CLASSIFICATION OF L., ALGEBRAS ON A
2|1-DIMENSIONAL SPACE

DEREK BODIN, ALICE FIALOWSKI, AND MICHAEL PENKAVA

ABSTRACT. This article explores Lo, algebra structures on a 2|1-
dimensional vector space. We do not give a complete classification
in all cases, but do determine all structures which begin with either
a nontrivial first or second order term. In particular, we determine
all extensions of a super Lie algebra as an L., algebra. The reader
should note that our convention on the parities is the opposite of
the usual one, because we define our structures on the symmetric
coalgebra of the parity reversion of a space, so our 2|1-dimensional
L, algebras correspond to the usual 1|2-dimensional algebras.

1. INTRODUCTION

In [3], the authors have classified all L., algebras of dimension less
than or equal to 2, in [5], we constructed miniversal deformations for
all Ly, structures on a space of dimension 0|3, and in [4], L., algebras
of dimension 1|2 were classified.

The theory in the 2|1 dimensional case is more complicated than 1|2-
dimensional algebras, because the space of n-cochains on a 1|2 dimen-
sional space has dimension 6|6 for n > 1, while the space of n-cochains
on a 2|1- dimensional space has dimension 3n + 2|3n + 1, making it
more difficult to classify the nonequivalent structures. Accordingly, we
will give a complete classification here of only those L, algebras which
are extensions of degree 1 coderivations, which are, as it turns out,
equivalent to degree 1 coderivations, and those which are extensions
of degree 2 coderivations, in other words, extensions of Zs-graded Lie
algebras as L, algebras.

We work in the framework of the parity reversion W = IIV of
the usual vector space V on which an L., algebra structure is de-
fined, because in the W framework, an L., structure is simply an odd
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coderivation d of the symmetric coalgebra S(W), satisfying d* = 0,
in other words, it is an odd codifferential in the Zs-graded Lie alge-
bra of coderivations of S(W). As a consequence, when studying Za-
graded Lie algebra structures on V', the parity is reversed, so that a
2|1-dimensional vector space W corresponds to a 1|2-dimensional Zo-
graded Lie structure on V. Moreover, the Zs-graded anti-symmetry of
the Lie bracket on V' becomes the Z,-graded symmetry of the associ-
ated coderivation d on S(W).

A formal power series d = d; + - - -, with d; € L; = Hom(S*(W), W)
determines an element in L = Hom(S (W), W), which is naturally iden-
tified with Coder(S(W)), the space of coderivations of the symmetric
coalgebra S(W). Thus L is a Zy-graded Lie algebra. An odd element
d in L is a called a codifferential if [d,d] = 0. We also say that d is an
L, structure on W.

If g=g1+--- € Hom(S(W),W), and ¢g; : W — W is invertible,
then g determines a coalgebra automorphism of S(W) in a natural way,
which we will denote by the same letter g. Moreover, every coalgebra
automorphism is determined in this manner. Two codifferentials d and
d' are said to be equivalent if there is a coalgebra automorphism ¢ such
that d' = g*(d) = g 'dg.

A detailed description of L, algebras can be obtained in [6, 7]. The
study of examples of L., algebra structures in [3, 5, 4] may be useful
to the reader in understanding how extensions and deformation theory
work in practice, but we intend this article to be as self contained as
possible.  We shall use the following facts, which are established in
2, 1], to aid in the classification.

If d is an L., structure on W, and dy is the first nonvanishing term
in d, then dy is itself a codifferential, which we call the leading term
of d, and we say that d is an extension of dy. Define the cohomology
operator D by D(y¢) = [¢,dy], for ¢ € L. Then the following formula
holds for any extension d of dy as an L., structure, and all n > N.

1 n
(1) D(dpy1) = 5 Z iy Ay N—kt1]-
k=N-+1

Note that the terms on the right all have index less than n 4+ 1. If
a coderivation d has been constructed up to terms of degree m, sat-
isfying equation (1) for n = 1...m — 1, then the right hand side of
equation (1) for n = m is automatically a cocycle. Thus d can be ex-
tended to the next level precisely when the cocycle given by the right
hand side is trivial. There may be many nonequivalent extensions, be-
cause the term d,,; which we add to extend the coderivation is only



L., ALGEBRAS OF DIMENSION 2|1 3

determined up to a cocycle. An extension d of dy is given by any
coderivation whose leading term is dy, which satisfies equation (1) for
every m = N+1.... The theory here is parallel to the theory of formal
deformations of an algebra structure; the extension of a codifferential
dy to a more complicated codifferential d resembles the process of ex-
tending an infinitesimal deformation to a formal one.

Classifying the extensions of dy can be quite complicated. However,
the following theorem often makes it easy to classify the extensions.

Theorem 1.1. If the cohomology H"(dy) = 0, for n > N, then any
extension of dy to a Lo structure d is equivalent to the structure dy.

Before classifying the extensions of a codifferential dy, we need to
classify the codifferentials in Ly up to equivalence, that is, we need
to study the moduli space of degree N codifferentials. A linear auto-
morphism of S(W) is an automorphism determined by an isomorphism
g1 : W — W. If g is an arbitrary automorphism, determined by maps
gi : SY (W) — W, and W is finite dimensional, then g; is an isomor-
phism, so this term alone induces an automorphism of S(W') which we
call the linear part of g.

The following theorem simplifies the classification of equivalence
classes of codifferentials in L.

Theorem 1.2. If d and d are two codifferentials in Ly, and g is an
equivalence between them, then the linear part of g is also an equivalence
between them.

Thus we can restrict ourself to linear automorphisms when deter-
mining the equivalence classes of elements in L.
We will also use the following result.

Theorem 1.3. Suppose that d and d' are equivalent codifferentials.
Then their leading terms have the same degree and are equivalent.

As a consequence of these theorems, we proceed to classify the codif-
ferentials as follows. First, find all equivalence classes of codifferentials
of degree N. For each equivalence class, study the equivalence classes
of extensions of the codifferential.

Let us first establish some basic notation for the cochains. Suppose
W = (wy,ws,ws), with w; =, an odd element and ws, w3 = even
elements. If I = {iy, 2,43} is a multi-index, with i; and iy either zero
or one, let w; = w’f w?wfﬁ. For simplicity, we will denote w; simply by
I. Then for n > 1,

(S"(W))e =((0,p,n—p)l0<p<m),  |[(S"(W))e]=n+1
(S"(W))o =((Lgn—q—=10<qg<n—1),  [(S"(W))| =n
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If X is a linear automorphism of S(W), then in terms of the standard
basis of W, its restriction to W has matrix

0 0
r
s

2) A=

O O

t

u

where g(ru — st) # 0. We will sometimes express A by the submatrix
(S u) It is useful to note that for a linear automorphism

Aw') = Awn) " Aws)? A(ws)™,
so that
) ) ) N & Y S
3) Ml,x,y) = Li+j,c+y—1i— , CgrtstT T uY .
©) M) = 23 (i iy H(5) (%)
Let L,, :== Hom(S™ (W), W). Define
QOJI(U}J) = I‘5§w],

where I! = iyliylig). If we let |I| = iy + iy + 43, then L, = (@], |I| = n).
If ¢ is odd, we denote it by the symbol 1) to make it easier to distinguish
the even and odd elements. Then

(Ln)e = (or®™ " )PP oaP" Pl < g<n—1,1<p<n)
(Ln)o = (g " 97 ahg @071 0P P < g <m— 1,1 < p < n),

so that |L,| = 3n+2|3n + 1.

2. CLASSIFICATION OF CODIFFERENTIALS

Let us compute the brackets of all odd cochains with each other.

0,p, 1 1
[OPnP ylam—a-

| =
[y PPy ] =
[wl,p,n p qu q]

]

1,p+q—1,n—p+m—g—1 0,p+¢,n—p+m—g—1

P+
n— p) + SOg,p-i—q,n—ZH-m—q—1
[wévpvnipil w;ﬂqfrn’*q*l] — 0
R B

1,p+g;n—p+m—q— 2(

1
1
0
0

1,p, 1 N 1
[%pn p— 1,g,m—q—

Suppose that

n n—1
(4) d= Z wgp’n_pap + Z ¢;7q’n_qbq + wé’qm_ch’
p=0 q=0
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where we sum over all odd codifferentials of degree n. Then using the
above, we compute that

n n—1
1,p+q—1,2n—p—q—1 0,p+¢,2n—p—q—1
(5) [d.d] = 2901 v r papbq+902p+q P apb,
p=0 ¢=0

0,p+q¢,2n—p—g—1

1,p+g¢,2n—p—q—2
+ ¥ (n — playeq + 3 ApCq

We claim that either all coefficients a, must vanish or all coefficients
b, and ¢, must vanish. For if p and ¢ are the least indices for which
a, and b, do not vanish, then there is only one term in the sum above
of the form py?T*" =971 which would be a contradiction because its
coefficient a,b, must vanish.

As a consequence of this observation, we note that codifferentials of
degree n fall into two distinct families, those of the first kind

n—1
(6) D™y gt e,
q=0
and those of the second kind
7) =3 gtrnra,
p=0

Moreover, any expression of either kind gives a codifferential. Thus
we have determined all codifferentials of degree N. However, the pro-
cess of classification requires that we determine the equivalence classes
of codifferentials under the action of the automorphism group of the
symmetric coalgebra, and we are a long way away from this classifica-
tion at this stage.

Several things can be said in general. First, let us suppose that d is
of the second kind. Then from the brackets computed already, we note
that the odd d-cocycles are precisely the odd cochains of the second
kind. The space of odd cocycles has dimension n+ 1, which means that
the space of even d-coboundaries has dimension 2n. Also, if ¢ is any
even cocycle, then its bracket with d is an odd cocycle of the second
kind. Precise computation of the cohomology depends on solving a
linear system of equations whose coefficients depend on the coefficients
in d.

Similarly, if d is of the first kind, then the odd d-cocycles are the ones
of the first kind, and thus the dimension of the space of odd cocycles is
2n, and the dimension of the space of even coboundaries is n + 1. The
bracket of any even cocycle with d is a cocycle of the first kind. The
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cohomology can be computed by solving a system of linear equations
in coefficients depending on the coefficients of d.

Since there are 2n coefficients in a codifferential of the first kind, and
n+ 1 coefficients in a codifferential of the second kind, there are poten-
tially a lot of equivalence classes of codifferentials. The main strategy
involved in classification is to reduce the number of independent vari-
able to a manageable number.

It is useful to compute the brackets of even and odd cochains.

S0}7177771_1)’ 1/]?7(1771_(]] :w?,p+q,m+n—p—q

Ovpvm_p 07Q7n_q
) ¢1

0,p+q—1,m+n—p—q
(2 -

q

[

[ ]

(03 ]

[(pi,p,m—p7 %,q,n—q] — ¢%,p+q,m+n—p—q

(AP e <glrte-iminragy )

[P g I )
[gp%,p,mfp, wé,q,nfq] _ _ w§7p+q7m+n*p*q

[(pg,p,mfp7 ;,q,nfq] :wé,p+q,m+nfpqul(m _ p) . ¢§,p+q71,m+nfpqu
(8™ P g =g = p )

Notice that bracket of any even cochain with an odd cochain of a certain
type is an odd cochain of the same type. This is very important in
what follows, because this fact means that there is no mixing of types
occurring in the cohomology of a codifferential of a fixed type.

Let us call the degree of the leading term of a codifferential the order
of that codifferential. We begin with a classification of all codifferentials
of order 1.

3. CLASSIFICATION OF CODIFFERENTIALS WITH di # 0

Let us suppose that d is an odd, degree 1 codifferential of the first
kind. Then d = 1/1;’0’%1 + ¢§’0’0a2 for some constants a; and ay. To see
that d is equivalent to d’' = wé’o’o, let t and u be such that a;t+asu # 0.
Suppose that g = (al 2) Then

a2
dg(wy) = d(wy) = weay + wsas = g(wy) = gd'(wy).

Since dg(ws) = gd'(wy) = 0 and dg(ws) = gd'(w3) = 0, it follows that

d" and d are equivalent. Thus every codifferential of the first kind is

equivalent to 13",
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Now let us study the cohomology of the codifferential d = 2/}5’0’0. We
define the coboundary operator D by D(¢) = [¢,d]. Then Computing
brackets, we see that

D(AP") = 5370, D) = gty 1 o
DA™ ) = 67, D) =0
1l,g,n—q—1 1,g,n—q—1 1,g,n—q—1
D(pr®™"177) = =" D" T) =0

Note that for the n-cochains above, p ranges from 0 to n, while ¢
ranges only from 0 to n — 1. It is easy to see that 1y®" %' and
Y31 give a basis of the odd cocycles, and since both of these
types are evidently coboundaries, of 57" " and pg”" P, resp., where
g = p— 1, all odd cocycles are coboundaries. Similarly, if we let ¢ =
p—1, then every even cocycle is a linear combination of elements of the
form 171" Pp 4 yP" P and since these elements are coboundaries,
it follows that all even cocycles are coboundaries. Thus the cohomology
of d is zero, and we know by Theorem (1.1) that all extensions of d are
equivalent to d. This completes the picture for codifferentials of the
first kind of degree 1.

If d is a codifferential of the second kind of degree 1, it is of the form
d= 10[1)’1’0@1 + wg’o’lag. We show that it is equivalent to d’ = ¢§“’°. For
suppose that b; and by are chosen so that aib; + asby = 1. Then if g is

given by Z; _a??), we have

dg(ws) = d(waby + wsby) = wy(a1by + azby) = wy = gd'(wo)
dg(ws) = d(—wsas + wzay) = —aga; + ajas = 0 = gd'(w3)

1,0,0
2 .

Now, we study the cohomology induced by d = Calculating

coboundaries, we have
0,p,n— 0,p,n— 0,p,n—
D(pa""7F) = — P, D(yy""P) =0

D} ") =0, DI =pp ! 4 e
D7) mpfarinat, - plganet) < s

It is not difficult to see from this table that the cohomology of this
codifferential is also zero. Thus every extension of a codifferential of
the second kind is equivalent to the original codifferential.

The picture for codifferentials of degree 1 is very simple. First, the
classification into equivalence classes is easy, and then, since the coho-
mology vanishes, the classification of extensions is immediate. There
are exactly two equivalence classes of codifferentials of order 1.
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We will study the odd codifferentials of degree two next, with an aim
to classify all extensions of such codifferentials to L., algebra struc-
tures. As a byproduct of this process, we will also give a complete
classification of all 1|2 dimensional Zy-graded Lie algebras, which are
exactly the codifferentials of degree 2 on a 2|1 dimensional space.

4. CODIFFERENTIALS OF DEGREE 2 OF THE FIRST KIND

Let us suppose that d = 3"’z + 1/)31,’1’()@ + 3% + 1/%’0’107 and let

us call the multi-index (z,a, b, ¢) the type of the codifferential. Let us
say that a codifferential is of type (z,a, b, c) whenever it is equivalent
to a codifferential of that type, so that the type of a codifferential
is not unique. Our goal is to show that the equivalence classes of
codifferentials reduce to only a few simple types. Let us first remark

that if we express d as a matrix of the form d = <2 i), then if

d = g 'dg, then its matrix is simply the product of the matrices
expressing ¢~', d and g, multiplied by the scalar ¢, where g(w) = w,q.

If z # 0 then by applying a simple coalgebra automorphism, one can
assume that it is equal to one. Similarly, if a # 0 one can assume it is
also 1. Thus if both x and a are non zero, our codifferential is of type
(1,1,b,c). We will show later that we can express codifferentials of this
type in an even simpler form, but first we examine what possibilities
have not been covered by our considerations.

If z = 0, but ¢ # 0, then by interchanging the roles of wy and
w3 one can replace it with an equivalent one whose w%’l’o has nonzero
coefficient. Similarly, if x = 0 or ¢ = 0 and both b and ¢ do not
vanish, then by the same interchange, we can see that the codifferential
has type (1,1,b,¢) as well. This observation leads to the following
possibilities,

If x # 0 but a = 0, then we can assume that either b =0 or ¢ = 0 (or
both). This gives the possible types (1,0,0,¢) or (1,0,b,0). If b # 0,
then by a simple transformation, the type (1,0, b,0) can be reduced to
type (1,0, 1,0).

The only other types which could arise have both the x and ¢ coeffi-
cients vanishing, so they are of type (0, a,b,0). If both a and b do not
vanish, they can be adjusted so we obtain type (0,1,1,0), and if one
of the two vanishes but the other does not, we obtain type (0, 1,0,0).

Actually, this myriad of types can be much reduced as we shall see
shortly. Let us examine the type (1, 1,b, ¢) and show that in most cases
it can be reduced to type (1,0,0,c).



L., ALGEBRAS OF DIMENSION 2|1 9

Let d be of type (1,1,b,¢). Then if d' = g~'dg, we compute

qru+bus —rt —cst)  q(ut + bu* — t* — ctu)
ru —ts ru —ts

8 d=
Cqlsr+ bs? —r? — crs) _q(ts +bus —rt — cru)

ru — 1S ru — 1S
Now, either r and u both do not vanish, or s and ¢ both do not. Let

us assume the former, and put x = s/r and y = t/u. Substituting in
the matrix for d’, we obtain

u
r

q(1 +bx —y — cxy) qly+b—y* —cy)
1—ay 1—ay

d =
qlx +bx? — 1 —cx)l _qlzy+br —y—¢

u

1—ay 1—ay

Our goal is to remove the off diagonal terms without violating the
condition xy # 1. The terms vanish precisely when the equations
y+b—y?—cy and x +bx? — 1 — cx are both equal to zero. When b # 0,
these equations are quadratic in y and z respectively, with solutions

c—1++/(1—c)?2+4b l—ct /(1 —c)?>+4b
- 2b v 2
Oddly enough, we compute x,y, = x_y_ = 1, which is just what
we want to avoid. On the other hand, x,y_ = 1, if and only if b =
—%. Assuming otherwise, we can eliminate the off diagonal terms,
so that after applying a simple automorphism, we can reduce it to type
(1,0,0,c"), where ¢ is given by some rational expression in b and c.

On the other hand, when b = 0, then the quadratic in x reduces to a
linear expression, which is zero when x = ﬁ Of course, z is not well
defined if ¢ = 1, so let us first assume otherwise. Now y = 0 is a solution
of the quadratic equality for y, and substituting the expressions for x
and y into the first and fourth terms yields that our codifferential is
equivalent to one of type (1,0, 0, c) where the ¢ in this expression is the
same as the ¢ occurring in the type (1,1,0,¢). In fact, it is also clear
that even when b # 0, one can reduce any expression of type (1, 1,0, ¢)
to the type (1,1,0,¢) by choosing y = y,, and = = 0, except in the
special case when b = —%.

Note that the case b = 0 and ¢ = 1 is a special case of the equality

b = —(1740)2, so all we have left is to consider the case where this
equality holds. Then we certainly can set y = y, = %, and the

condition 1 — zy # 0 reduces to the inequality %x +1#0. If we

T+
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choose an arbitrary x so this inequality is satisfied, then it is easy to
see that the first and the fourth coefficients of d’ become, simply q%.
This means that when ¢ # —1, we can choose ¢ to make the first and
fourth coefficients of d’ equal to 1, the third coefficient equal to 0, and

by choosing r/u appropriately, the second coefficient equal to 1 as well.

Thus we obtain an element of type (1,1,0,1) unless ¢ = —1. One can
check that in this case, we obtain b = —1, so the element has type
(1,1,—1,—1), and also it is obvious from this argument that in this

case d is equivalent to the codifferential d = wé’l’o, so that in particular

¢§,1,0 has type (1,1, —1,—1). It is also easy to show that both types
(1,1,—1,—1) and (1,1,0,1) can never be reduced to type (1,0,0,c).
We now proceed to show that the other special types, (1,0, 1,0),
(0,1,1,0) also can be reduced to type (1,0,0,¢).
Type (1,0,1,0) is the same as type (1,0,0,0) and type (1,1,0,0).
To see this, apply the generic linear transformation g to produce d’ as
before, and we obtain

qir+s)u  qt+u)u

ru —1s ru — 18
d =
Cq(r+s)s qlt+u)s
ru —ts Tu —ts
If we choose ¢ = 1/2, s =t =r = —1 and u = 1, we obtain type

(1,1,0,0), and if instead we choose g =r =u=1, s =0, and t = —1,
we obtain type (1,0,0,0).

Type (0, 1,1,0) is the same as type (1,0,0, —1) and type (1,1,0, —1).
To see this, apply the generic linear transformation g and we obtain

q(su —rt) q(u? —t?)

ru —ts ru —ts
d =
q(s> =%  q(su—rt)
ru — 18 ru —1s
Choose t = —1 and ¢ = r = u = s = 1. Then this becomes d' =
;’1’0 — ;,0,1 as desired. On the other hand, if g =s=u =1, r =0,

and t = —1, then we obtain d’' = 1/1;’1’0 + 7,/191,’1’0 — ?1)’0’1.

This completes the classification of types of codifferentials. We have
one family (1,0,0,¢) and two special cases, (1,1,0,1) and (0,1,0,0)
which cannot be reduced to elements of this family.

We show that an element of type (1,0,0,¢) is equivalent to one of
type (1,0,0, ) precisely when ¢ = ¢*!, so that the set of equivalence
classes of codifferentials has a one parameter subfamily, parameterized
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by the unit disc in C. To see this, apply the generic linear transforma-
tion and we obtain

q(ru — cst) qgtu(—1+¢)
ru—ts ru—ts

d =
qrs(—1+c¢) q(—ts+rcu)
ru—ts ru —ts

It is interesting to note that when ¢ = 1, the middle two terms drop
out and thus @/J%’I’O + 1/)31’0’1 is not equivalent to any codifferential of
type (1,1,b,¢). Otherwise, if ¢ # 0, let r =u =0and s =t =1 and
q = —1/c and we obtain type (1,0,0,1/¢). To see that this is the only
other type that could occur, note that to cancel the middle terms, we
must have either r = u =0 or s =t = 0, so the claim is obvious.
For later purposes let us label the codifferentials representing the
equivalence classes of degree 2 codifferentials of the first kind as follows.
d, = 5,1,0
dy = %,1,0 I ¢§’LO I ¢§,0,1

1,1,0 1,0,1

5. COHOMOLOGY OF CODIFFERENTIALS OF DEGREE 2 OF THE
FirsT KIND

For a degree 2 codifferential d, with cohomology operator D = e, d|,
the dimension of the cohomology is given by h,, = z, — b,_1.
5.1. Cohomology of d, = ¢§’1’0. The coboundaries of basic cochains

for d, are as follows:

L

D(gy™" ") = vy P (n— p) — g
D5 ™) = 45 = p)

D" ) = @ P (= p) + gy P
D(py®" ") =0

D(yy™" ") =0

: Lgn—q—1  1,gn—q—1
From this table, we see that ;" 7" 19" 9" are cocycles for ¢ =

0...n—1, and 3?4+ 1" P~ (n — p) is a cocycle for p=0...n.
Also, 903’”’0 + gog’n_l’l is a cocycle, so z, = n + 2|2n, which means that
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b, = n+ 1|2n. It follows that h, = 2|2 for n > 1 and h; = 3|2.
Moreover,

1 _ 1,0,0 1,0,0 0,1,0 0,0,1 1,0,0 0,1,0 0,0,1
H _< 2 ) ¥3 7%03 ;903 +S01 7902 +903 >

1,0,n—1 1,0,m—1  0,n,0 0o,n—1,1 0,0, 1,0,n—1

2 » W3 %) 3 » P3 ny, n>1

Because the odd part of the cohomology of d, does not vanish for
n > 2, there are nontrivial extensions of d,. We will discuss them later
in the section on extensions of codifferentials of the first kind.

5.2. Cohomology of d; = 1 Lo wl Lo 4 7,01 01 The coboundaries
for dy are given by

D) = e e
D P ) g5 = 1) — g}

)=
Dy ?) = w7 (= p) = 4P P — 1)
)=

0, n—
n—p)+p, e

( 0,p,n—p ,p,n P 1,14-p,n—p— 1(

n—+ ¢

,p,n—p+1 0,14+p,n—
+§0p p +90 p,n—p

D(ty*" ) =0
D(ypy™" ™) =0

We already know that wé’q’"qul and P3P give a basis of the 2n
odd cocycles. First note that 900 and 900 Loy gog 01 are a basis of the
even 1-cocycles. Thus z; = hy = 2|2 and b; = 2|3.

For n > 1 it is easy to see that images of the cochains of the form
37" P are a basis of the n+ 1-dimensional subspace of cochains of the
form 13" P, If we consider the subspace X spanned by elements of the
form )3 7" and 3" P then D maps the (2n 4 1)-dimensional
space spanned by elements of the form ¢}*"~9"" and 37" 7 bijectively
onto X.

If p > 0, it is clear that the image of )" lies in X. Thus we
obtain a cocycle as a sum of the element 900 PP and a unique linear
combination of the elements ©3”" 7 and ¢*" 9"'. Thus there are n
independent cocycles generated by these elements.

For p = 0, the image of <p0 0™ does not lie in X, so it cannot contribute
to any cocycle. Thus we see that there are exactly n independent even
cocycles. Thus z, = n|2n and b, = n + 1|2n + 2.

This means that h,, = z, — b,_1 = 0 if n > 2. Furthermore, hy =
2|14 — 2|3 = 0|1. It is easy to see that 1, can be taken as the basis



L., ALGEBRAS OF DIMENSION 2|1 13

for H?. Thus we have

1,0,0 1 ,0,0 0,1,0 0,1,0 0,0,1
< ) )y P3 %) + ¥3 >
< 1 ,0, 1>

H" =0, itn>2

5.3. Cohomology of d. = 1’1’0 + ¢101c Since d. is equivalent to
di /., we can assume that ¢ lies in the unit circle. Thus we will assume
that |c| <1 in the following. The coboundaries are given by

D(py™" ™) = =y T =gyt
D(pyP"P) = PP (p — 1+ ¢(n — p))
D(p5P"P) = P P(p+ c(n —p — 1))
DWYP"P) = PP (p+ c(n — p)) + @y TP 4 PP

D)
D)

1
0
0

Let @, =p+c(n—p—1). When @), # 0, then
gp — Sog,PJrl,nfpfl + @3,p,nfpc + <)Ol,p,nfpflcgim p= 0. n— 17

give n independent even cocycles, which are obviously coboundaries.
In most cases, the &, give a basis of the even cocycles. However, when
Q, = 0 we get an additional even cocycle 3?" "
coboundary, and 137" is no longer a coboundary. When this happens
the even part of h, increases by one, and the odd part of h,,; also
increases by one. Note that if n > 1, for most values of ¢ it never
happens that @), = 0. In fact, if ¢ is not a nonpositive rational number,
then (), is never zero when n > 1.

There is another source of possible even cocycles, given by the terms
9030", which is a cocycle if nc = 1, and 9037"70, which is a cocycle if
n = c¢. When this happens, the even part of z, increases by 1, so the
odd part of b, decreases by 1. Thus we see again that the even part of
h, and the odd part of h,,; both increase by 1. Moreover, if nc = 1,
then we need to add 1y*" to the basis of H" and if n = ¢, we need
to add wl ™9 £ the basis. If ¢ or its reciprocal is not a positive integer,
then neither of these two cases hold.

which is never a

5.3.1. Cohomology for generic values of c. Let us say that c is generic
if it is not a nonpositive rational number, nor is it or its reciprocal a
positive integer. If c is generic, and n > 1, then &, are the only even
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cocycles, so that z, = n|2n and thus we have b, = n + 1|2n + 2. It
follows that h, = 0|0 for n > 2. For n = 1, we always have Qy = 0,
so we have two even cocycles, gog’l’o and (poo ' which along with the
two odd cocycles w;,o,o and %1[0’0 generically form a basis for H'. Thus
21 = hy = 2|2 in the generic case.

Also, in the generic case, we obtain by = 2|3. Since zp = 2[4, it
follows that hy = 0[1. In fact, py”' can be taken as a basis for H?.
What this says is that you can deform d,. in the direction of the family.

Thus we conclude that for generic values of ¢ we have

1 _ 1,0,0 100 0,1,0 0,0,1
H _< 2 ) 7902 7903 >

= (04
H" =0, ifn>2

5.3.2. Cohomology for the special value ¢ = 1. In this case both nc =1
and n = ¢ hold for n = 1. Thus we obtain two additional 1-cohomology
classes, given by 902’ o1 and (po,1,o and hy = z; = 4/|2. Thus b, = 2|1, so
hy =29 — by = 2|4 2|1 = 0]3. Thus for ¢ = 1 we have

1,0,0 100 0,1,0 0,0,1 0,0,1 0,1,0
< ) 7@2 7(703 7902 7903 >

101 101 1,1,0
< ) V3 >

H" =0, 1fn>2

This suggests that somehow there are additional directions in which
the codifferential can be deformed, and we will comment on this later.

5.3.3. Cohomology when 1/c # 1 is a positive integer. Let m = 1/c.
Then we have

HY = (150 9400 10, 0
H2 . < 1,0,1)
- 3

H™ = (gy""™)
H™ = (1, ")
H" =0, otherwise

1,0,1 0,0,2
( g 7).

except when ¢ = 1/2, in which case, since m = 2, H? = (13", ¢,

5.3.4. Cohomology when ¢ = 0. This case is special because @)y = 0
for all n. Thus we always have the even cohomology class gpo 07 and
the odd cohomology class ¢3 0n=1 " Since Qq is zero when n = 1 in all
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cases, H'! is not changed from the generic pattern. Thus

1 _ 1,0,0 1,0,0 0,1,0 0,0,1
H - < » ¥3 7902 7903 >

H" = L0mn=1 gpg’o’n), ifn>1

5.3.5. Cohomology when c is a negative rational number. Let us rewrite
the equality @), = 0 in the form p = % When —1 < ¢ < O is rational,
note that 0 < ¢/(c —1) < 3, so that @ = 0 has an integral solution for
p with 0 < p < n — 1 for infinitely many values of n. In fact, suppose
that —% = %, expressed as a fraction in lowest terms. Then % is a
positive integer precisely when n = ks 4+ 1 for a positive integer k, in
which case we have kr = %, and 0 < kr < n — 1. From this, we
can calculate the table of cohomology of d. as follows.

1 _ 1,0,0 1,0,0 0,1,0 0,0,1
H _< 2 » V3 )y P2 7903 >

H2 — < 1,0,1)
Hk5+1 _ <gpg,kr,k(sfr)+l>

1,kr.k(s—r)+1
(g "

H" =0, otherwise

5.3.6. The Moduli Space of Codifferentials of the First Kind. Let us
consider now only the deformations of these various types of codiffer-
entials of degree 2 only as graded Lie algebras, i.e., consider only H?2.
Consider the following table of codifferentials and bases of the odd part
of the second cohomology group:

Type (0,1,0,0) (1,1,0,1) (1,0,0,1) (1,0,0,c¢)

d d. d; d d.
H2 1,0,1 1,0,1 1,0,1 1,0,1 1,0,1 1,1,0 1,0,1
( )0 2 » V3 2 2 » 3 » 3 3

There are three special cases, and the generic pattern. Note that even
though the dimension of H? is not generic for dj, the extra dimension
is even, so does not contribute to the deformations over C.

Clearly, there is only one family of codifferentials, so what is going on
with the extra degrees of freedom in the cohomology? To understand
this better, let us examine the moduli space of codifferentials of degree
2 in some more detail. Here we use the term moduli space in the
following sense. The space of all codifferentials of degree 2 is a variety
in a 4 dimensional complex space, preserved under the action of the
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group of linear automorphisms of the symmetric coalgebra. A quotient
space of a variety by such a group action is called a moduli space, The
structure of such moduli spaces can be very strange, from a topological
point of view.

Let us parameterize our moduli space by types, and note that since
type (1,0,0,¢) is the same as type (1,0,0,1/¢), it is natural to think
of the moduli space as the unit disc in C, with an identification of the
upper semicircle with the bottom. Then every point except 1 and -1
have neighborhoods which are discs, but 1 and -1 are orbifold points
of degree 2. Of course, we are really describing the action of the group
generated by the transformations {z — z,z — 1/z} on the Riemann
sphere, and identifying our standard points of the moduli space with
the resulting images.

We should like to have some notion of neighborhood of a point in
our moduli space, and the natural notion is to consider two elements
of the moduli space to be close if they have inverse images which are
close in the space of codifferentials. Of course, since any codifferential
is equivalent to any multiple of itself, this would make all codifferentials
close, so we have to be a bit more careful in our definition.

Consider the standard representatives of the equivalence classes of
codifferentials, which are either (1,0,0,¢), (1,1,0,1) and (0,1,0,0).
Let P and @ be equivalence classes. Let us say that @ is e close to
P if @) is among the types which occur by adding coordinates to the
standard representation of P of absolute value no larger than ¢. Then
P is said to be infinitesimally close to @) if () is epsilon close to P for
all positive values of e.

For most of our points, the notion of neighborhood we have just de-
scribed yields no surprises. For any standard point P of type (1,0, 0, ¢)
with ¢ # 1, € neighborhoods of P for small values of € correspond to
standard points (1, 0,0, ¢’) with ¢ close to c.

However, for ¢ = 1, things are quite different. As we have described
before, the one parameter family (1,1,b,c) with b = —}l(c — 1), con-
tains types (1,0,0,1) and (0, 1,0, 0) for two special values of ¢, but gives
type (1,1,0, 1) otherwise. It follows that d; and d, are infinitesimally
close to d;. One can check that for e small enough, a neighborhood
of d; contains only this extra point, along with the points one would
usually expect. It is hard to reconcile the fact that for the codifferen-
tial dy, the dimension of the cohomology is 3. One might expect one
extra dimension for the deformation in the dy direction, but two extra
dimensions are obtained instead.
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Recall that type (1, 1,0, a) is the same as type (1,0,0,a) when a # 1.
This means that a neighborhood of dy looks just like a neighborhood of
dy) (minus point d; ). Note that although d; is infinitesimally close to dy,
the converse is not true. Notice that the dimension of the cohomology
for dy is just 1, corresponding to the fact that any small deformation
of this codifferential just gives an ordinary element in the main family.

Finally, consider type (0,1,0,0). Note that (0,1,¢,0) is the same
as type (1,0,0,—1), so d, is infinitesimally close to d_;. It is easy to
see that type (0,1, €1, €2,0) is the same as type (1,1,¢€;/€2,0), if €3 # 0.
One also sees that type (1, 0,0, ¢) is the same as type (1, 1, — T 0), if
¢ # +1. When ¢ = 1, we obtain type (1, 1, —%, 0) which is the same as
type (1,1,0,1). Thus d, is infinitesimally close to every element of the
moduli space except d;. Note that the cohomology has odd dimension
2, and the type (0,1, €, €) corresponds to adding a small cocycle to
dy.

6. CODIFFERENTIALS OF DEGREE 2 OF THE SECOND KIND

A codifferential of degree 2 of the second kind is of the form
4= %0+ b+ 400%,

which we will say is of type (a,b,c). If either a or b is nonzero, then
it is clearly equivalent to a codifferential of type (1,4',¢'), for some
b and ¢. Note that the only type which cannot be reduced in this
way is type (0, b,0), which is clearly also of type (0, 1,0). However, let
us examine type (0,1,0) to see what it is equivalent to. Applying a
standard linear automorphism, we obtain that d = 1/1?’1’1 is equivalent
to any codifferential of the form

0022tu

+77Z)1’7_7 TU—tS?'éONI?éO
q

d/ B 77Z}(LQ’() 2rs + 77Z)O,Ll ru +ts
- %1 1
q

If we set ¢ = 2rs, = u/s y = s/r, then we obtain type (1,b, c) where
2b = x4y, ¢c = zy, and we must avoid the condition zy = 1. But
this occurs exactly when > = ¢. Thus type (0,1,0) is equivalent to
type (1,b,¢) whenever b? # c. It is also clear that type (0,1,0) is not
equivalent to type (1,0,0).

Let us next study type (1,0,0). Applying a linear automorphism,
we see thatw?’z’o is equivalent to codiffentials of the form

d — 020 +¢0117“t+¢002
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If we set 72 = ¢, then we see that this d is equivalent to any codiffer-
ential of the form (1,b,b?), exactly the types not covered by the first
case.

Thus there are only two types of codifferentials, represented by 1y
and 1[10 b1 Let us study the second type first.

0,2,0

6.1. Type (0,1,0). Let D(p) = [, ¥)"""]. Then we obtain the follow-
ing table of coboundaries.
D( Lgn—q— 1) _ 01+q,n q
D(¢) 0,p,n— p) — Opm p+1
( 0,p,n p) — p+1n P
D) = 0
( Lgn—q— 1):g0,q,n q_i_(quHn q
D ,qnq1):¢,q+1nq1+@0q+1nq

Then we have n + 1 odd cocycles of the form """ ? and 2n even

cocycles of the form @™ ™9 4+ @@ and "It 4 pJattnat
This means z, = 2n|n+1, so b, = 2n|n+2, and h,, = 20 if n > 1. We
have

0,0,1 0,1,0 1,0,0 0,0,1 1,0,0 0,1,0
H' = (i L0100+ 0t o™+ o)
H" <90}°" 1+90§°"7901” Moo it > 1

and all cohomology for n > 1 is even. Thus we don’t obtain any

deformations in the Lie Algebra direction.

6.2. Type (1,0,0). Let D(¢) = [p, . Then we obtain the follow-

ing table of coboundaries.

0,2,0
1]

Dl 1) = gpian

D) = —ayfrsins

D(g§"" ") =0

D) =0
D(wé’q’"qul) — 290%,q+1,n q—1 +g00,q+2,n g-1
D) = e
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Besides the obvious n 4 1 odd cocycles 1" * and n + 1 even ones

0,p,n—p
©3 , we also have n more even cocycles

1,gn—q—1 0,q+1,n—q—1
2¢ + @y

b

S0 z, = 2n+ 1|n + 1 and h,, = 3|1, if n > 1. In fact, it is easily seen
that

1_ ,,001 ,01,0 001 01,0 1,0,0 0,1,0
H—< R N N T X2 >

n __ 0,0,n 0,0,n 0,1,n—1 1,0,n—1 0,1,n—1
H - < I 290 + 902 I >7

1 2¥3 ,P3 1 ifn>1

Let us think about the moduli space of two points given by these
codifferentials. Note that type (1,0, €) is the same as type (0, 1,0) for
any nonzero value of e. Thus type (1,0,0) is infinitesimally close to
(0,1,0), but not the other way around. It is not surprising, therefore
to see that type (1,0,0) has a nontrivial deformation as a Lie algebra.

7. EXTENSIONS OF CODIFFERENTIALS OF DEGREE 2

We now consider how to extend a codifferential dy of degree 2 to a
more general codifferential. Let G be the subgroup of automorphisms
of S(W) fixing ds, and G be the subgroup of G consisting of linear
automorphisms. The groups G and G; act on the set of nonzero co-
homology classes. We shall say that two cohomology classes d; and d,
are equivalent if there is an element f in G such that f*(d;) = do, and
linearly equivalent if f lies in G.

Any automorphism g can be expressed in the form

g =] ] explaw),

k=2

where oy, € Ly, is a coderivation. Moreover, g* = [[o_._ exp(— ada, )A*,
where ad,, (3) = [ax, 8], and \*(3) = A1

Suppose that d = dy + dy + dp1 + - -+ is an extension of dy. The
following theorem will help to classify such extensions.

Theorem 7.1. Suppose that d = do+dy+dg1+- -+ is a codifferential.
Then dy is a cocycle with respect to the coboundary operator D = [e, ds].
Moreover,

(1) d is equivalent to a codifferential whose first nonzero term after
dy is of higher order than k iff di is a D-coboundary,.

(2) Ifd" = dy+dj,+d), +- - - is equivalent to d, then the cohomology
classes of dj, and dj, are linearly equivalent.
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Proof. Since [d,d] = 2D(dy) + - - -, it follows that D(d;) = 0. If dy =
D(«), then applying g = exp(a) to d, we obtain g * (d) = dy + dy —
D(a) + - -+, so we have eliminated the term d;. On the other hand,
suppose that g*(d) = dy + dj, + dj, ., + - - -, for some g = Aexp(f2) - - -.
Since we must have \*(dy) = da, we compute

g"(d) =dy + XN*(dy) — D(B2) — -+ — D(By—1)
+ 5002, D(B2)] + - -

It follows that D(5;) = 0 for i < k — 1 and —D(Bk—1) + \*(d) =
d,. If di, = 0, this says that \*(dj;) is a coboundary, and since the
coboundary map commutes with automorphisms, we see that dj, is also
a coboundary. It is also clear that the cohomology class of \*(dy)
coincides with that of dj. O

Let us say that a codifferential d is standard if it is of the form
do + dp + djo1 + - -+, where dj. is a nontrivial cocycle for ds. By the
first part of this theorem, every nontrivial extension of ds is equivalent
to a standard codifferential. For a codifferential in standard form, let
us refer to the cohomology class of dj as the secondary term of d.

In general, we don’t expect dy + di to be a codifferential for an
extension d = dy + dj, + djy1 + --- of dy. However, for the examples
which arise in this paper, it turns out to be true. We state a theorem
which is useful in characterizing the extensions of a codifferential of the
form d = d2 + dk

Theorem 7.2. Suppose d = dy + dy, is a codifferential. Let Dy be the
coboundary operator determined by ds, and Dy be the one given by dy.
Letd =dy+dp+d;j+--- be an extension of d, where l > k. Let § = d
Then
(1) ¢ is a Di-cocycle. Moreover Dy(0) is a Dq-coboundary.
(2) If 0 is a Dy-coboundary, then d' is equivalent to an extension
whose third term has degree larger than [.
(3) If H™(Dy) = 0 forn > k, then any extension d' of d is equivalent
to d.
(4) If 6 = Ds(n) for some D;-cocycle n, then d' is equivalent to an
extension whose third term has degree larger than .
(5) If every cocycle § whose order is larger than k for which Dy(6) is
a Dy-coboundary is of the form 6 = Dsy(n) for some D;-cocycle
n, then any extension of d is equivalent to d.

A useful generalization this theorem is as follows.

Theorem 7.3. Let d, = dy+ 0 be a codifferential, where § = d3+-- -+
dy and D, D, be the coboundary operators determined by do and d.,
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respectively. Suppose that every D-cocycle o of degree greater than k
extends to a De-cocycle, and that H"(d.) = 0 for n > k. Then every
extension of d is equivalent to d.

For each of the codifferentials, we will study the nontrivial extensions.
Such extensions exist only when the odd part of H™ does not vanish for
some n > 2. Note that ordinarily, when considering extensions, we have
to construct them term by term, because a finite number of terms may
not determine a codifferential. However, in our examples, the cocycles
all have trivial brackets with respect to each other, so there is never
any question about whether adding a cocycle gives a codifferential.

Let us state a conjecture which we will use to classify the codif-
ferentials. Let us say that an automorphism g is formal if its linear
term is the identity, in other words, ¢ = [[,—,exp(fx). Then two
codifferentials are said to be formally equivalent if there is a formal
automorphism expressing an equivalence between them.

Conjecture 7.4. Suppose that d = dy + dy is a codifferential, d. =
dotdp+d;+- -+ and d, = dy+dp+dj+- - - . If d, is formally equivalent to
de, then d., —d. is a coboundary with respect to the coboundary operator
D = e, d].

In particular, this conjecture implies that if d; is not the leading term

of a coboundary with respect to D, then d, is not equivalent to d.

7.1. Extensions of the codifferential ¢/)*° of type(1,0,0). Let
(10) d =y,

Suppose that A is a linear automorphism of d. It is easy to check that
the condition A*(d) = d is equivalent to s = 0 and u? = 1 in the
standard expression (equation (2)) for A.

For k > 2, we can extend d to the codifferential

When a is a nonzero number, by using a diagonal automorphism of d,
we see that d. is equivalent to the codifferential wg)g,o + ¢?*°7’“, SO we
may assume that ¢ = 1. If A is an automorphism of d, then

(12) OOk quOﬂ:k ztu

In order for A to be the linear part of a generalized automorphism of
de, /\*(wg’o’k) must be D-cohomologous to 1/10 Ok This can only happen
if u*/q =1 and ¢t = 0. Thus A must be dlagonal, and it follows that A

—T
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actually lies in the linear automorphism group of d.. In other words,
A (de) = de.
We compute

D ((ngn) _ _¢?,O,k+n—1k
D. (303’1’” b= ¢0,1,k+n—2k
Da(2at0n 4 1) = gy

Thus the first and the third d-cocycle combine to give the cocycle

209%™ + 207"k 4+ 9k, while the second extends to the D-
cocycle 209" — Y02 U Also, we note that 4" is a coboundary
for n > k.

Thus we have no higher order cohomology, so every extension of d,
is equivalent to it.
The cohomology of d, is given by

Hl :< g],O,l7 0,1,0 290001 +2S0100k+§0 l,Ok, 2()00,1,0 QOO’O’k71>
H" :< (1J,On 2()00011_’_2()01011 1]{;_’_90 ,1L,n— lk 2(p0,1,n 1 Sog,o,n+k72>7

itl<n<k
Hr (2800 on 2901 o=ty o S00,1,n 1. 2()00,1771 1 SOg,O,n-i-k—Q)?
iftn>k
7.2. Extensions of d, = 1 10 —|—¢1 01¢. Let us first consider what the

linear automorphism group of d. consists of. It is not hard to check
that if A is a linear automorphism of S(W) is given by the standard
form (equation (2)) then

A*(d.) :q/;;l:o(w) + wé’l’o(@*”q”)

ru—st ru—st
1,0,1 7 (1—c)qtu 1,0,1 / g(cur—st)
+1/}3 ( ru—st ) + w3 ( ru—st )

Assuming that ¢ # 1 (which does not interest us because there are
no nontrivial extensions of d;), we observe that only two cases occur.
First, we could have s =t = 0 and ¢ = 1. Then X is diagonal. Secondly,
we could have u = r =0, ¢ = —1 and ¢ = —1. Thus the second case
only occurs for a special value of ¢. This special case is of particular
interest to us, so we will consider it separately.

7.2.1. Eatensions of d., when 1/c¢ > 1 is a positive integer. This case
is not very complicated, since if we let m = 1/c¢, then a nontrivial
extension of d. must be of the form

d = 110+77Z)101 77DlOm
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It is easy to see, using a diagonal linear transformation, that we can
take a = 1. Note that a linear automorphism A\ of d preserves d,
precisely when u™ = r. (Remember that A is diagonal and ¢ = 1.)

Let us study the cohomology of d.. First, note that

0,1,0 1,0,m
De(p3") =1y
0,0,1 1,0,m
D (903 ) 2 m,
so that the two 1—cohomology classes for d. are replaced by the single
07 7 0 0 1 1,0,m
cohomology class ¢y ""m + go3 , and ;" becomes a coboundary for

the cohomology. Note that ¢, 00m remains a cocycle for D.. Thus the
cohomology for D, is given by

HY = (0350 0350, 3+ )
H? = (43")
m 0,0,m
H :<<P2 )

H" =0, otherwise

: : : 1,01 00,2
except when ¢ = 1/2, in which case, since m = 2, H? = (137" 5" 7).

By Theorem (7.3), it follows that any extension of d,. is equivalent to
d., so we have found all nonequivalent extensions of d..

7.3. Extensions of dy = 13", If we take an extension of the form
L1.0 1,0,k
+ 13" "a, then as usual, we can assume a = 1, so we may as well
assume that our extended codifferential is

1,1,0 1,0,k
d, = + 3"

The linear part A of a generalized automorphism of d. must satisfy
w1 =1, and as in the previous case, it is a diagonal automorphism

with ¢ = 1. Moreover A*(d.) = d.. Note that We note that
D) =0
De(p3™") = 3™ " (n — k)

so that ¢, 219 remains a cocycle, but with the exception of n = k, the
cochains 3000" give rise to coboundaries, and are no longer cocycles.
Also, 10m is a D.-coboundary for m > k except for m = 2k — 1.
Thus, after applying an appropriate automorphism, we can assume
that the third order term in any nontrivial extension of d, is of the form

§’0’2k_1a, for some nonzero a, and we have the following candidate for
a possible nontrivial extension of d..

110 10k 1,0,2k— 1
do.a = T+ Uy
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Let us consider which linear automorphisms preserve dy. It is easy
to see that if a linear automorphism A is given by equation (2), then
A*(do) = do precisely when ¢ = 1 and s =t = 0. Thus X is diagonal.
Moreover, X*(¢3°") = 1py”*u*~1 and the only way in which this can
be cohomologous to @Dé’o’k is if ©*~! = 1, and in this case, it is also
easy to check that A*(dp,) = doo. Thus, the coefficient @ cannot be
eliminated by a linear automorphism. Suppose that d. were equivalent
to a codifferential with leading part dy,. Then since the linear part
fixes dy 4, there is a formal equivalence between d. and a codifferential
with leading part dy,. But then @Dé’o’%_l would be the leading term of
a coboundary with respect to D., by Theorem (7.4), and since this is
not true, we see that dy, is a nontrivial extension of d.. Moreover, two
codifferentials with different values of a are not equivalent.

Because of this, we would expect that @/J%’O’%_l remains a cohomology

class for Dy, = [e, dy 4], and this fact is easily checked. Moreover, @8’1’0

still remains a cocycle. Thus the cohomology for d , is given by
1,00 ;1,00 0,10
H' = ( P57, 007 )
H" = (3", ifl<n<k
1,0,2k—1
H* = <¢3 >

H" =0, otherwise

By Theorem (7.3), we again see that any extension of dy, is equivalent
to do,. Thus we have classified all extensions of dj.

7.4. Extensions of d., when c is a negative rational number.
Recall that in this case, -4 = £ where 1 <r <'s. Let us add a cocycle

of the form @Zzé’kr’k(s_r)ﬂa, and it is easily seen that we can choose a = 1.
Thus we have

1,1,0 1,0,1 1,krk(s—r)+1
de = 2 + ¢3 ¢+ ¢3 :

De(gpo,lr,l(s—r)-l-l) _ w;(l—&-k)r,(l-&-k)(s—’r‘)—i-l(l . k?)(

3 S_T)7

which does not vanish unless [ = k, and we obtain the following table
for the cohomology of d,.
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HY = (00, 40— )+ 400)

Hms+2 _ <w§,mr,m(s—r)+1> if 0 S m < k
Hks+1 _ <(pg,kr,k(s—r)+1>

F2ks+2 _ <w?1),2kr,2k(577")+1>
H" =0, otherwise
Thus the only candidate for an extension of d, is
(13) d,. = LLO | L0, 4 w?l),kr,r(sfr)Jrl i w?l),2kr,2k(sfr)+1a,

where a is a parameter which, as we will see, cannot be eliminated.

First, note that 3% (r —s) —Hog’o’lr remains a cocycle for d.,. Let ¢ =
gpg’kr’k(H)H. Since D..(p) = —wg’gkr’gk(sfﬂﬂk(s —1)a, ¢ no longer

generates H**!'. However, ¢ extends to a cocycle ¢, which is given
by a power series with leading term ¢. Recall that for a codifferential
which is not of fixed degree, the spaces H" do not make sense in the
usual manner; rather H inherits a filtration from the natural filtration
on L, and H™ is a quotient space of the n-th filtered part by the n + 1-
st, and in this sense, we have H***1 = (¢’). Note that other than this
change, all of the cohomology for d., remains the same as for d..

In order to apply the conjecture to show that the extensions given by
d. are all nonequivalent, we need to study the linear automorphisms
preserving d.. It is easy to see that if A is given by equation (2) then
A*(d.) = d. can occur only under the following circumstances. First, if
g =1, and s =t = 0, in which case A is simply a diagonal matrix. In
that case, it is easy to check that The second possibility only occurs

if ¢ = —1, and in that case, we have an additional solution ¢ = —1,
x =wu =0, so A interchanges the roles of wy and ws. The second case
is a bit tricky, so we will deal with the special case ¢ = —1 separately.

7.4.1. The case ¢ # —1. In this case, if A*(d.) = d., we have A =
diag(1, z,u), and we can compute that

A*(¢;,kr,k(s—r)+l) _ ¢;,k7",k(5—7")+1xkruk(s—7‘).
This cochain is cohomologous to @Dé’kr’k(s_r)ﬂ precisely when it is equal
to it, so that %" u*~") = 1, and A\*(d.,) = d.,. Thus we can restrict
ourselves to formal equivalences, and as in the case of dy ,, we conclude
that the extensions of d. determined by different values of a are all
nonequivalent.



26 DEREK BODIN, ALICE FIALOWSKI, AND MICHAEL PENKAVA

7.4.2. The case ¢ = —1. Note that for the first type of automorphism,
all the remarks made before hold as well. Thus we need only consider
what the second type of automorphism does.

7.5. Extensions of d, = ¢3"°. First let us consider when a linear
automorphism A, given in standard form by equation (2), preserves d..
It is easy to see that A\*(d,) = d, precisely when ¢ = 0 and u = gr.
Because the cohomology of d, can be represented by cocycles of type
0 = 1(” and v = wé’o’k, every extension of d, is equivalent to one
where all added terms are of one of these two types. With a little
work, one can show that

(14) Zwlxlxg;ulxlq_zwlxlx mllq

(15) Zwlxk T ﬁ 1;’“ ;,z,kfxOJ(i)x-ﬁ-l#.

We will show that any extension of d, is equivalent to an extension of
a codifferential of the form

dyy = 1’1’0+¢10ka+wlolb

For the moment, we make no assumptions about which of k£ and [ is
the larger. It is usually true that if @ and b are nonzero, they can be
taken to be 1. There is one exception to this statement, and that is the
case when k£ + 1 = 2[. We will discuss this special case in more detail
later. For the moment, it will be more convenient for us to leave the
coefficients a and b undetermined.

In order to determine the leading terms of coboundaries for the
coboundary operator Dy ; given by dj,; consider the extended cobound-
ary formulae:

Dia(ph1n7171) = —g et kel patenty
D7) = 4 — ) — o
T g 4 g — )
Dkl(wg,p,nfp) — w;,pﬂ,nfpfl(n p) 0 Lpktn—p-1 1.
+ w;,p—l,lﬂrnﬁvap + wg,p,lJrnfpflb(n —p— l)

From the coboundary formulas above, we can establish the following
recursion formulas.

(16) Dk ((p(z)Ov—l-l) %’I’U(U—f—l) . 10v+1+¢)10v+lb( +1)
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(1) Dyoa(@0PT — QMY = b0 (4 g 1) 4 pbP b L gy
+ " Mo+ k+1 1)

(18) Dy (g™ — oy phrettitpy) =
Ys P (4 1) + Ph P (1 2 4 20) + ) PR g (p 4 2)
+ w%,p,?ﬁi’?le(l 4 1 + U) 4 w;,pfl,’u+k+1+la/bp

If n — ¢ is a Dy, coboundary, then let us denote this by n ~ £. The
recursion formulas above allow us to conclude the following reduction
formulas.

(19) w%,p-{-l,v ~ _wz)l),p,v—i—lb% . w?l),p—l,v-i-k—i-laﬁ
(20) w;,p+2,v ~ _w;,p—ﬁ-l,v—i-lbl—i—i(j_};-l) _ w;,p,v—&-k-l-la%

_ w;p,wzlbzlt}%l _ w;7p—1,v+k+1+labq}%1
(21) ¢;,1,v -~ ;,O,v-ﬁ-lﬁ _¢;,0,v+lb

The first reduction formula does not hold when a = 0; instead, we have
the simpler reduction formula

(22) ;,p—i-l,v ~ _¢§,p,v+lb‘

These formulas show us to reduce any cochain of the form
or g™ P~ t0 a cochain where the middle index of each term is zero,
modulo a coboundary.

If we are considering an extension of dj;, we know that it can be
reduced to one of the form

R s

where a,, = 0 if m < k and b,, = 0 if m < [. Thus we really are
interested in when we can get rid of terms of the form ¥y *™ and 13"
in the expression above, which can be done only when they appear
as leading terms in Dy, coboundaries. The reduction formulas allow
us to add coboundary terms to a coboundary to reduce terms of the
form 1y """ and ¢y """ to terms of the form 13" and ¢y "™,
for certain values of m. This will help us to determine which terms of
this form are leading terms in coboundaries.
We will be studying the coboundaries of the even cochains

0,p,n—p—1
2

_1,0,n—1 0,0,n
Pn = ¥ n -+ ¥3
0,n,0 0,n—1,1

Pn =" + 3 )
which are a basis of the even part of H"(d,). What we expect is that
these D,-cocycles will give rise to new Dy, ;-coboundaries, which will
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allow us to eliminate certain terms in the expressions above which were
not leading terms for D,-coboundaries, but which are leading terms for
Dy, ;-coboundaries. We have

(23) Dra(pn) = _wl,O,k’-i-n—l (k +n) — ¢§,O,l+n—1bl
(24) Dii(#y,) = ;n b alk —n) + ¢§’n_2’k+1a(n - 1)

+ oy (1 —1).

Two extensions of d, can only be equivalent if A* applied to the sec-
ondary term of the first extension differs from the secondary term in the
the second extension by a coboundary for some linear automorphism
A. Thus we first need to consider the action of the linear automor-
phism group on the D, cohomology The secondary term can be taken
to be of the form 2/)%’0 ka + ¢3 Okp because every D,-cohomology class
of degree k can be represented by a D,-cocycle of this form. If a or
b vanish, then applying a diagonal automorphism one sees easily that
the other coefficient can be taken to be 1, and similarly, if both do not
vanish, they can both be taken to be 1. Now

A ;,Ok 10k Zwuk z q’:ﬂck +w;,0,k(§)x(uk—1r_ (5)#)

If you choose A so that v = ¢r, qu*r = 1 and (5) = u*~1r, then the
. 1,0,k
above cocycle is cohomologous to 15,7, As a consequence, we can

assume that the secondary term is either of the form w%’o’k or wé’o’l for
some k or [.

7.5.1. Eaxtensions of d, with secondary term w;’o’k. Let
d — 1,1,o+w10k

Recall that for any generalized automorphism of d., its linear part A
preserves d, and )\*(@/J%’O’k), given by equation (15), is D,-cohomologous
to wé’o’k. It follows that w = ¢r, qu* = r and s = 0. But this implies
that \*(d.) = d.. This fact greatly simplifies the study of extensions
of d..

The D.-coboundaries of the D,-cohomology classes are given by

De(pn) = — ¢1707k+n_1(k +n)
De(g)) == " "k — n) + 93" 2 (0 — 1),

Thus 1/1;’0’7” is always a D.-coboundary if m > k. The case with ¢/, is
more complicated. Note that in the first two reduction formulas, since
b = 0, the middle upper index on the right hand side always drops
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by 2, and the right hand side of the first reduction formula vanishes

for 157", Thus we conclude that any term of the form 13" is a

D.-coboundary. Moreover, any term of the form wl 2MY reduces to a

multiple of wl Dwtm(ktl)

is odd,

, o0 is also a D.-coboundary. When n = 2m+1

D (Spn) 12mk(2 41— ) wl 2m— 1k+1(2m),

which is a D.-coboundary, so ¢5,, ., extends to a D.-cocycle.
Notice that for d., the reduction formulas simplify to

wl,p—i—l;u ~ 1p—1v+k+1 »p
3 3 v+k+1
wl,p—i—lv -~ 1Lpv+k+1p42
2 2 v+1
1,1v ~ 1,0,0+1 1
2 3 v+1

When n = 2m, applying the reduction formulas to the coboundary of

¢!, yields a coboundary of the form gpl 0:m(k+1)

constant. Since

Do) = "V 2 — k) 4y 2 (2m - 1),

, multiplied by a nonzero

we note that after applying the recursion formulas, both terms reduce
to multiples of wl Omk+1), Adding the coefficient arising in reducing
the first term to the one arising in reducing the second term gives an

overall nonzero coefficient
™I (20 + 1
(25) ( ) HZ:1< Z+ )
(k+1)™m!

1,0,m(k+1) .

for the leadlng cochain )3’ in the reduced form of D.(¥},,).

Thus, ¢),, gives rise to a nontrivial D.-coboundary, and it does not
extend to a D.-cocycle. The even part of the cohomology of d. has
a basis given by the extensions of ¢, ., to cocycles, while the odd
part of the cohomology has a basis given by @Dé’o’l for those [ which are
not multiples of k + 1. As a consequence, in an extension of d, of the
form dj; + ho, with & < [, if [ is a multiple of k£ + 1, we can add a
D.-coboundary to eliminate this term. Thus, in classifying extensions
of d., we only need consider those for which [ is not a multiple of k+1.
In particular, we do not need to consider the case when [ = k + 1. In
section 7.5.3 we will consider extensions of d. of the form

dk,l: 1,1,0+¢10k+¢1017 l#m(k:—i—l)

The reduction formulas of the previous section will enable us to deter-
mine the leading terms of Dy, ;-coboundaries. We will also have occasion
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to consider extensions of dj; of the form

(26) dgm = 3™ + O g™+ 45O,

and will want recursion and reduction formulas for this codifferential
as well. The modified recursion formulae are

(27) Dk,l,m(@g’o’vH) =
P (v 4 1) — g ™ 4 % (0 1)+ (0 + 1)

(28) Dy (@7 — IPUEY = P (g | 4 1) ple bR
+ P 0+ k1= 1) + P T + k+ 1 —m)

(29) Diotm(ip™ 1 — oy P P g phpemtly) =
YSPTEY (0 4 1) + s P (4 2 4 20) + b P T (m 4 2 4 20)
+ P (p 4 2) + P+ 14 v) + PR (4 1+ )

1,p—1,v+k+1+1 1,p—1v+k+14+m
+ 1y P+ bp

7.5.2. Extensions of d, with secondary term @D%’OJ, Let
d, = ?1),1,0+w?1),0,l'

The linear part A of any generalized automorphism of d, preserves d,,
and so its action on § = 13" is given by equation (14). Since we must
have A*§ ~ §, it follows that u/~'¢ = 1, and this is the only condition
necessary. Of course, when A*(§) # 9, we must follow \* with some
formal automorphism ¢g* such that g*(A(6)) = d+ho, in order to obtain
a generalized automorphism Ag of d.. In fact, if we choose

l
_ 0,z—1,l—z+1 1 s\%
o= z :('03 l—x+1(u) )
x=0

then exp(—ad «)(A(d)) = d + ho.

Because De(¢,) = —5™ "7, we see that ¢3°™ occurs as the
leading term of a D.-coboundary for any m > [, so in any extension of
d., we can assume that no such terms occur. Thus, up to equivalence,
any nontrivial extension of d. is of the standard form

1,1,0 1,0, 1,0,k
dije =3 + 137" + 1y a + ho,

where all higher order terms are of the form wé’o’mam, and a # 0. Since

the linear part A of a generalized automorphism Ag of dj; . is the linear
part of a generalized automorphism of d,, we know that u/~'¢q = 1, and
u = qr. Note that if 2] # k + 1, then from equation (15), we can find a
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diagonal automorphism A such that the coefficient of w%’o’k in \*(dg,)
is 1. Moreover, in that case, then any generalized automorphism of dj;
will satisfy «**'=2' = 1, which limits the diagonal part of A to just a
few possibilities.

Let us consider a formal automorphism g = exp(—ay) - - - such that
Ag is a generalized automorphism of dj;. Then @ = ¢g*A\*(dy,) is of
the form dj; + ho. We will show that for a certain value of m the
coefficient of w; 0 appearing in Q is exactly a,, plus a nonzero multiple
of s. Thus, for an appropriate value of s, the coefficient becomes zero.
As a consequence, if we only consider extensions of dj; such that the
coefficient of w% O i zero, we do not lose any of the equivalence classes.
Moreover, if an automorphism of dy; . preserves this property, then the
coefficient s in its linear part must vanish. This observation will allow
us to restrict our consideration to automorphisms whose linear part
is diagonal. In most cases, there are only a few diagonal matrices
satisfying our requirements, and they always preserve dj;. Because of
this, we will be able to use our main conjecture to classify the extensions
of dk,l'

If n < I, then «,, must be a D,-cocycle; otherwise terms of degree
lower than [ would appear in Q. Moreover, no term of type @y?"?
can appear in «, for any n < k, because otherwise () would contain a

term of type ¢,” "7 If n < I, the only combination of ¢§*" and
go}’o’nfl which can appear in «,, is a multiple of ¢, since this is the

only D,-cocycle combination of these terms. However, since d.(¢,) =
—@D;’O’H"_ll, and there are no terms like thisin Q if 1l <n <k —1+1,
the coefficient of ¢,, must vanish unless n > k — [ + 1.

Ifl <n<k—1+1and terms of type ©3*" and 5*" " occur in
v, then since d.(p9”™) and d, (13" ") each contain a term of type

é’o’“’”_l, then they appear as a multiple of the cochain 1, where

=" () 5 (R)

Since 772 and ¢, span the two dimensional subspace spanned by gpg’o’”
and 90170’71_17 when n > k — [ + 1 we can discuss their contributions to
o, separately.

Define
(P — g01717,%—]7—1(n . p) + (pg,p,n—p if 0 < D <n-—1.

n

Then
-1

== (5)" G,

p=0
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where ¢? are arbitrary constants, and ¢ = 0. In computing g*\*(dj...),
we will be computing terms of the form (ad ;)" Dy, () where Dy is
the coboundary operator determined by A\*(dg.). Now

-1

1,p+1,l—p—1 p+1
DkzO‘l Z[ o 8 (5)

p=0

+ Z v ) e =0 = ()

3 al

_’_¢1p+xv+l T—p— 1( ) (cp(m+p—v—l)— (i)p-l-l;”zl;fv)

) (e = (3)"'D)
)=o) + ()7 )

Slo 2w

+¢1x+p 1o+l—p— z(

‘l’wl x+pv+l—p—x— 1(

e |w

The first set of terms have degree [ + 1 and are necessary to eliminate
the terms of type ¢3”"? from A\*(8), the second set have degree 21,
while all the rest have degree v + [. Notice that in the coboundary
above, the coefficient of the wl 021 term is zero, the coefficient of the
w; Ok+1-1 term is (ﬁ) , while the coefficient of the 1/11 ORI Jepends
on the choice of the CoefﬁClents .

Next, remember that in applying an exponential of a coderivation,
we also obtain terms of the form (ad o)’ (Dy (v). Let us examine the
first such term. [ay, Dy ()] will contain some terms of degree 21, 31 —1,
and v+2[ —1. The terms of degree 2/ and 31 —1 are of the type ¢y 7
where p > 0. No term of type ¥3%" of or any term of type 1y ? of
degree less than k + 21 — 1 will arise in (ad a;)* (D3, (o)) for i > 1.

For n < I, a;, consists only of multiples of n?, with p > 0, unless
n > k+1—1, in which case, note that ¢, = n°, so we will discuss these
terms when we discuss the contribution of the ¢, terms.

We have addressed how to construct «,, in order to remove all un-
wanted terms of type ¢y for p > 0. The first place we encounter
terms that must be eliminated which are not of this form is in degree
k 4+ 1 where they come from \*(7). The terms in A\*(y) which concern
us are those of type 1[11 Ok and @Z)l 171 the latter because it gives rise
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to a term of the former type in the process of elimination. We have

Ditye(=2™ (5) 1) = = (§)a+us ™ (D)1
—|—Z 1:(:k+l z— 1( )x+1 _i_wlx 1Lk+1— x(u)x"‘la:ﬁ)_‘_ho

The only terms that are important to us in the expression above are
the first two, and 1/11 OokH= 1( )a To get rid of the the wl OF term, we
use Yr_;+1. We have to remember that in addition to the coefficient

—a(i) arising from A\*(vy), we also must remove the coefficient (%) (5)

which arises above. The total coefficient is (3)@ We really only
need to look at

Dus(ipn-se(5) 2572) = 0} (2) ) — 1041 (2 l0oten
When £+ 1 < 21, it follows that & < 2k — 1 < k41— 1, and the only
occurrence of 1/}1 02k-14 in the calculation of the addition of coboundaries
and higher order terms coming from the exponential is from the term
above. Thus, by an appropriate choice of s, we can arrange that a
standard form of an equivalent codifferential will have a zero value for
the coefficient.

When k+1 > 21, it follows that k+1—1 < 2k —1[, and in addition to
the contribution to the 1/11 Db+ term from the above coboundary, we
also have a contribution from the 7 coboundary. The overall coefficient
added is (i)@ Thus we can reduce the wlOkH ' to zero by an
appropriate choice of s.

Finally, when k£ + 1 = 2[, the terms of type 1/11 021 and ¢1 Dk+—
are both of type ¥s** ™! with total coefficient (£ )“( 1+0)(6al —2a+21—1)

21y g
which is zero precisely when a = —%. Otherwise, the same idea
works, and we can again assume that the A is diagonal and that our
standard form of the codifferential has a zero coefficient for the k41 —1
spot. We will discuss this case in more detail in the subsection devoted
to the special case k + 1 = 2I.

Now let us make a few remarks about d, and its cohomology. Equa-

tion (23) reduces to
;,O,m = De(—cpm_lﬂ%), if m>1.

Since the D.-coboundary of ¢/ can be reduced to an element of this
same form, it follows that ¢/, can be extended to a D.-cocycle. The
exception is that in the case n = 1, the term we add to ¢} is of the
same degree, so, instead of extending to a cocycle, we see that

o1(1—=1) + ¢yl
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~ 0,1,0 1,1,-1 o
is a D.-cocycle. Moreover, D.(¢3 ") = —t3 ", which is a D.-

coboundary, so gpg’l’o extends to a D.-cocycle. Thus, we obtain the
following table for the cohomology of d..

Hl = < ;’0707 §’007@g10 —f-hO,QDl(]. - l) + 90/1l>

H" = (%" ol +ho), n>1

Occasionally we will need an expanded version of the reduction for-
mulas, related to an extension of dj; of the form

The main difference in the nature of the recursion formulas for d
is that the second formula has to be applied to an infinite sum 6, , of
cochains defined as follows:

(81) By = g™ =Pk > P (1) (b a) (m — ).,
i=1

We calculate

Dyt (0y) = %ﬁ”«u%+§ﬂ¢“wwm<Wwamh@

=1
HO o+ 1= 1)+ P ) b ) (m - k)
i=1
+ ¢§,p—1,v+k+1pa + ¢§,p—1,v+m+1pb‘
In order to obtain a recursion formula from the formula above, we need

to reduce the number of occurrences of the p+1 index to 1. Accordingly,
we define

Ope = Opo + I Oy (—1) (LEmR)
=1

The modified recursion formulas are as follows.

(32) DkJ’m((ngv—l-l) _ l,l,v(v + 1) 1 ,0,0+1 + ¢1 Ov—H( 1)

(33) Diim(0p0) = Ua?™ (v 4+ 14 k)

v = v +I+i(m—k) [ (=1)+1(b/a)? (m—
T (ko L 1) gyt (et
=1

1,p—1,v+k+1 p—1v+m+1 +k+1
+ s pa+ ¢3 b(;)+m+1)
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(34) Dk,z,m(wg’p“’”“ — w}pﬂfﬂ + wg,p,v-i-l-&-l) _
1/15710“!‘2,1)(?] + 1) _|_ w;,p#—l,v—&—l(l —I— 2 + QU)
+ q/;;vp,vml(l +ouv+1)+ ¢;7p,v+k+1a(p +2)+ ¢%,p,v+m+1b(p +2)

1,p—1,v+k+1+1 1,p—1,0+m+I1+1
+ 1y ap + ¥, bp.

7.5.3. General Extensions of d., with 21 # k + 1. We consider the
codifferential
diy = P30 + 0y O

When k < [, this codifferential arises as an extension of the codiffer-
ential considered in (7.5.1), so we can assume that [ is not a multiple
of k+ 1. When [ < k, this codifferential arises as an extension of the
codifferential considered in (7.5.2), so will will only consider extensions
of dj; in which the coefficient of wé’o’kﬂfl vanishes.

No matter whether this is an extension of the d. in (7.5.1) or the
one in (7.5.2), the condition that \*(dg;) — di; be the leading term
of a d.-coboundary is satisfied precisely when u = ¢r, r = qu* and
u='q = 1, so we can solve r = u!, ¢ = v' !, u?~*+1) = 1. Moreover, it
is easily checked that \*(dy;) = dj,;. There are only at most |2 — (k +
1)| solutions for A, and A applied to a cochain of fixed degree simply
multiplies it by a power of u.

The group Uy, of |21 — (k+ 1)| roots of unity acts in an obvious way
on the set of extensions of d;. Thus, in studying extensions of dy;, we
can determine equivalence by studying coboundaries. Our main goal in
the following will be to add terms to dj; until all of the even cocycles
have been killed off. Once we have arrived at an extension dg, of dj
for which no even cohomology classes remain, the set of equivalence
classes of dg, is given by the set of extensions of dg, such that no term
of degree larger than the maximal degree in dg, is a coboundary with
respect to dgs,, modulo the action of the group Uy;.

The formula for the coboundary of ¢, allows us to convert cocy-
cles of the form @/}%’O’m to the form @Dé’omﬂ_k and vice versa, up to a
coboundary term. Explicitly, we have the conversion formulas

1,0,v 1,0,0+1—k |
2 Y3 o+l

170»1] 170>/U+k7l ’U+k+1*l
(O ~ =1y i

Studying the reduction formulas, observe that whenever a middle up-
per index reduces by 2 in a reduction formula, the right upper index
increases by either k£ + 1 or 2[. Whenever the middle upper index re-
duces by 1 in a reduction formula, the right upper index increases by
[, with the exception that for @Z)%’l’”, the right upper index in the first
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term only increases by 1, but in this case, we also convert the lower
index from a 2 to a 3, so if you convert the term with a lower index
3 back into a term with lower index 2, the net effect is that the right
upper index increased by k + 1 — [. At the last step, we also can con-
vert terms with lower index 2 to terms with lower index 3, and then
the upper right hand coefficient increases by [ — k.

Looking at the first term in Dy ,(¢),), and noting that its upper right
index is k, we see that in reductions to terms of middle upper index 0
and lower index 3, at the last step, the k is replaced by an [. Putting all
these facts together we obtain that the reduced form of Dy ; contains
only terms of the type wé’o’z(kﬂ)ﬂl, where 27 + j = n, and every such
term arises in the reduction process, possibly with a net zero coefficient.
Moreover, if 2i + j = 2i’ + j', then i(k + 1) + jl # ¢ (k + 1) + j'l, since
20 # k+ 1.

If k41 < 2l, then if n = 2m, the smallest upper right index is
m(k+1), while if n = 2m+1, then the smallest such index is m(k+1)+I.
If £+ 1 > 2[, then the smallest upper right index is always just nl.
Notice that when k + 1 = 2[ all coefficients have the same index. Thus
the three cases are best treated separately. Note that in all three cases,
the smallest upper right index appearing in the expression is different
for different values of n, so ¢/(n) and ¢'(n’) do not reduce to terms
with the same order, if the coefficient of the smallest degree term is
nonzero.

Case 1: k+1 <2l

The analysis depends somewhat on whether n is even or odd, so
we treat these cases separately. If n is even, say n = 2m, then the
coefficient of the w;’o’m(kﬂ) term is the the same coefficient given in
equation (25). In particular, it is nonzero. When n is odd, the situation
is more complicated.

If n =2m + 1, the coefficient of the @Dé’o’m(kﬂ)ﬂ term is

(=1)™(=2l+ 2m+1)(k+ 1) [T, 2l + (20 + 1)(k + 1))
(k4 )+t [T, (0 +i(k+ 1)) ’

which vanishes only when 2/ = n(k +1). Thus if &k +1 < 2[, we can
only have a zero coefficient for at most one value of n, and for most
values of k and [ this doesn’t occur. Since there are some differences
in these cases, we treat them separately.
Subcase 1: n=2m+ 1 and 2l = n(k + 1)
Note that this case only occurs when k < [, since k + 1 < 2[. Note
that if x > 0, then

(35) ik+1D)+ e+ 1l=(G+nx)(k+1)+1.
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If204+j7=mnand j > 1, then j = 2x + 1 for some x > 0. But then the

term of type wé’o’i(kﬂ)ﬂl in Dy (¢),) is the same type as the leading

term of Dy (@i pgy11). Since the coefficient of the term ¢§’O’m(k+1)+l
vanishes, this shows that Dy ¢), is a sum of coboundaries of different
¢'s,

Moreover, every upper right index in any nonleading term in the
coboundary of any of the ¢’ terms occurs as the upper right index of a
leading term of some other such coboundary. As a consequence, every
term in the coboundary of any ', with the exception of its leading
order term, occurs as a leading order term of the coboundary of some
¢, with n # n’ Thus, by subtracting appropriate coboundaries of

higher order ¢'s, one arrives at the conclusion that goé’o’m/(kﬂ) and

gpé’o’m,(kﬂ)ﬂ are actual coboundaries, not just leading order terms of

coboundaries, with the exception of gpé’o’m(kﬂ)“.

Moreover, ¢, | extends to a Dy -cocycle. Thus exactly one higher
order even cohomology class remains and many odd cohomology classes
remain, those whose upper right index is not a multiple of (k£ + 1) or
of the form m/(k + 1) + [ for some m’ # m. In order to complete
the classification of our extensions, we need to go one step further,
because we have not yet killed off all the even cohomology. Consider

an extension
1,1,0 1,0,k 1,0, 1,0,
(36) dige = V3" 0" by by b

of di;, where we assume that z is not a multiple of k 4 1, nor is « of
the form x = y(k + 1) + [ for any y # m. (Otherwise, the extension
is equivalent to dj;.) Using the extended recursion formulas (27,28,29)
from section 7.5.1, we can compute that the coefficient of the term of

type ¢5 " D term in the reduced form of Dy (¢,) is

(—D)™(—2z+ 2m+1)(k+ 1)) [[2,(2z + (20 + 1)(k+ 1))
(k+ 1) T (e +i(k+ 1)) ’

which does not vanish. Moreover, our condition on x guarantees that
the index m(k + 1) + z is not of the form v(k + 1) 4. Since the upper
right index in the leading term in the reduced form of Dy, (¢!,) is of
the form v(k+1) 41 when n' # n, we know that m(k+ 1)+ is not the
upper right index of a Dy ;-coboundary. Of course, there are terms in
the reduced form of Dy, (¢!, ) which are of the form i(k+1)+jl, where
2i+j = n, which may have smaller degree than m(k+ 1)+ x. However,
as before, they occur as leading terms of Dy ,,-coboundaries of ¢'s of
higher degree, which have reduced forms with indices with k£ + 1 and
[ terms (which can be expressed in terms of even higher degree ¢'s),

(37)
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and terms with indices involving k£ 4+ 1 and [ and x of degree higher
than m(k + 1) + . Thus, we are able to conclude that ¢i*™FHT i
the leading term of the reduced form of the coboundary of ¢! . Thus
we have finally killed off all the even cohomology. Any two extensions
of dj; , of the form

(38) dk,l,x,e = 171’0 ¢1 Ok wl 0! + ¢§,ijb + Z w§707yby7

y=z+1

where b, = 0 if y is a multiple of k41, is of the form y = z(k+1)+1 for
some z # m, or is equal to m(k + 1) + x, are equivalent precisely when
they are equivalent under the action of the group Uy, of 2 — (k + 1)
roots of unity.

Subcase 2: n=2m +1 and 2l # n(k + 1)

Note that when k£ < [, the leading terms of the coboundaries as-
sociated to ¢, and gpn are a"FL and @Dé’o’m(kﬂ) or wé’o’m(’“l”l
depending on whether n is even or odd. Thus, when k£ < [ we obtain
that any extension of dj; is equivalent to one of the form

r=Il+1

where b, = 0 if z is a multiple of k£ + 1, or [ plus a multiple of £ + 1.

When [ < k+ 1 < 2I, then the terms we should be adding should be
converted to the opposite kind. Thus the leading terms of coboundaries
are w1 O4n=1 9 w;,o,(m—&-l)(k—&-l)—l—l or 1/11 0,(mA+1) (k+1)— dependmg on
whether n is even or odd. Thus any extension of dy; is equivalent to
one of the form

1,1,0 1 Ol 1,0, k 1,0,
dite = + 3+ Py 1y Cay,

where a, =0ifz = (m+1)(k+1)—l—1lorxz = (m+1)(k+1)—1, and
this condition classifies these extensions up to the action of the group
Uk,
Case 2: k+1>2]
In this case, the lowest upper right index of Dy ;(¢),) is nl and the
coefficient of this term is simply

(=1)"((n+ 1)l = (k+ 1))
(n—1l+k+1 ’

which only vanishes if £ + 1 = nl. Again, we need to treat this special
case separately.

(40)

Subcase 1: k+ 1= (n+ 1)l
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This case is similar to the case when 2l = n(k + 1) above, in that
w;’,o,mz is a coboundary, not just the leading term of a coboundary,
when m # n. Moreover ¢/, extends to a cocycle. Since k > [, the terms

é’o’ﬂ, which arise from our application of the reduction formulas to ¢/,
are not of the type that we use to extend dj;, because k > [, and we
should convert these terms to ones with lower index 2. Thus terms of

the form @/J%’O’lﬂ_l are leading terms of coboundaries, and those of the

1,0,k+(z—1)l . .
form vy’ @Dl are coboundaries when z # n. Thus, any extension
of dj; is of the form

LLO 1,0,0 1,0,k 1,0,
dk,l,m = + w + w + % maa

where xm is not of the form (z — 1)l + k if x # n. Using the modified
recursion formulas (32,33,34) from section 7.5.2, and using only the first
term in the infinite series in equation (33), since the others will clearly
lead to larger upper right indices, we find after reduction that there are
terms with upper right indices of the form i(k+1)+jl+2(m+1)+k—1
and i(k+1)+jl+z(m+1)4+m—1 for any triple (4, j, z) of integers such
that 2i 4+ j+22=naslongasi>1—n,0<j<n, z>0. The ones
where z = 0 correspond to the terms from the unmodified reduction
formulas. These terms are handled by the same type of reasoning as

in the previous subcase 1. The next lowest degree term is of type
1,0,m+(n—1)I

> , and its coefficient can be shown to equal
(41) —b(n—=DI+1)((n+ 1)l —(m+1))
nl '

This coefficient would vanish only if m + 1 = (n + 1)I, which is im-
possible, since m > k. Thus our extended codifferential picks up an
additional leading coboundary term 1/}1 Omt(n=1)1 , and in extensions of
di.m we avoid adding terms of that type, as Well as those we excluded
before.
Subcase 2: k + 1 is not a multiple of

In this case, all the even cocycles have been eliminated and 3’
is the leading term of a coboundary for all m > 0. Thus, up to equiv-
alence, and the action of the group Uy, extensions of ko are of the
form

v=k+1

1,0,ml

where v # k + xl for any positive integer z.

7.5.4. Extensions of d, when k+ 1 = 2[. Let
(43) d, = 110+¢101‘
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Recall from section 7.5.2 that ¢1(1 — 1) + ¢/l is the only non trivial
D.-cohomology class of order 1. In general, its Dy -coboundary is

@Z)l’o’k (k+1—20), so that usually ¢y" " represents a Dy;. But in the
present case, we see that ¢1(1 — 1) + ¢l is a Dy -cocycle, and 1/)10'“
is not a Coboundary. This is consistent with the observation that we
cannot assume that the constant a appearing in dj; is 1. Thus we begin
with an extension of d, of the form

(44) dyy = 1,1,0 ¢101 ¢1021 1

It is easy to see that every term which occurs in the reduced form of
the coboundary of ¢/, has type 13 " The coefficient occurring in the
reduced form of Dy, (¢),), for n > 1 is

C(n)(a(n +1)* + nl) T]ypp1cnlaln = 2p = 1) = p(n —p = 1)])
/2] ’

where C(n) is a nonzero constant, depending only on n. As a con-
sequence, except when n = 1, the coefficient of this term does not
vanish for generic values of a. In particular, when a = 1, this coef-
ficient does not vanish for n > 1. On the other hand, for any value
of a which can be expressed in the form a = %, the coefficient
vanishes, and moreover, if one of these coefficients vanishes, then an
infinite number of them do. In fact, if p is the smallest value for which
feane then a = Car=gr iff ply
and (n — 1)|(n" — 1). Therefore, for some very special values of a, we
obtain a more complicated phenomena than usual; especially, we see
that there are an infinite number of values of n for which ¢!, extends to
a nontrivial cocycle, so we have some nonzero even cohomology classes.

For generic values of a, we have only one even cohomology class,

represented by (1 — I)¢y + l¢}. If we reduce the cochain 5" to
1,0,(n+1)I—1

(45)

there is some n such that a =

lower index 2, we get a nonzero multiple of 1y’ , S0 cocycles
of the form 1/110l+n ! and w;o (T are the leading terms of Dy -
coboundaries. Thus, if we extend di;, we would add a term of the
form 15”™b to it, where m # (n+ 1)l — 1.

Whether or not a is a very special value, if we consider any extension
of the form

then by applying a diagonal automorphism, we can see that the co-
efficient b can be taken to be 1. In fact, Dym(01(1 — 1) + @)l) =
—thy " b(m + 1 — 21), s0 1y is a coboundary, as we would expect,
and there are no nontrivial 1-cocycles for the extended codifferential.
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When a is not a special value, then we restrict the terms which we
add so that m # (n+ 1)l — 1 for any n > 1. When a is special for the
number n, consider what happens if we let m = (n+ 1)l — 1. Then for
any value of n' such that (n — 1)|(n’ — 1), we have Dy (¢,) ~ 0, and

(47) Digm(op) =

Dk,l + w;,n/fl,l(nJrl)fl(n/ +1— l(n + 1)) + w?l),n’72,l(n+1) (n/ _ 1)’
which is reducible to a multiple of w;’o’l(nml)_l. Every n” such that
(n — 1)|(n” — 1) arises exactly once in the set n +n' — 1 as n’ ranges
over the integers such that (n — 1)|(n’ — 1). Thus we see that cochains
of the form @Z);’O’(nnﬂ)l_l, where (n — 1)|(n” — 1) also appear as Dy -
coboundaries of the former even Dy, ;-cohomology class representatives.
Thus, all the even cohomology is killed, and we restrict any extension
of di.m to one in which the additional terms are of type Q/J;’O’x, for x
not of the form = = (n” + 1)l — 1, for any n” > 0.

We studied the reduction of Dy, (¢),), and were not able to find
a formula for the coefficient of the leading term of type w%’o’(’”",)l*l.
On the other hand, the terms in the reduced form are of the types
¢;’0’p(n71)+"l+1, forp=1---n'. They are all of the form w;’o’(nnﬂ)l*l for
some n” such that (n—1)|(n” —1), so that they don’t appear as leading
terms of Dy ;-coboundaries. The highest degree term in Dy, (p),) is
of type w;’o’(mlﬂ)l_l, and its coefficient is not equal to zero. Therefore,
we know that Dy ,,,(¢),) gives rise to a new coboundary, whose leading
term is probably of type ¢;’O’(n+n/)l_1. If this remark is true, then we
know exactly what are the types that must be excluded in the extension
process, that is, those which are of the form w;’o’m, where z = (y+1)[—1
for any y > n.

Thus, all the even cohomology is killed, and we restrict any extension
of dj 1, to one in which the additional terms are of type w;’o’x, for x not
of the form z = (n” + 1)l — 1, for any n” > 0, if the leading coefficient
is always nonzero, and some other pattern if the leading term does
vanish.

8. CONCLUSIONS

In this paper we have succeeded in classifying all extensions of co-
differentials of degree less than or equal to 2 on a 2|1-dimensional space,
including classifying the moduli space of degree one and degree two
codifferentials. We have not studied the moduli space of degree three
or larger codifferentials. It would be interesting to know if some new
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phenomena arise when studying such higher degree codifferentials. Es-
sentially, what we have been looking at is the cohomology of Zs-graded
Lie algebras, because a degree 2 codifferential determines precisely this
structure on the space. Thus the study of higher degree codifferentials
is an uncharted territory.

It is clear from the complications that arise in the 2|1-dimensional
space that we are reaching the upper limit classification of L., algebras
by brute force construction. Our purpose was not to give an exhaustive
classification of low dimensional L., algebras, but to explore the ideas
that arise from the study of the classification and extension problem
in simple cases, to see what kind of interesting phenomena can be
observed.
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