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Abstract

We consider the standard contact structure on the supercircle, S, and the
supergroups E(1|1), Aff(1|1) and SpO(2|1) of contactomorphisms, defining the
Fuclidean, affine and projective geometry respectively. Using the new notion
of pl|g-transitivity, we construct in synthetic fashion even and odd invariants
characterizing each geometry, and obtain an even and an odd super cross-ratios.

Starting from the even invariants, we derive, using a superized Cartan for-
mula, one-cocycles of the group of contactomorphisms, K(1), with values in
tensor densities Fy(S''). The even cross-ratio yields a K (1) one-cocycle with
values in quadratic differentials, Q(S''), whose projection on Fs(S!') corre-
sponds to the super Schwarzian derivative arising in superconform;l field theory.
This leads to the classification of the cohomology spaces H' (K (1), Fy(S'M)).

The construction is extended to the case of SHV. All previous invariants admit
a prolongation for N > 1, as well as the associated Euclidean and affine cocycles.
The super Schwarzian derivative is obtained from the even cross-ratio, for N = 2,
as a projection to Fi(S'?) of a K(2) one-cocycle with values in Q(S'?). The
obstruction to obtain, for N > 3, a projective cocycle is pointed out.
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1 Introduction

The cross-ratio is the fundamental object of projective geometry; it is a projective
invariant of the circle S* (or, rather, of RP!). The main objective of this article is to
propose and justify from a group theoretical analysis a super-analogue of the cross-ratio
in the case of the supercircle SV, and to deduce then, from the Cartan formula (),
the associated Schwarzian derivative for N = 1, 2.

It is well-known that the circle, S*, admits three different geometries, namely the
Euclidean, affine and projective geometries. They are defined by the groups (R, +),
Aff(1,R) and PGL(2, R), or equivalently by their characteristic invariants, the distance,
the distance ratio, and the cross-ratio. From these invariants we can obtain, using the
Cartan formula, three 1-cocycles of Diff , (S') with coefficients in some tensorial density
modules F)(S?) with A € R. They are the generators of the three nontrivial cohomology
spaces H'(Diff, (S'), Fy), with A = 0,1, 2; see [[L1].

The purpose of this article is to extend these results to the supercircle, S'V, en-
dowed with its standard contact structure. To that end, we use the embedding of the
quotient, PC(2|N) = SpO(2|N)/{£Id}, of the orthosymplectic supergroup SpO(2|N),
into the group, K(N), of contactomorphisms of S'™. The supergroup PC(2|N) is the
projective conformal supergroup introduced by Manin in [B(], extending PSL(2, R).
The two main objects of super projective geometry, namely the cross-ratio and the
Schwarzian derivative, have, indeed, already been introduced in the general context
of superstring theories, though in a somewhat independent fashion. This was mainly
done in the framework of super Riemann surfaces, or in terms of the so-called SUSY
structures. On the one hand, the even and odd cross-ratios, for N = 1, have been

]

originally put forward by Aoki [d], and Nelson [RI]], respectively; these two references
have opened the way to subsequent work of, e.g., Giddings [[3], and Uehara and Ya-
sui [9]. On the other hand, the super Schwarzian derivative has been introduced,
in the framework of superconformal field theory, by Friedan [[{], for N = 1, and by
Cohn [{], for N = 2.

Quite independently, and from a more mathematical point of view, Manin [R{]



introduced the even and odd cross-ratios, for N = 1,2, by resorting to linear su-
persymplectic algebra. Also did Radul [P4, RJ] discover the formulee for the super
Schwarzian K(N) 1-cocycles, for N = 1,2,3, using the transformation laws of the
super Sturm-Liouville operators on S'V.

Our first objective is to construct, in a systematic manner, invariants characterizing
each supergroup E, (1|N) C Aff (1|N) C PC(2|N) acting on the supercircle S'V. To
this end, we introduce the new notion of p|g-transitivity, well-adapted to supergroups,
and state a general theorem, providing a way to build up characteristic invariant of
a simply p|g-transitive group action. Applying this theorem to the three preceding
supergroups, we obtain Euclidean, affine, and projective invariants, respectively I, I,
and I, with their even and an odd part. In the case N = 1, the two components
of I, are, unsurprisingly, the even and odd above-mentioned super cross-ratios. Let
us emphasize that, for arbitrary N, the even cross-ratio turns out to be given by the

superfunction
t1,t3|ta, t
[t ts][t1, t4]

of a quadruple of “points” (ty,ts,t3,t4) of S', with even coordinates z;, and odd ones

(&,...,&N), for i = 1,...,4; note that in ([[.I]) the two-point superfunction [t;,t;] =

7

[t17 t27 t37 t4] -

L

I, are respectively E, (1|N), Aff, (1|N) and PC(2|N), as expected.

—x; — & - & is the Euclidean even invariant. The supergroups preserving I, I, and

Our second objective, is to link the three even parts of the previously found in-
variants to 1-cocycles of K(N), by means of a natural superized version of the Cartan
formula. It culminates in the projective case, where we get the super Schwarzian
derivative (B.I1)) from the even cross-ratio. Let us go into some more details. Given a
flow, ¢. = Id + X + O(g?), we posit t;11 = ¢i(t1), for i = 0,...,3. We contend that
the Cartan formula [fl, B3] can be consistently superized for N = 1, and N = 2, using
the cross-ratio ([[.LT]), namely by

O*[ty, ta, t3, t]
[t1, 2, t3, 4]

hence, providing us with a definition of the Schwarzian derivative, S(®), of a contacto-

—1={(eX®eX,S8(®)) +0(*), (1.2)

morphism ®. In doing so, we naturally obtain a 1-cocycle of K(N), for N = 1,2
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respectively, with values in the module, Q(S'"), of quadratic differentials. Their pro-
jections onto the modules J7 (S and F,(SY?), for K(1) and K(2) respectively, are
indeed the super Schwarzian derivatives [0, B, PJ]. Quite remarkably, our formula
allows us to recover the classical Schwarzian derivative on the circle, S!, which would
not be the case, had we started with Friedan’s, Cohn’s, and Radul’s formulae. Much in
the same way, we define the Euclidean and affine 1-cocycles of K () for any N. Taking
advantage of the results of Agrebaoui et al. [] on the cohomology of the Lie superal-
gebra of contact vector field on S'') we can claim that our three 1-cocycles on K (1)
are, indeed, the generators of the three non-trivial cohomology spaces H*(K (1), F)),
where A =0, 3, 2.

The paper is organized as follows.

In Section P, we recall the main definitions and facts related to the geometry
of the supercircle S, in particular its canonical contact structure and the action of
the (special) orthosymplectic group SpO, (2|1), as a subgroup of the group, K (1), of
contactomorphisms of S!I*.

In Section [J, we review the main results of this article, namely the form of the
invariants, and of the associated 1-cocycles of K(1), obtained for each of the three
above-mentioned geometries. This section also gives the classification of the cohomo-
logy spaces H'(K (1), F)), for A € C.

Sections f] and | provide the proofs of the main results announced in Section f.
We first define the notion of p|g-transitivity and state the general Theorem .3, lead-
ing to the construction of the Euclidean, affine, and projective invariants, from the
action of the corresponding subgroups of K(1). Those invariants are then shown to
yield, via a Taylor expansion, the sought 1-cocycles; in particular the Cartan formula
readily leads to a new expression for the Schwarzian derivative, S(®), of a contacto-
morphism, ®, with values in the module of quadratic differentials, Q(S'"). The link
with Friedan’s and Radul’s Schwarzian derivative is elucidated. The kernels of the
three above 1-cocycles are shown to be, indeed, isomorphic to E(1]1), Aff(1]1), and
SpO_ (2]1) respectively.

In Section [, we present a detailed treatment of the general case, N > 1, along



the same lines as before. As mentioned in Section ], there is hardly no change in the
construction and the resulting expressions of the invariants. The Euclidean and affine
1-cocycles of K(N) are explicitly derived, as well as the Schwarzian derivative obtained
as a 1-cocycle of K (2) with values in the module Q(S'?) of quadratic differentials. Upon
projection of Q(S!?) onto the K (2)-module F;(S'?) of 1-densities, we obtain Cohn’s
and Radul’s formula for the Schwarzian derivative. Specific difficulties encountered in
deriving the projective 1-cocycles for N > 2 are pointed out, together with those arising
in the determination of the kernels of the Euclidean and affine 1-cocycles. At last, the
kernel of the Schwarzian 1-cocycle of K (2) is shown to be isomorphic to PC(2|2).
Section [f] gives us the opportunity to sum up the content of this article, and to
draw several conclusions. It opens perspectives for future work related to the link
between discrete projective invariants of the supercircle, and the cohomology of the

group of its contactomorphisms.
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2 The supercircle S'' and its contactomorphisms:
A compendium

We briefly define in this section the geometrical objects on S'' that will be needed for
our purpose. This includes the basics of super differential geometry [[9, ], the standard
contact structure on the supercircle [R5, and the orthosymplectic group SpO(2|1),
see [20].

2.1 The supercircle S'/*

The supercircle S'' can be defined as the circle, S', endowed with the sheaf of the

supercommutative associative algebra of superfunctions C>°(S'') = C*(S!)[¢]. Thus,



S!I' admits local coordinates t = (z,¢), where x is a local coordinate on S*, and ¢ is an
odd (Grassmann) coordinate, i.e., such that €2 = 0 and x¢ = £x. Then, a superfunction

is of the form
f(z,8) = folz) +E{fi(z) (2.1)

with fo, fi € C(S!). There exists a Z,-grading on superfunctions, fy being the even
part and £f; the odd part of f. The parity is denoted by p, with the convention
p(fo) =0 and p(£f1) = 1. We define the projection

7 C®(S') — (s (2.2)

by quotienting by the ideal of nilpotent elements; this gives an embedding of the circle
into the supercircle.

Denote by Diff(S'') the group of diffeomorphisms of S', i.e., the group of auto-
morphisms of C>®(S'!). Let ® € Diff(S'!!), then

®(z,8) = (p(,8),9¥(x,8)) (2.3)

where ¢ is an even superfunction and ¢ an odd one, so ® preserves parity and
((x,€),9¢(x,€)) become new coordinates on SU'. For any morphism, i.e., algebra

morphism preserving parity, the following diagram is commutative

C(S1) > C>(S1) (2.4)

o] Tn@)

€ (SH) T (S

So, every morphism of C*°(S*!') induces a morphism of C*°(S'), and we have a canonical
morphism IT : Diff(S'') — Diff(S!).

A super vector field, X, on S'! is a superderivation of C>*(S!/'), i.e., a linear opera-
tor satisfying super Leibniz rule, X (fg) = X (f)g+(—1)P¥HPX) £ X (g), for homogeneous
elements. As in ordinary differential geometry, X can be locally written in terms of

partial derivatives as
X = f(2,)0, + g(x, )0 (2.5)



where f,g € C>®(S'), with p(d,) = 0 and p(d¢) = 1. The space, Vect(S'!), of vector
fields on S is thus a left-module over C>(S!'). Tt has the structure of a super Lie
algebra, Vect(S') = Vect(S')y @ Vect(S*!),, whose superbracket is denoted by [-, -],
and [X,Y] = XY — (=1)PXPO)Y X for homogeneous elements.

Since the group Diff(S!!) of diffeomorphisms preserves parity, we can define the
flow of X € Vect(S''), namely ¢. = Id + X + O(g?), only if p(eX) = 0. For odd
vector fields, X, the parameter e must therefore be odd, see [f].

We can now define the C(S'') right-module Q*(S'") of 1-forms on S'!, as the
dual of the C>(S') left-module Vect(S!"). The 1-forms dx and d¢ will constitute the
dual basis of 0, and 0, that is (0, dz) = (O¢, d§) = 1 and (0, dx) = (0,,d§) = 0. Then
p is extended naturally to Q'(S') by p(dz) = 0 and p(d¢) = 1. Using the exterior
product we construct 2*(S'), the space of all differential forms on S'!', graded by Z
with | - | the cohomological degree. Parity being also defined on this space, we have

two choices for the sign rule, viz.,

QAR = ()P GEHIG A o (2.6)
aAB = (=1)klBlr@pBg A o (2.7)

where a, 3 are homogeneous elements of Q2*(S*!). The second convention corresponds

to a bigrading Z X Z,, and, following [@, [[7], we will choose it from now on.

2.2 The contact structure on S!l' and its automorphisms
The standard contact structure on S'! is given by the conformal class of the 1-form

a = dz + £de (2.8)

which satisfies o A da # 0. This contact structure is equivalently defined by the kernel
of a, spanned by the odd vector field

D= 85 + Saxa (29)

[D, D] = 0, is the Reeb vector field of the structure.

whose square D? = %



Then D and 9, set up a basis of the C>°(S'!) left-module Vect(S'!'), while o and
3 = d¢ constitute the dual basis, with daw = 3 A 3. Thus for any f € C=(S'') we have

df = af' + BDF. (2.10)

where f' = 9, f. The contact structure being given by the direction of «, it is therefore
preserved by ® € Diff(S!') iff
*a = Ega (2.11)

for some superfunction Fg, which, following [2J], we call the multiplier of ®. We
denote by K (1) the subgroup of Diff(S'!') preserving the contact structure, its elements
are called contactomorphisms. From (B33) and (B§) we find ®*a = dy + ¢dy =

a(¢' +9y') + B(De — Y DY).
Proposition 2.1. Let ® = (¢,v) be a diffeomorphism of S'1'; then ® € K(1) iff
Dy — Dy = 0. (2.12)

The multiplier of ® is then given by Ee = ¢ + ', i.e., by

*

P*v

Eg = — (Dy)2. (2.13)

a
Since a and 3 set up a basis of the C>(S'")-module Q!(C>(S')), we will also
need the expression of the action of K (1) on the odd 1-form f; it reads

"3 = a) + BD. (2.14)

We might, as well, define K (1) as the group of diffeomorphisms preserving the hor-
izontal distribution spanned by D, denoted by (D). In the complex setting, D is
interpreted as the covariant derivative of a super Riemann surface [[{, f], and K (1)
as the superconformal group; the distribution (D) is also often referred to as a SUSY
structure [B0, []. See also [I{] for a review.

Using (B.11), we find that the transformation law (2.14) entails

1
o.D=—D

DD (2.15)

which makes sense as D) # 0 for any diffeomorphism .
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Remark 2.2. If & = (p,¢) € K(1), see (3), we put p(x,£) = po(x) + £py(x), and
W(x, &) = () + EYo(x), with an index 0 for even functions and 1 for odd functions.
The constraint (R.19) then reads ¢}, = 17 — 1] and p; = pth;. Using the natural
projection IT : K(1) — Diff(S!), defined in (2:4), we note that ® gives rise to a

diffeomorphism of S!, which is actually orientation-preserving since II(®)" = 7(p}) =

W(lpo)Q > 0.

From the constraint (2.19), we can obtain an interesting property of contactomor-

phisms: they are essentially determined by their even part.

Lemma 2.3. Let ® = (p,¢)) € K(1) and ® = ($,9) € K(1), be two contacto-
morphisms such that their even part coincide, 0 = @. We then have {E = +1.

This can be checked by a direct calculation.

2.2.1 The super Lie algebra, k(1), of contact vector fields

In view of the definition (2.11]) of contactomorphisms, we will call X € Vect(S'') a
contact vector field, X € k(1), if

Lya=exa« (2.16)

for some superfunction ex. The Lie derivative is still given by the derivative of the
flow, so k(1) is the Lie algebra of K(1), and e is the derivative of E at the identity.
Let us now recall the following classic result [[3, [J]: if X € k(1), there exists a
unique superfunction f(x,§) = a(x) + 2£b(x), called the contact Hamiltonian, such
that X = Xy, where

Xy = (), + 50 (£)€D + ) (0% — £02) (2.17)

so that the associated (infinitesimal) multiplier is given by

€Xf = fl. (218)

10



2.2.2 Tensor densities, I-forms and quadratic differentials of S'/*

Let us introduce now a 1-parameter family, F,(S'') or Fy for short, of K(1)-modules,
which define the A-densities associated with the contact structure, A € C. As vector
spaces, these modules are isomorphic to C*(S''), the K (1) anti-action (® ~ ®,) on
F(S') being given by

Daf = (Ea) 7, (2.19)

where f € C>®(S'"). We may thus write a A-density F' € Fy, symbolically, as F' = fa*.
We will thus write (& — ®*) the K(1) anti-action on F, with this identification.

Remark 2.4. In view of (B.13) and (R.15), we will regard, in conformity with the
definition (B-I9), the odd vector field D as a (—3)-density.

There is an isomorphism of K (1)-modules: Vect(S') = F_; @ F_1, where F_4
corresponds to k(1) and F_, to the vector fields fD, with f € C=(S') and D as
in (B9). See [[3, [F. The space of 1-forms Q!(S!!) is generated, as C>(S!*)-module,
by o and 3. Similarly the space Q(S'') of quadratic differentials is generated, as a
C>=(S'")-module by

o>=a®a and aﬁz%(a@ﬁjtﬁ@a), (2.20)

where the tensor product is understood as the supersymmetric tensor product con-
structed via the commutativity isomorphism given by the Sign Rule [B]. This notation

will be used throughout this paper.

Proposition 2.5. The two K(1)-modules Q'(S'') and Q(S''), admit the following

decomposition into K(1)-submodules, namely

I

Q' (sth Fi o Fy, (2.21)
o) = FioFk. (2.22)
The summands F (resp. Fs) are naturally K (1)-submodules of Q*(S'') (resp. Q(S')).

The projections Q' (SH1) — Fy (resp. Q(s'hy — F3) are given by o2(D, -), and the

corresponding sections by a?Lp (resp. %a%LD).

11



Proof. We have a2 (D, af+3g) = azgand a2 (D, 0 f+afg) = %Oz%g. The transforma-
tion rules (EI3) for o and (2:14) for 3 then entail that the projections az (D, - ) actually
define morphisms of K (1)-modules, ®* (a2 (D, w)) = a2 (D, ®*w) for all w € QL(SH),
and for all w € Q(S!).

Moreover, since Lpa = 26 and Lp3 = 0, we readily find a2z Lp(azg) = aDg + g
and a2 Lp(a2g) = a?Dg + 3a3g. Using, once more, (E13) and (214), we then obtain
that the inclusions a2 Lp define, again, morphisms of K (1)-modules. To have the
identity ,ua%(D,a%LDF) = F, we choose = 1 for F a 3-density, and p = 2 for F a
%—density. The result follows. O

2.3 The orthosymplectic group SpO(2|1)

To define the supergroup SpO(2]1) and its action on the supercircle we will introduce
the notion of functor of points, following [f]. Let A be a supermanifold, an A-point of
the supercircle is a morphism of supermanifolds A — S''; we will denote by S''(A)
the set of A-points of S!'. The assignation A — (A-points) is the functor of points.
An A-point of S is given by the image of the generators (z, &) of C*°(S') in Oy, the
sheaf of functions defining A, see [, [J]. By Yoneda’s lemma, giving f € Diff(S) is
equivalent to giving, functorially in A, a map f4 on S!'(A).

For A any commutative superalgebra, GL, ,(A) is the well-known group of even
invertible linear transformation of the free A-module of dimension p|q, see [[J]. We
define then the supergroup GL(p|q) by its functor of points, GL(p|q)(A) = GL, ,(Oa4),
and this functor is representable by a supermanifold, GL(p|q). By Yoneda’s lemma the
action of GL(p|q) on RPlZ can be given by the action of GL(p|q)(A) on RPI4(A).

If we restrict ourselves to the supermanifolds A whose underlying manifold is a
point, then O,4 is a Grassmann algebra, and we obtain the supermanifolds defined by
Rogers [B(] or the A-manifolds of Tuynman [R].

From now on we will speak of points instead of A-points, and of the action of a
supergroup on points, instead of the action of A-points of a supergroup on A-points.

The contact structure on S*' (or rather on RP'') defined by «, see (B.§), does
stem from the 1-form on R?' given by @w = 1(pdg — gdp + 6df), via the formula

12



w = %pza, with p # 0, expressed in affine coordinates x = ¢/p and £ = 6/p. We define
the orthosymplectic group [[3, BJ], denoted by SpO(2|1), via its functor of points;
SpO(2[1)(A) is the group of all linear transformations of R2*(A), viz.,

a b v
h=\| c d ¢ (2.23)

a (B e

preserving the symplectic form dw, i.e., such that [20]:

ad —bc—af = 1, (2.24)
e’ +2v5 = 1, (2.25)
ae—ad+cy = 0, (2.26)
Be—0bd+dy = 0. (2.27)

We easily find that SpO(2|1) also preserves w. Since w = %pQOz, the orthosymplectic
group acts by contactomorphisms, SpO(2|1) — K(1), via the following projective

action on S, namely (in terms of A-points)

/};(ZL‘ 5)_(a:p+b+7§ ax+ﬁ+e§)
S \ew+d+ 687 cx +d+ 06

where h € SpO(2|1). The Berezinian of h is Ber(h) = e + afe™!, see PJ. We

(2.28)

introduce the special orthosymplectic group SpO_ (2|1) as the subgroup of SpO(2|1) of
Berezinian 1, or as the quotient of SpO(2|1) by the kernel of the projective action (R.2§),
or as the connected component of the identity of SpO(2|1). So, SpO,(2|1) is a super-
extension of Sp(2,R) = SL(2,R

~—

. We have the following (local) group-factorization

100 a 0 0 e b -
SpO,(2[1)5h={ ¢ 1 4 0 at o 0 ¢ 0 (2.29)
501 0 0 1 0 8 1

where (a, b, 6,@,5) € R, with €2 = 1, and @ > 0. Thus, as read off in (2:29),
every homography is the composition of an inversion, a dilatation and a translation.
We will denote by E(1|1) the subgroup of translations and by Aff(1|1) the subgroup
generated by translations and dilatations. The connected component of the identity of
these subgroups of SpO, (2|1), characterized by € > 0, will be denoted by E. (1|1) and

Aff, (1]1), and referred to as special supergroups.
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3 Main results

We expound in this section the two main results of this paper regarding the case of S'I!;
the first one gives the invariants of the action on S' of the special supergroups E (1|1),
Aff, (1|1) and SpO,(2|1), and the second one provides, by means of a super version
of the Cartan formula, the associated K(1)-cocycles. These results will be extended

(whenever possible) to the case of S!™ in Section J.

3.1 Super Euclidean, affine and projective invariants
Let ty,ty, 13,14 be four generic points of S, ¢; = (25, &).

Theorem 3.1. The following three couples, I., I, and I,, of superfunctions are the

invariants of the action of Euclidean, affine and projective special supergroups on S':

e [Fuclidean invariant: Io(t1,ts) = ([t1,t2], {t1,t2}) with

(t1,ta] = @ — a1 — &6, (3.1)

ity = &L—&. (3.2)

o Affine invariant, I,(ty,t2,t3) = ([t1, t2, ta], {t1, t2, t3}), where, if x1 < 23,

(1 b, ts] = Eig (3.3)
{ti,ta,ts} = [tl,tz,tg]%[{:l’:ﬁ. (3.4)

e Projective invariant, I,(t1,ta, ts,ts) = ([t1,t2, 3, ta], £{t1, 12, t3,t4}), where, when
ord(ty, ta,t3) =1, see ({.9),

[t1,ta,t3, 4] = M (3.5)

[ta, t3][t1, ta]’

1 {ta, ta} [ty to] — {t1, ta}to, 4]
([t1, o] [ta, ta[t1, ta]) 2

{t17t27t37t4} = [t17t27t37t4] . (36>
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If a bijective transformation of S'' preserves one of these three couples of super-
functions, it can be identified with the action of an element of the corresponding super-
group, B (1]1), Aff,(1]1) or SpO(2]1). Moreover, if a contactomorphism ® € K (1)
preserves the even part of one of the invariants I, I,, or I,, respectively, then ® = h

for some h in E(1|1), Aff(1]1), or SpO,(2|1), respectively.

This theorem summarizes Theorems [I.§, .14, and .19 given below, as well as their
corollaries. Their proofs rely on the p|g-transitivity of the action of these supergroups

on S'': all details are given in Section [i.

Remark 3.2. The super cross-ratio, i.e., the even part (B.5) of the projective invari-
ant, I, has already been introduced by Nelson [B]]], and used by Giddings [[J] while
studying the punctured super Riemann sphere, and also by Uehara and Yasui [P9]
to define coordinates on the super Teichmiiller space. It has also been put forward
by Manin in [P from a somewhat different standpoint that we can summarize as
follows in our formalism. Using the even symplectic form dw = dp A dq + %d@ A db
on R?! one defines a SpO_ (2|1)-invariant pairing (Z;, Z;) = dw(Z;, Z;) = pipjlt;, L], for
Zi = (pi ¢; 0;) € R where t; = (qi/pi, 0:/p;). Positing [Z1, Zo, Z3, Z4) = %,

one obtains a four-point function, not only SpO, (2|1)-invariant, but also invariant un-

der rescalings of each variable. We then have [Z1, Zo, Z3, Z4| = [t1, to, t3, 4], see (B.H).

Remark 3.3. The odd part (B.G) of the projective invariant, I,,, can clearly be reduced
to a three-point (almost) invariant function, corresponding to J, given below in (f.13).
The latter was already introduced by D’Hoker and Phong [[]] and used in [[3], 9] on the
same footing as the super cross-ratio. We have written .J, as function of the Euclidean

invariants, but it can be recast into the form

1lta, ta] + Ealts, ] + &3ty ta] — 16263

Jp(tl,tg,tg) =+ 1
([t1, ta][ts, ta][t2, ta])2

, (3.7)

which precisely corresponds to the expression originally given in [B, []], where the cyclic
symmetry is obvious. This invariant, J,, has also been introduced by Manin in [27],

using a construction akin to that developed by us in Section [.
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Remark 3.4. If we apply the projection 7 : C=(S') — C>(S'), see (B2), to each
invariant le, I, and I,, we obtain the usual Euclidean, affine and projective invariant,

namely the distance, the distance-ratio and the cross-ratio.

3.2 The associated 1-cocycles of K(1)

Let ® € Diff(S') be a diffeomorphism of the circle, and ¢. = Id + X + O(g?) be the

flow of a vector field X on the circle. We set t; = ¢;_1)-(t1) for i = 1,2,3,4. Then,

the Schwarzian derivative can be defined in terms of the cross-ratio, as the quadratic
differential S(®) € Q(S!) appearing in the Cartan formula, see [, BJ:

Plhutats bl v g ox S@) 10, (3.8)

[t1, o, t3, t4]

For the group of contactomorphisms of S'!, we will proceed by analogy with this

method. Starting from the super cross-ratio (B.5), we will deduce the super Schwarzian

derivative, S(®) € Q(S'"), as a K(1)-cocycle with kernel SpO, (2|1). Euclidean and

affine K (1)-cocycles will, likewise, be obtained from the even Euclidean and affine

invariants. We recall that Q'(S'") is the space of 1-forms, Q(S'') the space of quadratic
differentials of the supercircle, and F¢ = % = (Dv)?, see Subsection P.3

Theorem 3.5. From the Euclidean (5.1), affine ([3.3), and projective (5.3) even in-
variants, we deduce via the Cartan formula (B-§) three 1-cocycles of K (1), with kernel
E(1]1), Aff(1]1) and SpO_(2|1) respectively. They retain the following form:

e the Buclidean cocycle £ : K(1) — Fy(St1):

E(P) = log By = log(Dv)?, (3.9)

e the affine cocycle A : K(1) — Q'(S!1):

A(D) = dE(D), (3.10)

e the projective Schwarzian cocycle S : K (1) — Q(S'1):

S(@) = ga%LDS(cp), (3.11)
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where Lp stands for the Lie derivative with respect to the vector field D, and S(®) is
giwen by Equation (3.13) below. Moreover, using the projections on tensor densities

defined in Proposition [2.3, we obtain two new affine and projective 1-cocycles, namely

e the projection of the affine cocycle, A : K(1) — J:%(Sm):

DEg 1

A(®) = a2 (D, A(®)) = ok (3.12)

e the projection of the Schwarzian cocycle, S : K(1) — Fy/o(S'):

1 (D*Ey 3 DE¢ D*Eg
D,S(®)) == - = 3/2, 1

We will give the proof of this theorem in Section fj.

=

S(®) =a

Remark 3.6. As in the case of the Schwarzian cocycle (B-I1), using Proposition P,

we can express the affine cocycle A in terms of its projection A, namely
A(®) = a2 Lp A(®). (3.14)

Remark 3.7. 1) The projection 7 : C=(S') — C>=(S'), see (2:3), can be extended
naturally to differential forms and quadratic differentials, sending o to dx and 3 to 0.
So, we can project the K(1)-cocycle S(®) given by (BI1) on Q(S!), and as the re-
sult depends only on f = II(®), see (B-4), we easily recover the classical Schwarzian

derivative Sy : Diff | (S') — Q(S'), namely

(L3 g
So(f)—<f, 2(f,)>d, (3.15)

using the expression (5.§) where 7(Fs) = f'. See, e.g., [l B, BJ]. The projections
of the two other K (1)-cocycles, £ and A, lead to the Euclidean and affine cocycle of
Diff (S'), namely E(f) = f and Ao(f) = J}—l,/dx.

2) The K(1)-cocycle, S, given in (B.1J), is the super Schwarzian derivative, in-
dependently introduced by Friedan [[[(] and Radul [RH]. Recall that Ep = (D),
see (B.13), so we can also write

D4w . 2D2w D?ﬂ/f) &3/2. (316)

o= (5 oy
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This is the form of the super Schwarzian derivative used in superconformal field the-
ories [I0], see also R0]. Gieres and Theisen use it in [[[4], as well as the affine cocycle

A, to construct superconformal covariant operators.

It is well-known that the classical Schwarzian derivative (B.19) can be expressed

in terms of the classical affine cocycle Ag(f) = (f”/f")dx on S*, viz.,

So(/) = d Lo, Aol f) — 5 Aol ), (317

where f € Diff  (S!). A formula relating, in the super case, the expression of S and A
can be found in [[[4]. The next proposition gives another formula for the 1-cocycle S
in a form akin to (B:I7).

Proposition 3.8. Let A denote the affine K (1)-cocycle ([3-10); the following holds true
for the super Schwarzian derivative ):

S(@) = 7} (D, (0} Lp)?A(®) - %A(¢)2>. (3.18)

1
4
3.3 The determination of H'(K(1),F))

The following corollary of Theorem B.3 is straightforward.

Corollary 3.9. The associated Lie algebra cocycles with the K (1)-cocyclesE, A, and S,
read c; : k(1) — F;2(SHY), with

ci(Xg) = (D) o2, (3.19)
where i = 0,1, 3.

We recover, in this way, three of the four non trivial k(1)-cocycles with coefficients
in Fy (see [] for a classification). The fourth one, & : k(1) — Fo(S'), defined by
¢o(Xy) = f — 3€0cf, does not integrate as a group 1-cocycle, just like the Vect(S')-
cocycle Xy — f. Indeed, suppose that ¢ does integrate as a K (1)-cocycle, Cy. Then
0, € k(1) induces, using an angular coordinate z, the flow ®4(x,¢&) = (z + t,§), and
as ¢(0;) = 1, we have Cy(®,) = :t, see e.g. 7. But this is inconsistent with
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the periodicity condition ®; = ®,,5,. As the derivation of Lie group cocycle is an
injection from the Lie group cocycle into the Lie algebra cocycle, we obtain the complete

classification of the Fy-valued K (1)-cocycles.

Corollary 3.10. The cohomology spaces H' (K (1), F\) are given by

R ifr=0,1,2
HY(K(1), Fy) = (3.20)
{0}  otherwise.
These three cohomology spaces are respectively generated by £, A and S.
Moreover, the two cohomology spaces
H'(K(1),Q'(8') = R, (3:21)
H\(K(1),0(8") = R, (3.22)

are respectively generated by A and S.

4 Super Euclidean, affine and projective invariants
of S!!

In this section we construct the FEuclidean, affine and projective invariants given by
Theorem B.1. We introduce an extension of the notion of transitivity, allowing us to
formulate a theorem giving the sought invariants when applied to each supergroup:
E;(1]1), Aff(1]1), and SpO, (2|1).

Let us first introduce an equivalence relation, on the n-tuples of a product set
E = Eyx E;. We denote by pg and p; the two canonical projections. Let s = (s1,...,8,)
and t = (t1,...,t,) be two n-tuples of E, we will say that s and ¢ are p|q equivalent,

s t, where n = max(p, q), iff

Vie[L,p], po(si) = po(t;) and  Vie[l,q], pi(si)=pi(ts). (4.1)

We will use the notation [t| for the class of ¢ for this equivalence relation.

19



Definition 4.1. Let G be a group acting on a set E = Eq X Ey by (g +— g). The action
of G on E is p|q-transitive, n = max(p, q), if for any n-tuples s and t of distinct points,
there exists an element h € G such that ﬁ(t) e If h is unique the action is said to

be simply p|q-transitive.

In particular a p|g-transitive action is min(p, ¢)-transitive. To prove n-transitivity,
we usually prove that any n-tuple ¢ can be sent to a given n-tuple m. To prove pl|g-
transitivity we need an extra condition, this is specified by the next proposition.
Proposition 4.2. Let G act on a set E = Ey X E; and choose m, a n-tuple of E.
Suppose that for every n-tuple s, there exists h € G such that ﬁ(s) e m, where n =
max(p, q), and G.[s] D [m]. Then the action of G on E is p|q-transitive.

Proof. Let t and s be two n-tuples of E. We look for those k£ € G such that 7{;\(75) e

By assumption, there exist h,g € G such that E(t) 2 1 and 9(s) o, Then, as

E(t) € [m] and G.[s] D [m], there exist s A 5 and ¢ € G such that g/(s') = ﬁ(t)

~—] o~
Finally ¢’ (h(t)) e O
Theorem 4.3. Let g — g denote the simply p|q-transitive action of a group G on a
set E = Ey x Ey, and let m be a n-tuple, n = max(p, q), of distinct points of E. We
can define the following (n+ 1)-point function of E with values in E, associated to the

class of m, namely
L (ts < tst) = hltosn) (4.2)
where }l\(t) e m, and t = (t1,...,t,) is a n-tuple of distinct points of E. This function

enjoys the following properties:
1. Iy 1s G-invariant.
2. If ® € E! preserves Iy, then ® =g for some g € G.
3. Let 1 be a n-tuple of E and g € G, then glm] = [I] iff I = g o Iy

The first two properties assert that I}, is a characteristic invariant of the action of G.

Moreover, if n = p > q, we can define n-point invariant functions with values in E;

~

I3 () = p1(h(t;)) (4.3)
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for j € [q+1,p]. Any (n + 1)-point G-invariant function I can be factorized through
the invariants Iy, and Jpj, i.e., I = f(Jpmlge1s - - - Jpmlp Ipm)) for some function f,
depending on the n—tuple m. Similarly, any n-point G-invariant function can be fac-

torized through the invariants Jyy) ;

Proof. We first prove that Ij,(g(t1),...,9(tns1)) = Ipm)(t1, ... tag) for all g € G,
i.e., Iy, is G-invariant. Since h( ) A 1n, we have h o g 1(g(t) A . Tt follows that
Iy (G(th), ..., 9(thtn)) = hog~ Lot n+1)) ( n+1), hence the result. The proof of the
G-invariance of Jp, ; is identical.

Secondly, we show that I}, is a characteristic G-invariant. Let ® be a bijection of
E, such that ®*I,,,; = I},,), we have to prove that ® comes from an element of G. There
exist h, g € G, depending on ¢ such that, /ﬁ(t) A 1y and g(P(1)) % 0. Since &1 = I,
we have g(®(t,41)) = /};(tn_i_l) for all t,;, € E, and thus ® = k , with k = g 'h.

Thirdly, suppose that there exists g € G such that glm| = [l]. Let ¢ be a n-
tuple, we have /ﬁ(t) W for a unique h € G, then Z]\(ﬁ(t)) o [, and it follows that
Iy(ty, .. ths1) = go ﬁ(tn_i_l). Conversely suppose that Iy = g o I}, for some g € G
and let m’ € [m]. For every n-tuple ¢, there exists h € G such that h(t) % 0 and
then Iy (¢, thy1) = :q\o/i;( tng1), forall t, 1 € E. As Iy(t, i) = /k\(tn+1) for the unique
k € G such that E( t) = 2l [, we deduce that g(h( ) 2 particular for the n-tuple
m’, h is the identity, hence g(m’) = 2 Tt follows that glm| C [l], and as we also have
g/*\1 o Iy = I}, then E\I[Z] C [m], leading to the result g[m| = [I].

Fourthly, let I be an arbitrary (n + 1)-point invariant function. For any n-tuple ¢
there exists some h € G such that I(tq,...,t,1) = I(m],... ,m’n,ﬁ(tnﬂ)) with ﬁ(t) =

, Plg

m' = m. Now Ipy(ti,... ,thi1) = ﬁ(tnﬂ) and since m’ depends only on m and on

Jim),j, the result follows. O

Remark 4.4. This theorem generalizes the more common situation of a simply n-
transitive action of a group, choosing p = ¢. In this case, e reduces to the mere
equality, =, and every (n+1)-point invariant can be factorized through the invariant I,,
given by Theorem (.3 In particular, the invariant I;, for [ another n-tuple, can be

factorized I; = g o I,,, with g € G such that g(m) = (.
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Remark 4.5. In the definition of p|g-transitivity and in this theorem, we consider
n-tuples of distinct points. The notion of distinct points of £ = FEy x E; is well-known,
but we will strengthen it by assuming distinct even coordinates when dealing with

supergroups acting on the supercircle.

As direct and classical application of our result, the action of PGL(2,R) by ho-
mographies on the circle S, viewed as RP!, is simply 3-transitive, and choosing

m = (00,0,1) as the distinguished triple of points, we obtain the usual cross-ratio:

_ (z1—>3)(z2—74)

I(fL‘l, X2, T3, :L‘4) T (z2—z3)(z1—74) "

4.1 Euclidean invariants

We introduce the subgroups E(1]1) and E, (1|1) of SpO,(2|1) which act on S!I' by

translations in an affine coordinate system.

Definition 4.6. Let us define E(1|1) as the subgroup of GL(2|1) whose elements are
of the form

€ eb —ef
g=10 € 0 (4.4)
0 65 1

where (b, ) € R, and ¢ = 1. It acts on R C S by translations, according to
g(x, &) = (x+b— [ e+ €€). We will denote by EL(1|1) the connected component of
the identity characterized by e = 1.

Remark 4.7. The Euclidean groups can be defined in an alternative manner, in terms
of the transformation laws of the 1-forms « and (3, and then directly as subgroups of
K(1). The group E(1]1) is the subgroup of those ® € Diff(S!') such that ®*a = «
and ®* = €f3, with € = £1; restricting to € = 1 we obtain the subgroup E, (1|1).

Proposition 4.8. The action of E,(1|1) on R C S 4s simply 1|1-transitive; choos-
ing e = (0,0), it defines a characteristic Euclidean invariant consisting of the following

two-point couple of superfunctions

Le(t1,t2) = ([t1, t2], {t1,t2}) = (22 — 21 — &1, S — &) (4.5)

where t1 = (x1,&1) and to = (29, &s).
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Proof. Following Theorem (.3, we have to show that for any point ¢; of S, there
exists a unique h € E,(1|1) such that ﬁ(tl) = (0,0), and then to compute ﬁ(tQ) =
([t1,t2], {t1,t2}) for another point t.

The action of any h € E, (1|1) is given by h(z,&) = (z 4+ b — B, 8+ €). Hence
ﬁ(tl) = (0,0) is equivalent to 1 +b— (& = 0 and +& =0, ie., = =& and b = —z;.

So, h is uniquely determined, and ﬁ(tg) = (29 — 21 — £&1,& — &), as announced. O
The choice of the point e = (0,0) is immaterial, see Remark [£.4.

Remark 4.9. The even Euclidean invariant [t1, 5] is the discretized version of the
contact form o = dx 4 £d€, while the odd Euclidean invariant {t;,¢s} is that of 8 = d¢§.
This will be specified in Lemma p.T].

Corollary 4.10. The even part of I is invariant under E(1|1), and characterizes this
subgroup of K (1), namely if ® € K(1) satisfies ®*[t, ts] = [t1, 2], then ® = h for some
h € E(1]1).

Proof. Let + € K(1) be defined by ¢ : (z,§) — (x,—¢). Identifying E(1|1) with its
image in K (1) we have E(1|1) = E(1]|1) U «(EL(1]|1)). Since [t1, t5] is invariant under
E;(1]1) as well as under the action of ¢, this is a E(1|1)-invariant.

Let & = (¢,%) € K(1) be such that ®*[¢;,t5] = [t1,t2]. There exists ¢; such that
®(t1) = (0,0), and h € E,(1|1) such that ﬁ(tl) = ®(t1). Since ® leaves [t1, to] invariant,
we have p(ts) = [®(t1), D(t2)] = [t1,ta] = ho(ts) in view of ({EJ); hence ¢ = hg, with
I = (ho, hi1). Using Lemma 3, we obtain ® = h or ® = ¢(h), and ® is then a (super)

translation. O
4.2 Affine invariants

Let us start with the definitions of Aff(1]1) and Aff, (1]1) and with their action on S/,

Definition 4.11. The affine supergroup, Aff(1]1), is the subgroup of GL(2|1) whose

elements are of the form

a ab —ap
g=10 at 0 (4.6)
0 g 1
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where (a,b, 3) € R?', and a # 0. This supergroup acts on RM C S by translations
and dilatations, g(x, &) = (a*x + a*b — a?B¢,aB + af). We will denote by Aff ((1|1) the

connected component of the identity, characterized by a > 0.

Remark 4.12. The affine groups can be defined in an alternative manner, in terms
of the transformation laws of the 1-forms a and 3, and then directly as subgroups of
K(1). The group Aff(1]1) is the subgroup of those ® € K (1) which satisfy ®*5 = Fg[3,
with Fp a superfunction; restricting to 7(Fg) > 0 we obtain the subgroup Aff, (1]1).

Acting by contactomorphisms on S!I*, Aff, (1|1) preserves the orientation of the
underlying circle, see Remark P.3. Moreover, two points on the supercircle ¢; and to
define an orientation given by the sign of 23 — x; (in the chosen affine coordinate
system). Hence, the action of Aff,(1]1) cannot be 2|1-transitive, but for all couples
s and t defining the same orientation there exists a unique h € Aff, (1]1) such that

h(t) A, So, let us introduce Aff  (1|1) as the group generated by Aff, (1|1) and the

orientation-reversing transformation r : (z,§) — (—=x,&).

Lemma 4.13. The action of Aff,(1|1) on R c S is simply 2|1-transitive.

Proof. Let a; = (0,0), a = (1,¢) and t1, t, be two distinct points of S| with 21 < x,

a condition which can always been satisfied, using the transformation r, if necessary.
We look for h € Aff, (1]1) such that }l\((tl,tg)) A (a1, az). We thus have to solve the
system: a’x; + a’b — a?B& = 0, af + a&; = 0 and @’z + a®b — a?3& = 1. In doing
so, we obtain f = —&;, b = —x; and a® = [t;, 5]}, see ([E5). This entails that h is

uniquely determined and ﬁ(tg) = %, % for any point t5 of S''. Here, p; is
’ 1,t2]2
the projection to the odd component, hence p; (ﬁ(tg)) is given by 121 The function

[t1,t2]2

p1 o h is thus surjective from [t] onto R%! and Proposition 2 applies, proving the

simply 2|1-transitivity of the action of Aff,(1]1). O

Now, the action of Aff,(1]1) on S'! satisfies all assumptions of Theorem [3, and
then, restricting ourselves to x; < x5, we obtain affine invariants with all properties

stated in Theorem [£.J.
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Proposition 4.14. Choosing a, the class of a couple a = ((0,0),(1,)) for the rela-

. 2/1 . . L. . . L.
tion =, Theorem [[.3 gives rise to a characteristic affine invariant consisting of the

following three-point couple of superfunctions, defined, for x1 < xs, by

tts] {1t
L(t1,t2, t3) = ([t1, t2, 3], {t1,t2,t3}) = <[ Lty 3%) : (4.7)
We, likewise, have a two-point odd invariant, defined, for v, < xo, by

Tyt 1) — Lt (48)
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which 1s fundamental in that it generates all other two-point invariants.

Proof. The action of Aff, (1|1) being simply 2|1-transitive, we can apply Theorem [.J.

Let t = (t1,t2) be a couple; if x; < x5, we obtain, resorting to the proof of the last

lemma, I,(tq,t9,t3) = Eig, [zlt;’}é) and J,(tq,t2) = ﬁ For x; < w9, I, and J,

are invariants (with all properties given in Theorem {.3) of the subgroup of Aff, (1]1)
preserving the condition x; < x9, i.e., Aff, (1]1). O

For x5 < z1, we can easily show that I, and .J, are simply obtained by exchanging ¢,

and 5.

Remark 4.15. The invariants I, and .J, depend on a; for another class, b, of a couple of
points, we have, following the third assertion of Theorem [£.3, I, = go I, and J, = go J,
iff p1(by) = 0. For py(by) # 0, I, and J,, depend on [, and J, in a more involved way.

Remark 4.16. We can rewrite the odd three-point invariant, p;(1,), as {t1,ts,t3} =
[tl,tg,tg]%%, showing that it is a function of the odd two-point invariant func-
t1,t3]2

tion, J,, and of the even three-point invariant, py(l,). Hence, every affine three-point

invariant function is a function of J, and py(1,).

Corollary 4.17. The even part, po(l,), of I, is invariant under Aff(1|1), and char-
acterizes this subgroup of K(1), namely if ® € K(1) satisfies ®*[t1, ta, t3] = [t1, Lo, 3],
then ® = h for some h € Aff(1]1).

The proof is identical to that of Corollary [.I(, in the Euclidean case.

25



4.3 Projective invariants

Once more, we will follow the previous method, and derive the super cross-ratio as the
even part of the SpO, (2|1)-invariant given by Theorem [.3.
We begin by the introduction of an orientation index, ord, on the oriented circle,

defined on triples of distinct points by

ord(z1, 9, 23) = +1if 29 € [xq, 23] (4.9)

= —1lif zy € [x3,24].

It is uniquely preserved by orientation-preserving diffeomorphisms of the circle and en-
joys the property: ord(o(z1),0(z2),0(x3)) = e(o)ord(zy, x9, x3) for any permutation o
whose parity is denoted by (o), see [f]. This index, ord, can be extended to triples of
points of the supercircle by ord(ty, ts, t3) = ord(zy, z2, x3).

As SpO_(2|1) acts by contactomorphisms on SU' it preserves the orientation of
the underlying circle, see Remark P.2. Hence, the action of SpO, (2|1) cannot be 3|2-
transitive, a triple of distinct points defining an orientation. However, if s and ¢ are two
triples defining the same orientation, there exist exactly two elements hy € SpO_(2[1)

such that f/L;(t) £ So, let us introduce SpO_ (2|1), the group generated by SpO_ (2]1)

already considered, and the orientation-reversing transformation r : (x,§) — (—x,&).

P

Lemma 4.18. e The action of SpO, (2|1) on St is 3|2-transitive.

e Moreover, let p be the class of p = ((00,0),(0,0),(1,¢)) for the relation ?ﬁ, then

for any triple t, there exist exactly two elements of SpO_(2|1), ky, k_, such that
/k\;i(t) 3‘:2p, and k_ = 1ok, with ¢ : (x,&) — (x,=).

Proof. Let us first assume that the triple t = (t1,19,t3) is such that z; < zo < x3,
even if it means to apply r and an element of SpO_ (2|1) inducing a cyclic permutation
on t. Then, Proposition .14 insures that there exists a unique g € Aff,(1|1) such
that: §(ts) = (0,0), and §(t5) = (1,¢'), with ¢/ = ﬁ Since g € SpO_ (2|1), we
just have to determine all » € SpO_(2|1) such that h(0,0) = (0,0), po(h(1,{")) = 1,
and ﬁ(/g\(tl)) = (00, 0), implying that hg = k are the sought transformations such that

—~ 32
hg(t) = p.
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As h is an element of SpO_ (2[1), T is of the form }z\(:p,f) = (ijgj:’gg, ‘z‘iigj:;f),

with the relations (E224) to (E27). Since 7(0,0) = (0,0), we have b = 3 = 0, and the
relations become ad = 1, ¢ = 1, ae = ad and v = 0; now e = 1 since we restrict us
to special transformations, i.e., of Berezinian 1. The equation /ﬁ(:q\(tl)) = (00,0) gives

aclztil + 14 o2 {tQ’tl} — 0 and o241 + {tQ—tl]{ = 0, where we have used the fact that

Utz 15} [t27t3} [12,t3] [t2,t3]2

9(t1) = L(to, t3,11) as given by (7). Hence, we have

{tlatz} [to, 3] and  ac — [t2, 3]
[t2, ts)2 [t1: T2] [t1.to]

(4.10)

There is one extra equation to satisfy, namely py (ﬁ(l, (")) = 1; it yields explicitly a® =
ac+ 1+ af’, giving a® = Efg +1- %, since ¢’ = J,(ta, t3), see (.3), as given

by (E.8). We then get, with the help of the identity [to, t3] + [t1,t2] — {t1, ta}H{t2,t3} =
[th t3]7

2 _ [yt (4.11)
[t17 t2] ’
so a is determined up to an overall sign. We have proved that h is therefore given by
~ a’x alax + &)
h = 4.12
(,¢) (acx+1+a§’acx+1+a£)’ (4.12)

the sign of a # 0 remaining unspecified. This proves the existence and uniqueness
of hy, as stated above. Moreover, J,(t1,t2,t3) = pl(ﬁ(tg)) is a surjective function
from [t] to RO, see (FI). Using Proposition 3, we conclude that the action of
SpO_(2]1) is 3|2-transitive. O

Now, even if the action of SpO, (2|1) is not simply 3|2-transitive, we can con-
struct, following Theorem [[.3, invariants in the same way as before, and restricting

consideration to ord(ty, ta,t3) = 1, we will end up with projective invariants.

Proposition 4.19. Let p = ((c0,0),(0,0),(1,¢)) be a triple of points of S'', and
denote by p the class of p for the relation 2 Theorem [-3 then yields the projective
invariant Ip(tla t25 t3a t4) = ([tla t27 t3a t4] ) :t{tla t25 t37 t4})7 giU@TL, Zf Ord(tla t25 t3) = ]-7 by

[t1, 23] [t2, 4]

[to, t3][t1, ta]’ (4.13)

[tlu t27 t37 t4]

1 {to, ta[th, ta] — {t1, ta}[to, t4]
([t1, o] [ta, ta[t1, ta]) 2

{t1,ta,ts,ts} = [t1,t2,13, t4] ; (4.14)
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which characterizes the group SpO ., (2|1) within the diffeomorphisms of S
We also have an odd projective invariant, namely, if ord(ty,ta, t3) = 1,
{t2, ta}[ts, to] — {t1, t2}[t2, t4]
([t o)t tallte, )2

which 1s fundamental in that it generates all other three-point invariants.

Jp(t17t2at3) == (415)

Proof. Assume that ord(ty,ts,t3) = 1. Using Lemma .18, we know that there exist
exactly two elements ki, k_ € SpO_(2|1) such that E(t) s p. We set I,(ty,...,t4) =
E(Q) and J,(ty1,t9,t3) = p1<a<t3>), as suggested by Theorem [.3. Despite the non
uniqueness of k, all conclusions of Theorem [I.J apply just as well, and the proofs are
identical, except for I, being a characteristic invariant. The proof of Theorem [.3 shows
that any bijection, ®, of the supercircle such that ®*I, = I, satisfies ®(t4) = E(u)
for all t,. We have to impose that ® be a diffeomorphism to obtain ® = E ord=Fk_.

It then remains to compute E(u); using the proof of Lemma we will easily
calculate E = }/z; o g, for the specific case 11 < xo < x3. Starting with the even part
of E(u), we obtain, see ([{.19),

a’[ty, t3, t4)

aclte, ts, t4] + 1 4+ a{ts, t3,t4}

[t1, 23] [t2, ta]

[t2, t4] 41— M) ’

[t1, to][t2, 3] ([tl, to] [t1, 2]

where we have used ([.10) and ([.11)). With the help of the identity [to, t4] + [t1, 2] —
{t1,ta}{ta, t4} = [t1, t4], we find the announced result, viz., Equation (£.13).

[t17 t27 t37 t4] -

We then compute the odd part of }/Ll(ﬁ(t4)), which is determined up to global sign
governed by the sign of a (see proof of Lemma [.T§). For a > 0, we find, using (f.12),

a (Oz[tg, t3, t4] + {tQ, t3, f}4})
G,C[tg, tg, t4] + ]_ + O[{tg, tg, t4}

<_ {t1, ta} [ta, 1] 4 {t2at4}>

{t17 t27 t37 t4}

N

([t1, t2][t1, t3])

1

ot ] ety
[t1, 4]

ta, 1 t1,t
([t17t27t4];{ 2 4}; — [t4,t2,t1]7%{ L 2}> ;

[ta, ta]2 [t1, tz]%

NI

- [t17t27t37t4]
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with the help of the equalities (f.10) and ({.11]). For z; < x5 < x3, we can write

1 {tg, ta}[tr, o] — {t1, t2}[ta, t4]

{tita, 3, ta} = [ty o, 13, 14]2 ; (4.16)
([tr, to][ta, ta] [11, £4]) 2
which is the announced result, viz., Equation ({.14).
For the more general case ord(ti,ts,t3) = 1, we still have to compute a(t4)

for 3 < 27 < 23 and x93 < x3 < x1. Let us introduce the homography ¢(z,§) =
S1HCE CooE) i : :
(¥—==*,>==), which cyclically permutes (0,0), (00,0) and (1,¢). Start with the case
r3 < w1 < x9; we can assume that 3 < 0 < 1 < w9, even if it means to apply
a translation, and then ¢(z;) < ¢(x2) < ¢(x3). As [, is invariant under the ac-

tion of SpO, (2|1), we have I, = ¢*I,, and using the above results, we deduce that

I [t1,t3][t2,ta] 3 Laitadtate]—{tr ta}{tata] : : ;
ki(ty) =c¢* ([tz,ts}[tl,m] [t1, o, ts, ta]2 ol ) The Euclidean invariants

are transformed by ¢ as follows ¢*[t;,¢;] = [i?’tfl and ¢ {t;, t;} = + — %, we then have
i J

7 o [t1,t3][t2,t4] {t2,ta}[t1,t2]—{t1,t2}[t2,t4] .
ki(ts) = ([t;,tgl[titz’ b1, ta, 5, 1) 2([:1,t21][t22,t4}[:1,t24])2 : ) The case wy < g <y i

similar, except for the fact that we have to apply ¢2 instead of €. O

For ord(ty, 2, t3) = —1, the projective invariants [, and J, are simply given by the
exchange of ¢; and 5 in Formulee ([13), (E14), and (E17).

Corollary 4.20. The cross-ratio ({4.13) is invariant under SpO, (2|1), and character-
izes this subgroup of K(1), namely if ® € K(1) satisfies ®*[t1,to, t3,ts] = [t1,t2,t3,t4],
then ® = h for some h € SpO_(2]1).

The proof is the same as in the Euclidean case, except for the fact that SpO_ (2|1)

contains now the transformation ¢ : (z, ) — (x, —&).

Remark 4.21. Projective groups and projective invariants of the circle and of the
supercircle share various properties. Like SpO,(2]1) in the super case, the action
of PSL(2,R) preserves the orientation of the circle. The action of PSL(2,R) on the
circle is thus not simply 3-transitive, in contradistinction to that of PGL(2,R). The

cross-ratio can also be defined following Theorem .3, leading to the classical expression
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(21, g, 3, 4] = %, which is invariant under PSL(2, R) only. The PGL(2, R)-
invariant is given either by this last expression or by the same expression where x;

and x5 have been exchanged, depending on ord(zy, za, x3).

Remark 4.22. Again, the odd four-point invariant p;(I,) is a function of the odd
three-point invariant .J, and of the even four-point invariant po(I,). So every four-

point invariant is a function of these two invariants.

5 The Schwarzian derivative from the Cartan for-
mula

This section provides the proof of Theorem B.J. We will begin by two preliminary
lemmas and then give the proof for the Euclidean and affine cases, and, finally, for the

projective one.

5.1 Preparation

Let us first recall the formula for the Taylor expansion of a smooth superfunction

f € C>=(S') as given in [[9, {], namely

f(t2) = f(t1) = Zz—l, (w2 — 21)' 0 f(t1) + (&2 — &) (w2 — 1) 10U O f(11))

. +O((w2 — 1), (G2 — &) (w2 — 21)")
B 22_1' ([tr, ta) DL f (1) + i{t, ta}[tr, ta) 0L D f (1))
+O((wg — 21)"™, (62 = &) (w2 — 1)"). (5.1)

The following lemma linking discrete variations and forms, will enable us to write
Taylor expansions in terms of the differential forms o and 3. We will skip its straight-

forward proof.

Lemma 5.1. Let X € Vect(S'), and ¢. the associated flow. Putting ty = ¢.(t1), we

have
[t1,ta] = (X, a) (1) + O(e?), and {t;,t2} = (eX,B) (t1) + O(?). (5.2)
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The next result is of central importance in the subsequent proof of Theorem B.5.

Lemma 5.2. Let ® = (p,v) € K(1) be a contactomorphism of S'', and let t, = ¢.(t1),
where ¢. is the flow of a vector field X, then

A B
X®eX,a? — — 3 .
+<5 ®eX,a 6E¢+aﬁ2E¢><t1)+O<8) (5.3)

where A = " + " and B = D" — D", o® and a3 being as in ([2.20).

Proof. We have ®*[t1,15] = [®(t1), D(t2)] = w(t2) — @(t1) — ((t2) — ©(t1))¥ (1), by
virtue of (.§). Using Taylor’s formula (b.1]), we obtain

Oty ta] = {t1, 82} (D — DY) (t) + [t ta)(" + ) (1)
Hon ] (1007 + 00)(0) + (1,2} (D9 — 0DV (1))

Hint] (Gl + 00)(0) + ot} (D = 0D
+0(e%).

Then, as ® € K (1), Proposition R.1] yields Dy — ¥ Dy = 0, and ¢’ + 1)’ = Eg. This
entails that ¢” + )" = Ef, and D¢’ — Dy’ = %DE@. Lemma then leads to the
result. O

At first order in & we obtain simply: 2102l = [y 4+ L(e X, dEg)] (1) + O(£?).

[t1,t2]

5.2 Proof of Theorem 3.5
5.2.1 Euclidean and affine K(1)-cocycles, &, A

The Cartan formula (B.§) yields a privileged means to define the Schwarzian derivative
via a Taylor expansion of the cross-ratio. Much in the same way, we will construct
1-cocycles via the Euclidean and affine even invariants. Thanks to the last lemma, we

have
O*[ty, to]

Gl = Felt) +0E), (5.4)
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Hence, £ : ® ~— log(Fg) is a 1-cocycle of K(1), with values in Fy(S'); this jus-
tifies (B.9). Note that log(Fs) is well-defined since the reduced function w(Eg) =
(D)%, see (2.3), is positive.

For the affine even invariant ([.7), we have, putting t5 = ¢.(t1) and t3 = ¢o(t1),

(I)*[tl, tQ, tg] 1 — 1+ % <2EX, d(lOg Eq>)> (tl) + 0(52)

[tl, tg,tg] a 1 + % <€X, d(lOgEq>)> (tl) + 0(52)

— % (eX,d(log Es)) (t1) + O(g?).

This implies that A : & — d(log Eg) is a 1-cocycle of the group K (1) of contactomor-
phisms, with values in the space, Q'(S'), of 1-forms on S!/*. Using the projection on
half-densities F3 (S given by az(D, -), see Proposition P.5, we still obtain an affine

1-cocycle: A : ® — a2 (D, d(log Eg)) = DE?’ az. The justification of (B-1I0) and (B-13)

is complete.

5.2.2 The Schwarzian derivative, S

We will now resort, verbatim, to the Cartan formula (B.§) in order to derive the ex-
pression of the Schwarzian derivative (B.I1) of a diffeomorphism ® € K(1). This
formula involves the cross-ratio [t1,ts,t3,14] of four close by points; we will, hence,
posit ty = @.(t1), 13 = ¢a(t1), and t4 = ¢3.(t1), where ¢. = Id + X + O(g?) is the flow
of a vector field X of S*',

Let us then expand in powers of ¢ the following expression:

O*[ty, t3] O*[to, t4] P [ta, t3] O*[ty, t4]
O*[ty, to, t3, t4] i Es(t1)[t1,t3] Eo(t2)[ta, ta]  Eo(t2)[t2, ts] Fao(ty)[t1, td] (5.5)
[t1,t2,t3, ta] 1+ 0O(e) . .

@*[tl,tg] @*[t17t4]
Eg(t1)[t1,t3] Eg(t1)[t1,t4]’

by Lemma p.2. The remaining terms, with base point t,, will be computed separately,
using again Equation (b.3) and the Taylor formula (B.1]), viz.,

We note that the terms and with base point ¢, are explicitly given

f(ta) = f(tr) + [tr, ta] f' (1) + {t1, 12} D f (1) + O(€?), (5.6)
for a superfunction f € C>=(S!").
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We have
O*[to, t3]
Eg(t2)[ta, t3]

1+ % ([tg,tg] g, (t1) + {to, t3} EE¢ (tl))

%[tm] <[t27t3] (g_i)/@l) + {ts, 15} (DEicp),(tn)

#yltnte) (IentlD (22 ) () + tabp (574 ) )

<5X®5X a? i +Ozﬁ£> (t1) + O(£%),

6FEg 2Fg

where the terms A and B are defined in Lemma (.2 The other term % is,
likewise, obtained by replacing in the latter expression t3 by t4, and £X by 2¢X.
From Lemma [.1] and Taylor’s formula (F.6]), we get [to, t3] = (X, a)(t1) + O(?) and
{to,t3} = (e X, B)(t1) + O(e?). In particular {ty,t3}{t1, %2} is thus of third order in &,

since (¢X, 3) is an odd superfunction. We finally have

% = 1+%([t2,t3]g’ (t1) + {t2, ta} Eq) (tl))

1 o, (B DEy\’
+g <5X®5X,a (E—cp) +2aﬁ( R ) >(t1)
A B ,
+<6X®6X,a 6E. +OzﬁE>(t1)+O(s ).

This formula and Lemma help us find the contribution of the first order terms

of each product in the numerator of Equation (p-f); this contribution is found as
([tr, ts]+[t2, ta] = [t2, ts] - [t1>t4])2Eq,( D+ {tn ts}+{ta, ta} —{ta, ts} — {11, ta}) 552 (1) =
(&1 — &) (& — &)%(tl), which is of third order in ¢, since & — &4 = & — & + O(e2).
The right-hand side of (£.3) is of second order in £ and we now compute it. We find

O*[ty, o, L3, L] 1 < E}, DE¢>2(t )
. 1 4 41 1

-1 = eX, a=2 4+
[t1, 2, t3, 4] 4 Ey & Ey

1 E-N DE3\’
“(eX®@eX. a2 (=2 9 ks
—1—2 <5 ReX,« (Eq)) + aﬁ( Eq>)><t1)

A B
—2{eX®eX,a? — — %).
<€ ®eX,a 6Eq>+a52Eq>><tl)+O<€)
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Collecting the terms involving o and o3, we put the latter expression in a nicer form,

namely
q)* [tlu t27 t37 t4] 2 Eg A 1 E&) 2
ettt (X @ex _ A (L ;
[t17 t27 t37 t4] c we ' QECI) 3ECI> 4 Ecp ( 1)

DEy, B EyDEs
X®eX, - t1). (5.
#(exwexan (50 - 2 - BB ), 1)

Since Dy = 1Dy and Eg = (D1))?, see Proposition -], we calculate the terms A and B
whose expression is given in Lemma [.Z; we find A = "+ = (Ee—Y¢)"+yp" =
Bl — """, together with B = Dy — ¢ Dy = " Dip + 2/ Dy’ = D3 Eg + 152252
Plugging these quantities into (5.7), we obtain

D[ty to, L3, L] o ([1ES 1 [(ERN\? 19"
Bl CERRZARE LT R R X @eX ot N et
[t17t27t37t4] c we ' 6E<1> 4 Eq;. 3 E ( )

1 DE}, 3E’ DE
+(eX®eX,ap i et (5.8)
2 Fg
Upon defining
~ DE}, 3E},DE
S(®) = =2 o 2 (5.9)

By 2 E2

~ " 7\ 2 ,
we find DS(®) = g—i -3 (ﬁ—i) - %DE%gEq). We also have DEy DEgy = —4¢'y" E.
Inserting the latter result into (5.§) and using the Cartan formula (B.§) to define the

Schwarzian derivative, S(®), of the contactomorphism ®, we obtain
1 5 = 1~
S(P) = éa DS(®) + iaﬁS((P). (5.10)

Thus, S defines a I-cocycle of K(1) with values in the space, Q(S''), of quadratic
differentials, cf. Subsection .2. Using the projection onto the %-densities, F 5 (S,
given by a%(D, -}, see Proposition R.5, we still obtain a projective 1-cocycle of K (1),
viz.,

S(®) = at (D,S(®)) =

1 (DE, 3FE}DE
Z( 2 _3ls ‘I’)a3/2. (5.11)

By 2 E2
This ends the proof of (B.13).
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Equation (B.11]) can now be deduced from (5.10) and (5.11)). Indeed, using

Lpa =28, (5.12)

a2 Lp(S(®)az) = 38(®).

2

we find a2 LpS(®) =

1
1
5.2.3 The kernels of the K(1)-cocycles £, A, S

- The subgroup of those ® € K (1) such that £(®) = 0 is characterized by the equation
Eg =1, see (B9). Writing ® = (¢, ), and using (B.13), we find Dy = ¢, with €2 = 1.
This entails that 1(z,¢) = (8 + ¢), with 3 € RO, The constraint (2.17) then leads
to p(x,&) =z + b— B¢, with b € R. This proves that ker(€) = E(1]1).

- The kernel of the 1-cocycle A, given by (B.I(), is determined by the equation
Es = a%, with a € R*. The kernel of A is given by the same equation, hence is
equal to the kernel of A. The same computation as before clearly leads to ®(x,¢) =
(a*x + a®b — a®B€, af + af). Hence, ker(A) = ker(A) = Aff(1]1).

- The kernels of the 1-cocycles S and S, given respectively by (B-17]), and (B-.13),
clearly coincide. Suffice it to determine ker(S). Let us consider & € K(1), then its
Schwarzian derivative (B.13) reads alternatively

1. 1 _1
S(0) = 5 E5 D3(E,?) a2 (5.13)

Hence, S(®) = 0 iff axD(E;%) = 0. As 0,Dxo = 0 implies, for xo an even super-
function, xo = dx +d + 0'€, where (¢, d', §') € R?'; we obtain Ey = (dz+d +§'€)72.
Consider now h € SpO, (2]1), whose action is given by (2:2§), then E; = (cz+d+06§) 2.
We thus have Fg = I for some h € SpO_(2|1), so that & = hog with g € E(1]1) in
view of the above result; this implies that ® € SpO_ (2|1). The conclusion, ker(S) =
SpO,, (2]1), easily follows.

The proof of Theorem B.§ is complete.

5.3 Proof of Proposition

With the help of (B.10), the affine cocycle A, given by (B.I0), can be recast into the
form A(®) = Eg'dEy = aEz'Ey + BE;'DEg. Using Equation (5.13), we obtain
(OZ%LD)2 = O[LD2 + BLD
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Straightforward calculation yields the expressions of LpA, Lp2A, and A2, so that

1 DEgDE},
> E2

1

(a2 Lp)? A(®) — %A(cb)? = o (D§<c1>) - ) + 2085(®). (5.14)

This formula leads directly to (BI§), using (D, a?) = 0 and (D, af) = ja, together
with the expressions (F9) and (B.11) for S and S.

6 Super Euclidean, affine and projective invariants,
and K(N)-cocycles for S'V

The aim of this section is to extend to SV the previous constructions, namely those
of the Euclidean, affine and projective invariants, of the Euclidean and affine cocycles,
and of the Schwarzian derivative for N = 2. For N > 3, the cross-ratio is badly
transformed by contactomorphisms, which prevents the construction of a Schwarzian
derivative along the same lines as before (see Remark [6.6 below).

Let us define the notation used throughout this section. Except if otherwise stated,
all indices 4, j of odd objects will run from 1 to IV, and Einstein’s summation conven-
tion will be freely used. The space of superfunctions C>®(S!"), defining SV, is the
superalgebra C*®(SY)[¢L, ..., £V] where the ' are odd indeterminates. It is topologically
generated, as an algebra, by the coordinates (z,€) with & = (£%,...,&N). The diffeo-
morphisms retain the form ® = (p, ), with ¢ = (¢!, ..., ") and @, 7 € C®(S'V),
such that (p,1)) is a new coordinate system. Let F,G € C®(S'™)N we denote their
pairing with values in C*>°(S'™V) by

F-G=FG" (6.1)

where F* and G* are the i-th components of F' and G, and F; = 0ij F 7 (with the choice
of an Euclidean signature). The C*(S!V)-module Q'(S'V) is generated by the 1-forms

a=dr+&dE =dx + € - dE and Bt = dg, (6.2)
with dual vectors 0, and D; = 0, + §0,. For f € COO(S”N ) we therefore have
df = af'+ §'D;f, (6.3)
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see (R.1(0). We furthermore denote by K(N) the group of contactomorphisms, &,
characterized by ®*a = Eg a for some superfunction Fg. Let & = (¢,v) € K(N),
then ®*a = dp+1-dip = a(' +1-')+ B (Dip—1- D). Tt follows that ® € K(N) iff

Dip =4 - Dithp = 0, (6.4)
for all i = 1,..., N. The multiplier of ® is then given by Fg = ¢’ + ¢ -/, i.e., by

By =20 = (D)’ (6.5)

for any i = 1,..., N. The expression (D;1))? stands for Dy - D;p. This has been first
developed in the framework of super Riemann surfaces by Cohn [B]; we will nevertheless
refer to work of Radul [RF], whose geometric approach, in terms of contact structure,

is closer to our viewpoint. See also [[Ld].

Proposition 6.1. Let & € K(N), then

-----

Proof. As ® € K(N), we have D;D;p = D;(¢p- D)) = Djip- Db — 1) - D; Dy, in view
of (B-4); by exchanging i and j, we deduce D;1p - Djp = 0 if i # j. For i = j, the result
is given by () and the equality Ee = ¢’ + ¢ - 9. =

6.1 Euclidean, affine and projective invariants

We now extend to S'W, where N > 2, the content of Subsection B.J. Now, o (£.2)
stems from the 1-form on R?" given by w = %(pdq — qdp + 0;d0"), via the formula
w = %pQQ (p # 0), expressed in affine coordinates x = ¢/p and &' = 6" /p. We define
the orthosymplectic group [[3, BJ], SpO(2|N), as the supergroup whose A-points are
all linear transformations of Oi‘N, see Subsection P.3,

h= (6.7)

S o 9
o o
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preserving the symplectic form dw. If we demand that these linear transformations
preserve the direction of dw, only, we end up with the conformal supergroup C(2|N),
see [R0. In the expression (b.7), the entries a,b,c,d are even elements, «, 3 are odd
column vectors of size N, while §,v are odd row vectors of size N, and e is an even

matrix of size N x N. Moreover, as dw is preserved, we have

ad —bc— o' = 1, (6.8)

ele+29'0 = 1, (6.9)
ale—ad+cy = 0, (6.10)
e —bd +dy = 0, (6.11)

where the superscript ¢ denotes transposition. We easily find that SpO(2|N) also

preserves w. Again, since w = %pQOé, the orthosymplectic group acts by contacto-

Sl\N

morphisms, SpO(2|N) — K(N), via the following projective action on , namely

h(z, &) = ( (6.12)

ar + b+ axr+ [+ e€
cx +d+ 0687 cx +d+ 6

where h € SpO(2|N) and ¢ is understood as a column vector. The kernel of this action is
{Id, —1d}, hence the action is effective for the supergroup SpO(2|N)/{£Id} = PC(2|N)
of conformal projective transformations. If N is odd, this supergroup coincides with
the special orthosymplectic group SpO, (2|N), which is the subgroup of SpO(2|N) of
Berezinian 1. We still can define Euclidean and affine subgroups of SpO(2|N), whose

elements are

a ab —aft
g=10at o |, (6.13)
0 B 1

where (a,b, 3) € RN a > 0 defining Aff | (1| V) and a = 1 defining E, (1|N).

Remark 6.2. The group Aff, (1| N) may be defined as the subgroup of those he K(N)
that preserve the direction of each (;, namely ﬁ*ﬁi = f;fi, for some superfunction f;,

with i = 1,..., N. Its subgroup E, (1|N) is characterized by exactly preserving a.

Let t1,t2, t3, t4 be four generic points of SHV.
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Theorem 6.3. We have three invariants, I., I, and I,, of the action of the Euclidean,
SN,

affine and projective supergroups on the supercircle
e FBuclidean invariant: Io(ty,ts) = ([t1, t2], {t1,t2}) with
[t1,to) = 20 — 21 — & - &1, {ti,t2} =& — &1 (6.14)

o Affine invariant: I,(t1,ta, t3) = ([t1, to, t3], {t1, t2, t3}), where, if x1 < X,

[t1, 3] {t1,t5}
£, to, ts] = , ty by, ts) = I 6.15
[t1, ta, t3] R {t1,t2,t3} PRRE (6.15)

o Projective invariant: I,(ty,ta, t3,ts) = ([t1,ta, t3,ta], O(N).{t1, 12, t3,t4}), where,
Zf Ord(t17t27t3) = 1,

[t1,t2,t3, 4] = %7 (6.16)

1 {ty, ta} [ty to] — {t1, ta}to, 4]

{t17t27t37t4} - [t17t27t37t4]
([t1, o] [ta, ta[t1, ta]) 2

(6.17)

The odd invariant, denoted by O(N).{t1,ta,t3,t4}, is the orbit of {t1,ts,t3,14} under
the natural group action of O(N). If a bijective transformation, ®, of SV leaves I,
(resp. I,) invariant, it can be identified with the action of an element h € E,(1|N)
(resp. h € Aff, (1|N)), i.e., & = h. If® € Diff(S') preserves I,, then ® = po/i;,
with h € SpO(2|N) and p(z,€) = (x, RE), R € C*(S'™W, O(N)).

The proof of this Theorem can be carried out along the same lines as in the
proof of Theorem B.J], we will skip it and just provide some hints for it. As in the

case N = 1, we can show that the action of E;(1|NV) is simply 1|1-transitive, while

that of Aff,(1|N) is simply 2|1-transitive, on R!™ < SV, Moreover, the action

—_—

of PC(2|N) is 3|2-transitive on S'" and satisfies the following property: for any triple ¢,
and g, h € P(T(Eﬁ\f), g(t) - D - }l\(t) is equivalent to § = k o h, with E(x, €) = (z,ef),
e € O(N). Asin Section i, the tilde denotes the extension of the group by the involution
L (z, &) — (—x,&). We can now apply Theorem and the claims of Theorem

follow.
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Remark 6.4. For N = 1, the Corollaries 10, and have been obtained
thanks to Lemma P.3. They cannot be prolonged for N > 1 as there exists no such
lemma in this case. However, the supergroup preserving each even invariant is in-
cluded in the kernel of the associated K(N)-cocycles, and for N = 2, see Remark (.9
and Theorem (.10, one can easily check the converse inclusion. So, for N = 2, the pre-
serving supergroups of the even part of I, I, and I, are respectively EO(1]2)/{%Id},
AO(1|2)/{£Id} and PC(2]2).

6.2 Associated cocycles from the Cartan formula

The following calculation will rely on Proposition B}, and on the relation [D;, D;] =
D;D;+D;D; = 26;;0,, fori,5 = 1,..., N, which results from a direct calculation. Asin
the case N = 1, we need a lemma giving the third-order Taylor expansion of ®*[t;, t5].

To that end, we will be using the notation:
o 1 . ) . )
B =508 -0, (6.18)

and F070% = 13, e, £(0)3°D ® 70 ® 7)) ie., the symmetrized tensor product

of odd elements; see [f].

Lemma 6.5. Let & = (p,¢) € K(N), and ty = ¢.(t1), with ¢. the flow of a vector
field X, and t; a point of S'V: we then have

1
[t17 t2]

E} . DiEg
5 (t1) + = {t1,t2} o (t1)) (6.19)

Ot ts] = [t t] Ealt) (1 + gl bl g

A
+[t1,t2]<SX®€X(X€+ ﬁl +ﬁﬁ] >( )
1 o
i (eX ®@eX ®eX, B [DD;Dip — 1) - DyD; D) (t1) + O(Y),
where A = QO”I + ’QZ) . w///; Bz = DiQD” — w . Diw” cmd Cij = DjDiQO/ + ’(/) . D]DZ’QZ)/

Proof. By definition we have: ®*[ty,ts] = @(t2) — ¢(t1) — (¢¥(t2) — ¥ (t1)) - ¢ (t1). Using
the formula (b.1]), trivially extended to the case N > 2, we obtain
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Vit = ] |Bot gl e+ o) + 5 (00 Dl + o) (1)

ot b} {1, Y (D Dip +0- DD (1)

Hint] Gl 6P (6" + 00" + St 6D — 6 D) 1)
#altn o), ) {0, 21 (DD’ + 6 - Dy D) (1)

et b} {1, Y {3 (DD Do — 0 DDy D) (1)

+O(Y). (6.20)

The coefficient of {t,¢3}"{t1,t2}7 on the second line of (B.20) vanishes if i # j, us-
ing (6.8). The analog of Lemma [.] holds true, namely [ti,t,] = (X, a) + O(g?), and
{t1,t2}° = (eX, 8") + O(e?). Hence, we are done. O

Remark 6.6. The last term in (f.20) definitely does not vanish in the case N > 3,
implying that ®*[t1,t5] is not proportional to [t1,ts] at third order in e. This entails
that the Cartan formula fails to provide an expression of the Schwarzian derivative

for N > 3.

6.2.1 The Euclidean and affine K(N)-cocycles

Up to the second order in e, ®*[t1, 5] is proportional to [t1, ]; this enables us to obtain

1-cocycles from Euclidean and affine invariants, as was done in Subsection p.2.1].

Theorem 6.7. From the Euclidean and affine even invariants, we construct the two

following K(N) 1-cocycles:
e The Buclidean cocycle € : K(N) — Fo(S'V) :
E(®) = log(Es) = log(Dit))?, (6.21)

where the equality holds for any i =1,..., N.
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o The affine cocycle A : K(N) — QY(S'™):

A(®) = dE(®) = dEﬁ. (6.22)

The proof is the same as in the case N = 1, it relies on Lemma [5.5.

Remark 6.8. The directions of the individual vector fields D; are no longer preserved
by the contactomorphisms; only that of D; ® --- ® Dy is preserved. Hence, the pro-
jection of A on D; is no longer a K (N)-cocycle.

Let us introduce AO(1|NV), the ortho-affine subgroup of SpO(2|N) whose elements

are
a ab —aft
g=10a' o0 (6.23)
0 p e

where (a,b,3) € RV, e € O(N), and restricting us to a = %1, we obtain the ortho-
Euclidean subgroup EO(1|N). Since the action of SpO(2|N) on the supercircle has a
kernel equal to {£Id}, the same holds for its above introduced subgroups.

Remark 6.9. For N = 2, a direct computation shows that the kernel of the two
cocycles £ and A, are, respectively, EO(1]2)/{£Id} and AO(1|2)/{£Id}. This groups
are also the groups preserving the even part of I, and I,, see Remark f.4. But for N > 3,
this is no longer the case, i.e., the subgroup of K(NN) preserving the even invariant
and the kernel of the associated cocycle are no longer the same defining groups. For
example, if N = 3, the contactomorphism & = (p,v), with ¢(x,&) = = + ££E3A
and Y(x, &) = € — (&8s, &361, E162) N, where A € RO does not preserve po(Ie) although
E(®) = 1. Moreover, ® is not even an homography.

6.2.2 The Schwarzian K(2)-cocycle

For N = 2, the expression (p.5) of ®*[t1, t5] is proportional to [t1, t5]. This enables us to
use the Cartan formula to define the projective 1-cocycle, S, from the cross-ratio (p.10).

By construction, our projective 1-cocycle will take its values in the K(2)-module of

42



quadratic differentials, Q(S'?), generated by o2, a8, a/3? and 3'3?, where a? and a3
are as in (2:20), and $'4? as in (.1§). One can check that the linear mapping

a({Dy ® Dy,.) : Q(S'?) — Fy(S'P?) (6.24)

intertwines the natural action of K (2), see Remark [(.§.
Now, the Schwarzian derivative given by Radul [RJ], or Cohn [f], for N = 2, has
again coefficients in tensor densities. Projecting the 1-cocycle, S, via (6.24), we will

readily recover Radul’s and Cohn’s Schwarzian derivative.

Theorem 6.10. From the cross-ratio (0.14), we deduce, via the Cartan formula (3-3),
the following projective 1-cocycle S : K(2) — Q(S'?), which reads

1 1 1
S = 6042 <D1D2812 + 58@) + §a(5102 + 3°D1)S12 + 33 Sia, (6.25)

where we have put S19 = 2Sa™ !, see ([6.20).
Moreover, using the projection ([6.24) of the quadratic differentials on 1-densities,
we obtain the Schwarzian derivative S : K(2) — F1(S'?) given by

DyD\Eg 3 DQE(I)DlE(I)) (6.26)

S(Cb):( Es 2 E2

The kernels of these two cocycles coincide and are isomorphic to PC(2]2).

Proof. The formula of the cross-ratio being similar to that of the case N = 1, we have

O* [t . .
% being now given by Lemma

b.5. Straightforward calculation, essentially the same as in Subsection [.2.9, leads to

to compute, again, the expression (b.3), the term

1 ELN\ (' D;Es\’ o D,E
~ (eX@eX. o222 204! [ =22 igip. ( 222 t
+2 <€ ®eX, <E¢) + 203 < R ) + 33 ]( R (1)

A . B, O
X ®eX, 0’ —— + aff —— + §i3 —L 9.
+ <e ®ReX, o 6E¢+aﬁ 2E¢+ﬁﬁ 2E¢><t1>+0(8)
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The combinatorics is the same as before; we thus obtain

O*[ty, ta, ts, ta] 1 Ey DBy \’
D] = 2 eX. a2 — t
[t1,ta, T3, T4] 1\° ’aEcp—i_ﬁ Es (h)
1 EL\' (' D;Es\" . . D,Egs
— X®eX, o’ =2 203 [ = D[ = t
+2 <€ ®eX, o <E¢)+aﬁ<E¢>+ﬁﬁ ](ED )>(1)

A . B,
-2 X®eX, a?— g
<€ ®eX, 6E¢+aﬁ B,

FO ) (1) + O

As in the case N = 1, see (p.7) and (b-§), we have A = E] — ¢/ - 9" and B; =
%DZE&) + ¢ - Da)’. We now collect the terms according to

o~ [th t27 t37 t4] ) 1 E!I; w/ . w/l 1 E(II) 2
— 2] = X®eX et 4 B i 4 "
[t1, ta, t3, t4] e et o 6 Eg + 3Ee 4 \ Eg (t1)
LD;Ey ' -Dg)  EyD;Fg )
2 Ep Eo 2F2 !

+<5X®5X,aﬁi <

DyDEy  2C12  DyFEeD Eg
+{eX ®eX, BB ( — — t
< b6 Eog Eog 2E2 (t)

+0(&%). (6.27)
We denote by S(®) the coefficient of a2, S;(®) that of a3 and Sy»(®) that of 552

Let us start with the computation of Si2(®), our goal being to write Cj2 as a function

of Eg and its derivatives. We first give a useful lemma.

Lemma 6.11. For any ¢, ¢ € C*(S2)2, the following relations hold:

(¢ D1o) (& Ditp) + (¢ Dotb)(¢- Do) = ¢+ & Fa, (6.28)
and also,
gb X Dgw = )\gb . Dl’gZ) and gb X Dlw = —)\gb . DQ’QZ), (629)

with A2 = 1, and where the cross-product is defined by ¢ x qﬁ; = ¢152 — ¢251.
Moreover, i)' being odd, for even ¢ and gg, we have

(W' @) (W' - @) = U15(o X ). (6.30)
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Proof. Proposition 6. proves the first equality. As Dyt) - Dytp = Eg, either Doty or
Do)y is invertible, where 1) = (11, 19). Suppose that Dyt)s is invertible, we then have
Dy1p1 = AD9by for some M. Using D;1) - Djip = 0;;Ee, we obtain D11y = —ADy1); and
A2 = 1. If Dy is invertible the same equalities hold. Then, easy calculation ends the

proof. O

We have Cio = DyD1’ + 1) - Dy D11)’, as given by Lemma [6.5. Differentiating the
constraint D;p = ¢ - D), see (B.4), we find Dy¢' = o' - Dytp + 1 - D13/, and then
DDy’ = Doty - Dytp — ' - DaDytp + Datp - Dy — 1) - DoDyy. Plugging the latter
expression into Co, and using D;1p - D;jip = 0, for i # j, we obtain Cjy = —¢" - Do Dy1).
Using the proof of Lemma p.T]], we have D¢y = ADat)e and Dy1py = —ADs1)q, and then
' Dy Dytp = 2 )05, Moreover, as iDlEq)DQEq) = (¢'- D1) (¢ - Dotp), we find, using
(B30) and (B:29), ;D1EsD2Es = M9 Ep. We thus have Ciy = —57=D1 Eg Dy Es,
and replacing this in the last expression of Sy, as given by (B.27), we finally get

DsD1Eg 3 DsEeD 1 Eg
Si2(P) = B 2 7 . (6.31)
]

We will show that S| = %DQSlQ, and then, exchanging D; and D, readily obtain
Sy = —%DlSm. Let us first recall the expression of Sy, given in (£.27),

1 (DEy EyD\E 2¢" - Do)/
51(@):§<1q)— »Dilo 20 11/1).

Eq;. Ec% ECD

Secondly, we find
D\Ey  DyEsDyD1Eg 3 DsEeDyDi1Eg 3 ERD1Eg

DyS15(®) =
2512(®) Eq E2 2 E2 2 E2

We then have to show that the following expression vanishes, namely

20/ - Dyt | 1 DyEyDiDyBy | 1 EyD,
Eg 2 E? 2 EZ

251(®) — DyS1a(®) = (6.32)

To that end, let us use Formula (B.5) to rewrite the last two terms as Dy Eg D1 Dy FEg =
4(’@[)/ . DQ’QZ))(D{QZ)I . DQ’QZ) + ’w, . Dng’gZ)), and E&;,DlEq;. = 4(’@[)/ . Dlw)(Dl’gZ)/ . Dl’gZ)), respec-
tively. We have already proved that ¢’ - Dy Dytp = 2\, and using (6.2§), we thus
obtain

251 - DQSlQ = 0 (633)
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At last, we want to show that 65 = D1DsS15 + %S%Q. Begin by writing explicitly
_ By 3 (Eép)Q LR

o) = =2 —®
65(®) Ey 2\ Es Ee

with the help of p.27, and also
E} DyE4D\E}, 3 <E§D)2 3D\EyDEy

B2 2\ FEs 2 E2

D1D5S15(®) =
1D2515(P) Fo EZ 5

1 DyEeDoEy 1 <D2D1E¢)2 D1EsDyEe Dy D1 Eg
2 E2 A B '
We now compute the difference:
1 D1EgDEYy + DyEeDyEy D1EgDyEgDyDiEg
E§ Eg

1 (DleEq))Q N

2 FEe Es
Using Equation (B.3), we get 5(D1Ee D Eg + DaEeDyEj) = 2[(¢' - D) (¢ - Dytp) +
(1 < 2)] +2[(¥ - D)@' - D1¢') + (1 < 2)]. Thanks to Formula (p.2§), the
first term reduces to 29’ - 9" Fg, and using (B.30) the second one turns out to be
20\ 05( D19 x D' + Datp x Dot)’), which is equal to 4\¢j4(Datp - Did)'), in view of
(6:29). On the other hand, using the previous equalities, we find Dy Eg Dy Eg Do D1 Eg =
—8AEp )\ 4( D11 - Dat)); hence, we obtain

3D,EsDyEsDyD1Eg 1 (DQDlED)2

2 E3 2\ Ee
which is the desired result: 65 = D1DsS12 + £5%,. Together with (5:33) and (B-31),

the latter equation finishes the derivation of (6.24). Using the projection (f.24) on

D1 D5 S15(®) — 6S(®) =

D1D3S15(®) — 6S(®) =

1-densities, we obtain the Schwarzian derivative S, given by (6.24).

To find the kernel of the cocycle S, whence that of S, we have to use another form
of S, namely

S(®) = —2E2(DyDy(Ey2))a.

Hence, if ® € ker(S), we have D2D1(E;%) = 0. As was the case for N = 1, the solution
is By = (cx+d+§-£)72. A direct computation shows that there exists h € PC(2|2) such
that g = E;. Since the kernel of the Euclidean cocycle is E+1|N J{£ld} for N = 2, we
obtain as announced: ker(S) = PC(2|2). The proof of Theorem is complete. O

46



7 Conclusion, discussion and outlook

Starting with the orthosymplectic group SpO(2|N), and its two subgroups E, (1|N) C
Aff  (1|N) C SpO(2|N), we have been able to uniquely characterize Euclidean, I,
affine, I,, and projective, I, invariants for their actions as contactomorphisms of the

SYV_ using the central notion of p|g-transitivity. Moreover, these invari-

supercircle
ants are characteristic of their defining groups. For N = 0,1, 2, their even part does
characterize the image of the supergroups EO(1|N), AO(1|N) and SpO(2|N), by the
projective action on SV, within the group, K(N), of all contactomorphisms. In doing
so, we have recovered in a systematic fashion the previously introduced [}, PT] even and
odd cross-ratios. Then, using a natural super extension of the Cartan formula ([.2),
we have provided a novel construction of the nontrivial 1-cocycles of K (V) associated
with the even invariants, for N = 0, 1,2. We have also succeeded to recover the known
expressions [L0, B, P4, 7] of the Schwarzian derivatives for N = 0, 1,2. The kernels of
the above-mentioned 1-cocycles have been shown to coincide with the groups defining
the invariants leading to them. So, for each geometry, the group action, the even in-
variant and the 1-cocycle are three equivalent geometric objects on the supercircle SV,
N = 0,1, 2, endowed with its standard contact structure.

For N > 2, our method yields, indeed, the Euclidean and affine 1-cocycles of
K(N). There is, however, no way to obtain, in our approach, Radul’s Schwarzian
integro-differential operator for N = 3, since there exists no projection from Q(S'?) to
F 1= k(3)r.e intertwining the K(3) action. Moreover, our study provides a clear cut
explanation of the fact that S(®) cannot be derived as a quadratic differential by the
Cartan formula (see Remark [6.9) for V > 3, and therefore help us understand why the
Radul expression for N = 3 involves pseudo-differential operators.

We have, so far, studied the supercircle S'™: but there are in fact two super-
extensions of the circle, namely S'™W and SﬂN, see [, B5, [8]. Let us discuss the
case N = 1. The only difference between these two supermanifolds is that the functions

on S' are, indeed, functions on R!' invariant with respect to the transformation

(x,&) — (z + 27, &), whereas functions on the Mobius supercircle, Sﬂl, can be viewed
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as functions on R'! invariant under the transformation (x,&) — (z + 27, —¢). Here
the coordinate x is regarded as an angular coordinate on S'. The canonical contact
structure on R define a contact structure on both ' and S}" [23). All our cocycles,
prior to projections, are left invariant by the map (z,&) — (x,—§), as well as the
projections themselves; then £, A, S, and A, S still define cocycles on Sﬂl. This can
be generalized for N > 1 along the same line as before.

We expect that our approach will help us express the Bott-Thurston cocycles
of K(1) and K(2) given by Radul in terms of the 1-cocycles £ and A introduced
above, extending, hence, the classical formula worked out in [§]. Another plausible
development would be the superization of the hyperboloid of one sheet in sl(2, R)*

whose conformal geometry is related to the projective geometry of null infinity [[§, §].

References

[1] B. Agrebaoui, N. Ben Fraj, On the cohomology of the lie superalgebra of contact
vector fields on S'I', Bull. Soc. Roy. Sci. Liege 72:6 (2003) 365-375 (2004).

[2] K. Aoki, Heat kernels and super determinants of Laplace operators on super Rie-

mann surfaces, Comm. Math. Phys. 117:3 (1988) 405-429.

[3] J. Barge, E. Ghys, Cocycles d’Euler et de Maslov, Math. Ann. 294:2 (1992) 235—
265.

[4] E. Cartan, Lecons sur la théorie des espaces a connexion projective, Gauthiers-

Villars, Paris, 1937.
[5] J.D. Cohn, N = 2 super-Riemann surfaces, Nucl. Phys. B 284:2 (1987) 349-364.

[6] P. Deligne, J.W. Morgan, Notes on supersymmetry (following J. Bernstein), in
Quantum Fields and Strings: A course for Mathematicians, Vols 1,2 (Princeton,

N.J. 1996/1997), 41-97, American Mathematical Society; Providence, R.I., 1999.

[7] E. D’'Hoker, D.H. Phong, The geometry of string perturbation theory, Rev. Modern
Phys. 60:4 (1988) 917-1065.

48



8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

C. Duval, L. Guieu, The Virasoro group and Lorentzian surfaces: the hyperboloid

of one sheet, J. Geom. Phys. 33 (2000) 103-127.

B. L. Feigin, D.A Leites, New Lie superalgebras of string theories, in Group theoret-
ical methods in physics, Vol. 1-3 (Zvenigorod, 1982), 623-629, Harwood Academic
Publ., Chur, 1985.

D. Friedan, Notes on string theory and two-dimensional conformal field theory, in
Proc. Santa Barbara Workshop on unified string theories (Eds M.B. Green, and
D. Gross), 162-213, World Sci. Publishing, Singapore, 1986.

D.B. Fuks, Cohomology of infinite-dimensional Lie algebras, Consultants Bureau,

New York, 1987.

H. Gargoubi, N. Mellouli, and V. Ovsienko, Differential operators on supercircle:
conformally equivariant quantization and symbol calculus, Lett. Math. Phys. 79

(2007) 51-65.

S.B. Giddings, Punctures on super Riemann surfaces, Comm. Math. Phys. 143:2
(1992) 355-370.

F. Gieres, S. Theisen, Superconformally covariant operators and super-W -algebras,

J. Math. Phys. 34:12 (1993) 5964-5985.

P. Grozman, D. Leites, I. Shchepochkina, Lie superalgebras of string theories, Acta
Math. Vietnam. 26:1 (2001) 27-63.

L. Guieu, C. Roger, L’algebre et le Groupe de Virasoro, PMO027, Les Publications
du CRM, 2007.

B. Kostant, Graded manifolds, graded Lie theory, and prequantization, Lect. Notes
Math, 570, 1975, 177-306.

B. Kostant, S. Sternberg, The Schwartzian derivative and the conformal geo-
metry of the Lorentz hyperboloid in Quantum theories and geometry, M. Cahen
and M. Flato (Eds), 1988, 113-125.

49



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

28]

[29]

D.A. Leites, Introduction to the theory of supermanifolds, Uspekhi Mat. Nauk 35:1
(1980) 3-57; translated in english in, Russian Math. Surveys, 35:1 (1980) 1-64.

Yu. Manin, Topics in noncommutative geometry, Princeton Univ. Press, 1991.

P. Nelson, Lectures on supermanifolds and strings, in Particles, strings and super-

nove, Vol. 1, 2 (Providence, RI, 1988), 997-1073, World Sci. Publ., 1989.
V. Ovsienko, private communication.

V. Ovsienko, S. Tabachnikov, Projective differential geometry old and new: from
the Schwarzian derivative to the cohomology of diffeomorphism groups, Cambridge

University Press, MA, Cambridge, 2005.

A. O. Radul, Superanalogue of Schwarz derivations and Bott cocycles, Reports of
the Department of mathematics, University of Stockholm, no. 21 (1986) 40-57.

A. O. Radul, Superstring Schwartz derivative and the Bott cocycle, in Integrable
and superintegrable systems, 336-351, World Sci. Publ., 1990.

A. Rogers, Supermanifolds. Theory and applications, World Scientific Publishing
Co. Pte. Ltd., Hackensack, NJ, 2007.

J-M. Souriau, Structure des systémes dynamiques, Dunod, 1970 ((©1969);
Structure of Dynamical Systems. A Symplectic View of Physics, translated by
C.H. Cushman-de Vries (R.H. Cushman and G.M. Tuynman, Translation Edi-
tors), Birkh&user, 1997.

G. M. Tuynman, Supermanifolds and supergroups. Basic theory, Mathematics and

its Applications, 570. Kluwer Academic Publishers, Dordrecht, 2004.

S. Uehara, Y. Yasui, The Weil-Petersson Kahler form on the super Teichmailler
space, Phys. Lett. B 250:1-2 (1990) 72-78.

50



