¢)) : MXN — MxN — M®pN, (z,y) — Bu.p.n(x, Rn(y,c))
2
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By universality, deduce that there exist unique additive maps,
Lygpn(a,—): M®p N — M®pg N,
RM®BN(—,C) M ®p N — M®®pgN,

such that Lyg,n(a, —) o B g~ equals Sar g v o (Lar(a, —) x Idy) and such that
RyrosN(—,¢) o B, equals Bar,p N o (Idy X Ry(—,¢)). Deduce that there are
binary maps,

LM(X)BN:AX (M@BN)—)M(X)BN,

Rygsn : M ®p N)x C — M @p N.
Check that these binary maps form an A-C-bimodule structure on M ®¢ N.
(c) As usual, denote by — ®p — the bifunctor,
—®p—:Mod - B x B—Mod —Z—Mod, (M,N)— M®&pgN,
(u:M—-M v:N—->N)—pov:MegN— M @5 N'.

For the A-C-bimodule structure defined above, prove that this bifunctor “restricts”
to a bifunctor,

—®p—:A—Mod—-BxB—-Mod—-C — A—Mod - C.
Also, for every associative k-algebra D, for the trifunctors,
(—®p—)®c—:A—Mod—-BxB—-Mod—CxC—-Mod—D — A—Mod — D,
—®p(—®c—A—-Mod—BxB—-Mod—-CxC—-Mod—D — A—Mod- D,
check that there is a natural equivalence,
OaBcp: (—®p—)®c —=—®p (—Qc —).
Formulate and prove the evident higher associativity compatibility for 04 g ¢ p.

(d) For every associative algebra (B, mp : B x B — B), the left regular module
structure and the right regular module structure are defined by
Lo(c) =mp(a,c), Rp(c) —mp(c,b).

Check that these define a structure of B-B-bimodule on B, called the regular
bimodule structure. For every B-C-bimodule N, check that the induced B-C-
bimodule structure on B ® g N is naturally isomorphic to N as a B-C-bimodule.
Similarly, for every A-B-bimodule M, check that the induced A-B-bimodule struc-
ture on M ®p B is naturally isomorphic to M as an A-B-bimodule.

(e) For every homomorphism of associative algebras,
f:B— A, ma(f(b), ()= f(mp(,b)) Vb € A,

for every A-A-bimodule (M,L: Ax M — M,R: M x A — A), define,

LY :BxM — M, LY(b,m):= L(f(b),m),

RT: M x R— M, R'(m,b):= R(m, f(b)).
Check that this is a structure of B-B-bimodule on M, sometimes denoted M. For
A-A-bimodules M and N, check that every morphism of A-A-bimodules from M
to N is also a morphism of B-B-modules, Mf — N/. Finally, giving A and B
their regular bimodule structures, check that the B-B-bimodule morphisms from
B to A/ are isomorphic to the B-B-submodule Z4(f(B)) of A of all elements that

centralize f(B).
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(f) For every associative algebra (B,mp : B x B — B), for the associated Lie
algebra structure,
[av b}B = mB(av b) - mB(ba a)a
check that the left regular representation is a Lie algebra representation,
L[a,b] = La o Lb - Lb o La,
and similarly for the right regular representation. Finally, the usual adjoint repre-
sentation is defined by,
adp : B — Homg (B, B), adp,:b+— mp(a,b) —mp(b,a).
Check that this is also a Lie algebra representation (this is the Jacobi identity for
this Lie algebra).

Problem 3. (Derivations.) For every associative k-algebra (A,m4 : Ax A — A)
and for every A-A-bimodule (M,L: Ax M — M,R: M x A — M), denote the
direct sum of the regular A-A-bimodule and M by

A (M-e)=Ad M.
The symbol € is just a placeholder. When confusion is unlikely, this is just denoted
A® M -e.

(a) Check that the following k-bilinear operation is a structure of associative k-
algebraon A® M - ¢,

(ADM - -e)x(AB M -€) - ADM-€, (atxe,b+ye) = ma(a,b)+(L(a,y) + R(z,b))e.
Check that the inclusion of the summand A is a homomorphism of associative
k-algebras,

i:A— (A M-¢€), i(a) =a+0Oe.
Finally, check that projection to the summand A is a homomorphism of associative

k-algebras,
r:(A®M-e) = A, r(a+ze)=a.

(b) For every left A-module (M, L:AxM — M), with its left and right operations
a compatible structure of left module for A@ M - € is a structure of left module,
Lo (A®M-€) x M — M,
such that Zﬁw equals L. Check that every compatible structure of left module for

A @ M - e is of the form
EM(G +xe,y) = E(a, y) + Ee(x, Y)s
for a unique A-balanced map
Le:M x N — N,
that is also left A-linear, i.e., for every € M, for every a € A, and for every y € N,
Le(R(x,a),y) = Le(z, L(a,y)). L(a, Le(x,y)) = Le(L(a,2),y).
and such that for every x,2’ € M and for every y € Y,
Lolw, Lo, y) = 0.

Conversely, given L. as above, prove that this defines a compatible structure of left
module for A&® M - e. Formulate and prove the analogous results for right modules

and for bimodules.
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(c) For every associative k-algebra (B,mp : B x B — B), for every morphism
of associative k-algebras, f : B — A, a compatible morphism of associative
k-algebras to A ® M - € is a morphism of associative k-algebras,

fM:B—=>A®M ¢,
such that r o fa; equals f. Check that every compatible morphism is of the form

fra,6(b) = f(b) + B(b)e,
for a unique k-linear map,
¢:B— M,
such that for every b,V € B,

o(mp(b, b)) = R(6(b), f(V')) + L(f (D), 9(")).
Such a k-linear map ¢ is called an k-derivation from B to M. (When f equals the
identity map from A to itself, this is a k-derivation from A to M.) Conversely, check
that for every k-derivation from B to M/, the map f M, 1s a compatible morphism.
Denote by Dery (B, M) the set of all k-derivations from B to M. Check that the
A-A-bimodule structure on M/ induces a natural structure of Z4(f(B))-Za(f(B))-
bimodule structure on Dery, (B, M7).

(d) For an associative subalgebra R of B, a k-derivation from B to M/ is an R-
derivation if the kernel of the derivation contains R. Check that a k-derivation
is an R-derivation if and only if the compatible morphism of associative k-algebras
restricts on R as i o f. Conclude that the subset Derr(B, M) of R-derivations
is a Za(f(B))-Za(f(B))-bimodule in Dery(B, M) that is also naturally a R-R-
bimodule.

(e) For every pair ¢,v¢ € Dergr(B, B), check that the following R-module homo-
morphism from B to itself is an R-derivation,

[, Y]per(,) (D) = G(1(b)) — ¥ ((D)).
Check that this operation makes Derg (B, B) into a Lie algebra.

Problem 4. (Derivations and Lie algebras.) This proble continues the previous
problem. Now assume that A is unital.

(a) For every k-vector space V, and for every pair of k-linear transformations,
fi:V—=A ¢1:V = M,
prove that there exists a unique pair of morphisms of associative, unital k-algebras,
f:TRV)= A, fu:T(V) > ADM ¢,

whose restrictions to T} (V) = V equal f; and f; @ ¢1-e. Conclude that there exists
a unique derivation ¢ from T}(V') to M/ whose restriction to T} (V) equals V.

(b) Now let (g, [e,®]y) be a k-Lie algebra. Let M be a bimodule for the universal
enveloping algebra Uy (g). This is equivalent to giving a left k-linear g-representation
on M and a right k-linear g-representation on M,

L:gxM—M, R:Mxg— M,
such that for every X, Z € g and for every y € M,

L(X,R(y,Z)) = R(L(X’ y)7Z)
5
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Check that the following binary operation is also a left k-linear g-representation on
M

)

adpr:gx M — M, (X,y)— L(X,y) — R(y, X).

This is the adjoint representation of (L, R). Conclude that there is an associated
left module structure for Ug(g). (This is the module structure associated to the
bimodule structure via the comultiplication of the Hopf algebra structure).

(c) Via the quotient homomorphism, ¢ : T} (g) — Ux(g), also M? is a bimodule
for Te(g). Let fi : g — Tp(g) be the inclusion to T}(g). For every k-linear
transformation,
$1:9— M,
prove that the induced compatible morphism of associative k-algebras,
fa T (g) = Uk(g) ® M - e,

factors through ¢ : T2 (g) — Uk(g) if and only if ¢ is a Lie algebra derivation
with respect to the bimodule structure (L, R), i.e., for every X,Y € g,

$1([X, Y]g) = adr,r(X, 01(Y)) — adr,r(Y, ¢1(X)).
Conclude that the k-derivations of U(g) to the Ui (g)-bimodule M are the same as
the k-linear Lie algebra derivations from g to the g-bimodule M.
(d) Now let M equal Ui(g) with its regular Uy(g)-bimodule structure. Assume

that ¢, factors through the k-subspace g = Uy (g). Check that ¢, is a Lie algebra
derivation of this bimodule if and only if, for every X,Y € g,

$1([X, Y]g) = [91(X), Y]g + [X, 01 (Y)]g-

This is the usual definition of a Lie algebra derivation from g to g. Thus, the Lie
algebra k-derivations from Uy(g) to itself that map i(g) to i(g) are the usual Lie
algebra k-derivations from g to g.

(e) In the k-Lie algebra of all k-derivations from Uy(g) to itself, check that the k-
subspace of Lie algebra k-derivations from g to g is a k-Lie subalgebra, Derg(g, g)-

(f) For every k-Lie algebra h and for every morphism of k-Lie algebras,
0 : b — Dery(g,9),
0-([X,Y]g) = [0-(X),Y]g + [X,0:(Y)lg, 02w, = 0200w — 0w o0,
define the semidirect product Lie bracket on g x h by

[(Xv Z)v (Yvw)]&bﬁ = ([Xv Y}Q + 02(Y) - 0w(X), [va]h)'

Check that this defines a k-Lie algebra structure on g xh. Check that the k-subspace
gx {0} = gis a Lie ideal whose induced Lie algebra structure is the given Lie algebra
structure on g. Check that the k-subspace {0} x h = b is a Lie subalgebra that is
isomorphic to the given Lie algebra structure. Finally, check that the restriction to
{0} x b of the adjoint action of the Lie algebra on the Lie ideal g x {0} is 6. This
is the semidirect product of g and h via 6.

Problem 5. (Levi’s Theorem, I.) Let g be a finite dimensional complex Lie
algebra with trivial center whose solvable radical v is a nonzero Abelian Lie algebra.
Also assume that the adjoint action of g on v is an irreducible representation of
gss = g/t

6


http://www.math.stonybrook.edu/~jstarr/M552s19/index.html
mailto:jstarr@math.stonybrook.edu

MAT 552 Lie Groups and Lie Algebras Jason Starr
Stony Brook University Spring 2019
Problem Set 8

(a) Prove that the adjoint representation is faithful, so that g is a Lie subalgebra
of the Lie algebra gl(g) associated to the associative (unital) algebra Hom(g, g).

(b) Define a to be the subspace of gl(g) of linear endomorphisms of g with image
contained in v and whose restriction to t is a C-multiple of Id,. Define b C a to be
the subspace of such linear endomorphisms whose restriction to t is the zero map.
Check that a and b are associative subalgebras of the associative algebra Hom(g, g)
(neither of these subalgebras is unital). Thus, the commutator bracket on each
of these subalgebras realizes each as a Lie subalgebra of gl(g). Also check that b
is an Abelian Lie ideal in a, and the quotient Lie algebra is 1-dimensional (hence
Abelian).

(c) Define Ly to be the restriction to g of the left regular representation of gl(g)
on itself, i.e., for every X € g and for every ¢ € Hom(g, g), the element Ly (X) - ¢
in Hom(g, g) equals

Lg(X)-¢:g—9, Y —adxod(Y)=I[X, oY),
Check that the commutator of adx and ¢ in gl(g) equals

[adx, dlgie) 18 = 8, YV = [X,0(Y)]g — o([X, Y]yg).
(d) Now consider the restriction to g of the adjoint representation of gl(g) on itself,

ad’: g — gl(gl(g)), adx(¢) = [adx, Slai(q)-

Check that every ad’y is a derivation of the Lie algebra gl(g).

(e) Check that a and b are g-subrepresentations of the g-represenation on gl(g)
determined by ad’.

Problem 6. (Levi’s Theorem, II.) This problem continues the previous problem.

(a) Check that for every X € g and for every ¢ € a, the element ady (¢) is contained
in b. Conclude that the induced g-representation on the quotient a/b is the trivial
1-dimensional g-representation.

(b) Check that the image under ad® of v is a g-subrepresentation of b, i.e., b contains
every element ¢ = adx for X € t.

(c) Check that on the associated quotient spaces a/ad®(r) and b/ad®(t), the g-
representation restricts as the zero representation on the Lie subalgebra v of g.
Thus, the natural short exact sequence of g-representations,

0 — a/ad?(x) — b/ad®(r) — a/b — 0,

is actually a short exact sequence of ggs-representations.

(d) Finally, use complete reducibility and triviality of the representation a/b to
conclude that there exists ¢ € a C Hom(g, t) restricting as the identity on t such
that for every X € g,

[adx, ¢lg1(g) = ad—y(x).
for a unique linear map ¢ € Hom(g, t). Thus, for every X,Y € g,
d)([X? Y]g) = [Xa ¢(Y)}Q + [w(X)v Y]Q
Define g’ to be the kernel of .
(e) Check that ¥(X) equals 0 if and only if, for every Y € g,

¢([X,Y]g) =7 (X, (Y-
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For X1, X5 € g, since
[[X1, XQ]Qv Y]g = [Xu, [XQ,Y]Q]G — [X2, [ X, Y]Q]Q?
deduce that for every X, X5 € g,
¢([[XlaX2]ga Y]g) = ¢([X17 [X27Y]g]g) - ¢([X27 [Xh Y]g]g) =
[X1,¢([X2, Y]Q)]Q - [X27 ¢([X1>Y]Q)]g = [Xh [X27 ¢(Y)]g]g - [X27 [Xh QS(Y)]Q]Q =
[X1, Xalg, o(Y)]g-

Thus, also [X7, Xs]g is in g’. Conclude that g’ is a Lie subalgebra of g.

(f) Finally, since t is an Abelian Lie algebra, check that for every X € v and for
every Y € g,

[X7 Y]Q = [w(X)7Y]E

Since the adjoint representation is faithful, conclude that also 1 is an element of
a that restricts as the identity on tv. Therefore the kernel g’ is a complementary
subspace to t in g. Altogether, for every complex Lie algebra g of finite dimension
whose solvable radical is Abelian and gives an irreducible representation of ggs via

the adjoint action, the Lie algebra is the semidirect product of the kernel g’ = g
and of the solvable radical.

Problem 7. (Levi’s Theorem, II1.) Now for every finite dimensional Lie algebra
g prove that g is a semidirect product of its solvable radical v and its semisimple
part gss := g/t by induction on the dimension of g.

If either v or gg is trivial, the result holds tautologically. Thus, assume that both
of these are nontrivial.

If v is solvable but not Abelian, then for the quotient of g by the nonzero commutator
Lie ideal [v,t|g, conclude that there is a Lie subalgebra of the quotient that is
isomorphic to gss. The inverse image of this Lie subalgebra in g is proper in g (thus
has smaller dimension), and it has the same semisimple part. Use the induction
hypothesis to conclude that there is a Lie subalgebra g’ complementary to t inside
this proper Lie subalgebra that maps isomorphically to gss. Thus, Levi’s Theorem
holds in this setting.

Finally, if v is Abelian, yet the adjoint action of gss on t is reducible, then the
quotient of g by a proper, nonzero subrepresentation of v has smaller dimension,
thus has a Levi subalgebra. The inverse image in g of this Levi subalgebra is a
proper Lie subalgebra of g that has the same semisimple part. Once again use the
induction hypothesis to conclude that there exists a Levi subalgebra in g.
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