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ASSOCIATING GEOMETRY TO THE LIE SUPERALGEBRA sl(1]1)
AND TO THE COLOR LIE ALGEBRA sl5(k)

Susan J. Sierra!, Spela Spenko' 2, Michaela Vancliff?,

Padmini Veerapen and Emilie Wiesner

ABSTRACT. In the 1990s, in work of Le Bruyn and Smith and in work of Le Bruyn and Van
den Bergh, it was proved that point modules and line modules over the homogenization of the
universal enveloping algebra of a finite-dimensional Lie algebra describe useful data associated
to the Lie algebra ([5, 6]). In particular, in the case of the Lie algebra sly(C), there is a
correspondence between Verma modules and certain line modules that associates a pair (b, ¢),
where b is a two-dimensional Lie subalgebra of slo(C) and ¢ € bh* satisfies ¢([h, h]) = 0,
to a particular type of line module. In this article, we prove analogous results for the Lie

superalgebra s[(1|1) and for a color Lie algebra associated to the Lie algebra sls.

INTRODUCTION

The ideas of algebraic geometry that were introduced in [1] often provide useful tools in
studying noncommutative algebras, particularly Artin-Schelter regular algebras. In this setting,
one can associate geometric objects (points, lines, etc.) of an appropriate projective space to
certain classes of graded modules (namely, point modules, line modules, etc.) over the regular
algebra.

Le Bruyn and Smith in [5] and, later, Le Bruyn and Van den Bergh in [6] proved that this
framework can be applied to Lie algebras. In [5], Le Bruyn and Smith studied the homogeniza-
tion H(slx(C)) of the universal enveloping algebra of the Lie algebra sly(C), and they showed
that most of the line modules over H(sly(C)) can be realized as homogenizations of Verma
modules over sly(C). Taking this further, in [6], Le Bruyn and Van den Bergh showed that
these results extend to finite-dimensional Lie algebras g of dimension n. In particular, they
showed a correspondence between certain d-dimensional linear subschemes of P"* and modules
induced from d-codimensional subalgebras of g. In the special case of g = sl,, where n = 3 and
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d = 1, this work associates a pair (h, ¢), where b is a two-dimensional Lie subalgebra of g and
¢ € b* is such that ¢([h, b]) = 0, to a particular type of line module over H(sly).

The results in [5, 6] for Lie algebras suggest that similar techniques for analogous algebras
— such as Lie superalgebras and color Lie algebras — might be productive. In this article, we
investigate this idea for the Lie superalgebra s[(1]1) and for a color Lie algebra slj associated
to sly. In particular, we prove in Theorem 2.3, Proposition 2.5, Theorem 2.7 and Theorem 3.3
that, for g € {sl(1]1), sl5}, there is a one-to-one correspondence between the collection of
certain line modules over an appropriate graded algebra associated to g and pairs (b, ¢), where
b is a two-dimensional subalgebra of g and ¢ € h* satisfies certain conditions. Moreover, most
line modules can be realized as homogenizations of modules induced from one-dimensional b-
modules. We conclude the paper by discussing the challenge in applying similar ideas to the

Lie superalgebra s((2[1).

Acknowledgments. This project was initiated at the first WINART (Women in Noncommu-
tative Algebra and Representation Theory) workshop held at the Banff International Research
Station (BIRS) in the Spring of 2016. The environment at BIRS was particularly stimulating
during the workshop and, for that, the authors warmly thank BIRS and the organizers and the
participants of the workshop.

1. THE LIE ALGEBRA sl3(C)

In this section, we establish notation to be used throughout the paper, and summarize the
results of [5, 6] to be generalized to the Lie superalgebra s[(1]|1) and to the color Lie algebra s[5

discussed in the Introduction.

Throughout the article, k denotes an algebraically closed field, and, unless otherwise indi-
cated, char(k) # 2. We use M (n, k) to denote the vector space of n X n matrices with entries
in k. For a graded k-algebra B, the span of the homogeneous elements in B of degree ¢ will
be denoted B;, and the dual of any vector space V will be denoted V*. For homogeneous

polynomials fi, ..., f, we use V(fi,..., fm) to denote their zero locus in projective space.

In [5], Le Bruyn and Smith show how noncommutative algebraic geometry, in the spirit of
Artin, Tate, and Van den Bergh (cf. [1]), can be applied to the Lie algebra sly(C). In particular,
since the homogenization A of the universal enveloping algebra of sl (C) by a central element ¢
is an Artin-Schelter regular algebra, the authors prove that there is a one-to-one correspondence

between the collection of line modules over A on which ¢ acts without torsion and the collection
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of pairs (b, \), where b is a Borel subalgebra of sly(C) and A € C. This result is stated in
Theorem 1.2 below. To this end, consider the Lie algebra sly(C) with basis {e, f, h} and Lie
bracket

e, fl=h,  [he]=2e, [ f]=-2f
Since sl3(C) embeds in M (2, C) via the map

0 1 00 1 0
Sl L g e
we may define the determinant function, det, on elements of sly(C). Identifying P* with P((ke®

kf @ kh & kt)*), we define the pencil of quadrics Q(5) = V(det +6%t?), for all § € P! (where
Q(00) = V(t?)), and lines . 5 in P? by

Lo, ) = V(E, H — ),
where A € C and b is a Borel subalgebra of sly(C) with standard basis {E, H}. As observed

in [5], {(s,») is independent of the choice of standard basis.
In order to define a line module over A, we first note that, by viewing e, f, h, t € A as having

degree one, the algebra A is a graded C-algebra.

Definition 1.1. [1] A line module over A is a graded cyclic A-module with Hilbert series
H(z)=1/(1-2x)

Theorem 1.2. [5, Theorems 1 and 2] As above, let A denote the homogenization of the uni-
versal enveloping algebra of sly(C) by a central element t.
(a) The lines that lie on the quadrics Q(5) = V(det +6t%) (6 € P') are
(i) the lines on the plane V(t), and
(1) the lines l, n) where b is a Borel subalgebra and A € C.
(b) The lines in P? that determine the line modules over A are precisely the lines on the
quadrics Q(6), for all § € PL.
(¢) The line modules over A are of two types:
(i) those corresponding to the lines on the plane V(t), that is, A/(At + Aa) for all
a€ A\ Ct, and
(1) those corresponding to the lines Iy, ) where b is a Borel subalgebra and A € C, that
is, AJ(AE + A(H — At)), where {E, H} is a standard basis of b.

Remark 1.3. For comparison with the techniques in [6] and with our methods in Sections 2
and 3, we note that A € C defines a linear functional f\ € b* by f\(E) = 0 and f\(H) = A, where
b, E and H are as above. In particular, f\([b, b]) = 0 and A defines a 1-dimensional b-module
via fy. Moreover, given a Borel subalgebra b of sly(C), any f € b* such that f([b, b]) = 0
satisfies f = f\, for some \ € C.
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2. THE LIE SUPERALGEBRA sl(1]1)

In this section, we consider the Lie superalgebra sl(1|1). We generalize to sl(1|1) the rela-
tionship between line modules over a certain graded algebra and subalgebras of Lie algebras
given in [5, 6]. In particular, for two-dimensional subalgebras b of s[(1|1) and linear functionals
¢ € b*, we show that a correspondence, analogous to that for sly(C), between pairs (b, ¢) and
line modules exists. However, only for certain pairs (b, ¢) and certain line modules can the cor-
respondence for sl(1|1) be realized via a homogenization and dehomogenization process similar
to that used in [5, 6]. Our main results are Theorem 2.3, Proposition 2.5 and Theorem 2.7.

In this section, we write g for s[(1|1). Recall that g is the set of all 2 x 2 matrices with

supertrace equal to zero; that is

g:{{i Z] e M2, k) : a—d:()}.

There is a Zy-grading on g that is given by g = gg @ g1 where

90:{{8 2}:a,d€k,a:d} and gl:{{(c) 8}:6,06]1&}.

The Lie (super)bracket is given by [X, Y] = XY — (—=1)XIMY X for homogeneous elements
X, Y € g, where | X| and |Y| indicate the Zy-degree of X and Y respectively. It follows that g

has basis
0 1 00 10
=l o] =1 5) el i),

e, fl=h, 0=[h,e]=I[h, fl=le, e] =[], f]=[h Al.
We call any subspace of g that is closed under the Lie (super)bracket a subalgebra of g.

with relations

The universal enveloping algebra, U(g), of g is defined to be

U(g) =kle, f, h)/{ef + fe —h, he —eh, hf — fh, €%, f?),

and the homogenization of U(g) by a central element ¢, analogous to that used in [5], is a
quadratic algebra H, where
k{e, f, h, t)
(ef + fe—ht, he —eh, hf — fh, €2, f?, et —te, ft—tf, ht —th)’
such that H/H(t — 1) = U(g). In particular, e and f are zero divisors in U(g), so H is not a
domain, and hence not regular ([2, 7]). In spite of this, g < U(g) (cf. Remark 2.6). In order

to address the presence of zero divisors in H, we use a quadratic algebra H that maps onto H,

namely
- k{e, f, h, t)
~ (ef + fe—ht, he —eh, hf — fh, et —te, ft —tf, ht —th)’
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and H = H/(e?, f?). The algebra H is defined in [3] and is proved therein to be an AS-regular
algebra. We carry over the Z,-grading from g to H by taking |e| = |f] = T and |h| = |t| = 0.
Furthermore, H has also the standard Z-grading, with respect to which each of the generators
e, f, h, t has degree one.

In [3], the lines in P? that correspond to the right line modules over H are determined. That
work entails identifying P3 with P((ke & kf ¢ kh @ kt)*). We note that the symmetry in the
relations of H implies that the lines corresponding to the right line modules also correspond to

the left line modules.

Proposition 2.1. [3] The lines in P* that correspond to the (left) line modules over H are

(a) all lines in P3 that meet the line V(h, t), and
(b) all lines on the quadric V(ht — 2ef).

If V(u, v) is such a line, where u, v € H, are linearly independent, then the corresponding line
module is isomorphic to the H-module H/(Hu + Hv).

Lemma 2.2.

(a) The 2-dimensional subalgebras of g are the subspaces kh®k(ae+Bf) for all (o, B) € PL.

(b) All 2-dimensional subalgebras of g are Zo-graded.

(¢) If b = kh @ k(ae + Bf), where (a, B) € P, and if ¢ € b*, then ¢ determines a
1-dimensional h-module k, (via a -y = ¢(a)y for all a € b, y € ky) if and only if
(¢(ae + Bf))* = afd(h).

Proof.

(a) For (o, 8) € P!, it is straightforward to check that kh & k(ae + f) is a subalgebra of g
of dimension two.

In order to show that all 2-dimensional subalgebras are of this form, let f be such a subalgebra,

and suppose ae + Sf + vh € b for some «, 3, v € k. Since b is a subalgebra, we have that
2a0h = [ae + Bf + vh, ae + Bf +vh] € b.

Thus, if a8 # 0, then h € b, and so ae + Bf € b, proving that h has the desired form. On the
other hand, if a8 = 0 for all elements ce + B f +~vh of b, then it follows that either h = kh ® ke
orh=khakf.

(b) This follows from (a), since ae + S f is Zo-homogeneous for all (o, 8) € PL.

(c) Let ¢ € b* and write ¢(h) = A € k and ¢p(ae + f) = v € k. The map ¢ determines a

representation of h on k if and only if

[z, y] - 1= p(x)(y) — (=1) W (y)(x)
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for all homogeneous x, y € h. Checking this criterion, we obtain
[h,h]-1=0-1=0= )\ — (—=1)°)%
h,ae+Bfl-1=0-1=0= Xy — (—=1)%9\,
[ v gl

whereas
lae + Bf, ae+ Bf] -1 =2aph-1=2ap,
and
(d(ae+Bf))* = (1) (d(ae + Bf))* = 297,
which completes the proof. [ |

For a subalgebra h = kh @ k(ae + Sf), where (o, 8) € P!, and ¢ € b*, we consider the
H-module

~

H
L) = 7 ; :
H(h — ¢(h)t) + H(ae + Bf — ¢(ae + B)t)
Theorem 2.3. The line modules over H that correspond to the lines in P3 \ V(t) that meet

V(h, t) are precisely the H-modules Ly, ) for all 2-dimensional subalgebras b of g and linear
functionals ¢ € h*.

Proof. If ¢ is a line in P? \ V(¢) that meets V(h, t), then £ = V(h — \t, ae + Sf —~t) for some
A, v € kand (a, 8) € P'. By Proposition 2.1, such a line corresponds to a line module L over H
and L = H/(H(h — Xt) + H(ce + Bf —~t)). To the module L, we associate the pair (b, @)
where hh = kh ® k(ae + Bf) is a 2-dimensional subalgebra of g, by Lemma 2.2(a), and ¢ € b*
satisfies ¢(h) = X and ¢(ae+ 5 f) = . Conversely, given (h, ¢) as in the statement, and noting
Lemma 2.2(a), the reverse process yields the line ¢/ = V(h — ¢(h)t, ae + Bf — ¢p(ae + Sf)t),
where (o, ) € P! and h = kh @ k(ae + Bf), and all such lines meet V(h, t) but do not lie
on V(t). By Proposition 2.1, the line module corresponding to ¢’ is the module L 4). [ |

Definition 2.4. Let b = kh @ k(ae + Bf) for some (a, 8) € P!, and let ¢ € h*. We call ¢
Zo-graded if ¢(ae + Bf) = 0.

Proposition 2.5. For any 2-dimensional subalgebra b of g and Zs-graded linear functional
¢ € h*, the H-module Ly, ¢) 15 a Zo-graded line module over H. Conversely, for any Zs-graded
line module L over H on which t acts without torsion, L =2 Ly, ¢ for some 2-dimensional

subalgebra b of g and Zs-graded linear functional ¢ € bh*.

Proof. Let (b, ¢) be as in Definition 2.4. By Theorem 2.3, Ly 4) is a line module over H.
Since ¢ is Zo-graded, ae+ S f — d(ae+ B f)t = ae+ B f, which is Zy-homogeneous. As h—¢(h)t
is also Zo-homogeneous, it follows that L 4) is Zy-graded.
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For the converse, suppose L is a Zs-graded line module over H on which ¢ acts without
torsion. By Proposition 2.1, L = H / HY where b is a 2-dimensional subspace of Hy. As L is
Zs-graded, it follows that either h’ = ke @ kf or h’ = kh @kt or b’ = k(d1h — dot) Dk(ae+ S f),
where (81, 02), (o, B) € PL. In the first case, L corresponds to the line V(e, f), which does not
meet V(h, t) and does not lie on V(2ef — ht); hence, by Proposition 2.1, h’ # ke @ kf. In the

second case, t acts by torsion on L, which contradicts the hypothesis. It follows that

A

H
ﬁ(élh—@t)—i-ﬁ(ae—i—ﬁf)’

14

L

where (41, 03), (o, B) € PL. However, the case that §; = 0 yields a module on which ¢ acts with

torsion, and so we may assume d; = 1. Noting Lemma 2.2 and defining h = kh @ k(ae + 5f)
and ¢ € h* by ¢(h) = 0y and ¢(ae + Bf) = 0, completes the proof. |

As mentioned earlier, our goal is to extend the results of [5, 6] to g, where g = sl(1|1).
Extending the methods of [6] to our setting entails using the module U(g) ®uy) kg where
b is a 2-dimensional subalgebra of g, U(g) and U(h) are the universal enveloping algebras of
g and b respectively, and k, is a 1-dimensional h-module (cf. Lemma 2.2(c)). Applying the
methods of [6, Section 2] in our setting produces a graded H-module from the U(g)-module
U(g) ®@u ) kg using the central generator t. The idea is as follows. One observes that U(g) is a
filtered algebra by taking U(g)o =k, U(g) =k @ g, U(g)2 = U(g): + g%, ..., for the filtration,
and hence that M = U(g) ®u) ke is a filtered U(g)-module, where the filtration is given by
M,; = U(g); @k, for all i. The graded H-module, H(M), obtained from this data is given by
H(M) =B, , M;t'. In this case, t € H acts on the graded module via ¢-((a®b)t") = (a@b)t"t
and z € ke @kf @ kh C H acts on the module via x - ((a ® b)t) = (za ® b)t*** for all i.

However, in U(g), we have that e = 0 = f2, and so U(g) does not have a PBW basis that
contains e’ f/h¥ for all i, j, k > 0. Thus, there is no reason to expect the graded H-module
obtained via this method to be a line module (indeed, in general, it will not have the desired
Hilbert series). Instead, we replace U(g), U(h) and H in the above construction with algebras
@, (7(?), and H , respectively, where His given above and

U(g) =kle, f, h)/{ef + fe—h, he —eh, hf — fh),

— — —

and U(h) is the subalgebra of U(g) generated by h. By construction, U(g) U (g) (where x
is the canonical map) and XlU/(\h) : U(h) — U(h). Moreover, we replace the U(h)-module ky

by a U(h)-module @ where @ =k, as a vector space, and the action is given by y-a = x(y)a

for all y € ﬁ(h\), a € @ The algebra ﬁ(g\) has a filtration analogous to that for U(g); namely,
U(g), = k, U(g), = U(g),_, + ¢, for all i > 1. With these replacements, we obtain the



8 S.J. STERRA, S. SPENKO, M. VANCLIFF, P. VEERAPEN, E. WIESNER

filtered ﬁ(g?)-module N = U/(g\)

Ni = U(8); @5 Ko

®5) k, and the graded H-module H(N) = B2, Nit', where

U(b)
Remark 2.6. Before continuing we remark that, although U(g) and ﬁ(g\) are not graded
algebras, the above discussion implicitly assumes that g < U(g) and g — ﬁ(’?) These facts
both follow from the observation that E(E) is the Ore extension ﬁig\) = k[h, €][f; o, d], where
k[h, €] is the polynomial ring on two generators, o(e) = —e, o(h) = h, d(e) = h, 6(h) = 0, and
SO (7@ has PBW basis {e¢!f/h* : 4, j, k > 0}, and that U(g) = i(g\)/<e2, f?), a factor of E(E)
by monomial relations. These embeddings allow H (M) and H(N) to be well defined.

In attempting to adapt the methods of [6] from the setting of sly(C) (where fy([b, b]) =0 as
in Remark 1.3) to our setting, we find that assuming the analogous condition regarding ¢ € h*
(that is, ¢ is Zg-graded) typically does not yield a 1-dimensional h-module (cf. Lemma 2.2(c)).
Hence, “forgetting” the Z,-grading might be beneficial, and this is the approach used in the

next result.

Theorem 2.7.
(a) Let h = kh @ k(ae + Bf) be a subalgebm ofg where (a, B) € PL. If ¢ € b*, where
(d(ae+Bf))* = aBo(h), then H( U( ) U(h)k¢) is isomorphic to the line module L 4).
(b) Let L be the line module L = H/(H(h — )\t) + H(ae + Bf —t)), where A\, v € k and
(a, B) € PL. If 4% = aB, then L = H(U ( ) ® ()k¢) where h = kh @ k(ae + f),
B(h) = X and $(ae + Bf) =
Proof.
(a) Let ¢ denote the surjective map 1 : U/'(g\) — (7(;) B kdn where ¢(z) = 2z ® 1 for all
x € U( ). Since U(g) has a PBW basis (cf. Remark 2.6) and since U(g) 55 )k¢ is a filtered
ﬁ('?)—module, we obtain dimk(ﬂ)(U/(g\)i)) =4+ 1, for all 7 > 0, analogous to the situation in the
proof of [6, Theorem 2.2(2)]. It follows that each nonzero homogeneous component of degree i
of H( ﬁ(g\) ) Jk¢) has dimension i + 1, so that the Hilbert series of H(U /(\) 9) Q5 k¢) equals
that of the polynomial ring on two variables. Moreover, H( @ B k¢) H(1®1), and so
is cyclic. Hence, H( ﬁ(;) ) @) is a line module. The left annihilator in H of 1®1 contains
h—¢(h)t and e+ Bf — p(ae+ Ff)t. Hence, H( (7@ 5 k¢) is a homomorphic image of the
H-module L, 4. By Theorem 2.3, Ly, ¢) is a line module, so the two modules have the same
Hilbert series, and thus are isomorphic.
(b) By Proposition 2.1, L is the line module corresponding to the line V(h—\t, ae+ 5 f—~t).

If we take h = kh @ k(e + ff) and define ¢ € h* by ¢(h) = A, ¢(ae + Bf) = 7, then, by
Lemma 2.2(a), b is a subalgebra of g, and, by Lemma 2.2(c), the condition v* = a8\ guarantees
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the existence of the 1-dimensional h-module k, and its counterpart @, so the result follows
from (a). |

In contrast with Theorem 1.2, where each line module on which ¢ acts without torsion corre-
sponds to a line /(y, »), and hence to a 1-dimensional b-module (cf. Remark 1.3), the last result
suggests that, in the setting of s[(1]1), some of the line modules Ly 4) appear not to correspond
to any 1-dimensional h-module. This is likely a consequence of H “forgetting” that 2 = 0 = f2

—

in U(g); that is, h (and hence, U(h)) has fewer 1-dimensional modules than U(h) has.

3. THE COLOR LIE ALGEBRA sl5(k)

Owing to the results used from [3], we assume that char(k) = 0 in this section. Our goal is
to extend the results of [5, 6] to the setting of the color Lie algebra sl5(k) mentioned in the
Introduction. We prove results for sl5(k) that are analogous to those proved in the previous
section for s[(1|1), with the main result of this section being Theorem 3.3.

In this section, we consider the color Lie algebra g = sl5(k) that is derived from the Lie
algebra sly(k) via a process that is described in [4]. Recall that g has basis {ai, as, az} and
color-Lie bracket defined by

<a17 CL2> = as = <a27 CL1>, <a2; a’3> =a; = <a3; CL2>, <CL3, al) = a2 = <a/17 a3>7 <ai7 a/i> - Oa

for all 7. Moreover, g is G-graded, where G = Zy X Zy, g = @, o and

80,00 =10}, 90,0 =kar, 90,1 =ka, ga 1) =kas.
As in [4], g can be viewed as a cocycle twist of sly(k). Continuing our terminology from the
previous section, we refer to any subspace of g that is closed under the color-Lie bracket as a
subalgebra of g.
The universal enveloping algebra, U(g), of g is defined to be

k<a1a ag, a3>

Ulg) =

<a1a2 + aoa1 — Az, G203 + asag — ap, asap + ajaz — CL2> '
We denote the homogenization of U(g) by a single central element a4 by the algebra
H =k(a1, as, a3, as)/(a1a2 + azar — azas, azaz + azaz — aray,
a3ay + a1a3 — G0y, G104 — A4Q1, Gp04 — G4y, 4304 — (403).
If we define |a4] = (0, 0) € G, then H is a G-graded algebra. However, Theorem 3.3 below
suggests that the G-grading contributes nothing towards accomplishing our objective.
We may recover U(g) from H via U(g) = H/H (a4 — 1). Using Bergman’s Diamond Lemma,

it is straightforward to see that U(g) has PBW basis {alala¥ : i, j, k > 0}; thus, g < U(g),
and h — U(h) < U(g) for all subalgebras b of g.
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We identify P? with P((ka; ®- - -@Dkayg)*). Owing to the symmetry of the relations defining H,
the right line modules over H and the left line modules over H are parametrized by the same
lines in P3. By [3], H is AS-regular and the line modules over H are given by the following

result.

Proposition 3.1. [3] The (left) line modules over H are given by the following 13 types of lines

in P3, and conversely:

1(a) all lines in V(ay + ag) that pass through (1, —1, 0, 0),
1(b) all lines in V(a1 — ag) that pass through (1 1,0, 0)
2(a) all lines in V(a1 + as) that pass through (1, , 0),
2(b) all lines in V(a1 — a3) that pass through (1 0 1, 0)
3a ) o

)

)
)
)
)
) all lines in V(as + a3) that pass through
3(b) all lines in V(ay — a3) that pass through (0, 1, 1, 0),
)
)
)
)
)
)

, 0),

4(a that pass through (1, —1, 0, 0),
4(b) all lines in V(ay + 2a3) that pass through (1, 1, 0, O)
5(a) all lines in V(aq — 2as) that pass through , 0),

5(b) all lines in V(aq + 2az
6(a) all lines in V(as — 2ay) that pass through

that pass through (0, 1 1, O)

, 0),

(1,
(1,
that pass through (1 O 1, O)
(0,
(

(

(

(

(

(

(

all lines in V(ay — 2as

(

(

(

(

6(b) all lines in V(a4 + 2a4
(

7. all lines in V(ay).

As in Section 2, if b is a subalgebra of g, then we denote an h-module of dimension one by kg,
where ¢ € h* and a-y = ¢(a)y for all a € b, y € k,. The next result shows that not all elements

of b* give rise to an h-module.

Lemma 3.2.

(a) The 2-dimensional subalgebras of g are precisely the subspaces ka; & k(a; + pay) for
all distinct 1, j, k and p = £1 € k. In particular, no 2-dimensional subalgebra of g is
G-graded.

(b) Let p==+1 €k and {i, j, k} = {1, 2, 3}. If b is the subalgebra h =ka; ® k(a; + pay),

then b has exactly two one-parameter families of 1-dimensional modules:
{ks: 0 €b”, dlaj+pax) =0} and  {ky: ¢ €b, ¢la;) = p/2}.

Proof.
(a) We first observe that any subspace of the given form is a subalgebra. Conversely, suppose

b is a 2-dimensional subalgebra and write h = k(aja1 + asas + azas) ® k(S1a1 + Paas + H3asz),
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where (aq, ag, as), (81, B2, f3) € P2. Since dim(h) = 2, the matrix X of coefficients, where

. a1 Qg (O3
X‘{ﬁl by BJ’

has rank two. By symmetry and row operations on X, it follows that we may assume h =

kv; @ kvq, where v1 = a1 + aas and vy = ag + Bas, for some «, § € k. Since b is a subalgebra,
2aay = (v1, v1) €, 2Ba; = (vg, v2) €h and  aay + Bas + az = (v1, v2) € b.

However, dim(h) = 2, so it follows that the matrix of coefficients of the elements vy, vq, 2auas,
2Bay, aay + Bas + az has rank at most two; that is, all 3 x 3 minors of the matrix

1 0 0 208 «

01 2« 0 S

a g 0 0 1
are zero. Hence, 2a8 = 0 = o + 2 — 1, which implies (a, 3) = (0, 1) or (%1, 0) and so b is
of the desired form. For y = %1, a; + pai is not G-homogeneous for all distinct j and k, so b
is not G-graded.

(b) By symmetry, it suffices to consider (i, 7, k) = (3, 1, 2). Let ¢ € h*. There is only one

relation that needs to be checked, namely
as - ((a1 + pag) - 1) + (ay + pag) - (az - 1) = play + pag) - 1.

Writing ¢(a3) = o € k and ¢(a; + pay) = B € k, and evaluating each side of the relation implies
that a8+ fa = pf; that is, k is an h-module if and only if §(2«a — p) = 0. This latter equation
has solution set {(</, 0), (u/2, 5') : &, 5’ € k}, so the result follows. |

Given h and ks as in Lemma 3.2, we may consider the U(g)-module U(g) ®u) ke and
the H-module H(U(g) ®uy) ke ), where the latter is defined in a manner analogous to that
described in [6, Section 2] and in Section 2 of this article. Moreover, since U(g) has a PBW

basis, arguments similar to those provided in Section 2 prove the next result.

Theorem 3.3. For each k € {1, 2, 3}, the ax-torsion (left) line modules over H, on which
ay acts without torsion, are homogenizations of induced modules. More precisely, we have the

following.

(a) There ezists a one-to-one correspondence between all pairs (b, ¢), such that b = ka; &
k(a; + pag), {i, j, k} ={1, 2, 3}, p==x1 €k, and ¢ € h* where ¢(a; + pay) =0, and
line modules given by 1(a)-3(b) in Proposition 3.1 on which ay acts without torsion; this
correspondence is given by

H
H(a; — ¢(ai)as) + H(a; + pay)

H(U(9) Qup) kg ) =
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(b) There exists a one-to-one correspondence between all pairs (b, ¢), such that b = ka; @
k(a; + pag), {i, 7, k} = {1, 2,3}, p = £1 € k, and ¢ € h* where ¢(a;) = p/2, and
line modules given by 4(a)-6(b) in Proposition 3.1 on which ay acts without torsion; this
correspondence is given by

H
H(U(g) ®up) ke) =

H(ay — 2ua;) + H(a; + pag — ¢(a; + pag)ay) u

This last result suggests that the G-grading on g and the G-grading on H play no role in
dictating the correspondence between line modules over H and pairs (b, ¢) as discussed in the

statement.

4. THE LIE SUPERALGEBRA sl(2|1)

In this section, we consider the Lie superalgebra s[(2|1), and return to the assumption that
char(k) # 2. We show that, in this setting, a simple analogue of the algebra H (respectively,
H) that was used in Section 2 (respectively, Section 3) yields an algebra with zero divisors and
so is not a regular algebra.

Recall that s[(2|1) consists of the matrices (a;;) € M (3, k) with supertrace a1 +ag92—as3 = 0,
where the Lie (super)bracket is defined as in Section 2, and the Zs-grading on s[(2|1) may be
described as follows. Using the elementary matrices, F11, F1o, ..., Es3, as a basis for M (3, k),
let x1,...,24,y1,...,y4 be given by x1 = Ey1 + Fs3, x9 = Fos + F33, 3 = Fio, x4 = Foy,
y1 = Eis, y2 = E31, y3 = Eos, ys = E3. With this notation, sl(2]|1) = (s[(2]1))5 @ (sl(2]1))1,
where (s1(2[1))5 = @, kz; and (sI(2]1)); = P, ky.

Homogenizing the universal enveloping algebra of s[(2|1) by using a central element ¢ and

then deleting the relations y? = 0, for all i = 1,...,4, yields a quadratic algebra H on the

nine generators 1, ..., &4, Y1, .., Y4, t with 36 (i.e., (g)) defining relations, among which are
the relations x3y; = y1x3, y1y3 = —y3y1 and x3y3 — ysxrz = y1t. These three defining relations
imply that

Yit — T3y1ys = Yt — y173ys
= y1(y1t — w3y3)
= —Y1Y3T3
= YslhTs
= Y3T3Y1
= (v3y3 — 1)y
= T3y — it
= —yit — T31Ys,
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from which it follows that 2yt = 0 in H. Thus, H is not a domain, and hence not regular ([2, 7]).
Consequently, if results analogous to those in Sections 2 and 3 hold for sl(2|1), then either
an alternative graded algebra will need to be used, or a careful analysis with the zero divisors

will need to be performed in order to discuss the line modules.
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