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Chapter 1

Introduction

Quantum field theory has developed from the first steps it took as the straightfor-
ward application of 1920s quantum theory methods on classical fields to the modern
picture of fields as elementary constituents in nature, but still remained a mystery
regarding important conceptual questions. While the standard model of particle
physics is a renormalizable quantum field theory, which produces extremely accu-
rate and experimentally verified predictions for high energy physics, the perturbative
techniques used for these predictions resemble a collection of recipes lacking a sig-
nificant amount of mathematical understanding of the appearing entities. Already
the appearance of non-linear functions of distributions does not rely on well-posed
definitions.

On the one hand we are fortunate, that this situation, persisting for several
decades now, allows the ignorance of the mathematical problems of quantum field
theory for physicists interested in detailed results for high energy phenomenology.
This has made the rapid progress in this field possible.

On the other hand this is at the same time a misfortune, as in many modern
quantum field theory books students are not informed about and thus not sensitized
for these problems.

This thesis is set up in the conceptual framework of axiomatic quantum field the-
ory, which tries to construct quantum field theories within a consistent mathematical
framework described by a set of axioms.

Axiomatic Quantum Field Theory. Although Hilbert published his mathemat-
ical problems [Hil| before all the groundbreaking developments of quantum physics
and relativity in the early twentieth century, his text on the sixth problem could not
match better the task axiomatic quantum field theory is concerned with. Framed
by the reference to the situation at that time the central sentence is timeless{l]

The investigations on the foundations of geometry suggest the prob-
lem: To treat in the same manner, by means of axioms, those physical
sciences in which mathematics plays an important part; in the first rank
are the theory of probabilities and mechanic.

'This and the following two quotation originate form [Hil].
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In his following description of the roles of mathematicians and physicists, one can
perhaps recognize an ideal situation of a symbiosis of a mathematical physicist deal-
ing with axiomatic quantum field theory and a phenomenologically interested quan-
tum field theorist. Hilbert writes:

The mathematician will have also to take account not only of those
theories coming near to reality, but also [...] of all logically possible
theories. He must be always alert to obtain a complete survey of all
conclusions derivable from the system of axioms assumed.

In axiomatic quantum field theory the systems of axioms try to express certain basic
properties, which realistic theories should have. Still specific models investigated
most often have unrealistic symmetries or dimensions of space-time. Although these
choices are made because of the relative simplicity of these theories and not for
reasons of completeness, they match the idea, that also unrealistic models within a
realistic framework promote our view on quantum field theory.

The discussion of the sixth problem in [Hil] ends with

Further, the mathematician has the duty to test exactly in each in-
stance whether the new axioms are compatible with the previous ones.
The physicist, as his theories develop, often finds himself forced by the
results of his experiments to make new hypotheses, while he depends,
with respect to the compatibility of the new hypotheses with the old ax-
ioms, solely upon these experiments or upon a certain physical intuition,
a practice which in the rigorously logical building up of a theory is not
admissible. The desired proof of the compatibility of all assumptions
seems to me also of importance, because the effort to obtain such proof
always forces us most effectually to an exact formulation of the axioms.

Unfortunately this ideal symbiosis is not reached in quantum field theory, as we have
already mentioned above.

While the interaction picture is used widely in perturbative calculations in quan-
tum field theory, it is shown by Haag’s theorem (cf. [Haab5l [EF06]) not to exist, if
one rigorously arguments with general properties of quantum field theories. Because
of the empirical successes of perturbation theory this rigorous result is ignored by
most quantum field theorists. The reason, why and under which limitations per-
turbation theory using the interaction picture, which has to be seen as a tool for
calculations in quantum field theory, leads to correct results, remains unknown.

The Wightman axioms for correlation functions on Minkowski space in the fifties
(published in the sixties [SW]) and later the Osterwalder-Schrader axioms for Eu-
clidean Green’s functions in the seventies [OS73|] took a central place in axiomatic
quantum field theory. They collect the properties coming from the physical intuition,
which a quantum field theory resp. equivalent problems in probability theory should
have on the level of their correlation functions resp. their Schwinger functions.

With his axioms Wightman wanted to tackle, the “Main Problem of quantum
field theory”, as it is called in the book [SW]:



[...Jeither to show that the idealizations involved in the fundamen-
tal notions of the theory (relativistic invariance, quantum mechanics,
local fields, etc.) are incompatible in some physical sense, or to recast
the theory in such a form that it provides a practical language for the
description of elementary particle dynamics.

Already there it has been seen, that the Wightman axioms are consistent, as they
are satisfied in free field theories. In a review of the situation in [FRS07] the authors
point towards the second possibility of the “Main problem”, when the investiga-
tions within different axiomatic approaches to quantum field theory including the
Wightman axioms are evaluated:

None of them indicates a necessary failure or inconsistency of the
framework of QFT.

Also in their book Wightman and Streater declared the goal to show, that there
is an interacting theory satisfying his set of axioms. While this has been successful
in low space-time dimensions, a four-dimensional interacting quantum field theory
waits to be constructed. This would be a great step on the way to the long-term
goal of a rigorous mathematical basis of gauge theories, which nature is obviously
governed by. For the latter, however, it is known, that in general gauge theories lack
a Hilbert space, which is an essential ingredient of the Wightman axioms. To present
knowledge in Coulomb gauge the chance survives with a canonical quantization on
a Hilbert space found for this case.

An important result within the Wightman approach is the Wightman reconstruc-
tion theorem. It shows, that the field representations within a theory are determined
up to unitary equivalence by the collection of all Wightman (correlation) functions
in this theory. This means, that this collection carries all information on this theory.

In chapter 2] the Wightman axioms and results from global conformal theories are
reviewed. These theories are a good candidate to achieve the goal of an interaction
four-dimensional quantum field theory.

The aim of the research project, which constitutes this thesis, is to enlarge the
group of candidates with certain expedient properties to supersymmetric theories
with global conformal symmetry.

One of these properties is the possibility to use a conformal partial wave ex-
pansion. In the conformal case and — in the consequence of this thesis — also the
superconformal case this partial wave expansion leads to simple conditions equiva-
lent to the positivity conditions for these correlation functions. This condition is one
of the Wightman axioms needed for the probability interpretation of the correlation
functions. It is extremely difficult to test, also because this has to be done for all
n-point correlation functions.

Superconformal Symmetry. In the early beginnings of supersymmetry [WZ74,
MPS76l, [AMST76, [AMS77, [AMST78] four-dimensional N' = 1 superconformal field the-
ories came into the focus of several researchers. But due to the mainly perturbative
approach to supersymmetric field theories, in which non-trivial theories could not
sustain conformal invariance, the mainstream attached to super-Poincaré symmetry.
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Still insights in the conformal invariance of supersymmetric non-Abelian gauge
theories at renormalization group fixed points with vanishing S-function ([Sei95] and
more recently [[W03, IW04, BIWWO05]) brought new interest to a non-perturbative
analysis of superconformal field theories in the mid-90s. The very recent study of
new supergravity models with the potential to resolve some problems of minimal
supersymmetric standard models [FKL™10al, FKL™10b| could possibly again renew
attention on this topic. Here big emphasis is given to the underlying superconformal
symmetry.

Chiral superfields gathered most attention not only because of their prominent
role in supersymmetry through the construction of F-Term Lagrangians and as suit-
able multiplets containing elementary particles, but also for the sake of their relative
simplicity. This thesis focuses on chiral and anti-chiral superfields as well, as it comes
to correlation functions.

In the eighties the two authors of [DP85al [DP85b, [DP87] concentrated on a
group theoretical approach to extended conformal supersymmetry.

A later series of papers started also with results for chiral superfield in N' = 1
[HW99L HWI7, [HWI6h|, but it focused afterwards the analysis of theories with
extended superconformal symmetry on analytic superspace (e.g. [HW96al, HSW9S§|,
EHSWO00, EHP ™00, [HHO3, [HHO04]). This approach is purely on-shell. It was shown,
that there are no nilpotent invariants of up to four points of analytic superspace
[EHW99, [HSSW00]. This is enough to investigate chiral/anti-chiral four-point func-
tions, but cuts the perspective to deal with more general superfields.

Another line of work concentrated first on correlation functions of only chiral
superfields for AV = 1[0sb99, [DO0Tal. While the two point function is a pure contact
term, which does not fulfill the Wightman axioms, the three point function is only
consistent with the Ward identities, if the total R-charge is one. These publications
already introduce part of the notation, which we also use in this thesis. Later papers
then mainly dealt with N' = 4 [AEPS02, [DO02, [DO03], DO04, [DO0E].

A more general approach closely related to [Osb99] is found in the work of Park
[Par98l [Par99]. He has derived implications of superconformal symmetry on corre-
lation functions of arbitrary quasi-primary fields. For that purpose all invariants of
the N-extended superconformal group for all N/ > 1 were constructed on ordinary
super Minkowski space. It is stated, that correlation functions with vanishing R-
charge are functions of these invariants. For the case of non-vanishing R-charge the
correlation functions are nilpotent and depend on a larger set of invariants, which
are not required to be invariant under the R-symmetry.

In chapter |3| we review the basics of supersymmetry and superspace, which we
see as a tool to organize fields of Minkowski space related by supersymmetry within
one superfield on superspace. Then the superconformal group is discussed follow-
ing mainly the work in [Par99]. We also look at the field representation of super-
symmetry and superconformal symmetry as multiplets on Minkowski space and as
superfields on superspace.

Chapter [ investigates the three- and four-point invariants for N' = 1 from
[Par99]. It is argued, that there are only 10 independent invariants of four points:
two cross ratios and eight nilpotent invariants. This is an important result in this



thesis because it shows, that in A/ = 1 superconformal symmetry fewer invariants are
needed to express any superconformal four-point function with vanishing R-charge
than thought hitherto ([Par99] argues it to be maximally 16). With this result
we find all monomials of nilpotent invariants, which are independent in a way, so
that we have a unique expansion for every four-point invariants in these nilpotent
invariants. We also proof the uniqueness within theorem At last we go into
the technical details, so that we are able to change to alternative sets of four-point
invariants needed in the following chapter.

The correlation functions of superconformal chiral and anti-chiral scalar super-
fields are discussed in chapter Two- and three-point functions do not need a
long discussion. We mainly state existing results for vanishing and non-vanishing
R-charge. The discussion of four-point functions of chiral and anti-chiral scalar su-
perfields, which is given only for vanishing R-charge, is arranged around the proof of
theorem giving a specific form especially suitable for the transfer of results from
global conformal to global superconformal theories, but valid for all superconformal
theories. In this proof we start from the general form of scalar four-point functions
and look at the chiral and anti-chiral restriction imposed on this form. This gives
us insight in the cancellation of terms from different invariants. The nilpotent in-
variants appear in a differential operator, which is applied in the proven form of
the superconformal four-point function to the invariant function appearing in the
conformal four-point function of the lowest component fields of the chiral and anti-
chiral superfields. After this proof we treat the special case of rational four-point
functions. This rationality is a consequence of global (super)conformal symmetry.

Chapter [6] finally gives the first results and the outlook on the transfer of results
from global conformal to global superconformal four-point functions. In the first
part pole bounds are investigated and in the second part the partial wave expansion
is discussed.

In the appendix we have chapters containing the conventional choices and use-
ful equations, appendix [A] the superconformal algebra, appendix [B] details of the
invariants, which are needed in the main text, appendix [C| and useful Maple proce-
dures for calculations with invariants, appendix [D] The discussion of superconformal
four-point invariants without R-symmetry, which is not needed for the rest of the
thesis, can be found in appendix [C.4]
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Chapter 2

Global conformal field theory

After more than eighty years of work on quantum field theory, we look back on an
enormously successful story, which lead to a standard model of particle physics with
stunningly precise matches of theoretical calculations and experimental results. Still
there are significant mathematical problems left to reach a status of the theory as
reached in quantum mechanics, where one can speak of a mathematically complete
and consistent formalism. A better mathematical understanding of QFT could lead
us to non-perturbative results, which we still lack in most situations. This makes the
efforts to rigorously construct a four-dimensional interacting quantum field theory
and to show, that it fulfills certain axioms implied by the physical interpretation of
the theory, especially worthwhile — even if it is reached in a simplified toy-model at
first.

One of the consequences from physical interpretation, which has taken center
stage, is the needed positivity of the inner product of the Hilbert space of states,
which persistently resists its verification because of the complicated properties of
products of fields in interacting theories. This positivity goes back to the probability
interpretation of such inner products appearing as correlation functions in QFT.
Consequently one needs the positivity of all correlation functions and the compliance
of Schwarz inequalities of correlation functions. This is one of the Wightman axioms,
which are the most prominent set of axioms for QFT. E]

Conformal field theory in higher (than two) dimensions got into the focus of a
constructive approach on the basis of the Wightman axioms in the past decade. It
investigates these theories on a compactified space-time, on which the covariance of
the fields being conformal representations on Minkowski space — and not a covering
space — is postulated, leading to the global conformal invariance (GCI) of the Wight-
man function, the correlation functions in this framework. Here the focus lies on the
construction of a non-trivial quantum field theory in four dimensions on the com-
pactification of Minkowski space, R"3. The rationality of the correlation functions
has been proven and bilocal fields made a transfer of methods from two dimensional
conformal field theories possible. Concerning the positivity axiom conformal partial

'In the last 50 years investigations starting from suitable sets of axioms — name giving to the
field of axiomatic quantum field theory — led to significant results. A quite recent status report can
be found in [FRS0T].
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wave analysis has provided an access for its validation with explicit results for GCI
four-point functions.

In this chapter we first take a short look at the Wightman axioms and then
summarize results for GCI field theories focussing the partial wave expansion and
its role for the investigation of Wightman positivity.

2.1 Wightman axioms

The book [SW] published in 1964 contained Wightman’s set of axioms in a form,
which is the basis of work on the construction of quantum field theories on Minkowski
space down to the present date. It combines the focus on the correlation functions
as actual observables with expectations for a physically realistic local quantum field
theory. These correlation functions are given as tempered distributions and the
axioms are given as properties of these so-called Wightman functions evaluated at
arbitrary test functions from Schwartz space.

Here we leave this more general frame and look at Wightman functions given as
vacuum expectation values of products of fields. Consequently we state Wightman
axioms on these fields, which are defined as operator valued distributions. These
axioms are not more fundamental, as one could think at first, because the Wight-
man reconstruction theorem states, that up to unitary equivalence the theory is
determined by its Wightman functions [SWJ.

We state the axioms for a space-time M together with a space-time symmetry
group, G. This may be Poincaré symmetry on Minkowski space, RY? as in [JO00]
or conformal symmetry on conformally compactified Minkowski space as reviewed
in [Wag|. Here we leave these entities undetermined:

e Hilbert space and symmetry group: The space-time symmetry group,
G, has a unitary representation U acting on the state space, H, a separable
Hilbert space. It leaves an element €} € H, the vacuum vector, invariant. It
is unique up to a factor. The commuting generators of the translations have
joint spectrum in the closure of the forward lightcone.

e Covariant fields: The fields, ¢;, as well as its hermitian conjugate, are oper-
ator valued distributions. A dense subset, Dy, of H is spanned by these fields
oif, f € S(M), acting on the vacuum, . They transform under g € G as

U(9)(/U(9) " =w(g)e(fog™), (2.1.1)
where w(g) is a finite dimensional representation of g.

e Locality: Two fields, ¢(f) and x(g), commute resp. anti-commute depending
on their spin, if the support of f and the support of g are space-like separated.

e Completeness: Every subset of Dy, which is invariant under the action of
the fields, is also dense in H.
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When one wants to make contact between these axioms and known realistic quantum
field theories, the problem starts right in the first sentence in combination with the
second item: it is far from obvious, that there is a separable Hilbert space spanned by
the fields. The positive definiteness of the inner product on H and so the positivity
of all Wightman functions has to be tested. Therefore we look at the properties
of the Wightman functions resulting from the above axioms. We have the n-point
Wightman functions evaluated at n-point of M:

W1, - -+ ) = {Q, 61(21) - - . b)) = ($1(21) - . . bn(an)) - (2.1.2)

e Invariance: Because of the covariance of the fields and the invariance of
the vacuum, the Wightman functions are invariant with respect to space-time
transformations, g € G:

W, =R w(@Wnog™ =W, . (2.1.3)

n
e Locality: For space-like separated points z; and z;11, 7 € {1,...,n} we have
Wn(.’El, oy Ly L1y - - ,I‘n) == Wn(:ﬂl, ooy Lj41y Lgy e o - ,xn) . (214)

e Wightman-positivity: From the positivity of the norm of the Hilbert space
follows the condition, that for all finite sequences of test functions, f,,

Z /Mp+q f@p’ ea71) <¢T($1) e ¢;($p)¢p+l($p+1) . ¢p+q($p+q)>
P
.f(l’erl,...,prrq) >0. (2.1.5)

e Spectral condition: As the Wightman functions are translation invariant,
they are functions of the differences, x; — x;41, @ € {1...n — 1}, The Fourier
transformation of the Wightman functions with respect to these variables has
its support in the n-fold tensor product of the completion of the forward cone
as a consequence of the spectrum of the translation generator.

Especially the Wightman-positivity is a crucial property, which has to be shown,
when a quantum field theory is constructed according to the other properties.

2.2 Global conformal invariance and rationality of cor-
relation functions

Global conformal invariance is the invariance of the correlation functions under
a single-valued action of the fourfold cover G = SU(2,2) of the conformal group
whenever x and gz, g € G, both belong to Minkowski space. This definition is stated
in [NST02a].

For conformal symmetry we have in eq. a cocycle w(g, =) instead of w(g).
Global conformal invariance implies a much stronger locality condition as the one
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of the Wightman axioms. As a pair of time-like separated points can be mapped
by conformal transformations into space-like separated points, the Huygens’ prin-
ciple holds. Two fields evaluated at two points, which are not light-like separated,
commute resp. anti-commute.

The field representations, being unitary representations of SU(2,2), are labeled
following [Mac77] by the scaling dimension, d € R, and (j1,j2), the labels of a
finite dimensional irreducible representation of SL(2,C) (specifically on Minkowski
space). These representations are induced from the ones of the compact subgroup
S(U(2) x U(2)) and their scaling dimension has a lower limit depending on (j1, j2):

J1=0Vja=0=d>ji+tje+l , H#0Nji#0=d>j+j+2. (221)

In [NTO1] it has been shown, that global conformal invariance, locality, trans-
lation invariance and spectral conditions imply, that all Wightman functions are
rational functions:

Waler, o in) = Pler, ) [ [ — o) +iead —ad)] ™, (2:2.2)
1<k<I<n

where the pole degrees, puj;, have an upper bound, which only depends on the
two fields, ¢ and ¢, belonging to the representations (dy, ji, jox) and (dy, ji, j21),
respectively:

g < [[ di, + Jik + j2k2+ di+jutju 1= 05,4, gjzkju Odyd, ]] C (223)

where, for r € R, n = [r] € Z is the number, such that n <r and n+1>r.

The highest pole contributing here is the one of the two point function, if it does
not vanish anyway. This is just the cause of the Kronecker deltas. If the charges are
not identical and thus the two point function is zero, the corresponding pole bound
of the four-point function is equal to the one of the truncated part of this correlation
function .

In the case of two fields with identical charges, the truncated four-point func-
tion has in general a stronger bound for these two fields than the whole four-point
function, which contains the two point function of these fields(cf. [NTO01]). Hence
the bound of the truncated four-point function is generally eq. (2.2.3) without the
Kronecker deltas. For identical charge we then get:

(o™ (@i) () )T~ (@ — ) Fe(ad — 29)] MY (2.2.4)
with  p;; < [[d+j1 +J2 — ;ﬂ =d+j1+j2-1.

Here the field ¥ has the quantum numbers (d, j1, j2) and the ~ here means, that the

whole function looks like eq. (2.2.2]).
For real scalar fields belonging to the representations (d, 0,0) these pole bounds
get especially simple. For the truncated four-point function of four such fields with
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the same scaling dimension, d, are given in [NST02a]:

Wg;,A(d)(xl: cee 7$4) = Wsc.,4(x17 ceey 1'4) - Wsc.,2($17 $2)Wsc.,2(x3a 1'4)
_Wsc.,Z (-Tla -733)Wsc 2(5U27 1‘4) - Wsc.,Q(xla x4)WscA,2 (532» $3)

21d—2
3 [(1 — x3)* (w2 — 74)%] T .
— ij S
[(21 — 29)2(zg — 3)2 (23 — 24)2 (21 — 24)%]" i750
i+7<2d—3
(2.2.5)

with
(w1 = w9)? (w3 — w4)? (w1 — w4)? (2 — w3)?
= 2w = CErAL et (2.2.6)

But only |[d2 / 3]] coefficients are independent because of the locality properties of
this Wightman function:

cij =¢ji and ¢ = Cj2d-3—i—j) = C(2d—3—i—j)j » (2.2.7)
which leaves ¢;; with i < j < %.

In the next section we will look at the partial wave expansion and show, how
the coefficients of this expansion can be related to the finite number of independent
amplitudes, which are left after the evaluation of pole bounds and locality properties
for identical fields in the four-point function.

2.3 Partial wave expansion

The analysis of bilocal fields brought deeper insight into the structure of the Wight-
man functions. These fields, V;(x1,z2), appear in an operator product expansion of
two neutral scalar fields:

d—l

1
W('Tla x2)

d—1
d1(x1)p2(x2) = Wae 2(21, 22 +Z

=1 \ 4m [(:ﬁl — $2)2 + ie(x(l) — ZL‘g)

+ ¢1($1)¢2($2) Do (231)

This splits the operator product into the different twist contributions, which is the
difference of dimension and rank. In [NST02a] the main focus lies on scalar fields
with scaling dimension 2. Based on that publication it has been shown in [NRT0S],
that models of these fields can be reduced to free fields. In [NST02b] the authors
started to look at d = 4 fields with the possible interpretation as a gauge invariant
Lagrangian in mind. The next paper, [NST03], has led to another possibility to
write down the truncated four point Wightman function, eq. , for d = 4.
This contains different five independent coefficients and has been the starting point
for the example of the partial wave expansion of these correlation functions detailed
in [NRTO05].
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The partial wave expansion of a four-point function is defined by the insertion of
projectors, IIj 1, which project onto each symmetric traceless representation (2k +
L,L/2,L/2) and, of course, form a partition of the unit:

Wiea(4) (1, ..., 24) = (d(x1)d(2)d(r3)d(74))
= Z (d(x1)P(w2) Ly L d(23)P(24))

L

¢(21)d(x2)) ($(w3)D(x4)) > BrrBrr(s:t) - (2.3.2)

k,L

x>

—~

For a four-point function of identical fields, the sum only contains the vacuum con-
tribution, £ = L = 0, all positive even twists, 2k, and all non-negative even spins L
(cf. [NST03l NRTO05]).

With [DOO01b] we get the partial waves, 3y 1, as functions of chiral variables, u
and v, defined by wv = s and (1 —u)(1 —v) =t

Bip = —— (Gryr.(1) Gro1(v) = Grsr(0) Gy (w)) (2.3.3)

u—v

where G, (z) is the product of a monomial of its argument and a hypergeometric
function, which depends on the scaling dimensions of the fields. General formulas
for this function, G, are e.g. given in [Wag] for two and four dimensions.

We sketch now, how this form of the partial waves is reached. They are eigen-
functions of a differential operator, which one gets from the Casimir operator,

1 1
C = g M" My, + 5 (PuK" + K, P!) — D?*, (2.3.4)

with the generators of the conformal algebra M, P,, K, and D. As this Casimir
operator has the irreducible positive energy representations of the conformal group
as eigenvectors and so the projections in the partial expansion are just projections
onto the eigenspaces of C, it is inserted in the four-point function,

(¢ppChB) (2.3.5)

to get the partial waves. Commuting it with the fields one can pull it out of the
four-point function and gets a differential operator, in which the hypergeometric
differential operator is found. It acts on the function of cross ratios s and ¢ in the
four-point function. This is the one mentioned above, which has the partial waves
as eigenfunctions.

The next step of the calculation of the partial wave expansion consists of the
substitution of variables in the expression of the four-point function in terms of
finitely many independent amplitudes from the section by the chiral variables.
After multiplication by “~% to compensate the factor in , the result can be
brought into a form, which is a finite linear combination of terms,

(o (720)) (2o (2530 ) (o (29)) (= (225 ).

(2.3.6)
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with 4,7 > 0. One still needs to expand these terms into functions Gy, (z) with the
help of a few expansion rules:

. (—1)""(p),_,’
‘ B Z (n_p)!(n+p_1)n—pGn(Z) ,

nep+Ng

(2.3.7)

2

=\ _ (P)n—p .
(1_Z> -2 (n—p)!(n+p—1)n_pG"()- (2.3.8)

nep+No

Here (i); = (i+j—1)!/(i—1)! is the rising factorial, also called Pochhammer symbol.
Sorting the terms leads to

(O(z1)(z2)@(23)P(24)) = (OD(21)9(22)) (D(23)P(24))
“'“U 3" X (Gin(1) G (v) — G (v) G (w))

(2.3.9)

Relabeling the indices the comparison with eq. (2.3.2) with eq. (2.3.3) inserted
provides the partial wave coefficients

u —

Bk,L = (Xk-i-L,k—l — Xk—l,k+L) . (2.3.10)

We have seen in this section, how we get the partial wave coefficients explic-
itly from an expression of the four-point function, which has only finitely many
monomials in conformal cross ratios s and ¢. In [NRTO05] the explicit results for the
coefficients By, 1, are given for four identical field with scaling dimension 4.

However, the described steps can be performed for any such expression. We
discuss in chapter [6] how the results for superconformal chiral scalar four-point
functions can give such an expression for a scalar conformal four-point function
contained in it. Furthermore we see, that the partial wave expansion — computed as
described in this section — could be directly promoted to the whole superconformal
four-point function.

2.4 Wightman positivity

Now we know, how to write a four-point function, as an infinite sum: the partial wave
expansion. Of cause, this is much less compact than its original form, but it grants us
access to the conditions, which finitely many independent amplitudes left at the end
of section have to fulfill, so that this four-point function is Wightman positive.
Thus it gives a piece of the puzzle to construct a model following the Wightman
axioms: Only if all Wightman functions are Wightman positive, the model lives on
a Hilbert space, as such a space has a positive definite inner product. Only then
its Wightman functions have a sensible physical interpretation as probabilities. But
the investigation of all n-point functions is still not the sufficient condition, because
also Cauchy-Schwarz inequalities resulting from the mixed terms in eq. have
to be considered. Actually, this has been achieved only in two dimensions so far and
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led to the proof already mentioned above, that there are only free models with fields
having scaling dimension d = 2 (cf. [NRTO0S]).

As mentioned in [NRTO05] the certain positivity of the four-point function of
massless scalar free fields leads to the conclusion, that all partial waves are positive,
because all coefficients in its partial wave expansion are strictly positive.

Hence the Wightman positivity of any four-point function is equivalent to the
condition

B >0. (2.4.1)

In the case of four identical scaling dimensions d = 4 (cf. [NRT05]) a compact
set with non-vanishing open interior of possible five-tuples of amplitudes is left by
these conditions. Higher order correlation functions are discussed in [BMRW09] and
a very recent preprint [NRWT1].



Chapter 3

N =1 Superconformal field
theories

The obvious shortcomings of the otherwise enormously successful standard model
of particle physics, such as the absence of particle masses, triggered a flood of the-
oretical ideas. On this path beyond the standard model some theories have been
developed over several decades now, but still wait for empirical proof.

At this moment many hope for the near future to solve the puzzle of mass gener-
ation by the Higgs mechanism, when Higgs particles can be found by the detectors of
the Large Hadron Collider. The same experiments at this proton collider could also
possibly find first particles predicted by one of the most influential developments of
physics beyond the standard model: Supersymmetry.

Supersymmetric theories have not any more the strict separation of space time
symmetries and internal symmetries, which is demanded, if one sticks to ordinary
symmetry algebras. With the help of Zy-graded algebras called superalgebras, which
use not only commutators, but also anticommutators, one can construct space time
symmetries, which also relate fermions with bosons and vice versa.

The success of supersymmetry can found in its ability to potentially explain
several unsolved problems at once.

First there is the hierarchy problem, which is given by the many orders of mag-
nitudes between the different energy scales in the standard model. Pertubative
calculations have to be extremely fine tuned because of this fact. While supersym-
metry does not change the scales, which leave some physicist ill at ease, it provides
cancellation of contributions from bosons and fermions in pertubative calculations,
which give the smallness of the electro-weak scale some kind of naturalness. This
can be seen as a solution to a technical issue, as pertubative calculations are only
tools applied on quantum field theories.

When the supersymmetry is broken, which is needed to match our empirical
knowledge of particle physics,the possible existence of heavy particles, which have
not been detected yet, is another consequence of supersymmetry and could bring an
explanation to hitherto unexplained experimental data. Dark matter has been indi-
rectly proven to exist e.g. by its gravitational influence on galactic rotation curves
and by graviational lensing. A supersymmetric particle is a promising candidate for

15
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it. Also several extremely high energetic cosmic rays have been observed, which can
not be explained by the standard particle zoo. But a heavy supersymmetric particle
with a low cross section with normal matter could trigger such high energy particles
from space.

In this thesis the unbroken superconformal symmetry group is taken as space
time symmetry group, which contains super Poincare symmetry. Already the first
supersymmetric theories discussed had superconformal symmetry (cf. [WZ74, [DS74,
HLS75]), but as the focus went to physically realistic theories most work was done
on theories with super Poincare symmetry.

Still superconformal symmetry has not only toy-model qualities. Insights in
the conformal invariance of supersymmetric non-Abelian gauge theories at renor-
malization group fixed points with vanishing S-function ([Sei95] and more recently
[IW03, TW04, BIWWO05]) brought new interest to a non-perturbative analysis of su-
perconformal field theories in the mid-90s. The very recent study of new supergrav-
ity models with the potential to resolve some problems of minimal supersymmetric
standard models [FKL™10a, [FKL"10b] could possibly again renew attention on this
topic. Here big emphasis is given to the underlying superconformal symmetry.

In this chapter we first have a look at the supersymmetry algebra and then define
superspace as a coset of the group of supertranslations. In section[3.3|superconformal
symmetry is discussed. The transformation properties of superspace coordinates lead
to those of intervals, which we need in the next chapter to construct superconformal
invariants.

In section field representations of the supersymmetry and of superconformal
symmetry are discussed. First we investigate multiplets of fields on Minkowski space
and then see, how these are grouped in superfields defined on superspace.

3.1 Super-Poincaré algebra

Supersymmetry is generated by operators (), and their hermitian conjugates QT =
Q4. They are Weyl spinors and relate fermionic fields to bosonic fields and vice versa.
They are part of a supersymmetric extension of the Poincaré algebra, the N’ = 1
Super-Poincaré algebra. This is a graded algebra, which can be calculated solely
from the Poincaré algebra and the choice of the constant in the anti-commutator of
Q. and its conjugate,

{Qaan} = 20—5dp/»‘ y (311)

with the translation generator, P, = (H,—P). This is done e.g. in [QKS10] and we
will here summarize it herel[l]

Apart from the factor the expression in eq. is determined by the index
structure and it is this cause, which also gives the form of two of the other missing
(anti-)commutators.

The commutator of @ and P* can only be proportional to ¢#@Q. With the Jacobi

n appendix Pauli matrices and other choices within the possibities of conventions are given.
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identity of P*, P¥ and @) it can be shown to vanish,
[Q,P*]=0. (3.1.2)

The anti-commutator of () with itself has to get its indices from a contraction of
the anti-symmetrized product of sigma-matrices , i/4 (0,6, — 0,0,), and the gen-
erator of Lorentz transformations, M,,. But the anti-commutator commutes with
P,, as we have just seen, and this contraction does not. Thus it is a consequence of
Poincaré symmetry, that the generators of supersymmetry anti-commute:

{Q.Q}=0. (3.1.3)

From the facts, that the supersymmetry generator, ()., is on the one hand a
spinor and on the other hand transforms unitarily under Lorentz transformations
with the operator U = exp(—i/2w,, M), one can read off the commutator with
M,

Q, M"] = i (cta” — ") Q . (3.1.4)

A symmetry with respect to tranformations of the supersymmetry generators
multiplying them by a u(1) phase factor, called R-symmetry, leads to the following
commutation relation:

Q. R] = —i%Q | (3.1.5)

This commutator is frequently taken to be part of the super Poincaré symmetry. The
factor is convention and corresponds here to the one we have in the superconformal
algebra in app. [B] Other internal symmetries commute with the Super-Poincaré
algebra. The (anti-)commutators of ) are given by the conjugation of the ones of

Q.

3.2 Superspace

This section defines superspace as a coset of the supertranslational group, which is
the quotient of the super Poincare group and the Lorentz group. Together with the
properties of the Graimann variables this can be found in a compact form e.g. in
[QKS10]. The general element of the translational supergroup is given by

g(z) = ei(:c“Pqu@aQaJerG_d‘) 7 (321)
where we find the supersymmetry generators, Q. and Qg, and the generator of
translations in Minkowski space P,. The parameters M = (x#,ea,ea) are the

coordinates of superspace. #% and #% are GraBmann-valued spinors. This space we
denote as R** because of four real and four Grafmann coordinates.

The composition of two of these group elements can be calculated with the help
of the supersymmetry algebra:

g(21)g(=) = glzs) = H(#NH0aQ+Q0) (3.2.2)
with af = 2f + 2} +i610"0; — 102070, , (3.2.3)

05 = 01+62, (3.2.4)

03 = 01+0,. (3.2.5)
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With the composition of two infinitesimally separated elements of this group we get
the supertranslationally invariant one form, e = (e“, dee, d@o‘):

9(2)g(z +dz) = gz3) = el TTdIQ+Q0) (3.2.6)
with et = dz* +idfo*"0 — iho*do . (3.2.7)

This brings us to the invariant supersymmetric interval length and the exterior
derivative on superspace :

et = muete”, (3.2.8)

d=e"Dy = (da*+idfo"d —i0o"dd) ;M +d0*D, —d6°Dg  (3.2.9)
X

with the covariant derivatives, Dy; = (8u, Dy, Dd),

0 ~ 0
— _igh
D = 50 10 eax“ , (3.2.10)
_ 0 d
= —— ] H_—
D 57 +ifo Bl (3.2.11)

The actual reason for the results in this paper to be only valid for N/ = 1 is the
property
0700 = —= ()60, (3.2.12)

0507 = — (e )60 (3.2.13)

with the anti-symmetric 2 x 2 matrices (e_l)aﬁ and (E_l)dﬁ (cf. appendix .
For the discussion of chiral and anti-chiral superfields it is convenient to use
chiral and anti-chiral coordinates, which are respectively defined by

it = 2P —ifoh (3.2.14)
r M= ot ot . (3.2.15)

The covariant derivatives for these coordinates are

_ 0 0 )
= —— = — — 92 H .
Dy=-7s + Di=gp-2c05 —, (3.2.16)
0 _ 0
—_ —_— —_ ——= 1 'LL . .
Do=o5 . Do=—go+2ibot oy (3.2.17)

As we will see in the following chapters the correlation functions are expressed in
terms of the following intervals

v, = @t = = 210010 (3.2.18)
05 = 07 -6, (3.2.19)

05 = 0705, (3.2.20)
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which transform homogeneously under superconformal transformations, as we will
see in the end of section [3.3/2

We define hermitian 2 x 2 matrices — written with straight characters — for any
four-vector, v*, as the contraction with Pauli matrices,

Vaa = VWou,s (3.2.21)
T = ke (3.2.22)

For the interval, x;.*, (cf. eq. (3.2.18])) the inverses of these matrices are
ij

x == wl=E (3.2.23)

3.3 Superconformal symmetry

We define superconformal transformations, as coordinate transformations of super-
space, which change the infinitesimal supersymmetric length interval in eq. (3.2.8))
only by a local scale factor, 2 (z, g):

2(2) = Q% (2, g) () . (3.3.1)

This is satisfied by supersymmetric versions of the finite transformations known from
conformal symmetry (cf. [Par98]):

e Supertranslation:

2" = 2" +ad +iac”0 —ibo'a (3.3.2)
0 = 0+a, (3.3.3)
0 = 0+a (3.3.4)

with a™ = (a*, o, @) € RA4.
)

e Superdilation:

ot = ||zt (3.3.5)
0 = 130, (3.3.6)
0 = 720 (3.3.7)

with T% e C.

e Super-Lorentz-transformations:

gt o= (e av, (3.3.8)
0 = ferwoudy (3.3.9)
0 = fe 1w 0w (3.3.10)

with the tensor exponential defined by its series expansion and the antisym-
metric tensor wt’ = —w"*, w € so(1, 3).

2The spinoral indices will be omitted in most of the paper and a tilde is used to indicate lower
indices of the spinors.
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e Special superconformal transformatiorﬂ

S o — Yol +201%0 _ . (3.3.11)
+ 14 a2b2 — 224 b_, — 83300 — 450 + 48b_%, 6’

yo_ 0 Ox b + 4860 — 3%, —iBb_a? + 4iB6x, 3 (33.12)
142202 —2a%b_, — 83300 — 480 + 4Bb_x,0 =

B bt a2 1 20%, 0B
- =TT TR . (3.3.13)
1+ 2202 — 22% by, — 800353 — 403 + 40%_b, 3
g _ 0= Dix_0+4P00 —i%_p —ib.fa? +4i3px_0 (5314
1+ 2202 — 22" by, — 80035 — 408 + 40% b, 3 o

with ¥M = (b“,B,B) € R¥4. Here we used the same notation as in eqns.

(3.2.14) and (3.2.15): by* = b* Fifo*3. The straight characters denote again

the matrix resulting from the contraction with the Pauli matrices (cf. eqns.

(3.2.21)) and (3.2.22)).

The special superconformal transformations are written here for chiral and anti-
chiral coordinates, because the equations for z and x_ are shorter than the one
for x. The latter, of course, is just half of the sum of the former two and so it is for
their transformations.

The form of the transformations of z and x_ also gives a glimpse on a property,
which may be taken as a defining property for continuous superconformal transfor-
mations, as it was done in [BK95]. The superconformal transformation of chiral
coordinates are functions of chiral coordinates again and the corresponding state-
ment is true for anti-chiral coordinates.

The superdilations can be split into a conformal contribution, tlhe dilz}ti_olns, and
a contribution of supersymmetry, the R-symmetry, if we define 72 = A2¢e'2% with
A € RT and the phase Q € R (¢! € S1):

e Dilation:
b= At (3.3.15)
0 = A20, (3.3.16)
0 = \if. (3.3.17)
o R-symmetry:
t =t (3.3.18)
9 = 2% (3.3.19)
0 = e 29, (3.3.20)

5In [Par98] the expressions in the derivation of this transformation suffer from contradicting
signs. The correct formulas appear in [Par99].
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Once the generator of infinitesimal superconformal transformations is found, one
is quickly led to the superconformal algebra. In [Par99] this generator is calculated
and for ' = 1 that result gets:

L=n"d,+(D+(D, (3.3.21)

where (h“, ¢, E) has the components

1 -
no— = I
h St (a h) : (3.3.22)
1_-
¢ = —igDh, (3.3.23)
¢ = iéf)h (3.3.24)
with
~ s B B 1
h = ofxybx_ —x_ 4wWU —f/\ 40

<iww&ﬂa” + %)\ + 455) X4 + 2000 + 4i (a6 — 6a) + 4. (3.3.25)

The commutator of two copies of this generator is, of course, again of this form, as
the algebra has to close:
(L1, L] = L3 (3.3.26)

This contains the information, how the coefficients for an infinitesimal transforma-
tion looks like, which results from two successive arbitrary infinitesimal supercon-
formal transformations. In app. [Blwe see, how this also gives us the superconformal
algebra in terms of its basic generators and state the whole algebra.

Furthermore the same information is contained in the matrix commutator with
(4]1) x (4]1) supermatrices, which means, that it has a block structure with 4 x 4
and 1 x 1 real components on the diagonal and the rest Gramann components, (cf.
[Par99]) of the following kind:

W Ghe” + 3N+ 50 —ia 2a
M = —ib lwgotet —IxN+il 28 |0 (3.3.27)
28 201 1202

This is a general supertraceless supermatrix with

BMB™ ' = —MT (3.3.28)
and
01 0
B=|10 0 |. (3.3.29)
00 —1

But most important is, that these supermatrices allow us to identify the super-
conformal group with the (16|8) dimensional group SU(2,2|1) generated by these
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supermatrices, as demonstrated in [Par99]. As we have done already above, left of
the vertical dash real components and on the other side Grafmann components are
considered. In summary we have the following infinitesimal parameters. Two four-
vectors, a” and b*, two real parameters, A and €2, and the six Lorentz parameters,
w € so(1,3), are in total 16 real parameters and thus one more — the R-symmetry —
than the conformal transformations in four dimensions have. The Grafimann spinors
a, @, B and f have eight components.

We continue in the line of [Par99], when we define the following element of the
supermatrix representation of the superconformal group,

G(g) = e M) | (3.3.30)

with an element, g, of the superconformal group.
A subgroup is the one of the supertranslations, of which we have already seen
a representation in eq. and thus know, that its parameters form superspace
by definition. The restriction of the representation in eq. to this subgroup
is given by parameters (a*,«,@) and all other parameters are zero. If we identify
these nonzero parameters again with superspace and calculate the exponential, we
get the following form of elements of this representation of the supertranslational
group:
loyo —i%, 20
Gr(z) = 0 Toys O . (3.3.31)
0 20 1

There is a unique decomposition of any element G(g) into G (b*, 3, 3)Go(g).
This enables us to get any point in superspace represented by a (2[1) x (4/1)
supermatrix from the origin of superspace:

0 0 —i%, 20
Z(2) = Gr(2)Zog=Gr(2) | Taxz 0 | = Toxa 0 | . (3.3.32)
0 1 2 1

Under a superconformal transformation, g : 2 — 2/, G is mapped to Gr(2'),
Gr(Z) = G(9)"'Gr(2)Go(z,9) , (3.3.33)

with a G(g) as in eq. (3.3.30) and a suitable element Gy(z,9) € Go. This can be
easily verified for an infinitesimal transformation, where

Gr(Z) =1+ M)Gr(z) 1 - M) = 06Gp(z) = MGr(z) — Gr(z)My (3.3.34)

with G(g) = 67M7 Go(zjg) = e*MO(Zyg)’

B(z) — IA(z) +il0(z) 28 |, (3.3.35)
Q
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where the parameters are functions of z:

w(z) = %wmﬁ“a” 1430 +% b— %tr (455 n f(_b) 1,  (3.3.36)
w(z) = —w(z)", (3.3.37)
ANz) = iaﬂh“(z) , (3.3.38)
Q(z) = Q+60bf+6i (95 + Eé) : (3.3.39)
Be) = —igo"a,0h() = Aot (3.3.40)

with h, and ¢ from eqns. (3.3.22) and (3.3.24), respectively.
Now we can write the transformation of Z(z) in eq. (3.3.32)), as

0Z(z) =MZ(z) — Z(2)H(z,9) , (3.3.41)

where H(z) is defined as

Mo(z,9)Z0 = ZoH(z,9) . (3.3.42)

We also need the following conjugate of Z(z) to get in the end the representation
of the superconformal group, which acts on R*/4:

Z(2) = ZoGz(2) " = < laxz 00 )GZ(Z>_1 = ( oz 1% =20 ) :

0 01 0 =20 1
(3.3.43)
It changes under infinitesimal superconformal transformations as
62(z) = H(2,9)Z(2) — Z(2)M (3.3.44)
with H(z) given by o B B
ZoMo(z,9) = H(z,9)Zo . (3.3.45)

We now get back to finite transformations of Z(z) and Z(z). We first note, that
for continuous finite transformations, z — 2/, we can find a path z; with ¢ € [0,1] in
superspace, such that zp = z and 2; = 2’ and infinitesimally separated points on this
track are related to each other by an infinitesimal superconformal transformation.
For any function of superspace this can be formulated as a differential equation using
the generator of infinitesimal transformations, £ from eq. :

0

If we take this function to be Z(z), we get

%Z(Zt) = MZ(%) — Z(z)H(z,9) , (3.3.47)

where we take the behaviour of the function Z under infinitesimal transformations

directly from equation (3.3.41)).
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This is solved by

Z(z) = eMZ(2)K(z,t,9) (3.3.48)
with the appropriate K (z,t, g), which is the unit matrix for ¢ = 0 and solves
0
&K(’Zatag) = _K(Z’tag)H(zt’g) . (3349)
We are interested here in the finite transformation given by ¢t = 1, just write

K(z,9) = K(z,1,g) and insert G(g) again:
Z(2)=G(9) ' Z(2)K(2,9) . (3.3.50)

In comparison to eq. (3.3.33) we find, that the form of K(z,g) is given by the
part of the matrix My(z,g) in eq. (3.3.35):

Go(z,9) 2y = e_MO(Z’g)Zo =7Z0K(z,9) = K(z,9) = < L(za_,g) 2522:’9%) > .

(3.3.51)
As L(z4+, g) results only from the component of My in the middle, it can be easily
shown, that it only depends on chiral coordinates, z4 = (aer,G). Furthermore we

can, of course, split it into its determinant and an element L(z4,g) € SL(2,C):

Q+(Z+7g) - det(L(z+,g)), (3352)
P(zg) = HE09) (3.3.53)
Q4 (24,9)2

Because of the triangular structure of K(z, g) and also of the lower right 2 x 2 block
in My(z,g), we can directly get u(z, g). It is just the exponent of the negative lower
right component of My(z, g):

u(z,g) = e 59 = Y(z,9)75 € U(1), (3.3.54)

where we also introduced Y(z, g), which is freq_uently used in the following.
Analogously we get the transformation of Z(z):

Z(Z) = K(z2,9)Z(2)G(9) (3.3.55)
with
_ B E(z_,g) 0

K(z,9) = (22(2,79) ul(z,g)> , (3.3.56)

Q_(2_,9) = de:c (L(2-,9)) = Q4(24,9)*, (3.3.57)

L(z_,g) = L(z"g)l — i(24,9) € SL(2,0), (3.3.58)

Q_(2-,9)>
S(z,9) = 2(z,9). (3.3.59)

We also define for later use

Q(ng) = \/Q+(Z+7Q)Q—(Z—7g) : (3360)
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These matrices K(z,g) and K(z,g) are the key to the construction of invariants
because they give the transformation rules for the superconformal intervals, out of
which the invariants are build. We see this point, if we take the product,

Z(21)Z(22) = ( _1};19212 _21612 > (3.3.61)

with the intervals in eqns. (3.2.18)-([3.2.20). The superconformal transformation of

this product is given by eqns. (3.3.50) and ([3.3.55):
Z(4)Z(2) = K(21,9)Z(21)Z(22)K (22, 9) . (3.3.62)

This results in the following rules for the components of Z(21)Z(22):

}N(/IQ = L(21-,9)%12L(22+,9) , (3.3.63)
la = —i%(z1,9)%19L(224,9) +u” (21, 9)012L (221, 9) (3.3.64)
12 = —iL(21-,9)%12%(22,9) + L(21-, 9)012u(22,9) - (3.3.65)

The first line is one of the essential transformation rules, which we need in the next
chapter. For another one we first have to look at its inverse:

(%2) = (L(221.9)) " %5 (L(z1-,9)) (3.3.66)

The product of this one with eq. (3.3.64) has the remarkable property, that it
transforms only with terms depending on z1:

(01057)) = —i%(21, 9) L (212, 9) +u " (21, 9)010% 5, L (21, g) . (3.3.67)

Of cause, we can find a similar expression for 21 because of their relation by complex
conjugation. Here we can see this easily, if we swap the indices 1 and 2 in eqns.

(13.3.66)) and (3.3.65)) and take the product of the results:
(%_11@21)/ = —iL (214, 9)2(21, 9) + L (211, 9)%5, Oaru(z1, 9) - (3.3.68)

These transformation properties lay the basis for the superconformal invariants,
which we discuss in the next chapter.

3.4 Supersymmetric and superconformal field represen-
tations

In this section we first take a look at some field representations of supersymmetry
alone and then see, how we proceed from these representations to the ones of the
superconformal algebra. They can be expressed as supermultiplets, which contain
several component fields living on Minkowski space. We restrict the discussion of
these multiplets to the scalar ones, which are also the starting point on the way to
scalar superconformal multiplets. Afterwards we use Graflimann variables to arrange
the component fields in a multiplet in one superfield living on superspace.
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3.4.1 Supersymmetry multiplets

The starting point is a complex scalar field, ¢(z#), which correspond to a represen-
tation of the Poincaré symmetry with spin 0. One can construct a representation of
supersymmetry from this field, if one applies the supersymmetry generators, ) and
@, to it. The results have to be spinoral and can be defined as a factor times the
fields x and Y:

[¢aQa] = i;(ay (3.4.1)
[6,Qa] = iXa - (3.4.2)

Note that y and x are looked at as independent spinor fields here. Then one can
apply the supersymmetry operators to these two new spinoral fields and define new
fields again. But at this stage one has restrictions from the supersymmetry algebra.
For example, the anticommutator,

{>~(a> QB} = {[¢a Qa] aQﬁ} = 21Maﬁ > (3-4'3)

appears in the following graded Jacobi identity, which has only two term because @)
anticommutes with itself:

{9, Qal, Qp} + {[¢, @], Qa} = 0. (3.4.4)

The consequence is, that
Mag = €agM . (3.4.5)

In this way one can continue and finds, that the multiplet has a finite number of
components, as the algebra leads to a closure of the supersymmetric transformations
within the component fields. Thus all (anti-)commutators of the component fields
with the supersymmetry generators are finally given by these component fields or
derivatives of them. For the chiral multiplet — a restriction of this general multiplet,
which we discuss below — all steps are given, for example, in [Soh85]. The infinitesi-
mal supersymmetric transformations can be expressed with the help of infinitesimal
spinoral entities, n and 7:

5f =—i[f,nQ+Qn| , (3.4.6)

where f stands for any component fields. Thus we get the following infinitesimal
variations under supersymmetry transformations:

0 = nxX+X7, (3.4.7)

Sx = —29M —ind"d.b — 7V, (3.4.8)

S = 27N +ich7d,.¢ — Vi, (3.4.9)
= 1

M = Anp— §i('9“x0“77 , (3.4.10)
-1

ON = nA+ iina“@& , (3.4.11)

_ 1 1 -
Vu = nouA+oun+ 517]0,,6#8”)2 — 518”)26“@17 , (3.4.12)
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- 1
0N = =D =gt 9N — Sino"s"d,V,, (3.4.13)
< 1
0N = 21D +i6"0,M + 5ic"o 19,V (3.4.14)
1 _
0D = 30, (no* X — Xa*'qj) . (3.4.15)

This is the general multiplet (qﬁ,xa, X% M, N, Vi, /\a,j\‘j‘,D). It has four complex
(pseudo—)scalarsEl, one complex vector field and so sixteen bosonic components in
total and four complex Weyl spinors, so that the fermionic components have also
altogether sixteen real degrees of freedom. This equality of the number of bosonic
and fermionic field components is generally fulfilled.

We get smaller multiplets by suitable restriction on this general one. One of
them is just the restriction to real bosonic components and in consequence Y = x|
and A = AT

In this thesis we will concentrate on the chiral multiplet, for which we restrict
the transformation properties. We demand, that

[6,Qa] =0 (3.4.16)

This leads to the smallest possible multiplet in four dimensions. It contains only
three fields: two complex scalars and a Weyl spinor. ¢ has to be complex because
otherwise the conjugation of eq. (3.4.16)) and (3.1.1)) shows, that ¢ is constant.

We define the Weyl spinor a bit different to fit a commonly used normalization
for chiral fields:

6, Qo] = iV24 - (3.4.17)

This way one splits the factor two in eq. (3.4.3) into two parts, as we evaluate the
algebra and define F' to get

{0, Qp} = iV2easF . (3.4.18)

Then the infinitesimal transformations of the chiral multiplet, (¢, 1, m), are given
by

5o = Vo, (3.4.19)
& = —iV275"0,6 +V2nm (3.4.20)
om = —ivV29,40"7 . (3.4.21)

Chiral supermultiplets are essential for the supersymmetric extension of the stan-
dard model. In the standard model left-handed and right-handed components of
fermions have different gauge transformations. So in a minimal supersymmetric ex-
tension they have to have different spin 0 superpartner and thus be contained in
different multiplets. Chiral multiplets contain only one Weyl fermion, which can be
either the right- or left-handed components. Consequently all fundamental fermions

4These transformation properties are perhaps clearer in four component notation (e.g. [Soh85])
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in the Minimal Supersymmetric extension of the Standard Model (MSSM) are con-
tained in chiral multiplets (cf. e.g. [Sha03]).

Alternative to the definition of the chiral multiplet by the restriction in eq.
(3.4.16) one can demand the commutator with @ to vanish. This condition is also
fulfilled by the complex conjugate of ¢. Following this thought we call the complex
field in the following commutator ¢*:

(6", Qa] = 0. (3.4.22)

This defines the antichiral multiplet, which has the following supersymmetric trans-
formation properties:

50" = V207, (3.4.23)
5 = iV2otd,e* + V2im* (3.4.24)
om* = iV2notd, . (3.4.25)

3.4.2 Superconformal multiplets

So far we have discussed multiplets on the basis of the super-Poincaré algebra. As
this is a subalgebra of the superconformal algebra, we proceed from the general
supersymmetric multiplets to the general superconformal multiplets applying the
additional symmetry. If we look at the superconformal algebra given in appendix [B]
we find, that the key is the action of the special superconformal generators K, S and
S, where the latter two are given as the commutator of K, and the supersymmetry
generators @ and Q.

While Wigner’s little group method for ordinary conformal symmetry views mo-
mentum space (cf. [Wig39]), we look at the little group here at the origin of position
space. The little group in the superconformal case contains the Lorentz transforma-
tions, dilations, special superconformal and R-symmetry transformations. Moreover
there are further restrictions — in contrast to conformal symmetry — from the commu-
tators of the special superconformal generator and the supersymmetry generators.

As mentioned above, the general supersymmetry multiplet in eqns. f
is the starting piont. We do not compute the whole multiplet here, as this
would be too lengthy and not needed, as we only discuss in the following the chiral
and anti-chiral multiplets. The following steps lead to the general superconformal
multiplet:

e It is evaluated at x* = 0 and we focus first on the action of the little group
on ¢, as the other component fields result form the repeated application of
supersymmetry transformations on this field. We have the commutators,

[¢(0), D] ing(0) , (3.4.26)
[0(0), R] = ik¢(0), (3.4.27)
[0(0), M) = Zu6(0), (3.4.28)
[¢(0), K] = 0, (3.4.29)
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The last commutator states a result already here, which follows from eq.
below. The algebraic relations of the generators determine those of
the representations 7, x and X, of the dilations, the R-symmetry and the
Lorentz transformations, respectively. Taking the last one as irreducible, the
other two have to be constants, as we expect for the scaling dimension, 7, the
R-charge, k.

e The action of the little group generators on the other component fields at
the origin can be calculated with the supersymmetric transformations of the
supersymmetry multiplet at the origin, the superconformal algebra and Jacobi
identities. This also determines their quantum numbers 7 and « in relation to
the ones of ¢. For the component fields ¢, x, x, M, N, V,, A, A, D have the
scaling dimensions n(¢) + An, where An is 0, 1/2, 1/2, 1, 1, 1, 3/2, 3/2, 2,
respectively, and the R-charges x(¢) + Ak, where Ax is 0, 1/2, —1/2, 1, —1, 0,
1/2, —1/2, O,respectively. As the supersymmetry generators, @ and @, have
R-charges 1/2 and —1/2, respectively (cf. equs. and (B.0.30)), the
repeated application of these generators cause the R-charges of the component
fields accordingly.

e On the component fields the matrix representation of M, on the rest of the
multiplet has to be established. This can be done with the help of the Jacobi
identities with component fields f, @ resp. @ and M,,,. This way one gets
from the representation on f to the representation of the higher component
field in the (anti-)commutators [f, Q} resp. [f,@} The fields ¢, M and N
have the same Lorentz representation, X,,,

[6(0), M) = Z6(0), (3.4.30)
[M(0), My)] = E,M(0), (3.4.31)

The first two fermions turn out to transform with the following matrix repre-
sentation of the Lorentz transormations:

[X(0), M) = = x(0) <EW + ii (0u0y — auau)> . (3.4.33)
[x(0), M) = (EW - ii (Guow — @au)) x(0).  (3.4.34)

These are in general reducible, as they are the tensor product, ¥ ® (1/2,0) and
Y ®(0,1/2), respectively, of the representation ¥ with some parameters (j1, jo2)
and the mentioned spinoral representations of the Lorentz algebra. Here the
representation of the bosonic fields above, XJ,,,,, appears again, which depends
on the specific multiplet and is implicitly multiplied in this equation by a unit
matrix. The calculations, which lead to these commutators use some handy
identities given in the appendix in eqns. (A.1.13)-(A.1.17).

For the higher component fields the calculation of the Jacobi identities involves
also derivatives of component fields. We give an example for their Lorentz
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transformation calculated with the help of the commutator [M,,, P,] (cf. eq.
(B.0.4)):

(0,0, M| = 005 — NupOu®d — MupOpu . (3.4.35)

As mentioned already we skip the rest, which we will not need for the further
discussion.

The special superconformal generator, K, is the last generator of the little
group of the point x# = 0, for which we have to figure out its representation
on the component field. At this point we can already show, which fields may
appear in the commutators. The key is its commutator with the dilation
generator, D,

[K,, D] = —iK, . (3.4.36)

The Jacobi identity of K, D and an arbitrary component field at the origin,
f(0), leads to a condition on the scaling dimension, Nk, (f)> Of the representa-
tion, k,(f), of K, on the field, f,

0 = [[K,.. D). S(O)] + [[D. f(0)]. K] + [[(0), K], D] (3437
= —1[Ky, FO)] +ing [£(0), K] = [5u(f), D] (3.4.38
= ku(f) (T=nyp + nnu(f)) (3.4.39

(

)
)
)
= Nep(f) = Mf — 1. 3.4.40)
7y is the scaling dimension of the field, f. The linearity of the transformation
only allows terms with component fields and their derivatives. The derivatives
lead to higher scaling dimensions. Thus there is no term, which can hold this
condition for the lower component fields, ¢, x and ¥. Also M and N must
have a trivial representation of K,: Only ¢ has the right scaling dimension,
but cannot be put into a linear term, which is a four-vector.

The (anti-)commutators of the component fields and the spinoral generators of
the special superconformal algebra, S and S, are necessary for the next step,
when we investigate the non-trivial commutators with K. We state some of
them here. We use the vanishing commutators of K, which we know from
the last step, in the Jacobi identity of ¢, K, and @ resp. Q. One summand
contains the commutator of K, and @ resp. @, which is essentially S resp. S

(cf. (B.0.24)). The other two summands vanish, so that

[6(0), 5] =[¢(0),5]=0. (3.4.41)

From this we can climb the ladder with @ and @ again to get the results
for the other components. Once more we look at the results with the fields
evaluated at the origin, which are a bit shorter and can be translated to other
coordinate points giving back the terms, which we save here. From suitable
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Jacobi identities of a component field, f, Q or Q and S or S it follows, that

{x(0),8} = {x(0),8}=[M 0),5*] = [N(0),5] =0, (3.4.42)
{X(O),S} = _2P—¢(0) ) { S} = 2P+¢( ) ) (3'4‘43>
M(0).S] = (- —20)%(0)., [N(0),5] = —x(0) (T — 2i) (3.4.44)
(3.4.45)

where
'y = ing— i (ota” —o¥a") ¥ £ 3ikg , (3.4.46)
fi = i77¢— i(a-ﬂo-’/_al’o—lﬁ) Euyﬂ:?)i/ﬁ}(b . (3.4.47)

For the other component fields we again need to consider the (anti-)commu-
tators with the derivatives of component fields. Jacobi identities of S resp. S,
P, and the component field lead to the results:

[0.6(0),5] = —0,x(0), (3.4.48)
[0,6(0),5] = x(0)a,, (3.4.49)

{0ux, 5} = —2i0-8,¢(0) — 0,0" (iV,,(0) — 9,¢(0)) ,  (3.4.50)
{0,x(0),5} = 2i0,eN(0) , (3.4.51)
{6,x(0),S} = 2iec, M(0), (3.4.52)
{8,%(0),8} = 2i040,0(0) — (Vo) + 8u(0)) 570, . (3.4.53)

At last we return to the special conformal generator, K,. V, is the lowest
component field, for which the commutator with this generator does not vanish.
It can now be easily calculated from the first part of eq. m because we

have [Q K ] Sa# Furthermore we need the vanishing commutators of
K, and x and the non-vanishing commutator of K, and 0,¢:
[0,9(0), Ku] = =2%8,,¢(0) = 2in7,,¢(0) , (3.4.54)
where 7 is as above the scaling dimension of ¢. With this we get
V,(0), K] = (212, — 2nnu —itr(l-0,0,)) ¢(0) . (3.4.55)

One can already see from the fields appearing in all these commutators and the
knowledge of the commutators of component fields and @ or @, which we find
implicitly in eq. (3.4.7)) et sqq., that this superconformal multiplet will close.

Here we want to look at the chiral and anti-chiral multiplets, which are defined

by the restrictions

[Q,¢] =0 1tesp. [Q,¢]=0. (3.4.56)

This also leads to a relation between the scaling dimension and the R-charge for these
representations. For the chiral field we follow this from the vanishing commutator,

0 = [{Q,é}@(o)} (3.4.57)
= =2i[D,¢(0)] —i(c"0" —&"0") [Myu, ¢] — 61[R,$(0)] ,  (3.4.58)
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with the help of eq. and implicit unit matrices again. As this is zero for all
values of the indices, the second summand has to be zero separately from the first
and the third one. This restricts the possible Lorentz representations of ¢. The first
and third summand give the relations

Tlch = —3Keh - (3459)

Analogous to this, but with HQ, S } ,<Z>*} we get the relation for anti-chiral multi-
plets,
Na—ch = 3Ka—ch - (3.4.60)

The values for scaling dimension and R-charge of a multiplet are defined here as
those of the lowest component field in it. We can finally give the superconfor-
mal transformations of the chiral multiplet analogously to the way we already gave
the supersymmetry transformations of the supersymmetric general multiplet in eq.
et sqq.. Only three component fields are left and we also split the factor
2 from the anti-commutator {Q,Q} in two parts, as we have done for the chiral
supersymmetric multiplet above. For the chiral multiplet the commutators with K,
all vanish. So we have all transformations, which lead from one component field to
another one grouped in the following commutators, with which define

Ssef () = =i [f(2),nQ + Qi + ¢S + 5¢] . (3.4.61)

Here we want the commutators of the fields at any point of Minkowski space and
not only the origin. The translation of the fields, f, is given by

e f0)e 70" = f(x) (3.4.62)

For the translation of a (anti-)commutator both operators in it are translated and
this way we get from all the (anti-)commutators with fields at the origin, which we
have calculated in this section, to the (anti-)commutators of the fields at z:

eiacHP“ [f(O),O} e—iacHP“ — [f(l’) eixHP“Oe—ixMP”}

=[ Zi, m,[...,[m,om}.
(3.4.63)

But this is not much to do for eq. m, as the commutator of the translation

generator and S resp. S is just O'MQ resp. —Qau Here the sequence already
terminates because the commutator of the latter two with P, is zero. Thus we have

P [1(0), ¢S] e = [f(2),¢S] + [f(@),¢ouQ] . (34.64)
P [£(0),5¢) e = [f(@),5¢) - | f(@),Qoul| . (3.4.65)

We now plug this into eq. and get
Osef (x) = =i ([f(2),6Q + Q€] + €™ [£(0),¢S +5¢] e ™) | (3.4.66)
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where we defined

§=n—Cou , E=nN+0, (3.4.67)
In the end we find
dscp = \[257»; ) (3468)
et = —iV2E5"0,0 + V2m — VAT _¢ (3.4.69)
Ssem = —iV29patE —2¢ (T- — 2i) 4, (3.4.70)

with I'_ given by eq. and the mentioned different definitions for the chiral
fields in contrast to the general multiplet, v/2¢) = y and m = /2M.

Analogously we get to the anti-chiral multiplet writing ¢* instead of ¢ to dis-
tinguish the lowest component field of chiral and anti-chiral multiplet and with

V2 = x and m* = v/2N:

Ssed® = V2UE, (3.4.71)
st = 1V2£6"0,0 + V2m* + V2. (6, (3.4.72)
e = V260"0,1p — V2¢a (T} — 20) (3.4.73)

with T'; given by eq. (3.4.47).

3.4.3 Superfields

We have found supersymmetric and superconformal field representations in the last
section. Given as multiplets they contain several fields, for which the transformation
rules have to be given. We see in this section, that they can be given in a more handy
form on superspace. These representations on superspace are called superfields and
can be given just by their indices, quantum numbers and the constraints, which
define them.

The general superfield is given by its expansion with respect to the Grafimann
variables, where the component fields of the general multiplet (cf. eqns. f
(3.4.7)) appear as coefficient fields:

F(2",0,0) = ¢(a") + 0%(a*) + Ox(x™) + 00M (z*) + 00N (z*) + (60,0) V*
00O (z*) + 000X (") + 0000D () . (3.4.74)

Below we also discuss a representation of the generators of supersymmetry transfor-
mations on superspace, which gives back the transformation rules for the component
fields, when it is applied to this expansion. The supersymmetric case and supercon-
formal case differs in the respective representations of symmetry transformations on
superspace acting on this superfield.

This general superfield can now be restricted by conditions, which lead to simpler
superfields. The scalar chiral superfields, ®, are defined by

Dy® (z4,0,0) =0 (3.4.75)
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and the scalar anti-chiral superfields, ®, by
D_® («,0,6) =0. (3.4.76)

Here chiral and anti-chiral coordinates and the corresponding covariant derivatives
(eqns. (3.2.16) and (3.2.17))) are already used, which is very convenient, as these
conditions then simply mean, that chiral and anti-chiral fields do not depend on @
and 6, respectively.

The constraints have the corresponding consequences on the expansion of the
superfields in GraBmann variables, § and #. As superfields are operator-valued
distributions on superspace, the coefficients of this expansion are operator-valued
distributions on Minkowski space — the coefficient fields — and form altogether a
representations on Minkowski space. These are the multiplets, which we discussed
in the last section, and we show this on the example of scalar chiral and anti-chiral

superfields in this section. Because of eqns. (3.4.75)) and (3.4.76) their expansions
in # and 6 using chiral resp. anti-chiral coordinates are

: (3.4.77)
m*(z) . (3.4.78)

If we change coordinates to Minkowski space, the expansion gets longer, as the
coeflicient fields, f, are each expanded again,

f(ah) = f(a") —i00,00" f () — ieéééaya“ Fla) (3.4.79)

f(z") = f (a*) + 100,00 f (zH) — ieéééayay f(x") . (3.4.80)
And so we have

P (z",0,0) = ¢ (2") + V2 01 (z) + 00 m(z*) — 100,08 ¢ (xH) (3.4.81)
+\/i§95 Db(z")0 — %eéééayaw () | (3.4.82)
O (2,0,0) = ¢* («") — V200 (") — 00 m* () +100,00" ¢* (2)(3.4.83)
+\/i§§§ 60" By (a) — 30555@8% () . (3.4.84)

We can represent the supersymmetry algebra and the superconformal algebra as
differential operators on functions on superspace. For the supersymmetry algebra
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these operators acting on F (x“, 0, 5) are defined by

[F,P,] = P,F=-id,F, (3.4.85)
[F,Q] = QF = (iaae - o,ﬁa“) F;, (3.4.86)
[F,Q] = QF = (iaae‘ - 90&“) F, (3.4.87)
[F,Mu)] = MpF=-i <wu&, — 2,0, + i@ (0u0y — 0u0y) %
1., _ d
- [(Guoy — 5u0,) 0], 555 F. (3.4.88)

The infinitesimal supersymmetry transformations of the chiral and the anti-chiral

multiplets, which we have seen in eqns. (3.4.19)—(3.4.21]) and 31.4.23—3.4.25 , can

be extracted from the superfields with the operator, —i (nQ — Qﬁ):

6@ (z,,0,0) = —i(nQ— Qi) ® (24,0,0) , (3.4.89)
6@ (z,,0,0) = —i(nQ— Qf) ® (24,0,0) . (3.4.90)

For the superconformal transformations of the superfields, we get back to the
discussion of superconformal transformations in section|3.3] Following the discussion
of [Par99] it is enough to choose for a quasi-primary superfield, F (:1:“, 0, é), which
transforms as

(z+,0,0) % (x,0/,0')  F' (a",0,0) = F (z",0,0) D (z",0,0;9) , (3.4.91)

a representation, D (1:“,0,5; g), of the subgroup of the stability group at z = 0,

SL(2,C) x U (1) x D. This subgroup is generated by the elements L(z4,g) from
eq. , Y(z,g) from eq. and €(z, g) from eq. of the respective
factors. These go back to Lorentz transformation, dilation and R-symmetry, but
include in their definition all parameters of superconformal transformations because
of the integration.

For scalar superfields the SL (2, C)-representation is trivial, as it has no (spinoral)
indices. The rest is in this case

D (2*,0,0;9) = Qz,9) " (z,9)" . (3.4.92)

In the case of chiral and anti-chiral superfields one finds, that the relation between
n and k leads to the following transformation rules,

P’ (x’_f_/,H') = Qi (24,9)7"@ (24, 0) , (3.4.93)

o’ (m‘i/ﬁ’) = Q_(2—,9)7"® (2,0

~—

(3.4.94)

because )
Qp (24, 9) = QUz,9)Y(2,9) 75 . (3.4.95)
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The infinitesimal transformations of these superfields are given by
0 (a,0) = — (L +nA(z) — ;T]Q(z)> o (24,0) , (3.4.96)
55 (a,0) = — <£ L nA(e) + ;nfz(z)> b (2",0) | (3.4.97)

where we have £ from eq. (3.3.21). The sums of the functions of z, which appear
in these two expressions, depend only on z; and z_, respectively.

If the functions are inserted and all parameters of the superconformal transfor-
mations except €, € [ and 3 are set to zero, one can compare this with the results
from eqns. f and 7, which only contain the transfor-
mations, which relate different component fields of the multiplets. The two versions
differ by a factor of i, which is convention, and in the version in this section the
lowest component fields ¢ and ¢* are scalar fields.



Chapter 4

Invariants

Correlation functions in conformal field theories are the product of two factors. One
factor is a conformally invariant function, which includes all their degrees of freedom,
i.e. all model specific content. The other one establishes the correct transformation
properties of the contained fields. Thus the knowledge about conformal invariants n
points lays the basis for all further considerations on n-point conformal correlation
functions.

For superconformal field theory the superspace formalism (sections and
allows to merge all n-point correlation functions of component fields of a supermul-
tiplet into one n-point function of the corresponding superfields. While the former
correlation functions depend on normal space-time, the latter are functions of n
points of superspace. Analogous to the conformal case the degrees of freedom of
these superconformal correlation functions are contained in a function of supercon-
formal invariants.

Therefore we construct all superconformal invariants of three and four points
of superspace in this chapter and discuss their properties. While there is no two
point invariant just as for conformal symmetry on Minkowski space, the three point
invariants are novelties concerning this comparison.

In this analysis invariant functions are grouped into fully invariant ones (or
full invariants), which are invariant under the full superconformal group, which we
discussed in section and partially invariant ones (or partial invariants) without
the R-symmetry, as superconformal symmetry may also be defined without this part.
The focus lies on the full invariants, as in chapter [5| we discuss almost exclusively
correlation function with vanishing R-charge, which depend only on them.

All possible fully invariant functions of three points are functions of just one
invariant, which is nilpotent and is our choice in section There are also two
partial invariants of three points.

In sections and the discussion of four-point invariants is much more
intricate. There are non-nilpotent and nilpotent invariants. Every partial invariants,
which is not R-symmetric and thus not a full invariant, is nilpotent.

Among the full invariants we choose a set, with which all fully invariant functions
of four points of superspace can be expressed. This set contains two non-nilpotent
and eight nilpotent invariants. We illuminate some properties of the invariants in

37
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this set, which are crucial for the further discussion. All possible monomials of
the nilpotent invariants are constructed and a subset of them is chosen to provide
a unique expansion of arbitrary fully invariant functions with respect to nilpotent
invariants. The coefficients of this expansion are functions of the two selected non-
nilpotent invariants.

We also give some expansions of invariants, which we encounter, but are not in
the chosen set. Furthermore we go on to prepare for the next chapter introducing
set of four nilpotent invariants, which appear in the form of the four-point function,
which forms theorem Partial invariants of four-points can be found in appendix
.4

4.1 Three-point invariants

The reason for the existence of superconformal three point invariants is the interval
in , which is not symmetric under exchange of its indices. Therefore there
are six dlﬁerent intervals x;; for i # j € {1,2,3}.

They transform homogeneously according to eq. (3.3.63). If we now define the
following two functions of three points, given once with contravariant and once with
covariant indices,

Xiy = —xi3 'xogxar ', Xigp = =85, Ras%gy (4.1.1)
Xio = xpp 'xgexa, Xio = X5 %e%, (4.1.2)
they both have the same properties under superconformal transformations:
- = -1
(L(214,9) " X1z (L(21-,9)) (4.1.3)
. —1 2 -1
= Q(z21,9)"" (L(zl+,g)> X1+ (L(21—79)> : (4.1.4)

For the second part we used equations (3.3.53)), (3.3.58) and (3.3.60).
With the squares of the four-vectors corresponding to X4 and Xj_

!
X4

2 x%?, 2 3%2
X1+ == ) ) B Xl— — D) 5 5 (415)
31773 231772
which transform as
X4 =Q(a,9) 2 XL (4.1.6)

it is obvious, that the quotient of these is invariant under superconformal transfor-
mations including R-symmetry and thus is a full invariant:

2 2 2
Xiy $23x31x12
= . (4.1.7)
X2 x2 22 12
32713731

J1 =

This invariant function of three points has the constant 1 as leading term, because
the squares of intervals, x— , become symmetric in their indices, if the Grafimann
variables are set to zero.
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We substract this leading constant and define the following nilpotent three point
invariant
Ispp=J1—1. (4.1.8)

This is more convenient for the expression of the three point function later on,
because the third power of I3pr already vanishes and so a power series with respect
to this invariant terminates after second order.

That the degree of Ispp is three, can be more easily seen, if it is written in
another way. In order to do so, we define two Grafimann spinors,

0 = i<9:21X§171 —9:31)(3171) , (4.1.9)

0 = i(XB_lélg—XD_lélQ) . (4.1.10)

Lowering the indices we see with eqns. (3.3.67)), (3.3.68), (3.3.53)), (3.3.58)) and
(13.3.54)), that they transform as

~é/1 = (Q4(214,9))"
01 = (Q-(21-,9)"

(Y(21,9)) 7% L7 (21,9)61 . (4.1.11)
(T(21,9))% 0107 (21, 9) - (4.1.12)

They give a relation between X, and X;_:

Nl N

ol

X =Xy, —4i6,0; . (4.1.13)

If we plug this into eq. (4.1.7)), expand the denominator with the help of eq. (A.2.10))

and substract 1 again, we find the new expression for I3pp,

0:X,46
Lpr = —41% .
1+

(4.1.14)

In the construction of J; we first defined X14. In their superconformal transfor-
mations the terms from the transformation of the points zo and z3 cancel. This, of
course, can also be done with the indices cyclically permuted, which would lead to
analogously defined X9+ and Xs4. The ratios of all three pairs, X412, are equal to
J1, which is not effected by the permutation of the indices. Another possibility to
construct a three point invariant takes the trace of X 1+)~( 1—, which is nothing more
than the product of the corresponding four-vectors:

tr (XH_Xl_) X1+MX1—M

= ) (4.1.15)
2V X142X1 % VX142 X 2
This can also be expressed in terms of I3pp:
X1 M X 1
ity (4.1.16)

—F———=1—-I3pF.
VX1.2X, 2 2

It turns out, that there are no ways to construct fully invariant functions of
three points of superspace, which are not functions of Ispr. They would still have
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to contain only X1, ©1 and ©1 (eqns. (4.1.1)), (4.1.9) and (#.1.10)) and R-symmetry

demands the pairing of the latter two.

But if we skip R-symmetry, two other possibilities open up leading to partial
scalar invariants, which we need for the expressions of three-point functions of only
chiral and of only anti-chiral superfields.

The contraction of the spinors from eqns. (4.1.9) and (4.1.10) with themselves
transform under superconformal symmetry already quite simply:

0101 = (z1,9))" (Y(21,9))' €161, (4.1.17)
010, = (Uz,9)) ' Y(z1,9)0:10; . (4.1.18)
With a look on the transformation properties of X7, in eq. (4.1.6) we can choose a

normalization, which eliminates the dependence of the superconformal transforma-
tions on the dilations and gives us two partial invariants:

0.0, 0,6, |

There is no difference in a possible choice replacing X? by X2 because of eq.
(4.1.13)). The difference between these two contains ©; and ©1, which vanishes in
these fractions due to their nilpotency.

(4.1.19)

The product of these two partial invariants is proportional to the square of Ispp
again.

4.2 Non-nilpotent four-point invariants

While the three-point invariants are nilpotent apart from leading constants, the
construction of four-point invariants has also to lead to at least two independent
non-nilpotent invariants. This can be said before the first calculation within super-
symmetry, because these invariants or functions of them have to become ordinary
conformal cross ratios, if the Grassmann variables are set to zero. We see, that we
only find full non-nilpotent invariants. In section [£.3] we discuss full nilpotent invari-
ants and leave partial R-symmetry violating nilpotent invariants to the appendix
[C.4

At first we need to clarify, what we understand as independent non-nilpotent
invariants. We regard a set of non-nilpotent invariants to be independent, if there is
no function of the invariants in this set and any nilpotent invariants, which is iden-
tical zero. Equivalently one can say, that such a set is independent, if the contained
invariants with Grassmann variables set to zero are algebraically independent.

Thus there actually cannot be sets with more than two independent non-nilpotent
four-point invariants, because there are only two algebraically independent confor-
mal cross ratios.



4.2. NON-NILPOTENT FOUR-POINT INVARIANTS 41

4.2.1 Cross ratios

In analogy to the conformal case cross ratios can be constructed. The intervals l‘%

transform homogeneously (eq. (3.3.63])) and their squares are only left with chiral
and anti-chiral factors from dilations:

.I%J/ =Q_ (Zifa g) Q+ (Zj+a g) CL'%J . (421>

With four point there is not only the possibility to cancel these factors in the trans-
formations in ratios like the three point invariant Ji, but they also drop out in the
following cross ratios:

2 .2

rsliu (4.2.2)

2 2
Fulis

X

X

They reduce for vanishing Grafimann variables to the ordinary conformal cross ra-
tios. There are six different superconformal cross ratios and their inverses.

We define analogously to equs. (4.1.1) and (4.1.2)

>~(1(171)+ = —xiy XX (4.2.3)
Xl(i_1)+ = _)N({_l i{4)~(1_41 )
Xi(-1)- = Xt XaXa (4.2.4)
Xi-n- = Xy %%y,
1 = 2,3, and analoguosly to (4.1.5))
2 2
xs xs.
X12 i—1)+ — 2 Z42 ) X12 i—1)— — % ) (4.2.5)
R ey, G077 ad e,

with ¢ = 2,3. The cross ratios can be expressed in terms of the six X’s from eqns.
(4.1.5) and (4.2.5). Let us pick out two cross ratios:

2 .2 2
Tt X% Xi_
7, = o 2 (4.2.6)
T1%3y  Xi@2)+
2 .2 2
Tt T5 X
I, = 8B 2 (4.2.7)

2
T13%5,  Xia)+

One gets also the nilpotent invariant of three points — ignoring the added constant
1 — with the corresponding indices replaced:

X2
(0)+
Ji6) = W ; (4.2.8)

with ¢ = 1,2. These relate the cross ratios with each other, so that we can express
the other four cross ratios in terms of the two in eqns. (4.2.6) and (4.2.7)) and the
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J’s:

2 .2 3

L = % = Ji LIz (4.2.9)
2 .2

I =35 = hLI, (4.2.10)
2 22

L5 = % = Jihel, (4.2.11)
2 .2 B B

s = % = Jljl(})Jl(Q)IIIQ . (4.2.12)

There are no other non-nilpotent invariants, which cannot be expressed by 7,
75 and nilpotent invariants, as we will see in the following paragraph.

4.2.2 Other non-nilpotent invariants

As we have seen, the construction of the invariants starts from a homogeneously
transforming interval, which is ;.

There are many possibilities for combinations of the intervals a;; for 1 <i,j <4,
which are invariant. Still they are built from basic variables, which result from the
elimination of the transformation terms.

The variables X+ and X (;)+ are already invariant under the transformations of
all points but z;. Non-nilpotent functions of four points with this property have to
be built with these variables and invariants. It is useful for the further calculations
to introduce a normalization,

N X+t

Xy = T (4.2.13)
2 2
(X1<1)+X1<1)—>
5 X1+
X+ — (4.2.14)
(X1<1)+X1<1>—)
with ¢ = 1,2. These are already vectors, which transform as
R / ..
(Xﬁ) = Xi4R(29), (4.2.15)
. / . R
(Xf(i)i) = X{yH:Rl(z9), (4.2.16)
where )
0" Ri(2,9) = L(z1, 9)ouL(2—, g) - (4.2.17)

Hence any contraction of one of these vectors with another is a scalar non-nilpotent
invariant. However, we have seen in equation , that the difference between a
plus and a minus sign in the indices is only a nilpotent term. Thus the insertion of
this or the analogous equation into any of the invariants will give a relation between
two non-nilpotent invariants, in which their difference is a nilpotent invariant.
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To write down these relations explicitly we first need to introduce the spinors,

Oy = 155 0 —%5,'0n) (4.2.18)

O1i—1y = 1(0uky' —014%y,)) | (4.2.19)

analogous to eqns. (4.1.9) and (4.1.10). Furthermore it is also here convenient to
introduce a normalization also for all these spinoral functions of three points:

6, = 1 T (4.2.20)
8
(X12(1)+X12(1)—)
0, = ©1 - (4.2.21)
8
(X0 X0
. O
61y = 0 (4.2.22)
8
<X12(1)+X12(1)7)
. 0,
01y = 1) . (4.2.23)

ool

<X12(1)+X12(1)_)

Now an example to the mentioned relations can be given compactly: With the
equation of X f(g) n and X f (2)— analogous to eq. we get the following differ-
ence of two non-nilpotent invariants:

X1(1)+ . X1(2)— - X1(1)+ . X1(2)+ = 21X{L(1)+®10'u@1 . (4224)
As there are two invariants on the left hand side of the equation, the right hand side
must be a nilpotent invariant. Analogously a couple of similar relations between
other non-nilpotent invariants can be written down.

Three contractions of the vector invariants, however, are actually nilpotent apart
from a constant leading term. These are Xl(l):ﬁ: -Xl(l)i, which are /Ji, v/J1 ! and
a function of J; and anothel: nilpotent invariant.

Moreover X1, ©1 and ©1 can be expressed in terms of Xf(i)j:’ ©1(;) and (i)l(i):
Xty = Xiyyy — Xl +2i011)0.012) (4.2.25)

@1 = @1(1) - @1(2) 5 (4226)

@1 = @1(1) - @1(2) . (4227)

Eq. (4.1.13) then also determines X ' . Hence the two invariants,

N 2 R R
(X1(2)—> ) Xl(z)—'X1(1)+, (4.2.28)

are a set of two independent non-nilpotent scalar invariants. All other contractions
of the vector invariants in eq. (4.2.13)) or functions of these — in fact this means all
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Figure 4.1: A part of the tree starting from x15% /2152 for the construction of invariants
as ratios of superconformal intervals. The continuous boxes are the invariants, which
end a branch, because they have an index 2 in the interval last added to the denominator.
The dashed boxes contain an invariant, which is given by the ratio of two three point
functions, Xli and Xl(i)i and thus end the branch.

scalar non-nilpotent invariants — can be expressed in terms of them and nilpotent
invariants. The cross ratios, of course, are no exception because one only has to
put hats on all X’s in eqns. , and . As the X'’s appear only in
quotients of two of them there, the normalization cancels down. These equations of
invariants can be solved for the cross ratios, so that we see, that all non-nilpotent
invariants can also be expressed by two cross ratios and nilpotent invariants.

This whole construction building invariant functions can be started in a way,
in which analogously to eq. either Xyo(;)4, X3z(;+ or Xy)+ are defined
and so one is left with non-trivial transformations only for the coordinates zo, z3
and z4, respectively. But this would result in the same calculations with indices
permuted. For the cross ratios we have already noted, that a permutation of the
indices again gives one of the cross ratios given by . We have seen, that all
the other non-nilpotent invariants in this section can be expressed in terms of two
superconformal cross ratios and nilpotent invariants. Thus a permutation of the
indices in these invariants does not lead to invariants, which are independent of
those already written down here and the mentioned different ways lead to the same
result.

As mentioned above it is already obvious from ordinary conformal invariants,
that there can be only two non-nilpotent invariants, which are independent. Here
we have seen, how the asymmetry of the superconformal invariants only gives rise
to a lot of non-nilpotent invariants related to each other by nilpotent invariants.
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More invariant ratios. An especially interesting subset of non-nilpotent invari-
ants are those, which are ratios of squares of superconformal intervals, :1:;]2, or square
roots of these ratios. While squares of the variables, X;4 and Xl(i)i, their inverses
and then, of course, cross ratios belong to it, mixed contractions of the former vari-

ables are not of this form.

With 56 invariant ratios of squared superconformal intervals, which themselves
can be formed with X 12 . and X12(z') o, all other invariant ratios can be formed.

The calculations in Maple, which lead to this result can be found in In
summary one can start with an arbitrary squared superconformal interval — here 15>
— and devide it in a first step by x13% because this cancels the transformation term
associated to the index 1. All other starting possibilities are given by permutations
of the indices throughout the calculations.

One continues to multiply alternately to the numerator and the denominator
the possible intervals, which just eliminate the transformation terms of the last
added factor, which has not yet been eliminated, but do not cancel down with
other intervals in the ratio. The list of possible terms forms a tree and this tree
grows despite of the terminating condition for single branches: A new term in the
denominator, which just has 2 as second index, ends a branch.

Further terminating conditions are added to get to the goal. The variables
X2 and X 12(2.) 4 can only appear in pairs with their inverses. So the hats cancels.

Whenever any variable X;42 or X 1(i):|:2 appears together with any of the inverses in
the ratio of a branch, it is terminated. Although part of this ratio is not expressed
by these variables, nothing is missed, as this part appears in all possible other
combinations in other branches (possibly belonging to a tree with permuted indices).
This condition does not lead to invariants, but prevents endless loops. A part of the
tree starting from x122/x132 is depicted in figure

The simplest of the ends of branches are the appearances of cross ratios. At the
end there are seven branches, which end with the first terminating condition and so
with finished invariant ratios in this tree.

2
mon _ Cie (42.29)
2.2 2 ) e
137072 Xi)-
171221532(1:312 _ X12+ (4 2 30)
2, 2,2 2 e
T13° 221" L32 X7
$122$§32$112 _ X12+ (4 2 31)
22,2  $9 ’ e
T137021"T42 Xi)-
2 w2
r19° w3505, _ X1+X1(2)+ (4.2.32)
w13° 054 T30 Xy Xi- ’
o2
PR T (1.2.33)

2, 2.2
T13°L41"L32 X2
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o 2
$122I§32I‘342$112 — X1+X1(2) (4 2 34)
013° 054203 012° X12(1)+X12(1)— 7
) 2
eprgg’en ey Xig) Xip) (4.2.35)
T1322731 20242392 X12(1)+X12,

The second one is J; and so essentially a nilpotent invariant.

As all have the form of ratios of the variables X 2 and X 12(2‘) ., this shows together
with the permuted trees from the other starting possibilities, that all invariant ratios
of squared superconformal intervals can be expressed in this form.

At last in this section we want to give the following relations of these three-point
variables to cross ratio, J; and Jy(;:

N rys
X2 = |12 “121 2014 gy = /22 = ST, (4.2.36)
T342739% 25, 2013t Zg

20 2., 2. 4

-2 [T917T417 X147 T3 VAVE] _ -1

Hi- = \/CE 2p502x025 4V Ty T (4.2.37)
24" T12"T12°T3 4

2
X2 _ T127 T T4~ 5624 / 49
L+ 23972917 714° N - (4.2.38)

~ My .’1}' f]?
DS et T U 4.2.39
1= 35122334123324 J1(1 ( )

N L1251 2070205 ,4 7. B B
Xf(2)+:\/21 S VIR S e R Ty i 17,717, . (4.2.40)

x§429321223314233314 )14

A x512019%074% 2 | T. /7
1@)- \/902429042 2y %213t ISIG 17 Ahe T (a241)

These equations are very useful to find bugs in procedures calculating with these
entities.

4.3 Nilpotent four-point invariants

In the last section we already stumbled over a few nilpotent invariants of four points.
Here we construct full nilpotent invariants systematically. The rest of the partial
invariants is left to appendix [C.4]

We establish a set of invariants, which generates all full four-point invariants.
This set contains ten independent full invariants — two non-nilpotent and eight
nilpotent —, which is a significant reduction compared to the number in [Par99],
where for N/ = 1 sixteen invariants have been counted as presumably independent.
For this result we show, that the additional six invariants in [Par99], which are of
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higher order in Grafimann variables than the other eight nilpotent invairants, can
be expressed by our set of ten invariants.

Then dependencies of monomials of the eight nilpotent invariants are investi-
gated. This leads to a set of monomials, which is some kind of basis for full in-
variants, if we allow the coefficients to be functions of non-nilpotent invariants. In
the discussion of these monomials the independence of the eight nilpotent invari-
ants, which appear here, of course, as the monomials of degree one, is shown, which
establishes the minimality of the whole generating set of ten invariants mentioned
above.

4.3.1 Construction

The nilpotent invariants may contain (:)1(]-) and él(j) (cf. eqns. (4.2.18) and
(4.2.19)), for which only the superconformal transformations of z; are non-trivial.
Because of eqns. (3.3.67)) and (3.3.68) they transform as

1

2 z1,9) \? +_ .

O15) = <Q+(7«'1+79) L7 (211, 9)O1(5yu(21,9) (4.3.1)
1

= ' Q(Zlag) 2 — 2 s

S = (mprty) w0t e wsd

If we consider equs. m 4.2.16]) together with eq. m, we see, that we can build

1nvar1ants with @1(]), @1(]) and Xl( )+- There have to be an equal number of 91( N

and @1(]-), so that the factors from dilatation and R-symmetry drop out. Then
only all indices have to be contracted to get a scalar nilpotent invariant. In other
words we get a generating set of the nilpotent invariants, if we look at all possible
contractions of these spinors and spinoral matrices, such that there is the same
number of contractions of dotted and undotted indices. In the following we see,
that all of these contractions are functions of only ten invariants, of which eight are
nilpotent.

There are many possible sets of eight independent nilpotent invariants one can
choose. Here the choice is the set of all possible contractions of él(j), él(j), X1(1)+

and X1(2)7 with lowest non-vanishing order O(#6) in GraBmann variables:

Lij = X{0),01094010) = =©1)X11)+ 613 (43.3)
Lij = X5 01)0uO14) = —61()X12)-O1s) (4:34)
with 4,7 = 1,2 and
z —x74 'x54x5; !
2 2
(X1(1)+X1(1)7)
2 X7a  'XjaXjq !

Ny

(X12<1>+X12<1>—)
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Next we want to express one of these invariants, 1111, as an example, in terms of the
supersymmetric intervals. Together with I and a combination of all I;;;, which
we will find in section to be related to the three point invariant discussed
above, it belongs to a group of invariants, which is especially relevant for the next
chapter. They also have a particularly simple structure because except for their
normalization they contain only the variables of three points in superspace . Ii11
even contains in the numerator and the denominator only the variables of the points
z1, z2 and z4. Still it has its correct place here among the four point invariants
because the normalization is exchangeable, for example, by any other square root of
Xf(j) X,L.(j)_7 which all have the same transformation properties. Furthermore it is
needed for completeness.

We plug eqns. (4.3.5)), (4.2.18]) and (4.2.19)) into 117 (eq. (4.3.3)) and multiply

for simplicity by the normalisation:

X1(1)+X 1(1)— Ly = (912X 914X 1) X1471X§4X§171 ()N(leéu —i§_11§21) .
(4.3.7)

When we expand the brackets, three of four terms shorten already because the
matrices appearing here square to a scalar times the identity matrix (cf. eqns.
and ) With the help of eqns. (A.2.2) and (A.2.4) we can break
down the remaining products. We gets

X2

1(1)+X12(1)—1111

2
T 1A . -1 - 1A . - 1F - 1A
= —— 2247 3 [91296241941 - 41912%2191291293411941 - 41(912%4192494196411941
L317T14
—4ib1277, 91292496 1041 — 4101277, 91292496 1041
—1661277, 9129241‘ 924941$ 10,41
—01217, 1001 — 01275, 105, + 4101277, 9129241‘ 1021

+914IE§4 (921

—914$ (941 914$ 941—|—41014£L‘ 924941$ 941 .(4.3.8)

The summands are still grouped corresponding to the terms they originate from,
which is also visible from the respective first interval 0;; and last interval éij, which
stayed unchanged.

Now we switch indices in some intervals, so that always the pair 41 and not 14
appears and for all other pairs the first index is the lower one. This sorting rule is
also often applied later on. We find, that the group of four terms 6;;75, 10, can be
pulled together and gives 02475, 105,4. Also the higher order terms can be simplified,
so that we can express the large bracket only by

pij = 037,035 . (4.3.9)
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At last we divide by the normalisation and get

g 2 2 2
L o= |22 — o — p1o — oo
Lg27T317T14
—4i (p12pa1 + p12p24 + p24par)

+16p12p24p41 ] : (4.3.10)

The square root can also be written in terms of p’s with eq. (A.2.11). If we plug
this in for the three factors in the denominator, the superconformal intervals cancel
and only the following product is left in the radicand, which is Jy(yy:

Ji) = (1 + 4ip2a) (1 + dip12) (1 + 4ipa1) (4.3.11)

The square root of it is

2. 2, 2
Lo4" X127 T - X 2_ /7
— 2. 2.2 1M+ = 1(1)
T12" 2217 %14

= (L4 2ipas + 2p24%) (1 + 2ip12 + 2p12%) (14 2ipa1 + 2pa1?) |
(4.3.12)

If we plug this into eq. (4.3.10)), we get

Lt = —pa1 — p1z — p2a + 21 (par® + pr2® + p2a® + Apaap12 + 4parprz + 4paapar)
+10 (p%4p12 + p21piy + Prapar + paapiy + pi1p12 + p41,0§2) + 52p24p12p12

—8i (p3upia + PR1PT2 + PoaPd + TP12p24P%1 + TP12P54P01 + TpTapaspar)
(4.3.13)

which we simplify in the following significantly until we get the expression in eq.
. It is already considered, that not only cubes of the p’s, but also products
like p1op3,p3; vanish (the latter because 015 = —foy — 041).

From the study of the third and fourth power of I111, which vanish, one can
expect further equations of combinations of p’s, which vanish, and simplify the
expression without expanding all p’s.

We start with the fourth power (cf. eq. (4.3.10)),

It = 6p34pTs + 6p31pls + 6034031 + 12012p24p7 + 12p12p54p41 + 12pT0p24pa1
= 0. (4.3.14)

This eliminates already three fourth order terms in eq. (4.3.13). We implemented
this and the following identities, which we retrieved this way, in Maple with the help
of the function ”algsubs”, which substitutes algebraic expression. It allows to imple-
ment all identities, which result from nilpotency, without the effort to implement the
nilpotency itself. The term, to which it is applied, should only have been expanded
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before. Thus in every of the following steps all of the identities listed before that
step are already used.

The next one regards the third power. But this is a rather long expression,which
we can write down in a more illustrative way with the help of two other identities.
For one of those we multiply it by pi2, which still has to be zero:

L1’ p12 = 3p3403, + 3p12paapis + 3p12p34p4 =0 . (4.3.15)
Similarly the product with p4; is

Lt pa = —3piapdy — 3p12p2apty — 3piap2apsr = 0. (4.3.16)

The third possibility of such a product with po4 is already zero with these conditions.
Looking at the third power we notice, that one can use eq. (A.2.12) to get a

shorter expression:

L’ = —=3piup2 — 3paspty — 3p54par — 6p12p24pa1 — 3piopar — 3p%1 24
—3pf1p12 + 12ip11 934 + 12ip12paapty + 12iplapty
= —3p34p12 — 3p2apro + 3p54p14 + 6p12p24p14 + 3p39p14
—3piapas — 3pisp12
— 0. (4.3.17)

Note, that p2; = p?,. For the implementation of this condition in the computer
algebra worksheet to be consistent with our previous steps, we have used the first
longer expression. Alternatively one can also take eq. .

At this point we also get the result for 1111, which is certainly not subject to any
vanishing higher degree terms, because only one of these has not already disappeared.

Corollary. The invariant 1111 can be expressed with p’s (cf. eq. (4.3.9)) alone:

Lt = —pa — p12 — pas + 21 (pa1® + p12” + paa® + 4paapro + 4paip12 + 4p2apar)
+32p41p12p24 - (4.3.18)

The other nilpotent invariants, I;;;, can not be written in terms of p’s alone, as
there is no cancellation with the normalization, which here led to the factor X 1(1)+2
in eq. . In appendix we list the lowest order terms of these invariants.
There we see, that already to this order most of the other invariants are significantly
more complicated than I117.

Other possible contractions of (:)1(1-) and C:)l(j). How can the other possible
contractions mentioned above be expressed in terms of the invariants I;;;, and two
non-nilpotent invariants? The other nilpotent invariants with the leading term of
order A6 are contractions with Xl(l)_ and X1(2)+. But in analogy to eq.
these two matrices differ only in higher order of Grassmann variables, so that we
find, that

@v

él(j)Xl(l)—Gl(i) = Iuj—4ié1(j)@1(1)é)1(1) 1() » (4.3.19)

v

HXi@016) = Taij +4i01(5)©12)012)O1¢:) - (4.3.20)
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In order to get to the promised result and trace all other nilpotent invariants back to
the chosen ones, we need to express nilpotent invariants with leading term of order
(05)2, which were still regarded to be independent in [Par99], in terms of these eight.

This is one of the steps, which only work for N' = 1. The properties of the
spinors in eqns. (3.2.12)) and (3.2.13)) propagate to similar properties of the spinoral
functions of three points in these invariants:

~ A 1 R 2
« B o —1\opB
@1(1‘)@1(j) - 9 (f ) 015 01() » (4.3.21)
=6 - 1 N A
& B _ __1\apb
61(j) 1) — 9 (6 ) @1(j)®1(j) . (4.3.22)

Together with the properties of the sigma matrices we find, that most of the nilpotent
invariants with leading order (95)2 are just products of the chosen eight nilpotent
invariants. To see this we start with the products. Eq. can be used in
products of two invariants with the same spinor él(j).

Nyl = X10,,01)0uO10) X114 1000011k

1)+
1x < ~ 5y = _ A
= 591)91)X10)+ XT(1)+O1() 710 Or (k)
1 50 A < = 2~

For the last step we use eq. (|A.1.9)). If this equation is contracted with a symmetric
tensor Y#¥, one can relabel the indices in one of the summands and gets

Y“”c‘rua,, = Yuu]lzxg . (4324)

With this applied we essentially end up with the desired invariants with leading
order (90)2. An analogous calculation gives those invariants with twice the same
O1():

2 ~

R 2 2 2
@1(1)@1(@@1@)@1@) = XTIMJ‘IUCJ' . (4.3.25)
L(1)+
As the contractions are commutative, we have eight of nine possible combinations
of the four contracted spinors él(i)él(k)él(]’)él(l)- For the ninth we can use neither
eq. (4.3.21) nor eq. (4.3.22)) because there are no fitting pairs. Still it is equal to a

combination of four nilpotent invariants from our selection:

L Z A 1
©11)012011)012) = 3 (linhize + hizliz) - (4.3.26)

X1+

This equation can be shown rewriting the bracket on the right-hand side:

(1111122 + I121121)

= Xis X+ (@1(1)%@10)él<2>0v@1(z> + él(l)%@uz)él<2>0v@1(1>)
O v Aa Ac AB
X0y X1(1)+ 911011}

B
%12 (U“adUVBB - f’w‘Uum) : (4.3.27)
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Remark. With eqns. (4.3.23)), (4.3.25) and (4.3.27)) we have expressed all six in-

variants of the form él(i)él(j)él(k‘)él(l)} which have been counted in [Par99] as
persumably independent, in terms of the invariants, I;ji, and non-nilpotent invari-
ants.

One can show even more with the following property of sigma matrices.

Lemma 4.1. Let Y* be an arbitrary symmetric tensor. With the Pauli matrices,
O,
Y (01004055 = Tuagupa) = Y ueasss - (4.3.28)

Proof. The combination of sigma matrices in the brackets times the symmetric ten-
sor is anti-symmetric in the permutation of the two undotted indices as well as the
two dotted indices. In consequence it can only be non-zero for o # 8 and & # 3.

So the remaining terms have only summands in the bracket, which are of one of
the following four forms:

Ou1i0vs  Ou130vai  OugiOviy  OugsOuii - (4.3.29)

Thus these terms only do not vanish, if the two Pauli matrices in each of these
products are either both diagonal (o and o3) or both antidiagonal (o7 and o3) and
only one of the summands in the bracket survives. Of a total of 512 summands in
all components in eq. there 32 summands left at this point. Let us look at
this point only at the component with « = @ = 1 and g = B = 2 and insert the
elements of the the Pauli matrices now:

Y00 _y03 4 y30 syl gy 2 gy oy 2R — vy (4.3.30)

For the other three non-vanishing components of the left-hand side of equation
(4.3.28]) we get analogous results, so that finally we are left with the right-hand
side O

Plugged into eq. (4.3.27) this directly proofs eq. (4.3.26)).

Finally there could be independent contractions of él(j), (:)l(j), X1(1)+ and Xl(g)_
with more spinoral matrices than one between the spinors.

For more than two matrices in a row, at least one of them appears double. If it
is necessary, these can be brought next to each other using eq. and then one
has the situation of eq. .

Most possibilities with two matrices can be reduced to the chosen set of invariants
with eqns. (4.3.21)), (4.3.22), (4.3.24]). For the rest, where there are no equal indices,
which allow those possibilities, one finds identities raising and lowering spinoral
indices or using eq. and thus switching the indices with the result, that

there are only three independent invariants of this kind left:

él(l)X1(1)+X1(2)—61(2)é1(1)@1(2) ) (4.3.31)
61(1)61(2)él(l)xl(1)+xl(2)—@1(2) ) (4.3.32)

O1(1)X1(1)+ X1(2)-O1(2)O1(1) X1 (1)+ X1(2)- O1(2) - (4.3.33)
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For all of them we need to look at the equation, which we have shown in lemma 4.1
When we choose a convenient symmetric tensor and multiply the equation (4.3.28))
by suitable terms, we see, that they are no new independent invariants.

We start with the invariant . In order to find this invariant among the
terms, which eq. provides, we take Y# = X{‘(l) +Xf(1) n and we multiply

this equation from the right by 5(1(2)_, so that,

Xﬁ(1)+X1V(1>+ (U#aa"wﬂ' B U#aBUVﬂd) (5(1(2)—)6’w = X12(1)+€a65d5 (f(l(z)_)
(4.3.34)

ary

We now multiply the spinors @1(1), (:)1(2) on both sides of this equation:

O1(1)X1(1)+X1(2)-O1(2) <X1(1)+)6B - <@1(1)X1(1)+>B <X1(1)+X1(2)—91(2)>ﬂ

= -X%),610), (él(Q)Xl(Q)_)B . (4.3.35)

Finally we resort and multiply by the inverse of X1(1)+ from the left and then by
the spinors, (f)l(l) and é1(2),

A ~ 2 2 zZ N 1 . N
O11)X1(1)+X1(2)-O1(2) O1(1) <X1(1)+) X1(1)+O1(2)

= —011)X1(1)+O112) O101)X1(2)-O12) — O11)X1(1)+O1(1) O1(2)X112)-O12)
= Ti2leor + Tnlaze. (4.3.36)

This is exactly the invariant (4.3.31). With an analogous calculation we also can

~

express the second invariant (4.3.32)). To do so one takes Y#” = X{‘@)_Xi’@)_ and

multiplies eq. (4.3.28) from left by X;(1)4. The fitting multiplications by the inverse
of Xl(Q)_ and the spinors then lead to the result,

él(l)61(2)él(l)Xl(l)-i—Xl(Q)—él(Q) = Iio1l212 + 1111222 - (4.3.37)

A~

For the third invariant (4.3.33]) we multiply eq. (4.3.28) by itself and contract the
indices, so that one summand has — after expanding the brackets — the form of the

matrices between the spinors in this invariant.

—Gd B8 B¢ e it o _

e e T X (1 X ()4 (CaaTpet = Tacpea)
% A

Xi(2)-Xi2)- <UV55‘7>\W - UVM"MS)
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We multiply this equation with the spinors and get

é1(1)5<1(1)+5<1(2)—(:)1(2)(31(1)}21(1)921(2)—@1(2) + @1(1)5(1(1)+X1(2)—5{1(1)+@1(1)
'@1(2)5(1(2)7@1(2) - 2X1(1)+ : X1(2)7 91(1)X1(1)+61(1) é1(2)5<1(2)7@1(2)

+é)1(1)5<1(1)+(:31(1) C:)1(2)5§1(2)J~<1(1)+X1(2)7é1(2)
= X12(1)+X12(2)_91(1)é1(2)é1(1)@1(2) . (4.3.39)

We have already seen, that the terms with products of three matrices can be reduced
to sums of only one matrix between the spinors. Hence we conclude, that the
invariant (4.3.33)) is equal to an expression of only the eight nilpotent invariants,
which we have chosen in the beginning of this section and non-nilpotent invariants.
Thus this section concludes with the corollary:

Corollary. There are no fully invariant contractions of C:)l(j), él(j) and Xl(i):b
which cannot be expressed by the chosen set of ten invariants.

1>

Contractions, which do not have an equal number of (:)l(j) and ©1(j), are not
full, but only partial invariants, which are discussed in appendix

4.3.2 Monomials of nilpotent invariants

At this point we can now in principle express all scalar nilpotent invariant func-
tions of four points of superspace in terms of the eight invariants in eqns. (4.3.3))
and and non-nilpotent invariants. Now we also want to choose a basis of
polynomials of these nilpotent invariants, which consists of monomials of the eight
nilpotent invariants. In the next section we see, that any full four-point invariant
can be expanded as such a polynomial, if one allows the coefficients to be functions
of non-nilpotent invariants, e.g. the superconformal invariants.

Because third powers of each of the spinors in eqns. (4.2.18)) and (4.2.19)) vanish
and because of some identities, which we show in this section, the number of possible

linear independent monomials of the nilpotent invariants is only 36 including zeroth
and first degree.
The following set J is chosen and sorted by degree and consecutive numbers here:

Jox = (1), (4.3.40)
J11..8 = (111, 12, Lio1, T2z, Io11, Io12, 1221, 1222)
2 2 2 2
Jo1.18 = (Iinn?, T2, i, Tioe®, T duae, T Dion, I Dise, Inio o,
Ti21122, 1211122, Tn111221, T1221221, T111 1222, T1221211, T1111212
IooIo12, Ii21221, I2120221)
J = (1?1192, 1?1 Io90, I?oTh91, T2 5 D001, T2y 112, Iy Io12, I290T111, I2o I
Js1..8 = (Ifidie2, 1111 Daoe, Ihodho1, 1110 001, Iioy T, Iiay Jo12, Iigo T111, Iiapto11)
~ 2 2
Ja1 = Iilisg

with 4, k, j,1 = 1,2. They are sorted with the first index being the degree.
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In the following the relations between the monomials, which have been left out
in the choice of the subset, and the chosen ones are given using properties of the
Pauli matrices and eqns. —.

Both of the latter equations are applied for the following cases of products of
two invariants containing the same spinors ©; and Oy, with j,k =1,2:

1 I Su _ ~ I i~ 2
IljkIij = ZXf(l)-i-Xl(Z)ftr(UﬂaV)Gl(j)el(j)Gl(k)Gl(k) (4341)
Xt Xy
S LA (4.3.42)
Xiw+

for j,k = 1,2. In the last step we used eq. (A.1.11)) for the trace and eq. (4.3.25) to
get to Iljk’s.

Only either eq. (4.3.21)) or eq. (4.3.22) can be used to get
o2
Xi(2)-
Dyjkdomn = =5 ——Iijklimn (4.3.43)
1)+
for j,k,m,n = 1,2 with j = m V k = n. The first step to show this is the same
calculation as for eqns. (4.3.23) and (4.3.25). X;(;)4 in the latter equations is just

replaced by Xl(z), here. In a second step we use eqns. (4.3.23]) and (4.3.25)) to get
the right hand side of (4.3.43).

The rest of the monomials of degree 2, which are not elements of J5 ; and have not
been expressed by them, can only be expressed in terms of two or more monomials
from J;. This rest devides into three different cases of monomials I; 1 Ijn:

lL.i=1L1l=2(j#FmANk=n)V(j=mAk#n),
2.i=11=2,7#mANk #n,
.i=1l=2j#mANk #n.

There are four of the first case, one of the second and one of third case,which are
not elements of Jg ;.

Case 1: In this case only either (4.3.21]) or (4.3.22) can be used and not both as
in eq. . As i # j, the sigma matrices are not contracted with a symmetric
tensor, as in eq. . But still the latter way leads to success, if we symmetrize
the products in the following way:

Ik Iomn + I2jkl1mn (4.3.44)

Here we continue the calcuation now for j = m A k # n and keep in mind, that for
j # m A k = n things work analoguesly. So we have:

Ljidojn + Ljelijn - = (Xf(1)+X1”(2>— + Xf(g)_Xf(m) O1(1)7uO1(k) O1()01O1 ()
XH Xl(g)_
- z%hﬂﬂfﬁn : (4.3.45)
1(1)+
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Due to the symmetrization the situation is the same as in eq. . The factor
two comes from the contraction of the tensor in the brackets.

This calculation actually shows us the cause, why 1111212, 1111221, I2121122 and
I501 1199 are elements of the set J. They are needed to express the four monomials

Is111112, I2111121, T1121222 and I1211229:

il = 2Xf(1)+X1(2)—uI111I112 — hiilaz,

Iniho = 2X5(1)+X1(2)—M1111[121 — Il
Loy = QXf(1)+X1(2)7M1112I122 — In20h22,

A

hoila = 2X5(1)+X1(2)—M1121[122 — Izo11122 .
This is one of the choices, that could be taken freely. Any of the monomials on the

left hand side could have been chosen as an element of J instead of the element at
the very right of the equations.

Case 2: This case consists of the monomial I1211212. The symmetrization of the
respective first indices is not enough here because we face the same problem as in

eq. (4.3.26)), that neither (4.3.21]) nor (4.3.22)) can be applied. So we need more

monomials to express 121212, so that we can apply lemma also here:

Loy Io12 + Thigloor + Tnila22 + Tioa o1 (4.3.50)
. ~ A~ A~ A~ A~ 2. ~ B 36'
= (Xf(1)+X1V(2)f + Xf(z)_Xfu)Jr) 9?(1)9?(1)@1(2)@1(2) (Uuaaavm‘ - UMQBUV5d>
Xt X
1(1 1(2)—p
= 2());2— (L1122 + Thi20h21) -
1(1)+

In the last line we get twice the same contraction of four-vectors and we use eq.
(4.3.26) to get back to the Iy;;’s. Also this illuminates the choice of J. Iy21/212
could replace any of the three other monomials in the first line of this equation.

Case 3: At last the monomial I5111999 is just I1111192 with X{L(lH replaced by
X{L(z)_' So the calculation is nothing but (4.3.26[), which is once applied in one

direction with the replacement just mentioned and then applied “backwards” in its
original form. The result is:

2

X

2
L)+

Do11lage + Io121291 = (I111lh22 + Iii2li21) - (4.3.51)

The choice of Is101291 within J is, of course, free as well.

Now we have come to an end of the discussion of monomials of degree 2, many
of the identities given above can be used to relate monomials of degree 3. However,
there are still products of three different nilpotent invariants like 171111121121, which
are neither in our selection nor can be reduced directly to the chosen monomials
with the equations we have had. But obviously there are pairs of spinoral functions
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of three points in these monomials, for which eqns. and can be
applied.

First of all we see, that all monomials, which we need to look at here, are of the
form I;j11;j0Imno for two reasons. First, as there are only two possible values for
each second index, two of them have to be the same. The same is true for the third
indices. Second, if both the second and the third indices are the same in the same
two invariants in the monomial, one can apply either eq. or eq. (4.3.43) to
those two and gets a monomial in J.

Now we apply eqns. (4.3.21)) and (4.3.22)) to Lijrijolmno:

Lijelijolmno = X150, X2, Xfimye/ 0100710100 ©1(:)vO1(0)O1(n)7O10)

1 N < = A A N _ 2
= —3911)91)0100 10100 XL Xy Xy Orm@0T00uO1 1),
where 1(+)*/_ is either 1(1)+ or 1(2)—. At this point there are two distinct cases:
Eitherl=m V [ =iori=m # .
In the first case there is a product of two Pauli matrices contracted with a

symmetric tensor, so that we can use eq. (4.3.24]). At last we apply eq. (4.3.25]) and
get

1 X504
IljkIlonmno = §X(7)/Ilj02[mnk, (4.3.52)
1)+
2
1 X 0+
Iijklljollno = 2 X;) /- Il]o2lznk (4353)
1(1)+

For the second case two Pauli matrices have to be interchanged with the help of
A.1.9)), so that we can procede as in the first case. We can also already insert eq.

4.3.25|) and have

11 . , . 2
Lijklijoline = —2)22()1.1]'02)( (i) Xt 1)+ X! 160y ©1) (21wp — 040)) 0,01 (k)
1(1)+
XV o X 1 X2
= *%—”11302117% + = ( e Iljo2llnk . (4'3'54)
X+ 1(1)+

Finally we are left with only one monomial of degree 4, which we need to relate
to the one from J, so that all other can be given by the latter one using also the
equations, which we have calculated for the monomials of lower degree. This missing
link is I112%1121%. But one can easily see, that it is equal to 17,17, Eq.
has to be plugged in only twice

L12° 191 = X1(1)+él(1)é1(1)(:)1(2)(:)1(2) X1(1)+él(2)él(Z)él(l)él(l) . (4.3.55)

We can sort this expression differently, which directly leads us to the desired mono-

mial 3471:

N12°Iin® = X1 (1y4+:01101 1011y O1(1) X1(1)+é1(2)@1(2)@1(2)@1( 2y = 1117 1120°
(4.3.56)

1>
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The following corrolary results from the discussion of products of nilpotent invariants
in this section and the construction of the four-point invariants in the preceding
sections.

Corollary. Any full four-point invariant can be expressed as a linear combination
of the monomials J;; with coefficients, which are functions of two fized independent
non-nilpotent invariants.

In the next section we finalize this notion by the proof, that this forms a unique
expansion.

4.3.3 Expansion of invariant functions in nilpotent invariants

The transformation properties of superconformal variables leave no room for super-
conformal invariants, which cannot be expressed by those, which we constructed
above. Any invariant function can be given in terms of a finite expansion into nilpo-
tent invariants with coefficients, which are functions of non-nilpotent invariants. In
the following theorem we give a unique expension of this kind with the help of the
set J.

Theorem 4.1. Let f be an arbitrary invariant function of four points of superspace.
Then it can be expanded as

4 Np

[ (T, Io, Liji) = Z pr,q (1h,12) 3p 4 (4.3.57)

p=1q=1
and the coefficient functions fp 4 (Z1,I2) are uniquely determined.

From the last sections we know, that the set J is a sufficiently large set because
all monomials of I;;;, can be expressed by those in this set and the superconformal
cross ratios Z; and Z,. This leaves the uniqueness to be shown. For this we have
to show, that there are no dependencies between the invariants in the set J. This
task is divided in this section into the smaller questions, if the monomials of each
degree are independent from each other. For degree one we present first a method,
which focuses on the lowest order of these invariants. Afterward we show the same
differently within a lemma and two other lemmas will provide the second and third
degree. At the end we show the theorem by essentially combining the lemmas.

We now show, that all eight nilpotent invariants are independent, meaning, that
non of them can be expressed by the others and non-nilpotent invariants. In order
to do so, we look at the lowest order of these invariants given in appendix

1111 and Ia99 are especially simple, also in lowest order. Here we use the comment
”1.0.” above the equals sign to express the equality to lowest order in Grafmann
variables:

1111 12' —9125(1_219712 — 9245(2_419724 + 914)21_41él4 . (4358)

The latter can be derived from this — just as any I5;; can be derived from one Iy,
— with a look on eqns. (4.3.3) and (4.3.4]). The normalizations in the denominators
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are the same, which is in lowest order xo4> / (x212w142). Indices in the numerator

differ between I711 and Is92. 1 is replaced by 2 and so with the three point functions
(eqns. (4.2.13), (4.2.18) and (4.2.19) inserted, 2 is replaced by 3 therein. So we
multiply eq. by the normalization, replace each index 2 by 3 and divide by
the normalization again to get

2. .2
Topp "2 T2 T8 (00510015 — 03455, O34 + 014711 014) - (4.3.59)
T13°T42
The key to show the independence of the invariants are terms, which appear in the
other six I;;;. They contain terms with a product of three Pauli matrices, which
cannot be simplified in the same way as in I;;. E.g. in the lowest order of 1112, as
it is given in eq. , we find 9135(1_315<12§<2_419_24. With the help of the relations
between different intervals the indices of x;; can be changed with the cost of other
terms of the form 65171040 mostly with some factor of intervals squares, but a term
with three Pauli matrices always survives.

For the Grafimannian intervals, 6;; and éij, there is in each case one unique way,
in which terms with three sigma matrices can be simplified, so that maximally two
of these terms survive, which cannot be united.

We now look at all these terms ignoring the indices of the intervals, x;;, because
they can be arranged to be the same in all invariants. We leave out all other terms
or prefactors:

Ii12: 051 xxx041 — O31xx%091 | (4.3.60)
Iio1 : Oo1xxx031 — O41xx%037 | (4.3.61)
Iio9 : Og1xxx041 — O41xxx037 | (4.3.62)
Io17 : O1xxx021 — O21xx%047 | (4.3.63)
INCE 01 xxx021 — O31xx%097 | (4.3.64)
Ir97 : O91xxx031 — o1 xx%047 . (4.3.65)

These terms would have to match to give a relation between these invariants. Also
no factor of a non-nilpotent invariant could change this because in lowest order
these are just combinations of conformal cross ratios. So in order to get a vanishing
combination containing these six invariants necessarily the Grassmannian intervals
would have to cancel in the summands above.

One can start at any invariant and finds, that there is only one way to achieve
this. At the end this one combination does not vanish overall. For example, we
can start with I12. Its first summand is also in I199. The difference of these two
invariants contains:

1112 - 1122 : 941XXX§31 — 931XXXO_21 . (4366)

We continue in this way always adding or subtracting the invariant, which cancels
one of the summands. This way we have to go through all six invariant to finally
end up with the total cancellation of the terms with three Pauli-matrices:

T2 — Tioo + Io11 — Io1o +T1o1 — I201: 0. (4.3.67)
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As this algorithm goes through all terms in eqns. (4.3.60))-(4.3.65)), which all appear
twice, it is indifferent, at which term it is started or which route it takes. Thus this

is the only possible combination.

The question to pose at this point is, if this combination is independent from the
two nilpotent invariants we looked at before, I111 and I220. Starting from another
perspective answers this question.

As already stated above, I111 and Io99 times their normalization are essentially
the same functions, but once with variables z; z9 and z4 and once with 27, 23 and
z4. But we have seen already a third possibility in the construction of the three
point invariant. Ispp (cf. eq. ) has the same function with z; 29 and z3 in
the numerator with a different denominator and a factor of —4i:

1

Lpp = —4i0:X,,0,—— (4.3.68)
X2,

= —4ily— 4.3.69

oy (4.3.69)

In the last step we define the invariant Io [} which has the same normalization as
1111 and 1222.

At this point we need only to plug eqns. (4.2.25)-(4.2.27) into Iy and find the
combination in eq. (4.3.67) in it:

Iy = It — Iz — o1 + Tio2 — 1211 + 1212 + I221 — o220 (4.3.70)
—4i (2135 — 21Tz — 2T D9e + T Diae + Tiolhon)

The last step in establishing the independence of the eight I;;, hence is to show the
independence of I111, I220 and Ij.

We have seen in eq. , that the normalization can be changed with the
help of cross ratios. These non-nilpotent invariants are irrelevant to our discussion
of the independence, as we defined it above. So we look at the lowest order of I711
with zo replaced by z3 instead of I20, which means nothing else, but dropping the

cross ratio in eq. (4.3.59))
3 (1222)1_0_ = —913}2I319_13 — 9345(541534 + 9145(&}514 . (4371)

For Iy we get similarly:

2 2
T137T24

== (To)ye, = —thoRyy 012 — 023%53 Oos + 013% 14 013 . (4.3.72)
1423

One could now expand the terms in such a way, that only 64, 5(1_@-1 and 6y; were left
to get down to a set of variables, which are unsubstitutable among themselves. But
we actually already have such a set with the terms Qijii_jlﬁij as one entity. If we

!This invariant is the negative of I in [Knull]
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would substitute the individual intervals by sums of other intervals, mixed terms
would appear, which could not be taken together in any other way than back to
the form we started from. As we see that each of the three invariants contains one
Gijfci_jléij, which the other two do not, hey have to be independent.

There is another possibility to show, that the eight invariants I;;, are indepen-
dent, but it does not give the insight into the lowest order structure of these invari-
ants, which we will also use in the discussion of the four-point function. Nonetheless
we go through these calculations now as well because it is also the way to show the
independence of the higher order monomials.

We want to show the following:

Lemma 4.2. Let ayj;, (Z1,T2) be functions of non-nilpotent invariants, so that

2
> i (T, To) Iy = 0 (4.3.73)
g k=1
then
Vi, j k€ {1,2} : aijr=0. (4.3.74)

Proof. If we multiply eq. (4.3.73)) by 12221111, only two summands survive because
of the nilpotency:

0 = aifi11?ha® + o i1 Ior1 Ti2e” = (@11 + ag11 A) Iiin?hae? (4.3.75)
XH X (o
where eq. (4.3.41)) is used with the abbreviation A = %1(2)” These two
1(1)+

summands are also left, if eq. (4.3.73)) is multiplied by 1292211
0 = a1 i1 for Tioo® + a1 2112 129? = (a111A + o1 B) 11122 . (4.3.76)

This time eq. (4.3.41]) is used in the first summand and eq. (4.3.43)) in the other
X2
one with B = X;(Z)_' We substract now eq. (4.3.75) times A from eq. (4.3.76|), so
1)+
that the first summands cancel:

211 (B — AQ) 11112[1222 =0. (4.3.77)

I111%1125% and the bracket are not zero, so that we conclude as1; = 0 and plugged
in above also aj11 = 0.

This can be repeated with the other three pairs of coefficients, aj12 and 919,
121 and aigo1 and aggo and agos. For each of these three pairs eq. must be
multiplied with two monomials of third degree analoguesly to the above calculations.
These monomials are — in the same order as the pairs coefficients above — I 19121112
and I1212I212, T112° 1191 and I119%I291 and I1112 1122 and 1112 Ia00.

This gives the result, that all coefficients have to be identically zero. O

Now we want to proof the independence of the monomials of higher degree with
this method. If we look at the monomials of third degree, we notice, that they are
just those, with which we multiply eq. in the last proof. This makes the
proof of their independence stated by the next lemma especially simple.
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Lemma 4.3. Let oy (Z1,Zs) with i = 1,...,8 be functions of non-nilpotent invari-
ants, so that
8
> 0 (T1,15) I3, =0 (4.3.78)
1=1
then
Vie{l,...8}: qy=0. (4.3.79)

Proof. As for lemma eq. (4.3.78]) has to be multiplied by the appropriate terms,
so that we get systems of equations of two coefficients, a;, each. We have the
following factors and the corresponding pairs of coefficients:

oo, Ing2:  ai1,an; (4.3.80)
Loy, Ioor: as,ou; (4.3.81)
I, Iz as,06; (4.3.82)
L, Ioin: ar,08. (4.3.83)

The systems of equations are exactly the same as in the last proof and so also lead
to the desired result here. O

Finally we are left with the monomials of second degree, which require some
steps of calculation more because the eighteen coefficients do not pair up so nicely.

Lemma 4.4. Let oy (Z1,Z5) with i =1,...,18 be functions of non-nilpotent invari-
ants, so that
18
> (T1,15) 32, =0 (4.3.84)
=1
then
Vie{l,...18}: a4 =0. (4.3.85)

Proof. The first four coeflicients can be singled out by the appropriate factor. If eq.
is multiplied by I%,,, I3, I?, or I, the terms with the coefficients o
till ay, respectively, survive. Hence these four coefficients have to be zero.

Also here we find four pairs as in the other two cases. The following factors
segregate the respective pairs of coefficients:

horhog, Ioo1lhize: 5,045 (4.3.86)
Liohoo, Ioiohiee: as, 003 ; (4.3.87)
Lol Iooilinn s g, au6; (4.3.88)
Lol T2 s aio,0a2 . (4.3.89)

Here we treat the first line and then see, how the others analoguosly follow. The fol-
lowing two equations form after the multiplication of eq. (4.3.84]) with the mentioned



4.3. NILPOTENT FOUR-POINT INVARIANTS 63

factors:
ashiilinglionfioe + cashinnloiehionlize = 5 (a5 + a15A) 171 Iy
-0, (4.3.90)
aslyi1 1210011122 + 1511112120921 1122 = *% (a5 A + a5 (2A2 - B)) I Iy
_ 9. (4.3.91)

A and B are the same as in eqns. (4.3.75)) and (4.3.76). For the respective first
equal signs the identities between monomials, which appear and are not in J, and
those within this set are used (cf. eqns. (4.3.52)), (4.3.54) and (4.3.56)). If the first
equation is multiplied by A and subtracted from the second, this results in a familiar
equation:

1
- 5015 (A> = B) I} 1115, = 0. (4.3.92)

So the two coefficients are zero.

For the other pairs again eqns. (4.3.52), (4.3.54) and are all, that is
needed to show, that the resulting system of equations is not different from the one
above. At this point all but six coefficients have been shown to be zero. There
are no appropriate factors, with which we could separate these six coefficients into
smaller groups. So we deal with a system of six equations with six unknowns. This
system results from the multiplications with exactly the six monomials, to which
the six coefficients belong. There is no problem, that we have not proven their
independence yet. If they would depend on each other, the system of equations
would be under-determined, which would show in the course of solving it.

The following equations, which are already simplified, result from the multipli-
cation of eq. by Ii1li22, T1121121, Ti111222, I2111122, T1121221 and I2121221:

1 1 1
<a7 — 508 +ad +anud - Jaird - aig <A2 - 23>) I I = 0,(4.3.93)

1 1 1
(QOW + ag — 50[1314 — 50&14_4 + o174 + a18A2> 11211[1222 =0, (4.3.94)

1 1 1
<Oé7A — 504814 + a13B + a14A2 — 504173 — 20418AB) 11211[1222 =0 ,(4.3.95)

1 1 1
<047A — 505814 + a13A2 + apuB — 504173 — 20418AB) 11211[1222 =0 ,(4396)
1 1 1 -
—504714 + agA — 50&13B — 50&143 + a17B + a18AB I111I122 =0 ,(4397)
, 1 , 1 1
—Q7 A® — iB + OégA - 50&13143 — §a14AB—|—

+a17AB + a18B?) If)1115,= 0.(4.3.98)

The subtraction of eq. (4.3.96)) from (|4.3.95) leaves only a3 and a4:
a3 (B—A*) +anu (A>—B)=0 = ais=o3. (4.3.99)
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Once more we used the fact, that B — A? is not zero. In the next step we subtract

on the one hand eq. (4.3.93) times A from eq. (4.3.95) and on the other hand eq.
(4.3.94)) times A from eq. (4.3.97):

a3 (B — A?) — %an (B—A?) — a5 (BA— A%) = 0,(4.3.100)

—%0413 (B — AZ) — %QM (B — A2) + a7 (B — AQ) + a8 (BA — AS) =0 .(4.3.101)

With a14 plugged in, the sum of these two equations determines a7 to be zero and
— with this result and one of these equations — ay3 = Aayg. Now these results can
also be used to simplify eq. (4.3.94)):

1
—gartas=0. (4.3.102)

Eq. (4.3.95)) then is
3 1
10(7.4 = —Qi3 <2B + A2> . (4.3.103)

Yet unused we finally multiply eq. (4.3.98) by A and plug all previous results in,
so that only aq3 is left in it. The multiplication would not be needed, because A is
invertable. So it is only for convenience, so that we end up with

algg (B—A% =0. (4.3.104)

Thus a3 has to vanish and all other coefficients with it except a7, which we already
found out to be zero. O

With these three lemmas not much more is needed to prove the theorem.

Proof of theorem [{.1]: From the calculations in the proofs of the lemmas one can see,
that the vanishing of the coefficients already follows, if we start from the assump-
tion, that the linear combination only vanishes in lowest non-vanishing order of the
invariants. For ¢ = 1, 2,3 we have

ny
ST, L)3, 20 = a,D)=0. (4.3.105)
=1

The reason is the non-nilpotency of the difference (B — A2). This makes it also
impossible, that a combination of monomials of degree 7 is equal to one or a combi-
nation of monomials of a higher degree j > i.

This establishes the independence of all monomials in J and shows the uniqueness
of the expansion (4.3.57]). O
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4.3.4 Algorithmic calculations with explicit expansions of cross ra-
tios and other functions of superspace coordinates

In eq. we took the invariants Z; and Z; as arguments of the coefficient
functions. But every other pair of non-nilpotent invariants can be used, if it is
not possible to express one invariant of this pair by the other one and nilpotent
invariants. In this section we see, how we can take advantage of the nilpotency of
the monomials from section and apply an algorithm, which allows us to replace
the non-nilpotent invariants in the expansions of the kind of theorem by other
non-nilpotent invariants. The discussion here is completed by the Maple procedures
in appendix [D] which handle these expansions.

For the computation of expansions in this paragraph we have to start with the
arguments Xl(g)_2 and X (1)4,Xq(2)-" because we encounter products of nilpotent
invariants, which have to be brought into the correct form for the expansion with
the help of the equations gathered in section [£.3.2] As we have not expressed these
two arguments by another pair of nilpotent invariants, yet, we inevitably get these
arguments in the coefficient functions. But later in this paragraph we reach this

point and then are able to transfer the result to coefficient functions of cross ratios.

For these calculations it is also needed to express X 12(1)  in terms of the nilpotent

invariant I111. This can be done in an iterative way, which already stops after the
second step here, but is a prototype to other calculations later on, especially when
one wants to replace one pair of non-nilpotent invariants by another. The key lies
in an equation, in which the studied invariant — here actually XIQ(I)_ — appears
once with no or a non-nilpotent factor and another time multiplied with a nilpotent

invariant.
We begin with the three point functions X 12(1) 4 and X 12(1)7. These are particu-
larly simple because the ratio cancels down, if we plug the normalization into X 12(1) +

and X%(l)—’

) Xyqys 2 Xyp042 X?
X2, = 1(12>+ - = X1<1>+2 - X;“)* . (4.3.106)
\/X1<1>+ X1(1)- ="\ X

. Xy 2 X2 X2,
Xy = 1(12) — = W/Xl(l) s = Xlz(” . (4.3.107)
\/X1(1)+ Xl(l)— 1(1)+ 1(1)+

We see, that they are the inverse of one another. In the respective last steps the
ratio is expanded by the normalization.

The following equation gives us the possiblilty to calculate the expansions of one

of these two functions (cf. eq. (4.1.13))):

Xt =X

to- = X4 + 21013001, - (4.3.108)
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The square of this is

X12(1)— = Xf(1>+ +4i0:(1)X1(1)+ O1(1) — 401(1)0"O1(1)O1(1) 7 O1(1)
B . I®
= X{qyy +4ihn — 16 A2( | , (4.3.109)
1(1)+

where in the second line eq. (A.2.7) provides the last summand and I31; is plugged
in (cf. eq. (4.3.3)). This equation can be solved for the radicand in the last step of

eq. (4.3.107). When we also use, that Xlz(l)i = 1/X12(1)+, we get

X2
1(1)- _ 5 N
A2( Sy 41[111X12(1), - 16[1112Xf(1), . (4.3.110)
1)+
The square root is
XZ
5 1(1)- _ N N
X12(1)_ = AQ( =14 21[111X12(1)_ — 61—1112Xf(1)_ , (4.3.111)

1(1)+

At this point we can start an iteration, which leads to the desired expansion. We
plug this equation first into the first order (of I;11) term and then into the resulting
new second order term:

~

1
X12(1)— = —— =1+2il1;; — 10[11,° . (4.3.112)
X3+

At the end the inverse is given by eq. (A.2.10)), so that the other three point variable

is
) 1 '
X12(1)+ =% - 1—2il111 4+ 61111° . (4.3.113)
1(1)—

With eq. (4.3.112)) we can also get XIQ(Q)JF in terms of X’f@)f and I;;,. We
rearrange eq. (4.3.108)) for ¢ = 2 and take the square,

R R ) 1952
_X12(2)+ = X12(2)7 — 41.[222 — 16 A122

1(1)+
= X319y — 4ilogs — 161199” — 32iT111 [199” + 1601111 ° T120” . (4.3.114)

The next few expansions are just the ones, which we still need to be able to
switch to expansions with coefficient functions of superconformal cross ratios. We
shorten the expressions with the help of

X1 = XX (4.3.115)
X2 = Xig, (4.3.116)

X3 = 14+ X7o- —2X0 ), K@ - (4.3.117)
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The square of eq. (4.2.25)) is
X%, = X532 +4ilio — 4ilo1n + 66112 — 1611122 . (4.3.118)

Because the equations get longer, we introduce 36-tuple with the coefficients inside,
which are defined as

4 ny
(FoalFi, . FuslPan, . Fons|Faa, .. FaglFan) = > > Fij%i; . (4.3.119)
0=1 j=1
This way we can compactly write down the following results:

Iy = (01,-1,-1,1,—1,1,1, 1|0, —8i, 0, 8,0,0,0, 0,0, —4i, —4i, 0,0, 0, 0[4, 0, &,

0,0,0,0,0]0) , (4.3.120)
. . 12
Xt = X}, +4il) — 16— (4.3.121)
X1+
= (X3)2i,0, —4i, 4i, —4i, 0, 4i, —4i| — 10,0, —16, —16,0, 32,0, 32,0, 0, 0,0, —16,
—16,0,0,0,0] — 161, —32i,0, —32i,0,0,0,0|160) . (4.3.122)

With the functions of three points, Xlzi and X 12(1.) 4 we can also compute the cross
ratios as such expansions:

7, = X2 é & ;éhﬁ;éhoﬂ 4i — 8iX, —100 —16 —16%; 0
X1(2)+2 %2 %2) )%27%27 %27 7%25 %22 %27 ) %2) %22 Y

32 16X, +232%1’07070, —126’0707 —16 —827070‘ 0, —321;{1’0’
Xa X

X X2 27 X 2

—161%3262—2 821X ;ﬁigi’ ’ ;6;’ ;?;31 2??) 7 (4.3.123)
Ty = $ = (X3[2 (X5 — 1) ,45,0,0,0,—4,0,0] = 10 (%5 — 1), ~16,0,0, 8,

0,0,0,8,0,0,0,0,0,0,0,0,0(0,0,0,0,0,0,0,0[0) . (4.3.124)

These equations can also be used to get the expressions of X; and X5 in terms of
these two invariants. We weaken the definition in and let the coefficients
also be functions of other non-nilpotent invariants. Of course, in such an expansion
the coefficients are not unique, but it is useful as a shorthand notation for the
purpose here. We will not distinguish the notation and use the same bracket, as it
is always possible to look at the coefficients and see, which non-nilpotent invariants
appear. We exchange the left-hand side of eq. and the first coefficient in
the bracket:

— X3 = (—T[2i (X35 —1),4i,0,0,0,—4i,0,0| — 10 (X3 — 1),...) . (4.3.125)

We get to our goal with two iterative steps. We plug this expansion now into
the first order coefficients in the same equation, which has influence on the higher
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coeflicients after resorting the terms in the expansion. Here only one first order
coefficient, 2i (X3 — 1), is not constant. What we actually compute is

X3 = (T|21,—4i,0,0,0,4i,0,0[10 (X3 —1),...)
—2il111 (To| — 2 (X5 — 1), —4i,0,0,0,4i,0,0[10 (X3 — 1),...)
= (1|21 (1 — Ty) ,—4i,0,0,0,4i,0,0/6 (X3 — 1), 16,0,0,0,0,0,0,
0,0,0,0,0,0,0,0,0,0/0,0,0,0,0,0,0,0]0) . (4.3.126)

If we plug this into the coefficient of I1112, we see that only the zeroth order coefficient
survives in the product with I 1112

X3 = (I|2i(1—1T),—4i,0,0,0,4i,0,0/6 (Z, — 1), 16,0,0,0,0,0,0,
0,0,0,0,0,0,0,0,0,0[0,0,0,0,0,0,0,0]0) . (4.3.127)

This is the first half on the way to the expansion with coefficient functions of two
cross ratios. Eq. (4.3.123)) is the starting point for the other half. We calculate the
inverse with the help of eq. (D.4.1) and get
i o <.}:2 —2iXo 4iXe9 —4iXe 4iXo —4iXo 41(—1 + 2%1)
T Xs| x5 77 x3? xs? T oxs? T X x3*
X2 (2—-4X%X2+ X —-1+% X 1-%

o X2 ( 32+ 3),0,0,16#,0,—16%,0,16723,0,

X3 X3 X3 X3

1 —1+4+4 —1+4+2
2 0, _16 _pXe(CLHAX) g, (Tl 20 xt 1),
3

x5 %32 x35°
16 2X9 — X3 3 2X9 — X3 X9 | 16iX9 (2 + 77Xy — (6 — 4%3):{1)
x5 ’

w7 o 0, 32?33
321((24 X3)%1 — 2X2) . 16i(3%s + Xo? — 2(X3 + X2)%1)

x33 ’ %33 ’

—8i(3 — 12X + (16X — 8) X1 + 3 %22 +4%,?)

X34
0 —321 32i(—3+ X2 +2X%)
Toagd %33
—32(12%13 — (24 + 20%2) %12 + (36X + 15 4+ 7X9?) X1 — 22X — 43522))>
X3t '

16

, 0

9

For this problem we programmed a Maple procedure (cf. , which can replace
X5 by any invariant, in which the zeroth order is a monomial, in which X5 appears
with the degree 1. This is the case here. So the procedure subtracts the zeroth order
term and the left hand side, so that they exchange places and divides by the factor
of X5 — here 1/X3 —, which is now on the left hand side. This way it leaves X9 there.

Then it substitutes )
X1 = 5(1 + X9 — 363) , (4.3.128)

and inserts eq. (4.3.127)) everywhere in the right power. Furthermore it goes through
the iterative steps to replace all X5 by the current intermediate result.
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The final result is

5o Io| . 2—1y 4i 4i 4i 4 4 4 17 —1|6Zy,—16 16
Xl(g)_ = — |21 I e N S R SR ) 4i [l
11 I 11 AR A AR AR A 1 T I
16 Iy —1 32 32 16 16
——, 16 0, —,0,—,0,0,0,0, —, ——,0,0,0,0
Il’ :Z"l b ) Il7 b 1'17 ) ) ) ) Il’ 1'17 b ) ) )
161 A1-17 32i 1-17;
- —32i—,0, ——, 0,0, 0, 0| 160 4.3.129
Il ) 1 Il ) ) I ) ) ) ) ‘ Il ) ( )
I I I 11
= = —2i—1 4i—1Iy + 4il 62T 1671 1621 T
7 lI 111 + II o + 4il992 + 7 11 T, 0” + 7 222°
A A Io+ 41, — Th 1
+32171]111]222 — 64172[222 Iy + 32 2 1 - 2[11121222 (43130)
I 1> IQ

With this equation and eq. (4.3.127)) any invariant, which is given in form of eq.
(D.1.1) can now be transformed into the expansion

F (T, Ty, Iy, . . ., Io22)

- Z Y Fij (T, T3y (4.3.131)

The procedure, which does this job, is similar to the one we used to get eq.
(cf. appendix . This can then be applied to the product of two unknown
invariants in eqns. — with F; ; and G ; replaced by the Fi,j and Gi,j
and results in the equations of the coefficient functions Hm (Z1, Zh) of the product
H=FG.

With the equations and procedures to calculate the inverse and the square root
(cf. one can compute the expansions of all invariants, which we encounter in

thlS thesm In eqns. (4.3.112) and (4.3.113) we had already X f()y and Xl(l) —
1/X%(1)+. For )A(%Jr we can use (4.2.7)):
Xi, = X%(1)+I2
= I — 2iTp1111 + 6121111 ° (4.3.132)

The inverse is then, of course, proportional to X%u)—‘ If we look at further functions
of three points it is often shorter to write them with the help of Iy, as in eq. (4.3.130):

Iy Ts

59 B B 1 e b
X1(2)+ = fl 211_ Illl + 411_ IO + 6 I]_l]_ 161_ 1_2 IO
—32i 1221 160—[ 2T 4.3.133
11.12 112 1121 + 7 1112 I299* ) ( )
1 11 A 11 T 2 7y
— = —+4+2i—=1 di—Ilop—10—1 + 16— 11111,
X%(QH 7 112 111 — II 7 111 2 11140

I
+9611—121111210 , (4.3.134)
2
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1 . T T IR S
— = —+4+2i—=1 4i I 4i Iy —10=—1 — 3212
1(2)— I, LM T2 "2 M 1,5 %%
7 7,2 112 T 2
+16— I Iy + 16— I I 32——=1Iplo99 + 96i—= 11111
7,2 ko 72 inlezs = 325 lo a2 7,3

I .Il 2 -IIS 2
—32i— I Ip? — 96i= I 11 I + 288i— I [
II 22210 11.23 1114222 11.24 04222

Zl (Il + 7Ly — 7111'2)
"
With all these squares of functions of three points, their inverses and a procedure to

calculate their products one quickly gets to the three point invariants Ji and Jy)
and the other cross ratios Z;.

+32

L1 I . (4.3.135)

1 8 1
Ji = 1—4—=—1Iy+ —I111p + 40i—111,%], 4.3.136
1 112 o+ 7 111do + IIQ 111710 ( )
Jiqy = 1— 4l + 8111,° (4.3.137)
A Il 11 1 11
J =1—4i—1I 32 I 8L 1111999 — 1621 5ol 8i=LIy1,2
1(2) 11-2 222 — 7,7 222 + 7 1114222 7,2 o222 + II 1111222

o1 . I° 2 I 2
+32i—T11110% — 321 == I999 I — 96i—= I111I999° + 224i=— I, I

7,2 11140 7,3 22210 7,2 1114222 7,3 04222
11 (311 — Ty + Ill'g)

—64 3 1112 10% (4.3.138)
Iy = Ty — 4iTp 1111 + 4ily + 8To1111° — E102 + 811110y + 24il2, Iy, (4.3.139)
I, = 2 4i II; I + SII Ll + 401111111 Iy, (4.3.140)
Is =1, — 4@ Iy — 41111 Ipyy — 32§1 12 + 8 111110 + 8—2[111]222

Il .Il 2 .Il 2 . 1 2
—32—=1olaoe — 24i—1111"1Ip — 24i—1I111° ] 64i— 11111
122 04222 112 111 40 1 T 111" 1222 + 1122 11140

73 73 T2 (T + T — W T
—641%111112222 +3201%[012222 + 320 (T + § ! 2)1—111212222 ,
) b Iy

(4.3.141)

7y 7y 7y 11 T 5 I1 7
Te = — —4i—1 44— I I 24—~ 12 32 I + 24— I I
6= 7, 7, 7,2 I 220 = 247 Iy — 7,31 7,2 111do
7,2 7,2 VA 9 .,
+24——=111119990 — 32—= Iglo99 + 40i—= 11111y + 401— 1T I
7,2 1114222 73 0d222 1122 111 1o 1122 111" 1222
3

I .Il2 2 .-’Zl3 2 .Il 2
+128i—1 I? — 64i=—I1111p — 1281 =1 1, I + 2561 —1p[.
I 11140 1.24 11140 I23 1114222 124 04222

7,2 (3T — In + Th Io)
Tt

It is remarkable, that all expansions in this section with coefficient functions of the

—64 T111° 12907 . (4.3.142)
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cross ratios except X3 can be rewritten in a form, in which they only contain three
nilpotent invariants, I111, Ip and Is22. They all have in common, that they are ratios
2

of squared superconformal intervals, z;;, or the square root of such ratios.

4.3.5 Alternative nilpotent invariants

In the last section we have encountered already the invariant Iy, which is a function
of all I;;;, and has an especially simple structure. This invariant, I111 and I2o differ
only in their indices apart from their normalization, which is the same for all three.
To simplify calculations one can replace any of the other six I;;; by Ip. We will see
that we are led automatically to this replacement in our discussion of the four point
function.

If we look at the form of 111 in eq. , we find another possibility to get
an even simpler invariant looking at the mixed terms of second order in p’s. These
also appear in I%;. So one can replace them by squares of p’s by computing

Ty o= Dy il
T ATEY
= —pa1 — p12 — paa + 21 (par® + p12® + pad?)
—16 (034012 + p21PYs + Poapa1 + P21piy + PA1P12 + Pa1pTa + 2020P12012)
—32i (p34p%a + Pi1PT2 + PRaPds + 4p12p2apTs + 4p12P3apar + 4pTapaapa) -
(4.3.143)

We devide by the factor in eq. (4.3.10), which is just v/J1(1), and the corresonding
square in the first line.

With the equations 7, which we have found on the way to the
expression of I71; in terms of p’s (eq. (4.3.18))), we also get a simple result for 711,
which is certainly does not contain any vanishing higher degree terms, because here
all of these have already disappeared:

Ti11 = —pa1 — pr2 — paa + 2i (pa® + p12® + p2d®) . (4.3.144)

This invariant has not only a very short expression in terms of the superconformal
intervals, but also has the property, that only signs change, if one switches the indices
of the p’s (cf. once more eq. ) For the expansion of this invariant directly
in terms of our standard set of invariants we insert eq. into its definition
and get

Ty = Xpgy i +2iX{q) (4.3.145)

= I +4ih° . (4.3.146)

The factor X1(1)74 in the second summand just reduces to 1 because it is multiplied
by 11211-

Of course, we can get other invariants of this kind by replacing the indices of
the points this one depends on. If we replace the index 2 by 3, we get an invariant,
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which we can write down in terms of Is99 and X 12(2) 4

1 1
Tyor = —Z5—loza+ 21T-[2222 (4.3.147)
1(2)+ 1(2)+

= —pa — p13 — psa + 21 (pn® + p13® + psa?) .

Here we inserted into eq. (4.3.145|), that Xf(1)+ is the inverse of X12(1)—' Then there

is a quotient of I1117 and Xlz(l) n and the normalizations cancel. The indices can be
replaced and the ratio can be expanded by the normalization again leading to the
just stated result.

If one replaces instead the index 4 by 3, one gets the third invariant of this kind,
which we will later need:

1 1
Ty = —lo+2i4 13 (4.3.148)
X4
1+ 1+

= pi13— p12 — p23 + 2i (p12” + p2s® — p13?) .

A Dbit more complex is the case of the fourth invariant, which we need in the expres-
sion of the four-point function, which we show in the next section. We start from
the nilpotent invariant Is;o and expand its definition (4.3.4]) with the help of eq.

(23

_ 2
.
T41°%13

_ apZe? <1 =1 | gin -l g o1\~
Iy = VA TS oy (9433043 01427, + 4161477, 01404377, ) g1
(2,100 — 35]'021) . (4.3.149)

The factor in front of the first bracket is X 12(2)_. We devide by it here and find the
following structure:

1212
=
Xi(2)-

= pu+ [0u3dy) Tay (35 0n — 75, 021) — Oradiy, O]
+Aip1y [Ousdyy Ty (T, 01 — T3, 021) — Orady) 621 . (4.3.150)

The two square brackets are identical and we define —t912 to be this square bracket.
We continue to expand it and use in the term, which contains ' and Z7.!, that

21 i3
Tq1 = Tyy + L33 — T3 — 4i042031 . (4.3.151)
We finally find, that
Ipie .
= = pua — t212 — 4ip1atorz (4.3.152)
Xi)-
tory = Oasfyy O + 01305 001 — Ous¥y, F5375, 0

—4i0437 7, 02461375, 0o - (4.3.153)
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Now we define the invariant, which we are ultimately interested in. We eliminate
the mixed term pi4t212 by subtracting a multiple of the square of this invariant:

. Tops2 :
To12 = X?(I; - 21)%1; = pra — ta12 — 21 (p1a® + t212”) (4.3.154)

—16 (p14*ta12 — pratai2®) + 32ip1a’tars” .
(4.3.155)

At this point we can use the higher powers of T512, which vanish, to simplify the
expression here. With the help of computer algebra this can be done quite easily.
We have declared the three terms in ¢212 and p14 as variables, but not resolved their
structure. Naturally, one then has to demand a lot of conditions, that none of them
appears with a power, that is too high. These have been already sixteen conditions
like third powers or

17 \2, ~1~ ~-1z
(943$431t924) 0431'43128%1‘211921 = 0, (4.3.156)
17 \2 -~ 17 \2
(OasZyy O24)" pra (01325, 021)" = 0, (4.3.157)
043 55 024 pra® 013%5) 0210430, 530 01 = 0. (4.3.158)

The forth power of T515 is computed to be
15 \2 17 N2 (p 17 22
Ton' = 6 [P142 (61335, 021)" + (01375, 021)" (Pasiiyy Oos)
1 17 2 15 2 14 N2 g
+p14? (043:13431@3%11921) + p1a? 943:6431924 -2 (9131‘511921) ,01494317431924
—2 01375, 021 pra® OusF, Fop®5) 021 — 2 01375, 021 pra® OusFyy Ooa
15 14 \2 17 g aele 17
—2 01375, 021 p1a (0u3dpy 024)" — 2 pra® Ousiiyy 024043F 7, 5375, 0
+4 01375 021 p1a 43T, 0240437 5, 3375, 021
—0. (4.3.159)

As written in the last line this has to be zero just as the next result, which uses this
one already:

17 1A N2 1A N2 -
Toa2’pa = 3 [913%11921 p1a (0u3Fp, 024)" + (01355, 021)" prabasiy, Ooa
17 \2 1A \2
- (9135’3211921) (943952131924)
—2 913535_11é21 P14 (94353231é24) 943@231.%235511@21]
= 0. (4.3.160)
We continue on this path and find two more equations of lowest order (9@)4:
-1z -1z 1~ ~17 17 \2
To12°013%5) 01 = 3 [91393511921 p14” 43Ty Taadis, a1 — (O13@5, 021) p1a”
—913@;11921 p142 9435:55@24
17 \2 =
+ (9131‘211921) P14 94330431924}

=0, (4.3.161)
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30 ~—1s~ ~—1p _ ~—1p 2 ~—1~ ~—1p ~—1p \2 2
To19°0a38 5, Taziig, 021 = 3 |043Ty, Ooa pra” 0a3Ty, Toas) O — (0aziigy 024) pra
~—15 29 -—1p
—01325, 021 p14a” 043775 024
~—17 ~—17 \2
01375, 021 pra (01377, 024) }

- 0. (4.3.162)

The last possible product of this kind, T21230435;i31§24, is already zero with these
conditions. At last the third power is still a long expression, but also the last to get
to the final form of T51s:

To2® = 3 p1a® Oasiiyy Tasiiy, o1 — 3 pra® Ouziiyy Oos — 3 p1a® 1375 01
+3p14 (943922;31:‘7553%;11@21)2 — 6p14ba3iiy, To3T5, 0210437, 04
—6p14043T 1, T3y, 021013%5) 021 + 3p1a (943@{31524)2
+6p140437 3 02461375, 021 + 3p14 (91356;119_21)2—3943554{31524 (91355‘;11521)2
60437, 3Ty, 0210437 1 02401375, 01 — 3 (0437 7 024)” 01375, 01
+12i [P142943553:31§24913ﬂ3§11§21 — P14 (943553:31924)2 0135, 021
—p14043T 7, 024 (91353511521)2]
— 0. (4.3.163)
With all these conditions we finally find
Tory = pia— Ouziiy, O2a — 01355 021 + 043, T5375, 0o
_9i [pﬁ + (01385 02)” +(01375, 001 ) (04377 a5, 01 )
-2 (94354{31524 + 913:f:§11§21) 9435i315§333§11§21]

+16043% 1, F53%5, 02101375, 021043F 5 024 - (4.3.164)

The four invariants introduced in this section can replace I111, I, 1222 and I219,
whenever it seems convenient. This may take place because of their simpler structure
and especially because of their derivatives, as we will see in section Also we have
already seen in the last section, that the three invariants 1111, Ig and I222 obviously
are connected to invariant ratios of superconformal intervals, which we expanded in
these invariants in eqns. (4.3.133))—(4.3.142)) and several scattered other examples.
Because the corresponding three invariants 7711, Ty and Th99 are calculated from
only these three nilpotent invariants, they are connected in the same way to these
ratios.




Chapter 5

Correlation functions

Correlation functions of observables given in form of fields are the standard re-
sults of theoretical calculations in quantum field theory, which can be compared
to experimental data, e.g. the scattering amplitudes with results from high energy
collider experiments. These scattering amplitudes in the S-matrix are calculated
from time-ordered correlation functions with the LSZ-formula, which goes back to
the publication of H. Lehmann, K. Symanzik, and W. Zimmerman, [LSZ55].

A perturbation series gives an empirically successful approximation for a small
interaction. For strong couplings one can either look at lattice approximation, which
are limited due to available computer power, or one has to find a way to get ex-
act — because of the rampant perturbative approach often called non-perturbative
— results. In the perturbation theory in quantum field theory there are mathemat-
ical problems with the appearing entities: The definition of non-linear functions of
distributions is not clarified, the convergence of the perturbation series remains an
open question and the used interaction picture conflicts Haag’s theorem. Haag’s
theorem[] states, that the interaction picture is inconsistent with basic properties
of interacting relativistic quantum field theories, such as translation invariance. It
remains open, why the mainstream approach leads to empirically correct results
despite the ignorance of Haag’s theorem.

The standard model of particle physics consists of gauge theories. Although the
Wightman approach cannot be directly used for gauge theories because of the ab-
sence of a Hilbert space in the mathematical sense — the norm is indefinite —, the
situation is better in Coulomb gauge as recognized in the context of the Christ-
Lee model and the Gribov-Zwanziger approach, [CL80, [Zwa81l, BZ81]. Within the
Wightman approach the Wightman reconstruction theorem shows, that the correla-
tion functions contain all information to recover the whole theory. This means, that
from all n-point Wightman functions satisfying the Wightman axioms the existence
of a separable Hilbert space with a vacuum vector and a field with a domain dense
in the Hilbert space and containing the vacuum vector can be found and is unique
up to unitary equivalence.

'Haag’s theorem has been formulated first in [Haa55]. A historical review on versions, proofs
and reception can be found in [EF06].

75
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Symmetries provide the most direct possibility to learn something about the non-
perturbative structure of correlation functions. In this thesis we study Wightman
functions, which are correlation functions without time—orderinﬁ as defined within
the Wightman axiomatic approach.

In the main part of this chapter we investigate the implications of N' = 1 super-
conformal symmetry, as given by representations of the four-fold cover SU(2,2|1),
on chiral scalar three- and four-point functions. In this case anomalous dimensions
appear in the theory in contrast to the case, when we deal with global supercon-
formal symmetry. The latter has only representations directly on Minkowski space
or on superspace, if we express fields of a multiplet on Minkowski space within one
superfield, and do not have representations on a larger covering space. In section
we see the special properties of the — now rational — four point functions in
this case.

This prepares the study of the positive energy condition for the chiral scalar
four-point function in these global superconformal theories. It enables us to directly
transfer the partial wave expansion for scalar conformal four-point functions to their
supersymmetric pendant in section |6.2

Only the consequences of the superconformal symmetry and the restrictions of
the superfields are discussed here without any reference to a specific model.

First of all we look at the general transformation properties of superconformal
correlation functions. While the superfields transform covariantly under supercon-
formal transformations, as seen in , the correlation function stays invariant:

<\1/’§1 (z1)... 5 (zn)> - <\1/§1 (21)... W (Zn)> . (5.0.1)

One can plug in the superfield transformations here. This leads to a factor
directly determined by these transformation properties times a function with the
following properties (cf. [Par99]). This function transforms homogeneously and is
in general a function of n —2 variables. In the case of vanishing total R-charge of the
correlation function, which is the sum of the R-charges of the superfields therein, it
is an invariant function.

Non-vanishing correlation functions of the component fields always have a van-
ishing total R-charge. So the total R-charge of a correlation function of superfields
has to vanish for it to be non-nilpotent. For non-vanishing total R-charge and thus
nilpotent correlation functions of scalar chiral superfields, the Ward identities seem
to be rather restrictive: It was shown in [Osb99], that the total R-charge of the three
point function has to be 1.

Here the nilpotent case will only be touched in the repective ends of the discus-
sions of the two and the three point function. So in rest of the chapter we have for
the R-charges x; of the superfields in a n-point function

f: ki =0. (5.0.2)
=1

2The time-ordering is needed in the perturbative approach to handle integrations over the whole
space-time of inserted powers of the interaction term.
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In general the scalar n-point function in superconformal field theory is a function of
all invariants of n points times a factor due to the superconformal transformations

of the n fields (cf. [Par99]):

F' (n-point invariants)

Hn 1'2 Aim
Lm=1; l£m T,

(S1...8,) = : (5.0.3)

1 - 1 3
Ay = _2(n “Dn-2) ;m + m(m + Nm) + %(/‘Cl — Km) - (5.0.4)

Here we are interested in chiral scalar superfields. As these depend only on the
chiral variables, one immediately sees, that there is no way to construct a three
point invariant with only half the Grafimann variables. Therefore the three point
function can be easily written down in the next section, as it was already done in
e.g. [Osb99].

A four point function with vanishing total R-charge depends on two chiral and
two anti-chiral variables (here (x1_,61), (v2_,02), (x34,603) and (24, 04)), as will be
seen in section This leads to the problem, that there is only one superconformal
cross ratio given by eq. depending only on these four variables, namely
Z5. But there have to be two independent non-nilpotent superconformal four-point
invariants, because there are two conformal four-point invariants, on which the four-
point functions of the component fields depend. One possibility is the construction
of a trace invariant as the second non-nilpotent invariant (cf. [Osb99]).

Here two superconformal cross ratios, Z; and Zs, and the set of nilpotent in-
variants J from eq. will be used to get an expression for the four-point
functions. This will simplify conclusions from properties of global conformal field
theories to global superconformal field theories.

With the help of the chirality conditions applied to the four-point function, the
dependence on all these invariants can be reduced to a dependence only on two cross
ratios with a fixed universal differential operator applied to the rest of the resulting
expression of the correlation function, which is essentially the four-point function of
the lowest order component fields of the superfields and contains the model specific
information.

For rational four-point functions this differential operator can be applied to their
power series. The coefficients of this power series turn out to be the same as those
of the conformal four-point function of the scalar fields, which are the lowest com-
ponents of the chiral and anti-chiral fields.

5.1 The two-point function

Here we recall the superconformal scalar chiral two point function with vanishing
R~charge. Because of the equal absolute value of the R-charge of the two scalar
fields they have to have the same scaling dimension, n. We have seen, that there are
no two-point invariants. So the two-point function is up to a constant completely
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determined by the superconformal transformations of the two scalar superfields, just
as for all other superfields. If we plug the superfield transformations into eq. (5.0.1))
we get

(@1 (21-) P2 (224)) = Q(21-,9)" Uy (224, 9)" (P (21) Py () . (5.1.1)

We have already found the functions on superspace with this transformation prop-
erty in eq. (4.2.1). There can only be one. If there were two, the quotient of both
would be an invariant of two points, which does not exist. So we end up with

1
T,

<(i)1 (.rlf_,él) (I)Q (a;’2‘+, 92)> = C (5.1.2)

—~

From (3.2.18)) one easily verifies the conditions on the two-point function given by

the restrictions and ,
(D1_®1P2) =0 (D Dy ®2) =0. (5.1.3)

R-symmetry violating two point function A very special two point function
of two chiral superfields is given in [Osb99]. Only if the sum of the R-charges of the
two superfields is three, it does not vanish. In this case it is given by a pure contact
term:

(@1 (214) D2 (224)) = O6* (w14 —w24) 012", m+m=3. (5.1.4)

This two-point function conflicts with the Wightman axioms, as it violates the spec-
tral condition given in section [2.1

5.2 The three-point function

The three-point function is also determined up to a constant just like the ordinary
conformal three-point function. But in contrast to the two-point function this is
due to the restrictions of the specific type of fields. The three point function with
vanishing R-charge discussed here either contain one or two chiral superfields and
correspondingly two or one anti-chiral superfields. Here we look at the latter case
keeping in mind, that the former case calculates analoguesly. From eq. we
get the following transformation properties for the chiral scalar three point function:

(01 (21-) '3 (224) P'3 (234)) = Qj(zl_, 9) "y (224,9)™ Q4 (234,9)™ (5.2.1)
(@1 (21-) ®5 (254) P5 (234))

with 11 = n2 + n3. This is fulfilled by the function

fspr (Ispr)
2n2, 2n3
T19 *13

<<i)1 (l"lfi, él) (I>2 (:c’2‘+, (92) (1)3 (l‘ng, 03)> == (522)

The denominator totally accounts for the factors from the transformation and leaves
the function f3pp of the superconformal invariant.
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However, also here the chiral and anti-chiral constraints of the chiral and antichi-
ral superfields have to be satisfied. Eqns. (3.4.75) and (3.4.76]) have to hold for the
fields in the correlation functions and so the derivatives of the correlation functions
have to vanish.

Dl_ <(T)1(I)2CI)3> =0 s D2+ <(i)1q)2(133> =0 s D3+ <(T)1(I>2(I)3> =0 s (523)

If we now choose the restriction of the chiral field ®9 (22+) to be examined further
we only have to derive the invariant I3pp and get two summands:

2 .2 .2 2 .2 .2
_ 0 [ x5,x% x2 T5,T5, T2
_ 2331712 _ 4:7233112 P ~—1
D2+I3PF— 89 5 9 9 1| =4 2 9 9 (9231’23 921%21) . (5.2.4)
2 \ 75271375 T39T1375

We expand the function f3pp in a Taylor series, which terminates because the third
power of I3pp is zero:

fspr (Ispr) = fapro) + feprylspr + fepraylipr - (5.2.5)
We can now look at the lowest order 6, which has to vanish independently.

faprylspr

2m2 213
T12"T13

Doy (B (21-) @5 (201) V'3 (231)) 2 4i (Baziigg — Omny)') . (5.2.6)

Obviously only f3pr1 = 0 can accomplish this. But this also leaves no possibilities
to cancel terms of the derivative of I??P r in the next order, so that also f3pp2 = 0.
Already with only one of the three restrictions from eq. the chiral /anti-chiral
three point function is fixed up to a constant, C' = f3pr,), and has the known form:

C

2m2 _2n3 °
M2 278

<(i)1 (.%'éb_, él) CI)Q (x’5+,92) (133 ($§+, 03)> = (5.2.7)

In the same way one finds the expression for two anti-chiral and one chiral
superfield:
C

2m , 2n2 °
Ti3 L33

<(i)1 (m’fﬁ, gl) &32 (l‘g,, 9_2) ‘1>3 ($§+, (93)> = (528)
with 73 = m + n2.

In eq. (5.0.3) we have seen Park’s general form of scalar n-point functions. Here
we want to see in the following short calculation, how the chiral three point function
fits into this form, which is

— — ar I
(@1 (), 01) o (zh,,00) @3 (24,,05)) = 3fP A 3P§)Alm : (5.2.9)
Iim=1; 12m %3,

It contains an arbitrary function of the three-point invariant, Ispp. Again the re-
strictions (3.4.75)) and (3.4.76)) and so the differential equations, have to be satisfied.
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But it is easier to rewrite the denominator with the help of the identities relating
the A, with each other:

App+A1i3 = m, ( )
A1g +A3zg = 2, (5.2.11)
A3+ Asz = 13, ( )
Ag1+Azp = Ao+ Agg3=A351+A3=0. ( )
Here we used eq. (5.0.4) with n = 3, eqns. (3.4.59) and (3.4.60) with the corre-

sponding signs. With these identities we get

1 Jp A

= : (5.2.14)
HS 2 A 2212 203
Im=1; l#£m L], 12 *13

The derivatives only vanish, if the whole does not depend on Ispr any more. So
with eq. (4.1.8) the function fpgr (Ispr) is

Frark (Ispr) = (Ispp +1)7221 . (5.2.15)

And also here the calculations are analogous, which lead to the function, which is
needed to fit the three point function of two anti-chiral and one chiral field into the
form of Park. Due to the different sign for the index 2, when we use eq.
instead of eq. , the identities for Ay, change correspondingly and we get
again the same function in the numerator, although the denominator in is
different:
—Asg
(0 (P 00) @ (o) @ (0, ) = P T T
Hl,mzl; l#m xim

(5.2.16)

This recapitulation of two- and three-point functions in the light of the chiral and
anti-chiral restrictions has shown, how exactly analogous results to the ordinary
conformal case come out within supersymmetry.

R-symmetry violating three point function In eq. we listed the
only two three point invariants of superconformal symmetry without R-symmetry.
They have an R-charge of 1 and —1, respectively. With these there is the special
case of two three point functions of three anti-chiral superfield respectively three
chiral superfields, which violate R-symmetry and have the same total R-charges as
these invariants. Thus the sums of the scaling dimensions of the three anti-chiral
superfields, as well as the three chiral superfields has to be three. They were given
in [Osb99] and we write them down here pointing out the invariant in it:

C 2(771—%) @1@1

=.2 =, 2 1+
T3 7723331 3 /X12+

C K 2(m=3) 016,

.2 —.2 1+
Tio 7725513 3 /X12+

(1 (24, 01) @2 (25, 0) By (a5, 03)) =

,(5.2.17)

(@1 (24, 01) By (ah,,02) O3 (2, ,05)) = ,(5.2.18)
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with 11 + n2 + n3 = 3 in both cases.

We now pick the latter to demonstrate, that the right hand side has the correct
transformation properties, while the form of three point function of only anti-chiral
superfields can be shown analogously.

With eqns. (4.2.1)), (4.2.15), (4.2.17)) and we find, that the right hand
side transforms as

2(7]1—3) ~ — !
Xl 2 @1@1 e — M — _3 _ _3
:c122:7r2:r132n3 2 = Ti(@) 8- (219" " 2)Q+ (214,9) )
\/ Xit
2(m-3) = ~
X 70,06
Qi (224,9) Q4 (234,9) " N
x122772wi32713 /X12+

(5.2.19)

This can be simplified with the condition, that the sum of the scale dimensions is
three and eq. (3.4.95)):

!/

2 _3 =~ _
XlJ(rm :) 016,
T2y \/XTZ+

(5.2.20)

where the dots are the same as in the bracket above. This is exactly the transforma-
tion of the three point function of three chiral superfields. One can check, that the
anti-chiral and chiral constraints of these three point function are satisfied. It can
be relatively complicated to perform the derivatives directly in comparison to the
alternative way permuting the indices. As these three point functions have to be in-
variant under such permutations for certain points in superspace, one can cyclically
permute them in these cases and gets for each of the three indices an expression
of the three point functions, in which the respective derivative is trivial. These are
the derivatives with respect to 6; for the three point function in eq. and
with respect to 6; for the three point function in eq. . A similar argument
is already given in the publication [Osb99|, while he also uses the properties caused
by the nilpotency of ©; and ©;.

In a following publication [DO0Ia] about correlation functions of only chiral
superfields only infinitesimal transformations of a smaller symmetry group are con-
sidered. These correlation functions can be written down by only chiral variables,
so that no cancellations of terms of anti-chiral variables are needed.

=0 (214,9) " (224,9) Q4 (234,9) " ()

5.3 The four-point function

In this section we express the four-point function in terms of the set of four-point
invariants, which we have chosen in the sections and [4.3] These seem especially
promising in order to be able to trace properties of this four-point function back to
properties of conformal scalar four-point functions. This expectation is based on
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the fact, that the two superconformal cross ratios reduce to conformal cross ratios
and all nilpotent invariants vanish, if the Grafimann variables are set to zero. The
coefficients belonging to the superconformal cross ratios in an expansion of a rational
four-point function, as we have them in section [5.3.4] are not changed in this step
and no change in the summations are needed, as it would be, if we used other
non-nilpotent invariants, which are no cross ratios.

First of all the general form of the scalar four-point function given by eq.
for n = 4 can be rewritten with the help of 7, 7y, Ji, Jy(1) and Jy(y):

_2\ 21
(S1...8) = IIA34I2A24J1A43_A31J1(1)_A43_A41J1(2)A43 (i;;) (5.3.1)

2\ 22 2\ 23 2 =
(3723 ) <$§4 ) ( T33 ) F(Zy, Iy, L1, .., 1222)
— 3 ) 2.2 2 (ms—12) e 2ma 2
30 (D) T19°%73 273201712) g7, 2 2533202

with
1o 1
N = A+ Ap = ~5 Z}m + 5 (m + 1m) (5.3.2)
1=
1 3
Y1 = An+Azn+An= 3~ 5k, (5.3.3)
1 3
Yo = Az + Azt Az = 3B = 5k (5.3.4)
1 3
Y3 = Ap+Apt+Ap= 3~ gk (5.3.5)
— 1
=2 = Smtm—mn—mn), (5.3.6)

where eq. (5.0.2)) is used to calculate X1, ¥9 and ¥3. Because the invariant prefactors
pulled out can be expressed in terms of the invariants, which are the arguments of
F', we can define a new function f4pp, so that

2\ X1 _ 2\ 22 _ 2\ 23 _ 2 E
(S Sy) = L1 I33 Ty T3
Lee-04) = T2 T2 a2 T2y 2
21 32 12 127713

farr (T1, Lo, Th11, - - ., I222)

37132(773—772)3714277455232772 (5.3.7)
In general the function fypr has the expansion
4 ny
fapr = ZZ fij (Zh, I2) Ji (5.3.8)

i=0 j=1

with respect to the nilpotent invariants (4.3.40)), where the coefficients are functions
of the two cross ratios. If the GraBimann variables are set to zero, the superconformal
four-point function passes into the conformal four-point function. The cross ratios
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reduce to conformal cross ratios and all J; ; with ¢ > 1 vanish. Thus the function
fo,1 is the function appearing in the scalar four-point function of conformal field
theory.

We want to see, what consequences the restrictive conditions defining chiral and
anti-chiral superfields have on the scalar four-point functions, eq. . In order
to get a general expression of the chiral scalar four-point functions with vanishing
total R-charge, the following four differential equations have to be solved:

Di_ (®9®®) =0, Dy (®PPP) =0, (5.3.9)
D3y (PODPD) =0,  Dyy (PODPP) =0.
The following theorem states the solution of the differential equations.

Theorem 5.1. All chiral/anti-chiral scalar four-point functions with vanishing total
R-charge are of the form

Jo (Z1,12)
2(n3—=112) g7, 214 5, 2112

<(i)1 (Zl_) @2 (22_) (1)3 (2’3+) (I)4 (Z4+)> =D (5310)

T13
with the zeroth order coefficient, fo1, of the expansion of fipr with respect to the
nilpotent invariants (eq. (5.3.8)) and a fized, universal differential operator

4 T(Zy, Iz, In11,-- 1222) 1—1%

D=e¢ (5.3.11)

The fixed function T is nilpotent and will be given in the course of the proof
in eq. (5.3.44). The exponential with the derivatives has to be understood in form
of its Taylor expansion with only finitely many terms because of the nilpotency of T

Proof. This proof goes over most of the rest of this section. To underline its structure
the two important parts, into which it divides, each form their own subsection. The
first gives results in lowest order, which are needed to start iterative steps completing
the proof in the second subsection.

But first we have to rewrite the problem in a more appropriate form. The
starting point is the general scalar four point function. The chiral/anti-chiral scalar
four-point function has to be of the same form, eq. .

However, scale dimensions and R-charges of the chiral and anti-chiral superfields
fulfill eqns. (3.4.59) and (3.4.60). Consequently ¥; = X9 = ¥3 = 0 (eqns. (5.3.3)-
(5.3.6)) and with eq. also = = 0. Thus the four-point function reduces

to
_ fapr (Tn, To, T, - -, 1222)
- ~.2(n3— = 204, 2 ’
132017 12) g, 214 5202

The derivatives in the differential equations applied to the denominator of
this form and to the superconformal cross ratio, Zo are zero. Thus for the differential
equations to be satisfied the derivatives of the function fy;pr have to vanish. These
derivatives can be evaluated using the expansion :

3 n; o 4 ng
Dfirr =YY %fIZl] (D) Tij+ D> fra®Tny (5.3.13)

i=0 j=1 k=1 I=1

(Si...S4) (5.3.12)
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with © € {Dl_, Dy, D3+, D4+}.

The sum over i ends at i = 3 because the product of J4; and the derivative of
7, is zero due to their nilpotency. We now show, that this is the case.

The derivative of Z; either vanishes or contains a term, which is in lowest order
proportional to the derivative of nilpotent functions of three points. We have the
following derivatives:

DIy = Dy =0, (5.3.14)
Dy Iy = I (—4i) (X5, 032 — %7, 012) | (5.3.15)
D3 Ty = Io (4) (050%5, — O4%3,) ) - (5.3.16)

We want to relate these expressions to lowest order of (:)1(2), O, and ©;. The
lowest order expressions of the nilpotent invariants can be found in appendix
We can directly see from eq. , that the derivative Dy_ I is proportional to
the lowest order of the first expression:

Dy I 2 PITB co1g o1 5.3.17
Q*O—W(Xlz 12 — X33 032) (5.3.17)
where the antisymmetry of the lowest order intervals was used.

On the other hand this is also given by eq. and so is proportional to
(:)1. Together with eq. the product T11%1599° Dy_T; thus can be given as a
sum of one term of third power of (:)1(1) and one of third power of (:)1(2), so that it
vanishes.

The lowest order of the other derivative, eq. , is proportional to a sum

of two derivative of nilpotent invariants:

Dy, ] +x142x232[) Ly, Lo DT’ (0325, — 013573 (5.3.18)
3 0 - 5 o173 222 == D) 32 — U13 -0,
* T192m432 0T 71322942 32 13
3314255232 ~—1 ~—1
+ 5 (013%13 — O3a%3 ) . (5.3.19)

CC1325624

With the help of eqns. (C.1.22), (C.1.18) and (4.2.27) we find this to be a sum
of three terms containing either @1(1) or @1(2). Hence the product of this derivatives

and I111215292 also has to vanish.

5.3.1 Lowest Graimannian order

The structure of eq. (5.3.13)), which has to vanish, suggests to look at the lowest a
priori non-vanishing order, 6 resp. 6, because it clarifies the relation between the
function fp1 and the functions f;: In this lowest order we have to have

0fon
07y

8
(L) + > /19T =0. (5.3.20)
=1
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So the problem breaks down to the cancellation of the derivatives of the four-
point invariants in lowest order. With the help of the calculations above we will
quickly find a term of the form of the second summand, which is the negative first
summand. Then we show, that there are no sums Z?Zl f1,931,, which vanish on
their own.

We have to look closer on the proportionalities mentioned above around eqns.
(5.3.15) and (5.3.17) and eqns. (5.3.16) and (5.3.18). The first pair of equations
gives

Lo, ... T13°w24>
Dy T, 2 4T, 222Dy gy, (5.3.21)

142723
In lowest order Iy (eq. (4.3.70))) is a sum of invariants I;j:

Lo.
I = Iy — Tz — Doy + Tige — Iouy + Ioia + ooy — Ioga (5.3.22)
The second pair leads us to
2. 2 2. 2
Do Ty 2 41T, <D1 o+ DI) (5.3.23)
14°T923 L12°T43

The first summand here has the same factor as the right hand side in eq. ([5.3.21]),
while the second summand has not appeared before because Do_Is99 = 0. So we
find as part of a special solution

dfon
o1,

Here the conformal cross ratios appearing in eqns. (5.3.21]) and (5.3.23|) are replaced
by Z; and T, ', as there is no difference in lowest order.

But this is not the complete special solution we search for, as it only solves two
of four equations given by the condition . It is still necessary to look at the
derivatives D;_ and D4, and see, if these derivatives of the terms found here cancel,
or if additional terms are needed.

Starting with Dy, we only need (cf. eq. (C.1.12))
AT1°Ty ' Dyt Ioge = ATy (05455 — 01457 ) (5.3.25)

8
Z fl,ljl,l = —4i7T; (1.271]0 + 1.11-271[222) 4+ ... (5.3.24)
=1

because the derivative of Iy vanishes. There is one nilpotent invariant, which has
the same derivative up to a factor of cross ratios. From eq. we get
2. 2
Dy In12 £ 7222212 (934>~<§41 — 0145(1_41) , (5.3.26)
With the appropriate factor these two derivatives cancel and furthermore Dsy_I519 =
0 and D34 I512 = 0, so that it does not influence the cancellation of the derivatives
of Z;. Finally the derivative D;_ of the resulting combination is

—4iTy (Zo ' D1—Io + ThTo ' Di_Iroe — Th'Zo ' Dy_I22)

llo

—4iTy =%y 012 + K13 013 — K3 013 + X1 014 + %75 010 — %,/ 014)
0. (5.3.27)
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Thus we have our special solution, but there may still be possible ways, in which
the derivatives of the nilpotent invariants with appropriate factors of cross ratios
cancel on their own. These would have to appear in the most general solution to our
problem. So we define the functions f1;(Z;, Zz) as a term canceling the derivative
of fo,1 and the rest:

0
S = —41111271ﬂ + 911, (5.3.28)
’ o1y ’
.~ —10f01
= 4T, 1o 5.3.29
Ji2 T + 912, ( )
0
fiz = 411112‘1@ + 913, (5.3.30)
o1y
0
fia = —4i1112‘1@ + 914, (5.3.31)
014
0
fis = 4T -19f01 +915, (5.3.32)
01y
1\ 0
fis = —44L (L' - 4T 1)ﬂ+g1,6, (5.3.33)
01y
0
fir = —4LT7! fos +917, (5.3.34)
0I,
dfon

fis = AL (L' -1

+ 918 - (5335)

At this point we will interrupt the proof of theorem in order to show, that all
functions g1 ; are zero.

>
Lemma 5.1. Let g1,(Z1, I2) be functions of non-nilpotent invariants, so that
8
> 01931, =0 (5.3.36)
=1
then
Vie{l,...,8}: g1,=0. (5.3.37)

The vanishing derivative seems to be a weaker condition than in lemma[4.2] Still
we find here, that it is actually equivalent.
Proof. Due to the product rule we have

8

8 8
> 03 =2 9131 — > (Dg1) Ing - (5.3.38)
=1 =1 =1

Only the first order contains the lowest order, so that to lowest order the following
equality holds

8 8
~ lo. -

Zgl,l@JLl = @Zgu Ji (5.3.39)

=1 =1
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So the derivative of the sum has to be zero. Thus the sum can only contain terms of
the form 034 . .. 012 apart from the anti-symmetry of the Graimannian intervals. The
only term in all eight nilpotent invariants, I;;;, which looks like this, is contained in

o1z (cf. eq. (C.1.5)-(C.1.12)),
Doig:  O3ux34%o3x12612 . (5.3.40)

This is also the cause, why this invariant has already played a special role above.
Similar to the explanation in section [£.3.3]significant constraints follow just from

the terms with three Pauli matrices like this one, because the terms of this type

have to be combined in a way to have the desired form as well. If we look at eqns.

(14.3.60))-(4.3.63)) and (4.3.65]), the only way to achieve this is:
L2 + Ior — Loz + I211 — o1 - (5.3.41)

This combination can be completed to the lowest order of Iy with the help of the
other three invariant.

So we are left with only four invariants, Ii11, I212, I292 and Iy. When the
coefficient functions are redefined appropriately, we can look at linear combinations
of these instead of (5.3.39). To get the vanishing derivatives, these combinations
may only contains terms of the form, a4 ... 012.

But three of these four invariants only contain terms, Hiji;jléij, with the same

indices for § and 6. Only I12 has two other summands, 934}23_41@24, 9135<1_21§12. These

two are inappropriate to get from any Hijimlﬁ_ij to the desired form. The coefficient
functions have to be zero. O

With the help of lemma [5.1] we know, that the special solution given by eqns.
— with g1; = 0 is already the general solution of the lowest order of
the differential equations, which we have to solve to show theorem So all fi;
are fully determined by the fq 1.

Now we rewrite this solution in a convenient way. To this order the differential
equations are satisfied by

0 2
— e ald
fapr = (1 +4iT'Th 811> fo1(Z1,To) + O ((99) ) , (5.3.42)
where
Ig 7y 1
T =—2"I9g— ——Tp9g — ————1, 5.3.43
J1(1) 2 J1(1) 2 J1(1) 0 ( )

is a fixed function of four-point invariants. Here the factors we had before are

replaced by factors with cross ratios, Zs, Zy and Zg (eqns. (4.2.9), (4.2.10) and
(4.2.12), and Jy(q) (eq.(4.2.8)). These differ only in higher order, which can be

done here with the effect, that the coefficient functions in higher orders change cor-
respondingly. The new factors just eliminate the overall prefactors of the nilpotent
invariants in all orders, which simplifies calculations in the following.
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5.3.2 Iterative conclusion to higher Graflmannian orders

Eq. shows exactly, what restrictions follow from the lowest non-vanishing
(i.e. first) order of the differential equations (5.3.9). If one looks beyond first order
of Grafmann variables, one simplifies matters even more going over to a new set
of three nilpotent invariants replacing the three appearing in eq. . Using
they are given by eqns. (4.3.147)), (4.3.148)) and (4.3.164)).

They have especially simple expressions in terms of the variables 6;, éj and Iy;
and differ only in second and higher orders from those in eq. . Consequently
T’ is replaced by

T = Tyo — Togs — Tp (5.3.44)

which still solves the differential equations to first order. This new set of invariants
is especially suitable because it allows the iteration from lowest to higher orders. We
prepare these steps with a lemma. We show the equation, which is the basis of the
iterative steps. Afterwards we see, that there are also at higher orders no possible
other combinations of invariants, which could appear in the four-point function.
With the new function 1" we find the following equation, instead of the corre-
sponding one with T”, which we have found to be only valid in lowest order.

Lemma 5.2.
DI, = —HL, DT . (5.3.45)

Proof. The derivatives of the invariants 71111, 1212, 1222 and Ty can be found in
appendix They add to the derivatives of T":
Plugged into eq. (|5.3.45)) this already ends this prove. ]

Now we have to bring eq. back into our mind. We can write down the
corresponding equation with the results we have so far with the new invariants. This
is nothing else than the summands with lowest order 6 resp. @ of the derivative of
eq. (5.3.42) with 7" replaced by T*:

0 fo1
014

o7, + i@ T2 1 o ((09)) -

) 0
) (1 + 41T11> for (Th, 1) = 0T,

0T,
(5.3.46)

The O ((99)2> here is a summand from the product rule in the second term, which

we will get to later. One directly sees, that the two summands cancel because of
lemma [5.2l These two summands do not only cancel in their lowest order, but
completely as they are written down here. This is remarkable because we just
demanded the cancellation of the lowest orders in the derivation of eq. .
Because of this fact there are no complicated remainders left by the cancellation in
lowest order, as it would have been with the set of invariants we started with.

The coefficient functions have been redefined twice now corresponding to the
steps, in which Iy was introduced and in which 7" was replaced by T. So we call
the so far undetermined coefficient functions hj; with £ > 2 and have

4 ny
0
=(1+4T7TH— 11,7 T . 3.4
farr < +4i 1811>f0’1( 1, 2)+§;hk7l%7l (5.3.47)
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If we now look at the derivative of the whole four point function in eq. ((5.3.13))
we are left with half the product rule of eq. (5.3.46) and the other terms of order
(99) 0 resp. (99) f and higher. If we plug in eq. (5.3.45)), we get the following:

0 0fo1
= 167 TOT i
D fapr 6 o < T, ) T + ;2 ; 1: (Dhij) Ji

4 ng
+Zzhk,lgjk,l . (5.3.48)

k=2 [=1

Exterminating the lowest order left here ((66) 6 resp. (66) ), which has to be
zero, we can write down an equation with one side, which depends only on T, Z;
and 7y (as argument of fo1):

18 P of
) 0,1
ho ®Ta, = —16T T = | TDT . 5.3.49
I . (5.3.49)

Thus there is the following special solution for the coefficient functions ho; on
the left hand side, in which they also only depend on these three invariants,

o 2
Zhwgl 2 8 (TIlaI ) fo1 (11, Ts) . (5.3.50)
=1

Now we have to discuss the question of uniqueness of the solution. That is tanta-
mount to the proof of the following lemma.

Lemma 5.3. Let oy (Z1,Zs) be functions of these two invariants, so that

S @@y 20 (5.3.51)

then
Vie{l,...,18}: a4 =0. (5.3.52)

This is not obvious, although we have proven already lemma [£.4] As we have
seen in the proof of lemma it is in principle possible, that such a combination
of the derivatives of nilpotent invariants vanished, while the combination with the
same coefficient functions of only the nilpotent invariants does not.

The proof of this lemma can be found in appendix It consists of a lengthy
calculation, which is not needed for the argumentation here.

Here we can again redefine the higher order coefficients hg; and hy 1, so that the
general solution of the differential equations, which we solve here, can be written
down in the following form:

B
fapr = <1+41T118L—8<T11 ) >f01 (T1,Z») +ZZh’ Ik - (5.3.53)

k=3 l=1
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If we take the derivative of this, we find, that one term of the product rule of the
new term is of lowest order 3 in 0 and is left after the cancellations following lemma
[5.2l This term comes from the derivative of all but 72:

2
8; ((I 63) f01(I1,I2)>

The whole derivative of eq. ([5.3.53) is

— 872 (—4iTy D7) . (5.3.54)

. 0
Dfipr = 321< 81_) fOl(IhIQ)TQ@T—F; (Dhi ;)73

4 ng
+ Z Z hk,l@jk,l . (5.3.55)
k=3 I=1

In the same way as for the last step we get the term of the next order as the
solution from the lowest order of this derivative again,

b 3
Zhglmgl < _39i <IlaI ) fo1 (11, L) T*DT (5.3.56)

so that we can just write it down:
9 d\> 32 a\°
= 14+4TTh— —8(TT — —i|TT 1, T
fapF ( +4i 9T ( 1811) 31( 181)>f0’1(1’ 2)
+h2{7134,1 . (5.3.57)
We only need to look at the uniqueness of the solution also here:

Lemma 5.4. Let oy (Z1,Z5) be functions of these two invariants, so that

8
S 33,20 (5.3.58)
then
Vie{l,...,8}: oy=0. (5.3.59)

Also the proof of this lemma is given in the appendix in section
For the last step we take the derivative of eq. (5.3.57)):

32, a\*
D fapr = — 3 <Il 811> fo1 (T, To) T3DT + hy DTa1 -

Here there is no difference between the lowest order and the exact result, as no terms
in higher orders are possible due to the nilpotency of 7. Hence the function fipp is

) o \? 32. o \?
fapr = (1—|—41T11 T S(TL 8L> 7 (TL 811>

4
332 (TIl ai ) ) for (T, To) . (5.3.60)
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As this is the expansion of the exponential in eq. (5.3.11)), this finishes the proof
of theorem (.11 O

The dependence on nilpotent invariants has been totally fixed and the supercon-
formal four-point function of scalar chiral and anti-chiral superfields is left with no
more degrees of freedom than the scalar conformal four point function.

The four point function in eq. is not explicitly given in terms of the
chiral and anti-chiral coordinates 2z, zo_, 23+ and z44. Z; and the differential
operator D depend on #y and 5. These terms, of course, cancel.

Theorem has to be seen here as the link to integrate the scalar chiral/anti-
chiral four point function into the system of nilpotent invariants, which we have
analyzed in the last chapter. The proof includes the analysis of derivatives of these
nilpotent invariants, which could be transferred to chiral /anti-chiral four point func-
tions, which are not scalar.

5.3.3 Expression with one other non-nilpotent invariant

We investigate now, how the four-point function looks, if it is expressed in terms
of a different choice of non-nilpotent invariants. More specifically, the new choice
consists of a different pair of superconformal cross ratio. As the superconformal
cross ratios — just as the conformal ones — have the property, that one goes over into
another one under permutation of the indices, we just look at the expressions of the
rest of the four point function under such a permutation.

The example we look at here is the exchange of Z; by Zg. This is especially
interesting for the next chapter because conformal four point functions are given by
the inverses of the zeroth order of Z and Zg, for example, in the paper [NRT05] about
the partial wave expansion of scalar global conformal four-point functions. The
coefficients of the results there can then be directly compared to the superconformal
four-point function here.

We start with a look at the four-point function as in eq. (5.3.7)). The following
equation expresses the replacement, which we want to perform:

Jarr (Th, Io, In11, ... I22) = f4(?>)p (Zs, Io, In11,- .-, 1222) - (5.3.61)

But we do not start with the function on the left side and plug in Z; as a function
of Zg, Iy, and I;j;, which we could get from eq. , if we solve it for Z; with
the help of iterative insertion.

We rather take the iteration equation, eq. , and interchange the indices
3 and 4 in it. Thereby Z; gets Zg and we get a new function 76 instead of T,

DLy = —4iZgDT® (5.3.62)

As the third and fourth derivative, which ® stands for, are D3, and D4y, only
the corresponding two equations switch. This also shows the limits, in which the
superconformal cross ratios can be easily replaced, because we need exactly these
equations with the derivatives ® for the four point function, eq. , and may
not exchange indices between chiral and anti-chiral fields.
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Now we interchange the indices in the function T = Thes + Ty — T512. For the
first two summands this is simple, as Thgo gets —Th9o using and Ty gets T111
(cf. eqns. (.3.147), (4.3.148)) and (4.3.144)). The replacement of Th12, however, is a
nilpotent invariant, which we have not given a name so far and now name TQ(f%. Its
expression with superconformal intervals is 1’ With the indices replaced. But
we learn more about it, if we plug eq. into (| and change the variables
therein. We see, that the appearing three p01nt varlables XI(Q)_ eq. - @1
(eq. (4.2.18))) and @1( 2) (eq. (4.2.19)) change to the variables X1(2)+, ©; and — @1(2)
respectively. So, if we deﬁne

2
7$) = 1{%) — 218" | (5.3.63)

we have

10 _ O10X1401

212 = (5.3.64)

With eq. (4.2.26]) and the relation of Xl( 2)+ and Xl( 2)— analogues to eq. (4.1.13) we
can rewrlte thls in terms of invariants I;;, and X2 (i)

0 _ 610) (Xi2)- + 40102010 ) (G101) — B12))
212 X112
I219 I222 L2122 . L129?
= % 5+ %2 + 8i X2 <2 81)2'2 <2 . (5.3.65)
1(2)+ 1(2)+ 1(D)+1(2)+ 1D+ 1(2)+

In the last line we used eq. m Plugged into eq. it is poss1ble to
simplify the result Wlth the help of eq. m Also one could replace X 2( )+ by
1111 with eq. . But at this point this is not significant.

We now need to see, that the iteration works also with the new equation
and gives us a very similar result in the new variables in comparison to the old
ones. The starting point is an expansion of the function fﬁg)F as in theorem but
with Z; replaced by Zg. This expansion exists and is unique, because it is a simple
corollary of this theorem, that any independent pair of non-nilpotent invariants can
replace Z; and Zs in this expansion. Z; and Zy can always be given as a function of
the new pair of non-nilpotent invariants and the nilpotent monomials, J, ,, which
can be plugged into the expansion in theorem

We get the analogous version of eq. ,

L Of9( 6712) 1
©f4PF = E E ] (@Iﬁ) ji’j + E E flg?l) (Iﬁ,IQ)@ij , (5.3.66)
=0 j=1 k=1 1=1

where fi(g) (Zs, Zo) are the coefficient functions of the expansion of fSD)F. Because
the calculation has just two indices exchanged, it is clear, that as in the proof of
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theorem all coefficient functions f1 ; have to be determined by fo 1, so that the
derlvatlves cancel in lowest order. This leads to (cf. eq. m

: = 2
©) = (1 + 47O az) 19 (26, T) + O ((09) ) . (5.3.67)
As just a change of variables is discussed here, which cannot add degrees of freedom,
we skip most part of the proof of theorem about vanishing linear combination
and the iteration then is straight forward. Eq. ([5.3.62]) leads three times to the next
higher order and we get analogously to eq. ([5.3.60)

2 3
18, = <1+41T( )168—8(T( 17, 0 > _ 32 <T(6)IG 0 )

076 06 3 076
32 o \*
+3 <T< )I6az> )fm (Zs, I2) . (5.3.68)

Finally we write the bracket as an exponential and have the four-point function in
the new form:

(6)
_ _ 4i T(6) 7T, fo 1 (I6aI2)
<<I>1 (21-) P2 (20— ) P3 (234) P4 (Z4+)> L,G_B, 23 —12) g 2 202
13 14 23
D(6)

(5.3.69)
So the change from the function fy ;1 (Z1,Z2) to féﬁ) (Zs,Z2) is compensated by the
one from T to 7).

5.3.4 Rational four-point functions

In the remaining part of this chapter the case of rational four-point function is
discussed, which leads to an expression containing only 21—, 29—, 234 and z44. It was
shown in [NTO1], that in global conformal field theory all correlation functions are
rational. As a consequence of global conformal symmetry of the correlation functions
of component fields this is also the case for supersymmetric theories with this space-
time symmetry. If the correlation functions of all combinations of component fields
of a multiplet are rational, the correlation function of the corresponding superfield
also has to be rational.
In rational four-point functions the function fy 1 is a power series:

Jo1 (T, o) = Z foa e ke TV T2 (5.3.70)
ki,k2

The differential operator applied to this leads to

iTk k k
Df(),l (Il, IQ) = kzk f0717k17k2 64 T 1I1 1 IQ 2 . (5371)
1,R2 EI{

This is rewritten now as a function of chiral and anti-chiral variables. We also
define here the invariant 77, which we simplify and get an expression in terms of
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these variables in eq. . Only 634, 621 and x;; with ¢ = 1,2 and j = 3,4 may
appear. Because of the exponential function in it is useful to express xiy,
x34 and x35 by the "allowed“ intervals times an exponential function with nilpotent
exponent. One finds, that

2
2, = (o, — o) MO (0 )) (5.3.72)
2
2, = (o, — o) MO 05 0)) (5.3.73)
T3 = aie _44p23 2ipaa?) (5.3.74)

using pe3 from eq. (4.3.9).

This is inserted in the cross ratio Z;. The exponents in eqns. (5.3.72))-(5.3.74))
multiplied with these powers cancel most of the exponent in eq. (5.3.71). The
following four-point function remains:

ki k
D ks ke J0k1 ko L1 2"

(@1 (21-) Pa (22-) P3 (231) Py (244)) = P T T (5.3.75)

with
L 22 42
7, = ¢0-27) 14725 (5.3.76)
R r—
13 ~ L33 13 P14

and

Y- 034x74%13X53001 2132 (034%33021 + O34x14021 — O34x73621) (5.3.77)

- 2 2 2 2 : -
(xlfs - 3353) (x‘f?) —af,) (xia $§3) (xlf:), —af,)

Setting the Grassmann variables to zero, the exponent in vanishes and thus

| passes into a conformal cross ratio just like Zy does. Hence the coefficients fo 1, k,
are also those of the four-point function of the lowest component fields, which are
scalar conformal fields.

If we now look again at the four-point function expressed with the superconformal
cross ratio Zg instead of Z;, we see, that the differential operator DO and the
function féi) in eq. result from the interchange of the indices 3 and 4 in
comparison to the case above. Thus applying this differential operator to the series
expension of this function is the same calculation with different indices and results
in

. k1
6 -1
Zkl,kg f(g,k)l,kz <I(/3 ) I2k2

(@1 (21-) B2 (22-) D3 (234) Pu (244)) = 2732018=12) 37, 214 5,212 (5.3.78)
with
- _4i(~©) _oi(4©)2) (¥, — & Q;UH —* 2 72 22
e 4i(v©) —2i( ))( 14 24)2 (213 i) T, =B (5379
13724 T137%4
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and
() — 043%73%14X54001 214” (043%34021 + O43x73021 — O43x7401)
- 2 2 2 2
(xlit4 - 9654) (‘T% - :1:‘1‘4) (mlﬂ - xg4) (:’S% - x’f4)
(5.3.80)

Here we have switched over from Zj to I(’)fl by changing the sign of the index k1. Now
the two variables of the expansion, Zj and Z», do not only pass into any conformal
cross ratios, but into those in eq. used in the expressions of global conformal
invariant four-point functions in that chapter, when the Grafimann variables are set
to zero.

Finally we want to give the relation between the coefficients féf’ghb and fo k; k-
In order to do so we just need to look at zeroth order in Graimann variables. The
conformal cross ratios (I{l) =, (Z1), and (Zz), = n2 — the index zero denotes

the zeroth order part — fulfill the following relation:

(71), = (T2)o (T5), - (5.3.81)

If we plug this into eq. (5.3.75), we can introduce new sumation indices kj = —k;
and k} = k1 + ko, so that

k/
1 k1~ ko Lo ;=1\ "1 g
E Jor Dy L2 = E fO,—k’l,k’2+k’l<IG ) 1™ . (5.3.82)
k1,k2 ki kb,

As eqns. (5.3.75)) and (5.3.78)) contain the same correlation function. the expansion
on the right hand side must be the one in (5.3.78) and we can identify

6
fé,’ﬂ)l,k?g = fO,—k1,k2+k1 . (5.3.83)

The scalar four-point function can be reached without all the nilpotent invariants
in this chapter, but then also without the perspective beyond the scalar case. In
[PSD11] the four-point function of two chiral and two anti-chiral superfields all
having the same scaling dimension are given using a trace invariant and Zs. This
trace invariant is given by

tr (X§3_1X13X14_1X§4) =1 71{—1 + It (5.3.84)

with Zy and Z] from eqns. (4.2.7) and (5.3.76]), respectively.
There is another reason, which opposes the use of this trace invariant. If a

rational four-point function is written as a power series with this invariant and
Ts, the coeflicients would be resorted in comparison to eq. and the step
from global conformal to global superconformal four-point function would be more
complicated.



96

CHAPTER 5. CORRELATION FUNCTIONS



Chapter 6

From conformal to
superconformal pole bounds and
partial wave expansion

In this chapter we get back to the result for global conformal field theories in
chapter 2] At this point we are now able to transfer these results to global su-
perconformal theories, which means in analogy to global conformal invariance, that
these theories are invariant under the single valued action of the superconformal
group SU(2,2|1), whenever both z and the gz, g € SU(2,2|1), belong to the super-
Minkowski space. Representations on covering spaces of Minkowski space (multiplets
formulation) respective superspace (superfields formulation) are excluded.

This amounts to global conformal invariances for all component fields in a super-
conformal superfield. Thus the consequences of global conformal invariance for GCI
fields and their correlation functions apply to each such component field. But these
fields are not independent. They are connected by supersymmetry transformations:
By definition the supersymmetry generators, @ and @, relate them. but in section
we have seen, that also the special conformal generators, S, S and K s Mix
the component fields. This mixing goes back to their relation to the supersymmetry
generators. So it is sufficient to concentrate on the latter here.

This chapter is devided in two parts. The first is devoted to pole bounds and
the second takes a look at the partial wave expansion, which we have discussed in
section The strategy is similar for both parts. We review, what we know about
the component fields from GCI and then see, which consequences the properties of
one component field has for the others because of their relation by supersymmetry.
This relation is already given by the form of the superfield, which simplifies matters.

6.1 Pole bounds

The pole bounds of the correlation functions given in section only depend on
the represenations the contained fields belong to. Even more the pole bound for a
distance of two specific points z; and z; in Minkowski space only depends on the

97
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representation of the two fields, which are functions of these points in the correlation
function. We can write down the bounds following eq. for all pairs of compo-
nent fields, which appear in the superconformal correlation function of superfields,
if we expand these superfields.

We study the four-point function of a chiral scalar superfield, ®, and its anti-
chiral hermitian conjugate, ® = ®f. Eq. for four scalar fields of the same

scaling dimension d (d =1y =n3 =14 in (5.3.78) and d =11 =n3 + N4 — 12) is

(6) “1\F g
Zkhk? fO,k’l,kz <I(/3 ) 1™
2d :

<(I) (.%17, 51) (i) (.%27, 52) (0] ($3+, 93) P (334+, 94)> = ~ odo_
L1477 Ta3

(6.1.1)

The function fo k1 k, has been introduced in eq. (.3.61).

The superﬁelds have the expansion in eqns. and in the corre-
sponding chiral and anti-chiral Grafimann variable. Because the four-point function
only contains terms with some power of Hiéj with ¢ = 3,4 and j = 1,2, only nine-
teen of the in general 81 terms do not vanish. As factors, with which the coefficient
functions are multiplied, are not important for our discussion here, we just list the
terms in the expansion of eq. without them:

o (9" (v1-) " (z2-) ¢ (x34) ¢ (wa4)),
03 <1Z¢*1;¢> 01, 04 <1;¢*¢%;> 01, 63 <¢*1Z¢¢> b2, 4 <¢*1/:1¢1; 02

~_—

0304 <¢:”Z @E> 0102,

m*¢*me) 61

s
< *¢*ww>9191,9394<¢ ) 626,
0305 (

(93533 0, <m*&m&> (5151) s, (9494) 0 <m*$¢m> (519‘1) 0,

(9353 04 <1Zm*mzﬁ> (9292) 01, (9494> 03 <1Zm*1ﬁm> (:2 _2) 01,
. (03@3) (04@4) (m*m*mm) (élél) (9:2§2).

All these correlation functions of component fields depend on the same chiral vari-
ables as the first one. They are not all independent. Each item groups correlation
functions, which are related to each other because of the locality of the four-point
function of superfields. Here we only take a look at very few of them. We start with
the zeroth order, which is the four-point function of complex scalar fields. So we set
the GraBmann variables to zero in eq. and get in lowest, i.e. zeroth order,

s (
0 {

030,

bibme > 0105, 0404 <1/:ﬂ/:}¢m> 610,

(6) K1 1Ko
Lo Zkl,kz f0k1,k23 t

(9" (x1-) ¢" (z2-) ¢ (¥34) & (w44)) = e . (6.1.2)

z14%4293
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We only need the lowest order, because we are only interested in the coefficients,
fé,ﬁk)l,k27 which are the same whether we have chiral variables or coordinates of
Minkowski space on the right hand side. One could expand the chiral coordinates,
which the exact expression of the left hand side contains and has additional to the
four-point function of the scalar component fields on Minkowski space also four-point
functions of vector fields, which are completely determined by derivatives of the one
of the scalar fields (cf. eqns. (3.4.81)), (3.4.83) and (3.4.74)). This is the same for
the four-point functions of the higher independent component fields, which we listed
above, because there is no mixing in the expansions: While in the expansion in chiral
variables the indices of # and 6 are always different, expanding the chiral variables
always leads to pairs of § and # with the same indices.

As the pole bounds are more restrictive for the truncated part of the four-point
function, we want to know, which summands contain the rest of the four-point
function. As we know, that the two-point functions of two scalar fields, ¢; and ¢;,
are proportional to xij_Qd, one quickly finds

(6" (012)¢" (22)) (a3 )d(eas)) = (ki) = (~d,d) . (6.1.3)
(6" (@1-)9(23)) (6" (22 )p(ear)) = (kaka) = (0,d) (6.1.4)
(6" (012)9(2a)) (67 (22 )B(ws)) = (k1 ko) = (0,0) . (6.1.5)

These poles are generally the maximal poles in the four-point function. The second
and the third line considers poles of fields, which actually are in the four-point
function. These terms are not in the truncated four-point function, as we also see
below, and so the corresponding pole bounds in the truncated four-point function
are lower in comparison to the whole four-point function. This is not the case for
the first line, but here the two-point functions are already zero. Consequently the
term féfiz 4.0 also does neither appear in the truncated four-point function nor in the
whole four-point function.

Now we can write down the poles, which the summands in the truncated four-
point function have together with the denominator. We also give the bounds, which
follow from eq. in the case of the two fields being ¢* and ¢ and from eq.
and with the fact, that the two-pint function is zero in this case, otherwise:

Hi12 = M34 = —kl S d—1 s (6.1.6)
iz =poa = ki+ka<d-1, (6.1.7)
H14 = H23 = d— k‘Q < d—1. (6.1.8)

Hence the coefficients féfik)l k, can only be different from zero within the bounds
ki>—-d+1 , ko>1 and ki +ko<d—1. (6.1.9)
For d = 4, which we take as an example here throughout this section, these are

21 possible values in a triangle in the kj-ky plane with corners (ki,ks) = (—3,1),
(—3,6) and (2,1).
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But the coefficients are related by the locality property to each other. If we
permute the indices 1 and 2 the four-point function gets

k‘l d—k1—ks
10 Zkl,kz fO kl,k’g t

(0% (x2-) " (21-) @ (234) ¢ (244)) = 57 . (6.1.10)

x14%4293

This has to be the same as the original one and by redefining the index ko —
d — k1 — ko we get the relation

_ 7(6)
f 0k = J0 k1 d—ki—ks - (6.1.11)

This leaves in the case of d = 4 twelve coefficients independent. The permutation of
the indices 3 and 4 leads to the same restriction.
Next we have to determine {1¥¢*¢ ). For this we have to expand some terms

of eq. . These terms have to have solely the Grafmann variables f3 and 6,
which can either come from (%), which is part of 7}, (eqns.(5.3.79) and(5.3.80)) or
from the expansion of 275. We only need the first order in #36; and the zeroth order
of all other Graimann variables. On the way to the expansion of Ié_l we find

(213%)" = (215°)" {1 —4in03;1133291} T (6.1.12)
(1) = o [t e

The inverse of these terms is given by eq. (A.2.10). Thus we get for the more difficult
_1k
part of Zj L

[( S)g

From the exponential of 7(%) we can easily read off the terms:

(o —a4)°]" vy
13 ] ’f1+41k193( 13 —43>0 s (6.1.14)
xIs5

2
3724 r132 1347

=23

o 2
L13L14T24 — T14 (.T24 + r13 — 11314)
z12%w34>

e =1 4ip, O +.... (6.1.15)

The lowest order of the square of ¥ is already to high to be relevant here. In
summary and together with the expansion of z7; in Zy we find, that

= x T x T13%14%24 — T14°T -
293<¢¢¢¢>91 24193[ 13k2+< 132_ 432_ 13214224 14 23)]@}01

x13 T34 $122$342
k1,ka

k141d—k1—ko
foy 1,5

21424293

- (6.1.16)

We see, that the expansion has led to factors, which increase the degrees of some of
the poles. On the other hand the fermions appearing here are representations of the
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conformal group with (d + %, 0, %) and (d + %, %, O). This weakens the pole bounds
slightly. This effect could be compensated by the stronger poles from the expansion
above, but we find

Hi12 = M34 = 1— kl S d s (6.1.17)
pwz = 14+k+k <d, (6.1.18)
H14 = H23 = d— kQ S d s (6.1.19)
pos = ki+ke<d-1, (6.1.20)

and in the end the allowed range is even larger as compared with (6.1.9)):
ki >—-d+1 , ko>0 and ki +k<d-1. (6.1.21)

A special case is k1 = ko = 0. Here the summand in the eq. is zero
independent of the coefficient f(g,6k)1, k- But this coefficient has been already excluded
in the truncated part of the scalar four-point function in eq. .

The other four-point functions may lead to further restriction. It is not necessary
to do the whole expansion and calculate these functions completely. If we look at
the appearing terms in , we can already see, which powers of the intervals
appear in a specific correlation of function of the component fields.

For example, for <1Z1ZIL7,/~J> we have to find the terms, which contain 636,6,65.
Actually we only need the denominators of the canceled down terms. From the
square of 7(6) we get a factor 1/ (x124x344) additional to the poles in the scalar four-

2
point function. The expansion of the different appearances of xgjz or (m’l—:l — :c“ﬁm>

with ¢ = k or 7 = [ leads to additional factors l/xijz, 1/@pm? or 1/2;,%. Thus then
poles of the different summands give the following inequalities with the pole bounds
for the truncated four-point function:

MH12 = H34 = 2 — k‘l S d s (6.1.22)
MH13 = H24 = 1 + k’l + k‘g S d 5 (6123)
pig = po3 = 1+ d—Fky <d. (6124)

This time we get stricter bounds for k1 and ks than in eq. (6.1.9):
ki>—-d+2 , ko>1 and Kk +k <d-1. (6.1.25)

Finally we want to mention here only one other restriction from a single term in
the correlation function (m*¢*me). This term has to contain 63636160 in eq. (6.1.1]).

2 . . . .
It comes from (7(6)) . It is easy to see, that there is a part in the numerator, which
does not cancel with denominator z12*x34%. No term can give a stronger contribution
to the following two poles:

H12 = U34 = 2 — ]{21 S d. (6126)

This is equivalent to
ki > —d+2. (6.1.27)
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So k1 is not more restricted than in . In our example, d = 4, 15 possible
summands are left and 9 may be different from each other.

These are the results we obtained so far. In this way one can continue with the
rest of the correlation functions of component fields and it seems, that with higher
component fields and their correlation functions k; seems to get more and more
restricted, as far as one can guess from two steps of stronger restrictions, which we
have found so far.

6.2 Partial wave expansion

The form of the GCI four-point function of real scalar fields with scaling dimension
d = 4 is known from [NRT05]. The coefficients of the partial wave expansion were
calculated from the five constant in it, But this case is not applicable in the context
of chiral and anti-chiral superfields. We have seen in section [3.4.2] that scalar chiral
superfields always have a complex scalar field as their lowest component field. In
the four-point function of two anti-chiral and two chiral superfields we thus have
even for equal scaling dimensions only two pairs of identical fields and these pairs
are related by ® = ®f.

This leads to more possibly non-vanishing independent amplitudes in the four-
point function of these four complex scalar fields compared to the case of four real
scalar fields discussed in [NRTO05]. The reason is, that there are less identities
between coefficients because only one identity (eq. (6.1.11)) instead of those in
eq. comes from the locality property.

If one wants to transfer the results of [NRT05] and the constraints from positivity
discussed therein, one has to look at other supermultiplets. The general multiplet
can be restricted by the condition V1 =V to get the general real multiplet.

Still the more general result on partial wave expansions also apply to the four-
point function of scalar chiral superfields. Also the method to calculate the coef-
ficients of this expansion described in section can be used for the explicit cal-
culation of partial wave expansion of the four-point function of four complex scalar
fields, as they are contained in the four-point function of superfields.

We have already seen, that the function of cross ratios appearing in the conformal
scalar four-point function of the lowest component fields, ¢ and ¢*, is the same as
the one in the superconformal scalar chiral/anti-chiral four-point function of the
superfields, ® and ®. In the former case this function is evaluated at the conformal
cross ratios and in the latter case its arguments are superconformal cross ratios. The
cause is the reduction of the superconformal four-point function to the conformal
four-point function for vanishing Grafimann variables:

B b * ok f(87t)
(D102®@3P4) |g,—0,5,—0 = (P1P3P3¢4) = 2132 gy 2y (6.2.1)

Because of the global conformal invariance, which we assume here, this function is
rational:
6
Flsit) =3 f30 | shthe (6.2.2)

k1,k2
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From pole bounds only a finite number of terms may not vanish in this sum. As
detailed in section the partial wave expansion can be calculated for (¢*¢*po), if
we substitute the cross ratios here by chiral variables, v and v, and use expansion
formulas to get to the partial wave coefficients. This is, of course, increasingly
difficult for more summands in and also for higher scaling dimension and less
identical fields. A promising eventually non-trivial candidate could be the example
from the last section with d = 4 and fields CI{J; = (I)Z =P, = .

In the end we have a set of partial wave coefficients, By, which give the expan-
sion of the superconformal four-point function for vanishing Graimann variables:

1
132(13=12) 01 427 932712

(D1 D2P3D4) l6,=0,8,—0 = . ZBkz,LBkL(Sa t). (6.2.3)
koL

This sum is equal to the function in the numerator in eq. . We have
seen in theorem that the whole superconformal four-point function results from
the conformal four-point function of the lowest component fields, if we replace the
conformal cross ratios by superconformal ones and apply a differential operator, D
to it, which is to the lowest order equal to 1. But in that theorem the conformal
cross ratios have not been s and ¢, yet. Later in section we found out, that
we have to take the similar differential operator, DO in order to start from the
conformal four-point function in terms s and t.

This is also true after the expansion into partial waves:

1
. 2(n3— - 2 =.2
Ti3 (s 7]2)x14 774x23 2

(B102,D3P,) = > BrDOB(Ts 7, ) - (6.2.4)

kL

Because of the rationality of the four-point functions of the component fields,
we have the possibility to write this without the differential operator: To get eq.
we have seen, that the application of the differential operator to the function
f(Zs ™1, T) is equal to the function f(Z§ ", Zy) with Z5 " from eq. (5-3.79). As this
is only caused by rationality of the function f the same has to be true for each
partial wave, which can also be expanded as a power series. Hence we have

1

€7 2(n3—n2)

(P1D2P3Py) = -
13 T1q

y—1
2114 1552112 kzL:Bk,LﬁkL(Iﬁ L) . (6.2.5)

Thus we have a partial wave expansion of the superconformal four-point function.
A chiral or anti-chiral superfield representation is determined by the representa-
tion of their lowest component conformal field, because in contrast to the general case
the R-charge is given by the scaling dimension. This suggest the assumption, that
we have a more general analogy of the conformal and the chiral/anti-chiral supercon-
formal situation. For the superconformal Casimir operator, Cgyeo., analogous to C in
, we then expect, that irreducible positive energy representations of the super-
conformal group on chiral superspace, i.e. chiral superfields, are eigenvectors. The
corresponding differential operator, C ~17,, acting on the f (Z¢' _1,I2) should

then have the superconformal partial waves, Sir, (Iéfl,Ig), as eigenfunctions. The

suco.,Lg
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partial waves being the same functions the differential operator,C has to

suco.,Tg 1, Ip?
be equal to the conformal one, Cs;, with s and ¢ replaced by T~ ! and Zo, as it does
not matter, which name the variables in the equation for the eigenvalues have.

If one has calculated for a concrete case the coefficients of the partial wave
expansion, By, 1, one can then also analyze the restrictions on the amplitudes, on
which these coefficients depend, coming from positivity. As the partial waves are
shown to be all positive from free field calculations (cf. [NRT05]), all coefficients
have to be separatly positive.

The coefficients, By, 1, here in this superconformal four-point function are the
same as the ones in the conformal scalar four-point function. But the other four-point
functions of the higher component fields have also partial wave expansions. After we
have seen, that the pole bounds from different component four-point functions have
different results on the superconformal four-point function, the question is, if also the
different partial wave expansions have different results on the superconformal level
and thus positivity of each one restricts the amplitudes in a different way leading to
altogether stronger restrictions.

To check this one has to work out partial wave expansions of four-point functions
with less identical fields, weaker pole bounds due to ¢; # ¢;*, with fields with higher
scaling dimensions and with fermionic fields. These correlation functions have more
amplitudes, which are independent in the conformal case. But these amplitudes
have to be related by their role as component correlation functions in the superior
structure.

This approach would be rather tedious, but eventually it is not needed. We have
already gotten a large simplification due to the pole bounds of higher component
fields in comparison to the conformal case with the same identities from locality.

But the transfer of the conformal partial wave expansion for scalar lowest com-
ponent fields also means a transfer of the conditions from positivity on the partial
wave coefficients in consideration of eq. . Then one can also ask the following
question on the other direction: Can we extract information on the positivity of the
other component correlation functions from the correlation function of superfields?
This could lead to a significant simplification compared to the calculation of the
partial wave expansions of all four-point functions of component field.



Chapter 7

Conclusion

This thesis builds a basis for further investigations of A’ = 1 superconformal invari-
ance in four dimensions. Most of the results are valid for general superconformal
field theories, but we also emphasized at specific points the specialties of global
superconformal symmetry.

The investigation of scalar invariants has taken place under the most general
conditions in the main text for partial and full three point invariants and full four-
point invariants and in the appendix for partial four-point invariants.

Three and four-point functions with vanishing R-charge of general scalar super-
fields can be expressed with ten invariants. Two are non-nilpotent and eight are
nilpotent. This is a significant reduction to the former knowledge, that counted 16
invariants for N' = 1.

We have also seen, that there will not be a further reduction of the number
of invariants, as none of these ten invariants can be expressed by the others. Even
more we have listed all independent monomial of the non-nilpotent invariants, which
by definition cannot be expressed by a linear combination of the other nilpotent
monomials with coefficients, which are functions of non-nilpotent invariants. This
led to an expansion of any four-point invariant in these nilpotent invariants with
coefficient functions depending on two non-nilpotent invariants, which is unique
after the choice of the ten invariants is fixed.

In the context of these expansions this thesis contains several sections describing
computational methods and in the appendix procedures for Maple, which are useful
for the calculations with four-point invariants.

The chosen form of the chiral /anti-chiral scalar four-point function and the proof,
which leads to it from the general scalar four-point function, are not only useful in the
context of global superconformal field theories, but more generally starting points
for further investigations. First it appears novel, that a superconformal four-point
function is essentially expressed as the conformal four-point function of the lowest
component fields evaluated at superconformal instead of conformal cross ratios, on
which a differential operator is applied. Second the calculations are given in a form,
which makes it easy to see, how the chiral and anti-chiral restrictions act and lead to
the proven form of their four-point function. One can, for example directly see, that
there are only three of four restrictions used in the lowest order calculations of the
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proof of theorem [5.1] and the fourth is then fulfilled automatically (cf. eq. (5.3.27)).
This already means in combination with the iteration condition used afterwards for
the higher orders, that a four-point function with two chiral, only one anti-chiral — or
the other way around — superfield and a more general fourth superfield has a solution
also fixed by the lowest component fields. However, it remains to be checked, if or
if not this is also the most general solution to the restrictions.

The mentioned differential operator results from a simple equation, which relates
terms of different orders of nilpotent invariants in the four-point function for all
chiral and anti-chiral restrictions of the four-point function simultaneously. Eq.
(5.3.45) is valid for all four derivatives with respect to Grafimann variables from
these restrictions. It has on the one side the derivative of a nilpotent invariant,
which lowers the order in Grafimann variables of the term by eliminating one of
these variables. On the other side the derivative acts on a non-nilpotent invariants,
which produces a nilpotent factor and raises the order in Grafimann variables. Thus
the two terms originating from different orders in the four-point function meet in
the middle, when the derivative is applied to it. Such equations are central in
order to determine the dependences between different orders or equivalently different
component fields within correlation functions of superfields .

In the last chapter we have started the investigation of global superconformal
symmetry within the framework of constructive/axiomatic field theory. The aim
is to find a model, which fulfills the Wightman axioms, especially the positivity of
all correlation functions and Schwarz inequalities from mixed terms. The aim is to
show, that it is an interacting model. This is a tremendous task, if one looks at the
problems in the discussion of the four-point functions, and sees, that this is only a
first step. Global superconformal models add more possibilities to the global con-
formal models, for which partial wave analysis can be used for this task. Due to the
supersymmetry relating different component fields in a multiplet the superconformal
models are subject to different combinations of pole bounds than global conformal
models. One can apply the partial wave analysis to correlation function restricted
by these pole bounds and gets different expansions and different conditions from
positivity on the coefficients in these expansions. If positivity conditions leave for a
global conformal model only the possibility, that it is free, a similarly complicated
superconformal model might — in a logic sequence — be the next case to investigate,
before moving on to more complicated global conformal models.

With supersymmetry research in axiomatic field theory spreads in a new direction
in order to broaden its view on structures in quantum field theory.



Appendix A

Conventions and useful
equations

The conventions in this thesis are those of [Par99]. The Minkoski metric is n*¥ =
diag(+1, -1, -1, —1).

A.1 Pauli matrices

I

The Pauli matrices o/

5 are given by

, (A.1.1)

: (A.1.3)

)
) , (A.1.2)
*=(1 )

o — ( - > . (A.1.4)

We can raise the spinoral indices with anti-symmetric matrices (e_l)’B “ and (E‘l)’B @
1

. .. _ _ “1\2
and lower them with their inverses e,5 and € A where we have €12 = €5 = (6 1) =

(E‘l)21 = 1. One also finds for the inverses,

(1) = —eba | (e = e (A.15)

For the Pauli matrices we use the notation,

(6798 = (1) (1) ot (A.16)

ad ?

and also have the relation,

e (") e=—o. (A.1.7)

o
I
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A Pauli matrix contracted with another one is
(0") 0 (Ou)gp = 2€apyp (A.1.8)
From the relation of Pauli matrices,
Ouoy + 0,0, = 200 (A.1.9)
we get a the following useful equation
0p(Guoy — G,0,) = (040, — 0,0,) Op + ANup0y — ANupoy (A.1.10)

which fits the frequent situation, in which the Pauli matrix o, has to “brought to
the other side” of the antisymmetrization of Pauli matrices. The trace of a product
of two Pauli matrices is

tr(ouoy) = 2 , (A.1.11)

For four Pauli matrices we get,

1 _ _ .
By tr(UuUVUpU)\) = NurNpx T MuANvp — MupMvx T 1€u0px - (A-1'12)

Products of two Pauli matrices multiplied by the matrix € resp. ¢! have the
following properties,

(Owaq (@) s = (00) 34 (00)" €3a (A.1.13)
() (@0)0 @)% = — () ()0 @) . (A.1.14)

It follows, that the antisymmetrization with respect to the four-vector indices is
symmetric in the spinoral indices. We have

(0uoy — 0v04), €y = (0u0y — 00u) 5" €4a (A.1.15)

and the corresponding equation with e~! multiplied from the other side.
The same can, of course, be done also with the product of Pauli matrices turned
around:

(0 (00)ay (F1)7 = = (3% (0, (1) . (A.1.16)

@ a0y — Gu0,)% (EN = (Gu00 — 5,0,)°, (1)1 . (A.1.17)
H RVt H K75

Also here the analogous equations with € multiplied from the other side are true.
Any vector v* can be written as 2 x 2 hermitian matrices by the contractions with
Pauli matrices,

Vaa = VWou,4 (A.1.18)
T = ke (A.1.19)
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A.2 Superconformal intervals
If we contract the superconformal interval, z;;# in these ways, the product is,
X% = l‘gj2]12><2 ) (A.2.1)
Different intervals are related by
Xjp = Xj; + X5 + 4i9~jk§ij ,
g1, = X5 + X5, — 4105055, . (A.2.3
We can switch the indices with the help of
Xi; = =G + 4050 . (A.2.4)
Written with four-vectors this is
zyt = —xyt 4 2i05,0M05; . (A.2.5)

Products of spinoral intervals, ¢;; and O_ij, can often be simplified with the help of
eqns. (3.2.12)) and (3.2.13). With these equations one can show for these intervals,

_ _ 1 L=
Gija“&;j 9@'0‘”91’]‘ = §nuyeij9ij9ij9ij s (A.2.6)
_ _ 4 _
Oija“t%j (91']‘0#01‘]‘ == ? (Gijyeij) 5 (A27)

where y* may be any vector or vector-valued function with invertable square. The
analogues equations are also true for other spinors, which fulfill equations ([3.2.12))

and (3.2.13)), such as Oy(;) and Oy(;y (cf. eqns. ([4.3.21) and (4.3.22)).
We frequently use the abbreviation

Pij = 9¢ji{jlﬁ_¢j y (A.2.8)

such as in the following case. The square of eq. (A.2.5)) can be simplified as

vy = a3’ — 4a5050,0; — 405i0"05: 050,05
z5;% (1= 4ipji — 16pji*) (A.2.9)

using eq. ([A.2.7) for the second line.

Let a variable or function y = yg 4+ y1 consist of a non-nilpotent part yy and a
nilpotent part y; containing Grafmann spinors, § and . If the nilpotent part has
an overall Grafmann factor, y; = 6(...) or y; = (...)0, its third power already
vanishes. So its inverse can be calculated by an expansion around y; = 0, which
ends after the second order term:

1 1 1 1 5
= — -+ 3
Yo

A.2.10
Yy o Yo Yo? ( )
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This can be used to calculate

1
Lo i) (A.2.11)
x;ﬂ x;iQ It

The squares of p;; appearing in the first and second order term of the expansion
cancel. With the help of eqns. (A.2.4) ,(A.2.6), (A.2.7) and (A.2.11) we find

Pij = —pPji + 4ipji2 . (A212)



Appendix B

N =1 superconformal algebra

In section we have studied the different superconformal transformations. In eqns.

(3.3.2) through ([3.3.20) we encountered all parameters defining the specific trans-
formations. Here we chose the split into dilations and R-symmetry (eqns. (3.3.15)—

(3.3.20))) rather than the expression in terms of superdilations (eqns. —).
This way any superconformal transformation is given by the set of parameters,
((a", o, @), A\, Q™ (b, 8,B)) € R4 x Rt x R x RS x R4, These belong to trans-
lations of superspace or supertranslations, dilations, R-symmetry transformations,
Lorentz transformations and special superconformal transformations, respectively.
The corresponding generators are (PM, Q,Q,D,R, M, ,K,,S, 5’).

From two successively executed infinitesimal superconformal transformations (cf.
eq. (3.3.26)) the superconformal algebra, these generators fulfill, can be deduced.
The N extended algebra is given in the appendix of [Par99]. We first have the
super-Poincaré algebra as in section

[Pu, P = 0, (B.0.1)
[P Q] = [Pu,Q] ={Q.Q}={Q,Q} =0, (B.0.2)
{Q,Q} = 20"P,, (B.0.3)
[(Myw, Pp] = i(upPo —mplu) , (B.0.4)
(M Q) = (00— 05 Q (B.0.5)
(M,.,Q] = —ii@ (540, — Gy0,) (B.0.6)
(M, Mypo| = 1(MppMue — MpeMup — upMuo + voMyp) - (B.0.7)

Another copy of this algebra is also a subalgebra of the superconformal algebra. It
is given by the conjugate subalgebra und superinversion. This special superconfor-
mal algebra contains the generators (K 1S, S, MM,). Of cause, it also contains eq.

(B07) and

(K, 1G] = 0, (B.0.8)
[K,,S] = [Ku S| ={55={S,5}=0, (B.0.9)
{8,5} = 20K, , (B.0.10)
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[M;w: Kp] = i(nupKu - anKu) )
1. _ _
(M, S] = 11 (0u0y —0ua,) S,
= 1.5, _
[MW, S’] = —ZIS (Guoy — avoy) -

(B.0.11)
(B.0.12)

(B.0.13)

We also find the conformal Lie algebra consisting of all commutators without spinoral

generators, which we had so far in eqns. (B.0.1), (B.0.4), (B.0.7), (B.0.8) and

(B0-11), and
[Py, K| = 2i(Mu +nuwD) ,
[D,P,] = —iP,,
D, K, = iK,,
[D,D] = [D,My,]=0.

The rest of the commutators with the dilation operators are

1

[DvQ] - _i§Q7
[D>Q] = _i%Q7
D,S] = i%S,
D.5] = i35,

(B.0.18)
(B.0.19)
(B.0.20)

(B.0.21)

We have encountered now all generators except the R-symmetry generator R. But
this we also find in the missing (anti-)commutators of the other generators:

[P,S] = 0.Q, (B.0.22)
[P.,S] = —-Qoy, (B.0.23)
K,Q] = 0,9, (B.0.24)
(K, Q) = —Sou, (B.0.25)

{Qa, S5} = —2ieapD — %i (Jgd (6")% — 0%, (5“)‘5‘7) €, M, + GieqgR |
(B.0.26)

{Q S’} — 9ie..D 1-—‘ Yo v vy i M 6ie. R
wgp = 26D - Siey, ((a )Y ong — (6Y) Jad) v + 6i€; 4R

(B.0.27)
{8} = {Q,S}=0. (B.0.28)

The prefactor of the R-symmetry operator R in the last two anti-commutators is
conventional and leads to the relation of the scaling dimension and the R-charge of

chiral and antichiral superfields in eqns. (3.4.59) and ((3.4.60]).
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Finally the commutators with R are

[R,Q] = —%Q, (B.0.29)
RG] = 1,0, (5.0.30)
[R,S] = i%S, (B.0.31)
(R.S] = -8, (B.0.32)
[R,R] = [R.D]=[R.P)=[RKJ]=[RMy,=0.  (B.0.33)

This completes the superconformal algebra consisting of all (anti-)commutators in
this chapter.
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Appendix C

Details on Invariants

C.1 Lowest order of the nilpotent invariants I[;;; and
their derivatives

In this section we provide a list of the lowest order terms of the nilpotent invariants,
Iiji and Iy, from eqns. (4.3.3), (4.3.4) and (4.3.70). They and their derivatives
are needed for the proof of theorem The lowest order of the invariants are
presented here in terms of the lowest order of the supersymmetric intervals (eq.

B3-2.18)-([3.2.20)) for i,j = 1,2,3,4 and i #

Lo.

For their derivatives we abbreviate with the help of the lowest order of the functions

of three points, Xyqys, Xi(o_, X1+ (eqns. ([@.2.3), (@.2.4) and (@.1.1)) and the
O+ 2 +

corresponding matrices with lower indices:

S Lo. . IR

X1+ 2 oxppox = X110 5 (C.1.2)

~ 1. . _ _ ~

Xi(2)- 2 oxis ox = X1(2)0 5 (C.1.3)
Xiy 2 xp Tt oxs =Ko (C.1.4)

These expressions do not differ for an index + instead of — and vice versa.
We start with I, for 4,7,k = 1,2:

Lo. ~—17 17 17
1111 = —912}(12 912 - 924}(24 924 + 914)(14 914 s (C.1.5)
Lo. ~—1p ~—1p ] 0151510310 C
Liia = —014%5 04 + 014X 014 — 013X 15 012 + 013X 5 X12%5, 624, (C.1.6)
Lo. ~—157 -_17 17 1e 1A
1121 = —024X24 934 - 912}(13 913 + 914X14 914 — 924X24 X23Xq3 913 s (C17)
2 2
Lo. T12°T34 ~—1p ~—1p ~—17
hay =  r122xo42 (934X34 O34 + 914X34 14 + 613X13 913)
137424
2 2
T14"T23 ~—1p7 JE
T2 (034%53 013 + 013% 5 013)
137224
1 o o
T aZyon? (B14x14%24%23013 — O13x23%12%14014) (C.1.8)
137424
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Lo. <—1p ~—1p ~—1p
D = =020 004 — 014Xy, 014 — 612X 5 012
2. 2
7147723 15 iz
Tilp 2 (024%53 612 — 612%75 b12)
13°T24
1 o o
to a3 (014x14%34%23012 — O19x93%13%14014) (C.1.9)
13°T24
Lo, T12°w34° 15 17 15
Iz = =55 (0343, 024 + 013%15 012 — 014%1; 014)
13°T24
1 N _
+—— 5 034x34X23x12012 , (C.1.10)
T137724
Lo 1’1221'342 17 17 17
I = T2 (914X34 O34 — 014x7, 014 + 012X 15 913)
13°T24
1 _ _
+——5———012x12X13%X34034 (C.1.11)
713°T24
Lo $122$432 17 17 17
Iy = ——— (013X13 013 + (934}{34 O34 — 914}(14 (914) . (C.1.12)
r13%249°

At last the combination Iy of these invariants, which is essentially the three point
invariant times cross ratios (cf. eq. (4.3.69))), is given by

2 2
T14-723 ~—17 ~—17 ~_ 17
I() = > —012)( 912 — (923X 023 + 913X (913 . 0113
1'1321'242 ( 12 23 13 ) ( )

Their derivatives are

[¢) X k X )0 X
Dl—Iijk 1= —lw@lo), (0114)
X1(1)0
Dy Ly 2 0, (C.1.15)
lo. .~_ X’L ~
DQ_Iijl = 1X121X17()02@1(j) y (Cllﬁ)
1(1)0
Ds o 2 0, (C.1.17)
= . lo LA Xigo
D3+I12]€ = 1@l(k) 2X13 ; (0118)
X110
= l.o = X i _
D4+Iijk = _1@1(k) 1()2X14 1, (Cllg)
X110
o, .X10X10x
DIy 2 200G, (C.1.20)
1(1)0
Dy Iy 2 ixg) X0 g, (C.1.21)
X1(1)0
= o = X _
D3 Is 2 —i6, x5!, (C.1.22)
1(1)0
Dils 2 o0, (C.1.23)
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where the index 0 denotes the zeroth order in Graf3mann variables of the respective
variable and 7, 7,k = 1, 2.

C.2 Derivatives of the nilpotent invariants 71711, Th12, 1520
and 7

The derivatives of 1711, T2 and Ty in eqns. (4.3.144)), (4.3.147)) and (4.3.148)), re-
spectively, with respect to the Grafimann variables can be easily calculated, because
with eq. one can always convert it into an expression, in which the deriva-
tive only acts on the intervals 6;; resp. éij in the appearing p;;’s (cf. eq. )
The cause is the dependence of the supersymmetric intervals, x;;, only on the (anti-
)chiral variables z;— and zj; (cf. eq. ) For example, T711 can be brought

into the following convenient forms

aa
b o

Ti1 = pia— pi2 — paa+ 2i (—p1a® + p12® + pas?)
= pua+pa—put+2 (—0142 — po1® + 0242) .

The first line then directly gives the derivatives with respect to 61, while the second
line is used for the one with repect to #5. Both are useful for 6y4:

0 1z 1z N -—1z

87917’111 = %01 — X, O1p + 41 (—X], Orapra + X3, O12p12) ,  (C.2.3)
0 1z 1z . ~—1p -—17

879211111 = Xi41014 - X1210912 + 4i (—Xi41914p14 + X121912p12) N (0.2.4)
0

—Ti1 = 0, C.2.5

893 111 ( )
0 1A 1 L A 1A

87§4T111 = Xi41014 — X§41924 + 4i (_Xi41014’014 + XQ41024p24) . (C.Q.G)

Analogously we get the results for 1599,

0

a76’1T222 = X7, 01 — X3 013 + 4i (=% Oupra + X5, 0isprs) . (C.2.7)
0
— 1T = 0 C.2.8
802 222 ) ( )
0 1A 1A . 1A
87T222 = X2131943 — X131913 + 4i (—X2131943,043 + Xi31913p13) y (C.2.9)
3
0 -1z 1z . ~—1p -—1z
7—T222 = XT41014 — X341(934 + 4i (—Xi41914p14 + Xg41034p34) N (0.2.10)

004
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and for T,
Oy = %y — 50+ di (—%74 Oh3p13 + X, O2p12) . (C.2.11)
90, 0 = Xq3013 19 V12 13 V13013 10 Y12012) L
0 1A 1A el 1A
(97(921—‘0 = X131013 — XI21912 + 4i (—Xi31913p13 + X121912p12) s (0.2.12)
0 -1z -1z L ~—1p 17
aiégTO = X131013 — X§31923 + 4i (—Xi;elgplg + X§31923p23) s (C.2.13)
0
—T1p = 0. C.2.14
005" ( )
Finally we take the derivatives of Th15 (cf. eq. (4.3.164)):
O py = %0 - 0 + 4 (=%, 01apra + X5, O12p12) ,  (C.2.15)
BT 0 = Xqu014 —Xqy012 1\ —Xq4 V14014 T Xq5 V12012) "L
0
—Ty = 0 C.2.16
892 0 ) ( )
O = 0 (C.217)
29, 0 — -
0 -1z 1z . =—1p ——17
87974110 = X141(914 — X341934 + 4i (—Xi41014p14 + X341¢934p34) . (0.2.18)

C.3 Products of nilpotent invariants and their deriva-
tives

There are products of nilpotent invariants, I;;;, with derivatives of them with respect
to the Graflimann variables, which do not vanish, although the product without the
derivative is zero because of the nilpotency. An example is (cf. eq. (C.1.19))

Ximo  _
()2X14 1)7

(C.3.1)

. X 2. . .
= Lo. [ A b = = it ~ .
hi1* Lo Day I = (91(1)X1(1)+@1(1)) O12)X1(1)+O1(2) <1

on
g

=
[N}

©

where the index zero again denotes the zeroth order order in Grafimann variables of
the respective variable.

Still for some such monomials it is easy to show, that they vanish for all four
derivatives, ® € {Dl_,Dg_,D3+,D4+}. If we take the derivative of I,;jk3, we im-
mediately get

1iji*®1j, = 0. (C.3.2)

Furthermore the derivative of the vanishing product Iijk2Iljk with [ # ¢ is
0 = 20jlijp® Lk + Lij* D1y, - (C.3.3)

The first summand is zero because of eq. (C.3.2)), as I;jil;;i is equal to a non-
nilpotent factor times Iiij.
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C.3.1 Proof of Lemma 5.3

Lemma (restated).  Let oy (Z1,Z2) be functions of these two invariants, so
that

18
S @3y 20 (C.3.4)
=1

then

Vie{l,...,18}: a;=0. (C.3.5)

Proof. We use the same strategy as in the proof of lemma [£.4 We multiply eq.
(C.3.4) by Ja, for all k=1,...,18 and get 18 equation,

18
l- o~ ~
0200k Y ®Ioi= > 1 Timnljop® IprsTtun - (C.3.6)
lzl (q7r78’t7u7v)

Jo,k Ja,1

The sum on the right side is over a set of tuples, (g,r,s,t, u,v), which contains the
18 tuples, which are Jy ;.

We immediately see, that a number of summands are zero. If £ < 4, then m = o
and n = p and eq. only leaves terms with (m # rVn # s)A(m # uVn # v).
The other way around is, of course, also true. If | < 4, then r = v and s = v and eq.
only leaves terms with (r # mVs # n)A(r # oV s # t). Due to the product
rule there may not be four times the same ©;;) and él(i), 1= 1,2, in one summand.
This gives the conditions (m + o+ r+u) mod4 # 0 and (n+p+ s+ v) mod 4 # 0.
Furthermore for every invariant, I,,,, the four derivatives, Di_,Dy_,D3, and Dy,
vanish or leave in lowest order a term proportional to ©y(,) or (:)1(5) (cf. eqns.
(C.1.14)—(C.1.19)). So terms can only be non-zero in one of these derivatives, if
m+o+r4+u=6orn+p+s+v=06. This gives eighteen equations, which are
valid for all four invariants. For these we apply the product rule in each summand.
There are three cases,

IimanopDIqrsItuv
Iimanop—[qrs@—[tuv m=o=uVm=p=v
= Limndjopltun® Lyrs m=o=rVm=p=3

Iimnljoplqrsgltuv + IimnljopltuU:DIqrs else.
(C.3.7)

At last we can replace each product of three invariants in front of a derivative by an
invariant Js 5, with h € {1,...,8}, if it is not yet one of the latter. We call this set
of simplified equations Fg,j;. The remaining summands in these equations have the
form IlijZImno’DIpqr with new indices 7, j,m,n,o0,p,q,r = 1,2 and n # i and 0 # j
andn=qVo=r.

To get equations, which are easier to solve, we do not look at all derivatives
at once, but only on one. Eq. is assumed to vanish for each of the four
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derivatives in this lemma. The derivative Dy_ of the invariants, I;j2, vanishes.
D>_1;j1 has an overall factor @l(j) in lowest order. This leaves only the summands
I 1ij2ImnO©Ipn1 with n # i and o # j. We denote this set of equations as F» refering
to the derivative Do_.

This set of equations now contains already very simple ones. For the second and
the forth equation — numbered by & in eq. — only one term is left,

2a3112°h21Dy i1 = 0, (C.3.8)
2a11122° i Dy-Tin = 0. (C.3.9)

Thus a1 = a3 = 0.
At this point we need the following two identities, which are valid to lowest order

and can be easily seen with the help of eq. (C.1.16)) and eq. (A.1.9)),

X 2
Lo.  “X1(2)0
LyijDy I = % hLij Do T (C.3.10)
1(1)0
=:Ag
X - X
Lo.  X1(1)0 " X1(2)0
LijDo_Inj + InijDo_ I = ()—2() IijDy Iy . (C.3.11)
X110
=:Aq

These can be used for the further simplification of Es. This way the first equation
of Ey gets,

(a1ol111% 122 + a12A1 1111 % Ti2o — anali11?Tago) Do_I191 = 0. (C.3.12)

If we now look at

o. X s ~
LDy I E 1(2)04X121@1(j)61(i)@1(i)7 (C.3.13)
X110
lo. . 1 -1 A ~
IyijDy- iy = 1FX121X1(1)X1(2)el(j)@l(i)gl(i)a (C.3.14)
1(1)0

they differ by linear independent hermitian matrices. Thus the coefficient functions
in eq. ((C.3.12) of these two terms have to be separately zero. It follows a9 = a2 =
0. Similar we get from the tenth equation of Es using a; = 0,

1
= 5 (sl +aislon) L122*°Da_I111 =0, (C.3.15)

the next two vanishing coefficient functions, as = a5 = 0.
If we look at this stage at the second equation of E,; and choose the derivative
D4y, we are left with

ael1122 121Dy Ti1y + 11111920901 Dyy I111 = 0 . (C.3.16)

As in the two cases above, it follows ag = 11 = 0.
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As in the proof of lemma (4.4]) we cannot separate subsets of the six coefficient
functions, «;, with ¢ = 7,8,13,14,17, 18, from the other coefficient functions. With
the help of the identity,

Lo.
Ik Lpmn Da—Timt = T Lpjn Do Ijj1 (C.3.17)

which we only need in lowest order and in this order can be shown easily with
equs. (C.1.16]), (4.3.21) and (4.3.22)), we simplify the 7th, 13th, 14th, 17th and 18th
equation of Fs:

lLo. 1 1
0 = <A0A10417 + Ag%ans + §A0047 — AgAjais + 2A0A1a14> L29° 111Dy I111
1 1 ,
+ | Arag — Ajar — §A00613 - §A0a14 Lio"I211 D2 111 (C.3.18)
Lo. 1
0 = <Aoal7 + ApgAraig + 5140013 + Aoal4> N22°T111 Do I111
1 2
+{as— 507 Lo 111 Dy 111 (C.3.19)
l.o. 1 1 9
0 = —51400617 - 51401410418 + Aoaia | Tioo"I111Da—Ti11
11 ,
+ —508 + §A0018 + Arais + ar | Lioo"Io11 Do 1111, (C.3.20)
1.0. ]- 1 2 2
0 = —§Aoa17 - iAOAlollS + Arar + Aganz + A1y | Tiee"T111Da— 1111
1 1 ,
+ §A00418 — 508 + Aroua | Lizo"Io11Do—Ih11 (C.3.21)
0 = (ar— J08 51410417 — Ai%ang + 51400418 + Ajoz + Aray
1
J122* 11 Do I + <2Oél7 + Arags — a14> Lo’ Dy Iy, (C.3.22)

with A() = X1(2)02/X1(1)02 and A1 = (Xl(l)o . X1(2)0) /X1(1)02. EV@I'y bracket in
these five equations has to be zero. There is only the trivial solution, ay = ag =
a13 = a1y = a7 = agg = 0.

As we have shown for most coefficient functions, that they are zero, the other

ones, qi, oy, ag and aig, appear in very simple equations. The third equation of
E,i; — the one, for which eq. (C.3.4) is multiplied by J2 3 — for D3, simplifies to

(aglina + arlor2) I121° Dy T120 = 0, (C.3.23)
so that ag = a1 = 0. The first and the third equation of E; for either Di_ or D4+

now only contain a4 and as, respectively, and it directly follows cg = g = 0. This
completes the proof. ]
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C.3.2 Proof of Lemma [5.4

Lemma (restated).  Let oy (Z1,Z2) be functions of these two invariants, so
that

8
2@193371 lg. 0 (C.3.24)
=1
then
Vie{l,...,8}: ¢y =0. (C.3.25)

Proof. We multiply eq. (C.3.24)) by J1, = I;;; and can split the summands in three
groups,

8
Lo. 2 2
0= E o liig®Imn Irst = E LD Iimn ™ Irj
(m,n,r,s,t)=l=1 (m,n,r)=le6y

+ Y aLipp®Dyn Lk

(n,r,s)=l€6y,p

2
+ Y alip®h e
(m,rt)=leGs )

(C.3.26)

with m # s and n # t on the left hand side, m # j and n # k on the right hand side
and sets G p, Sz, 63, C {1,...,8}, which are disjunct for each p. The sums are
over indices [ of J3; in eq. , which correspond to tuples of indices appearing
in the monomial J3;, when it is written in terms of I,.

We look at the derivatives in the second and third sum in eq. (C.3.26)):

Lik® Do Lo = TijelyjnTrmi®Ijn
- _% (Kz‘rfljk211mn + LirflijIan) Dhjn, (C.3.27)
L@k’ L = LijpDimkLrin® Timk
= —% (K, Ik *Timn + Ly T i Tomn) D T, (C.3.28)

with suitable functions Ky, L;., K/ and L} resulting from eqns. (4.3.52)), (4.3.53)

and ([@.3.54).

For k = 2 and for the derivative Do_ the third sum on the right hand side of eq.

(C.3.26)) vanishes (cf. eq. (C.1.15)). Because of (C.3.27), n = 1 and eq. (C.1.16)

the appearing derivative in the second sum is in lowest order proportional to ;)
and this sum also is zero. Hence

8
Lo. Lo.
0= > wLip®hpn L =Y adijpDy I ®Lys . (C.3.29)

(m,n,r,s,t)=l=1 (m,r)=le6y p
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This sum has only two terms, as m # j. For the possible ¢ = 1,2 we get with the

help of eqns. (4.3.41)) and (4.3.43)) the following two equations,

2
1)+ 1(1)+

lL.o. 1(1 1(2)—
0 = 2 (Oéll + ()}{;()al?> IleIlmlDQ—Ilml s (C.3.30)
1(H)+
Xy X X2
1 1(1 1(2)— 1(2)—
0 = 2 (Mall + = @) Oél2> IleIlmlDQ—Ilml . (C.3.31)

X

~ A ~ 2 ~ ~
As [(X1(1)+ . X1(2),> /X%(I)J + X%(2)—/X%(1)+7 we end up with o, = oy, = 0,
which means in this case, k =2, a; = as = ag = a4 = 0.
For j =1 and for the derivative D3 the second sum vanishes (cf. eq. (C.1.17)).
Because of , m = 2 and eq. the appearing derivative in the third

sum is in lowest order proportional to Oy and this sum also is zero.

8
l.o. l.o.
0= E LD N Irst =2 E ol DsyTion* Iy, . (C.3.32)
(m,n,r,s,t)=l=1 (n,r)=le6y

This case has an overlap with the one, k& = 2, so that we only have one unsolved
pair of equations here,

X X _
L 1(1 1(2)—
0 = <a7 + ()5;2()&8) 112 M99 D3y Thos (C.3.33)
1(1)+
X X X2 _

Lo. 1(1 1(2)— 1(2)—

0 = <( ;; B0, + ‘Xg( : 048) N11°hoeDsy liza . (C.3.34)
1(1)+ 1(1)+

Thus we have a7 = ag = 0.

For the remaining two coefficient functions, which appear in the equations eq.
for j = 2 and k = 1 with the derivative Do_, we simplify these equations
using eqns. ((C.3.10) and (C.3.11)),

113

0 (a5 + A1) T2’ iz — aslii®Ian | Da-Tia1 (C.3.35)

[ AoT112° a1 + asT112° Too1] Do T1gy (C.3.36)

—

133

0

Already one of these equations together with eqns. (C.3.13]) and (C.3.14]) results in
as = ag = 0. OJ

C.4 R-symmetry violating partial four-point invariants

As we saw in the end of the discussion of three point invariants, there are a few
more invariants of superconformal symmetry without R-symmetry than of the whole
superconformal group.
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We are left with only few possibilities for further invariants. They have to be
build from the basic three point functions we defined for the construction of the
full four-point invariants. As the non-nilpotent functions X1(1)+ and Xl(g)_ have
been combined in all possible ways already in section [£.2] the new invariants have
to contain the spinors. These can either be directly contracted among themselves
or combined with both X1(1)+ and Xl(Q),, which results in the following list:

Gy = 01901, (C.4.1)
Gs = @1(1)X1(1)+§1(2)—é1(2)7 (C.4.2)
Gij = (f)l(i)él(j), (C.4.3)
G3 = é1(1)§(1(1)+X1(2)_é1(2)' (C.4.4)

Some questions have to be addressed now:
1. Why are this all possibilities?

2. How do monomials of these invariants relate to each other and to the invariants
of the full superconformal group?

3. And which mixed monomials of invariants of the smaller symmetry groups
(G’s) and the full superconformal group (I’s) are there and how do they relate
to each other?

Question 1: As the invariants only containing the spinors are actually already
at first glance all possible combinations, this is more a question of the relations to
other combinations, which contain X1(1)+ and X1(2)_. We discuss this only for the
invariant G3. G can be dealt with analoguesly.

If there are, instead of the two different spinors in G35, twice the same spinors,

A~

@1(i)X1(1)+X1(2)—él(i) ; (C.4.5)

one can use eq. (4.3.21) and gets a non-nilpotent invariant X ’ ) +X1(2)_V and Gj;.
If the two matrices between the spinors are the same, one can use the property
of the Pauli matrices contracted with a symmetric tensor (cf. eq. ) and gets
again one of the invariants we already know and G1s.
Furthermore X1(1)+ and Xl(Q), can be exchange with eq. , which gives

an additional term with X f (1)

two spinors in GG3 can be exchanged, which also exchanges X1(1) 4 and )A(l(g), and
brings us back to the last sentence.

At last one could think of the possibility to have more than two matrices between
the spinors. These would be again X1(1)+ and Xl(Q)_ or functions of them. So one

+X1(2)—u and G13. By raising and lowering indices the

could resort the matrices and contract pairs of X1(1)+ and pairs of )A(l(Q), and ends
up with the G’s listed above.
Therefore there are no other possibilities for further independent invariants.
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Question 2: Due to their nilpotency not many products are possible among these
invariants. There are only two independent ones, which do not lead again to the
known invariants of the full superconformal group:

G11G22 and GHGQQ . (C.4.6)

They are each related to other products:

2
G11G22 - —2G122 - —2AMG#G3 - —2% 5 (047)
X1(1)+X1(2)*v X1(1)+X1(2)
A A ~2
611622 - —26%2 - —2”16:#673 = —2% . (048)
X1(1)+X1(2)*V X1(1)+X1(2)—

We are left with products of G’s and G’s. All products of G;j and G are equal
to invariants of lowest order (95)2, which were discussed in eqns. (4.3.25]), (4.3.23))
and . This has to be the case, because a product of one G and one G
has vanishing R-charge. So it has to be invariant under R-symmetry and thus an
invariant of the full superconformal group.

A bit more complicated are the products involving G3 or G3:

GiGs = 011)01)O11)X1(1)+ X1(2)-O1(2) (C.4.9)

= 261(i)X1(1)+él(1)él(i)X1(2)fé1(2)
= 2hiloe .

In the third line eq. (4.3.21f) is used. This works analoguesly with the help of eq.
(4.3.22) in order to show B
GgGii = 2111;199; . (0.4.10)

For the missing products we need another small equation for the spinors, which
directly follows from the property of the Pauli matrices (A.1.8]):

Aa A 1 A —da
Together with eq. (A.1.9) we find

G12G3 = ©11)012011X11): X1(2)-O1z) (C.4.12)

14 IS z 2 ~ = =
= 501" OO0 Xis (2Kie) — X)) Grgy
= Io1ol121 + I1111209 .

In the same way one can show, that

G3Gh2 = Tzl + T lazs - (C.4.13)
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Question 3: To answer this question we give a list of all monomials of G’s, G’s and
I;;;, sorted according to their degree in the rows and their R-charge in the columns:

2 1 0 -1 -2
Gij, G3 jl,i G:(Z‘ja 63 o
G11G22 | G1271, J2i | G1271,4 G11G22

G12J9, for i = 6,7,9,13 | J3,; | G123z, for i =5,7,10,13

Ja

Once more with the help of eqns. (4.3.21]) and (4.3.22)) all other mixed monomials
of G’s and I’s, which do not vanish, can be expressed by those listed above. For
second degree we get

Gi1liok

Gl =
Gslir =
Gzl =
Gzl =

Gzl =
Guilijo

Goliji =
Gshji =
Gsljo =
Gshjo =

Gshji =

—2G2Lik (C.4.14)
—2G 12159 (C.4.15)
G12X12(1)+121k y (0.4.16)
G12X12(2)_112k ; (C.4.17)
Gz (2X0},), Xaoy ok — Xy Fook ) (C.4.18)
Gz (2X0(,), Xao)-plore — Xy Tue) (C.4.19)
—2G121ij1 (C.4.20)
—2Gh21;50 (C.4.21)
612X12(1)+I2j1 ; (C.4.22)
612X12(2)_11j2 , (C.4.23)
Gz (2X1(,), X1yl = X0y Dos2) (C.4.24)
Gz (2X0},), Xao)- bt — X3y T ) - (C.4.25)

Due to these equations also mixed monomials of third degree can always be written
in a way, which contains G12 or (Gi2 and no other G’s. Furthermore we can use

eqns. (C.4.14)) and (C.4.20) twice to relate some of the remaining monomials with

each other:

1
Giolinklnom = _§G11[i2kjn2m = GroliokInim , (C.4.26)
_ 1. _
Gialiiklnom = _§G11]i2kzjn2m = GraliokInim - (C.4.27)

If we now multiply eqns. (4.3.47)), (4.3.48)), (4.3.50) and (4.3.51]) by G12 and use eq.
(C.4.26]), we get relations for the monomials G12J2; for [ = 11,16, 14,18, respec-
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tively:
C42q) 1
G121111]221 — 5 (G12[111[221 + G121211]121) (C428)
@3a70)  ~ .
= Xy Xi2)-pGrahinlio
([Ca2e) 1
G1211221212 — 5 (G12[1221212 + G1212221112) (0.4.29)
@34) .
= Xf(1)+X1(2)—MG12[1121122 ;
[Cz26) 1
Gi2l1220211 + Gi21111 1222 5 (Gial1211212 + Gi2l1121221 + Gi2l1111220+
+Gi21l1221211) (C.4.30)
@350) o .
= Xf(1)+X1(2)_H (Gi2li1122 + Gi2l1121121)
(C136) o .
= Xf(1)+X1(2)7HG1211111122 ,
[Ca26) 1
G1212111222 — 5 (G121211[222 + G121212]221) (0431)
@331)
= X12(2), (Gralii1lio2 + Giali121121)
iz

Xlz(g),GmInlIlm .

Analoguesly equations can be derived for the third order monomials containing G
with the help of eq. (|C.4.27) and the one referred to above the equal sign:

G2l Ior Xf(1)+X1(2)—M6121111[112 ; (C.4.32)
Ghializa oo Xf(1)+X1(2)—M612]1211122 ; (C.4.33)
Grali22lon1 Xf(1)+X1(2)—u012[111[122 — GralinIzs ,

Gi2lo11222 €250 Xf(g)_élﬂnlfm . (C.4.34)

This end the discussion of the monomials containing G’s and the discussion of the
parital four-point invariants.
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Appendix D

Calculations using Maple

D.1 Procedures for the calculation of expansions
in terms of monomials of J;j;

With all the identities from section we can compute the coefficients of the
expansion of any product of two invariant functions. We define the functions F' and

G to have the expansions (cf. theorem and eq. (4.3.119))

4 ng
F (X12(2)_,X1(1)+ - X2 D1, - ',-7222) ZZZE,j (Xf(Q)_,Xl(l)Jr . Xl(g)_>jm-,

i=0 j=1
(D.1.1)
~ R . 4 ng . ~ .
G (X X - Ka T o) =D S Gig (K- Ky - Kagy- )i
i=0 j=1
(D.1.2)
Their product is the function H
H (Xf(z),v Xf(l)Jer(z)fw L, - .,1222>
- (FQ) (Xf@)_, R i@ 1111,...,1222) : (D.1.3)
4 ng
% 2 O % ~e
= 3 iy (K Xy X)) i - (D.1.4)
i=0 j—1
Then the coefficients H; ; are
H()J = F071G071 <D15)
vie{l,...,8}:
Hy; = F1;Goqx+ Fo1Gi;
Vie{l,...,4}:,

Hy; = F;Goq+ Foa1Gi+ F1;Gr+ Fl,i+4G1,i+4X12(2)_
+F1,¢G1,z‘+4f(f(1)+)21(2)w + Fl,i+4G1,z’Xf(1)+X1(2)7u )

129
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Hys = Fy5Go1+ Fo1Gas + F1,1G12+ F12G11 + F1,6G1,5X12(2),
+F1,5G1,6X12(2)_ + 2(F12G15 + F1,5G1,2)Xf(1)+f(1(2),# ;
Hyg = F6Go1+ Foi1Goe + F11G13 + F13G11 + F1,7G1,5X12(2)_
+F1,5G1,7X12(2), +2(F13G15 + F175G173)Xf(1)+)§'1(2),u ;
Hy7 = Fe7Goy + Fo1Gar + FiraGro + Fi2Grg + F1,6G1,8X12(2)_
+F178G1,6X12(2), + 2(F12G18 + F1,8G1,2)Xf(1)+)21(2)7u ;
Hyg = Fy3Go1+ Fo1Gaeg+ F13G1 4+ F14G13 + F1,8G1,7X12(2)_

+F1,7G1,8X12(2), + 2(F1,3G18 + F1,8G1,3)Xf(1)+)21(2)—u ;
Hyg = F39Go1+ Fo1Gag+ F11G16+ Fi16G11 — F12G15 — F15G12,

Hy19 = F210Go,1 + Foi1Goo+ F11G17 + Fi17Gi1 — Fi3Gis — Fi5Gh3
Hy1w = F211Go1 + Foi1Goa1 — Fi12G18 — F18G12 + F14G16 + F16G14
Hs19 = F312Go1 + Fo1Go12 — F13G18 — F18G13+ F14G17 + F17G14

Hs13 = F»13Go1 + Fo1Go13 + F11G14 + F14G1 1
+2X7 ), X12)—u(F13G16 + Fi,6G13) + X12(2)_(F1,5G178 + 1 gGrs) ,
Hy14 = F214Go1+ Fo1Goia+ F12G1 3+ F1 3G

+2Xf(1)+X1(2),#(F1,3G176 + F176G173) + X%(z)i(FlﬁGLg + F178G1,5) ,

Hy15 = Fy15Go1 + Fo1Go5 + Fi6Gir + Fi17Gie — Fi5Gis — FigGis

Hy16 = F16Go1 + Fo1G216 + F1,1G18 + F18G11 — F13G16 — F16G13 ,
Hy17 = Fy17Goq1 + Foi1Goar + Fi2G1 7 + Fi17G12 — Fi13G16 — Fi6G13
Hy13 = F18Go1 + Fo1Gois + F15G14 + F14G15 — F13G16 — F16G13

Hsy = F31Go1+ Foi1Gs1+ Fo1Gra+ F14Gho + Fo13G11 + F11G2 13

+21Xf(1)+X1(2)—p(F1,3G1,6 + F16G13) + X7 (F15G18 + F18Gas)

1
—§(F1,1G2,14 + F214G11 + F13Go5 + Fo5G1 3 + F12Go6 + Fo6Gh2)
+Xf(1)+X1(2)—u(F1,1G2,18 + Fo18G11 + F15Go13 + Fo13G15)

—Xf(1)+X1(2)_u(F1,5G2,14 + 514G 5) + Xf(z)_(FLE)GQ,ls + 518G 5)
1

~ 1 .
—§X12(2),(F1,5G2,17 + F217G15) + §X12(2),(F1,1G2,15 + F515G1 1

+F17Go9 + Fo9Gi7+ Fi6G2,10 + F210G16)
H3o = F32Go1+ Foi1Gs2+ 3G + F11G13 + Fo13G1 4 + F1.4G2 13

—|—2iF178G178X12(2)_ + 21F174G178X{L(1)+X1(2)_# + 21F1’8G174Xf(1)+)21(2)_u

1
_§(F1,2G2,8 + Fo8Gi2+ Fi1.4Go 14 + F214G14 + F13G27 + Fo7G1 3)
+Xf(1)+X1(2)—u(F1,4G2,16 + F216G1,4 + F1,8G213 + F513G1 8)

_Xﬁ(1)+X1(2)7u(F1,8G2,14 + 114G g) + X12(2)_(F1,8G2,16 + Fr16G18)
1. 1 ~
_§X12(2)—(F1,8G2,17 + Foa7Gig) + §X12(2)_(F1,4G2,15 + b 15G14

+F17Go11 + Fo11Grr + FieGai + Fo12Gig)
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F53Go1 + Fo1G33 + F11G13 + F13G11 + F214G12 + F12G214 (D.1.6)

1
—§(F1,1G2,7 + Fy7G11 + Fi14Gas + Fo5G1a + Fi2G213 + F213G12)
—i(F16G18 + F1,8G16) X 19 — 2i(F10G1s + F1,8G1,2)X{L(1)+X1(2)—

+X¢(1)+X1(2)7H(F1,6G2,14 + F2,14G1,6) - X5(1)+X1(2),M(F1,1G2711

+E511G11 + Fi6G2,13 + F213G 16 + F1,4G29 + F9G1.4)

1 -
—§X12(2)_(F1,5Gz,11 + Fo11G1s + F16G2,18 + F2,18G16 + F1,6G2,16

+F516G1,6 + F18G29 + F29G18) ,
F54Go1 + Fo1G3 4+ F12G1 2+ F12G12 + F214G13 + F13G214 - (D.1.7)

m

_%(FLIGZS + Fo8Gi11 + F1.4Gog + Fo6G14 + F13G213 + F213G13)
—i(F18G17+ F17G18) X7 gy — 2i(F13G1s + F1,8G1,3)Xf(1)+X1(2)—
+X{‘(1)+X1(2)_M(F1,3G2,17 + F317G13 + F17G214 + F514G1 7)
—Xf(1)+X1(2)7u(F1,1G2,12 + F312G11 + F17Go13 + F213G1 7
+F1.4G210 + F210G14) + Xf(z)_(FmGz,n + F217G17)

1 .
—§X12(2),(F1,5G2,12 + Fo120G1 5 + F17G218 + F218G 17 + F17G2 16

+F516G1,7 + F18G210 + F2,10G18)
F35Go1 + Fo1G35 + FioGig + F18G1o0 + F216G1,1 + F1,1G2,16
1 1
+§(F1,5G2,14 + Fr14G15) — §(F1,3G2,9 + Fo9G13+ Fi6Gag + FoGie
+F11Go17 + F2 179G + Fi7Gap + Fo5Gi7 + F12Go 10 + F2.10G1,2)

I

A

~ 1 -
+Xf(1)+X1(2)—u(F1,5G2,16 + I516G15) — §X12(2)_(F1,5G2,15 + Fy15G15)

—Xf(1)+X1(2)7u(F1,1G2,15 + F215G11 + F17Gog + Fa oGz
+F16G2.10 + F210G16) »
F56Go1 + Fo1G36 + F11G17 + F17G11 + F217Gh2 + F12G217

1
+§(F1,1G2,11 + F11G11 + Fi6G2,13 + F213G16 + F1,4Go9 + F29G14)

1
*§(F1,2G2,16 + F216G12 + F18Gos + Fo5G1 g8 + F12G218 + F218G1 2
+F15Go7 + Fo7G15) + X12(2)_(F1,6G2,15 + F515G16)
+Xf(1)+X1(2)_M(F1,2Gz,15 + Fo15G12 + F16Gaar + Fo17Gig)
F37Go1 + Fo1Gs 7+ Fi2Gig + F16G12

1

+§(F1,1G2,12 + F212G11 + Fi17Go13 + F213G17 + F1.4G2 10 + F2,10G1,4)
1

_§(F1,3G2716 + F16G1,3 + F18Gog + Fo6Gi1s + F13G218 + F218G1 3

+F15Go8 + Fo3G15) + Xf(1)+X1(2),M(F1,3G2715 + Fy15G13)
+X12(2)—(F1,7G2,15 + Fy15G17)
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H3g = F33Go1 + Fo,1G38 + F13G15 + F1 5G13 + F218G14 + F1,4G2.18
1 . .
+§(F1,8G2,14 + F514G18) + Xf(1)+X1(2)—u(F1,8G2,18 + F18G18)

1
—§(F1,2G2,12 + Fy12G12 + F17Gor + Fo7Gr7 + Fi1 4G + Fo17Gr1a

+F13Go11 + F211Gh 3 + Fi6Gag + FosGig)
*Xf(1)+X1(2)_#(F1,4G2,15 + Fo15G14 + F17G2o1 + F211G1 7 + FirGa2

+F512G16) — %Xlz(g),(Fl,st,m + Fy15G18) ,
Hy1 = Fy1Go1 + Fo,1Gaq + F32G10 + F11G32 + F31G14 + F1 4G31
+F13G10 + Fio0G1s + F213G213 + F34G12 + F12G3 4 + F33G1 3
+F1 3G3 3+ F11G12 + F12G11 + F214G2,14 — 1OF1,8G1,8X12(2)_

—10F1 4G s XYy, K@) — 10F18G14X] ) Xi(o)

+21Xf(1)+X1(2)—u(F1,4G2,16 + F516G1.4 + F1,8G213 + F213G1 8)

_21Xf(1)+)21(2)—u(F1,8G2,14 + F14G18) + 21X12(2),(F1,8G2,16 + F16G18)
_iX%(g)_(Fl,SGQ,N + F>17G18) + iXIQ(g)_(F1,4G2,15 + F15G 14 + F17Ga 11

+F511G1,7 + Fi6Go12 + Fo12G16) — %(F2,6G2,7 + F7Ga6 + Fo5Gag
+E58Go 5 + F513G214 + F2,14G2,13)
+Xf(1)+X1(2)—“(F1,4G3,5 + F35G14+ F18G31 + F31G18 + F213G216
+F516G2,13 + F1,1G38 + F38G 11 + F15G32 + F32G1 5 + F513G2.18
+F518G213 + F13G36 + F36G1,3 + F17G33 + F33G 17 + F214G217
+F517Go14 + F120G37 + F37G12 + F16G34 + F34G16)
—Qin(l)Jerz(g)_u(F1,4G2,15 + F215G14 + F17Go 11 + Fo 111G 7 + F16G212

+F512G16) + Qin(l)JrX%(g)_u(F1,SGQ,18 + F18G18)

—in(l)Jer@),qu(Q), (F18G2,15 + F215G1 8)

1 - N
—§X1”(1)+X1(2)_M(F2,14G2,16 + F516G2,14 + F213G217 + F217G2.13

+F57Go 10 + Fo10G27 + Fo5G212 + Fo12Ga 5 + Fo G 11 + F211Ga6
+F3 8G9 + F29G28 + F518G214 + F2.14G2.13)
+X12(2)_(F1,5G378 + F38G1 5+ Fi17G36 + F36G17 + F16Gs7 + F37G16
+F18G35 4+ F35G1 8 + F516G2,16 + F2,17G2,17 + F2,18G2,18)
+(Xf(1)+X1(2)7M)2(F2,16G2,18 + F518G2,16 + F2,14G2,15 + F515G2,14)

—(X{L(l)+X1(2)—H)2(F2,13G2,15 + F215G213 + F29G212 + F212Ga 9

1 A
+F510G2,11 + F211G2,10) + §X12(2),(F2,13G2,15 + F515G2,13 + I 9G2 12
+F12G29 + F210G211 + F2.11G2.10)
1
2
1 - A N
_§X5(1)+X1(2)—MX12(2)_(F2,15G2,16 + Fp16G2,15 + F2,15G2,18 + F2,18G2,15)
+Xf(1)+X1(2)—HX12(2)_(F2,15G2,17 + I 17G2,15) + (X%(Q)_)Q(F2,15G2,15) :
(D.1.8)

Xlz(g),(Fz,me? + F217G2.16 + F218G2,17 + F2,17G2.18)
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(2)

We programmed a computer algebra procedure, ProdExpalnv(a,b), with these
equations, which enabled us to quickly calculate these products. With a small
procedure, PowerExpalnv(F,n), repeating this product n — 1 times, the power of
an invariant can be calculated.

Also a linear combination procedure, LinComExpaInv(kl,F1,k2,F2), taking a
linear combination ki F} + ko F5 by calculating it for every component of the 36-tuple
has often been helpful.

D.2 Replacing Xf(2>_ by other non-nilpotent invariants

The input variables are

e the expansion, a:=array(1l..36,...), of the invariant, which shall replace
-2
Xi(2)-

e a new variable name, va, for the same invariant, which shall appear in the
resulting expansion of X 12(2)7, and

e the expansion, nxterm, which shall be inserted for X3 (cf. eq. (4.3.117)),
depending only on Zo named I2v therein.

We used the latter to replace X3 by Zo with the help of eq. (4.3.127)).

In the whole procedure we replace all appearances of Xy(1)4 - Xy2)— by X 12(2)_
(=:X2mX2m) and the variable Xterm representing Xs3. After the variable declaration
we check, that X2mX2m only appear with degree 1.

> X2mX2mErsetzen:=proc(a,va,nxterm)

local 1,j,k,11,12,tmpl,tmp2,tmp3,templ, coeff0,bastmp, Xterm;

bastmp:=array(l..36,sparse);

tmpl:=array(l..36,sparse);

tmp2:=array(l..36,sparse);

tmp3:=array(l..36,sparse);

if degree(subs(X1pX2m=1/2*(-Xterm+X2mX2m+1) ,a[1]),X2mX2m)<>1 and
ldegree(subs (X1pX2m=1/2#* (-Xterm+X2mX2m+1) ,a[1]) ,X2mX2m)<>1
then return("err:degree",degree(al1],X2mX2m));

end if;

The coefficient of X 12(2)_ is determined. The first component of the temporary result
tmpl — this component is already final — is just the new variable name divided by
this coefficient. The negative values of other the components are divided by the
coefficient are copied. Thus we have brought these components to the other side of
the equation, which is given by the expansion a, and isolated X2mX2m. tmp2 is used
as a buffer for intermediate results to avoid circle assignmets and differs only from
tmpl by the vanishing element tmp2[1].

coeff0:=coeff (subs (X1pX2m=1/2* (-Xterm+X2mX2m+1) ,a[1]) ,X2mX2m)
tmpl[1] :=va/coeff0;
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tmp2[1] :=0;

for i from 2 to 36 do
tmpl[i] := simplify{(-subs(X1pX2m=1/2#*(-Xterm+X2mX2m+1),alil)
/coeff0);
tmp2[i] := simplify(-subs(X1pX2m=1/2#*(-Xterm+X2mX2m+1),alil)
/coeff0);

end do;

For the range of degrees of Xterm in the lowest components tmpl[1] we compute
the linear combination of the expansion tmp2 and the powers of nxterm times the
corresponding coefficients. This way the variable Xterm is completely replaced in
the lowest component.

tempO:=tmpl[1];
for j from ldegree(tempO,Xterm) to degree(tempOl,Xterm) do
tmpl:=LinComExpalnv(l,tmp2,coeff (temp0,Xterm,j),
PowerExpalnv(nxterm,j));
for i from 1 to 36 do
tmp2[i] := tmpl[i];
end do;
end do;

Now the loop over the other components begins. We need a copy, tmp3, of the
intermediate result, tmp1, which is not changed within the loops, that follow further
down.

for k from 2 to 36 do
if tmpl[k]<>0 then
for j from 1 to 36 do
tmp3[j] := tmp1[j];
end do;

The procedure is programmed only for the case, that there are no components with
negative powers of X2mX2m. The component, tmp2[k] has to be set to zero, so
that this component with the needed replacement can be calculated together with
the changes of the higher components and added to the expansion tmp2. This is
essentially done as for the lowest component, but for both variables X2mX2m and
Xterm. The procedure ProdExpalnv is used to calculate the monomials of these
variables and the multiplication with a basis element bastmp, which is zero for all
components but k.

temp0:=tmpl [k];
tmp2 [k] :=0;
bastmp[k] :=1;
if ldegree(tempO,X2mX2m)>=0 then
for 11 from ldegree(tempO,X2mX2m) to degree(tempO,X2mX2m) do
for 12 from ldegree(tempO,Xterm) to degree(tempO,Xterm) do
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tmpl:= LinComExpalnv(1l,tmp2, coeff(coeff (temp0l,Xterm,12)
,X2mX2m,11), simplify(subs(X1pX2m=1/2#*(-Xterm+X2mX2m+1),
prodExpalnv(bastmp,ProdExpalnv( PowerExpalnv(nxterm,12),
PowerExpalnv(tmp3,11))))));
for i from 1 to 36 do
tmp2[i] := tmpl[il;
end do;
end do;
end do;

The variable for the basis element bastmp has to be set to zero again, so that it can
be used for the next k again.

else return("negative power of X2mX2m");
end if;
end if;
bastmp [k] :=0;
end do;
return(eval (tmpl));
end proc;

If we use the expansion of the inverse of Zg as input a and take 1/I6v for va, we get
the expansion of XIQ(Q)_ in terms of the variables I6v and I2v. If instead a is the
expansion of Z; and va is I1v, the elements of the resulting array are expressed in
terms of I1lv and I2v.

D.3 Change of coefficient functions from dependence on
X12<2)7 and X;(;); - Xi(2)- to dependence on 7, and 7,
or I6

The result from the procedure in the last section and the expansion of X3 in terms
of 7o can now be used for the replacement of X 9)— and Xl( D+ X1(2)_ in any
expansion of an invariant. We present the procedure here for the replacernent with
Zs and Zo. But, if the expansion of XQ( 2)— in terms of Z; and Z, in eq.

is used, these two superconformal cross ratios are the replacements of X1(2) and
X1(1) L X 1(2)—- The argument a is an expansion of an invariant in form of an array
with 36 elements depending on the variables X2mX2m and X1pX2m standing for X 12(2)7
and Xl(l)-‘r . Xl(2)—'

> ErsetzenEI:=proc(a)
local i,j,k,11,12,tmpl,tmp2,temp0,bastmp,nxt,X2t;
bastmp:=array(l..36,sparse);
tmpl:=array(1l..36,sparse);
tmp2:=array(l..36,sparse);
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The variables nxt and X2t contain the expansions of X3 and X12(2)—'

nxt:= vector([I2v, 2*I-2xIxI2v, -4xI, 0, 0, O, 4xI, 0, O,
-6+6*xI2v, 16, 0, 0, 0, O, 0, O, O, O, O, O, O, O, O, O, O,

o, 0, 0, 0, 0, 0, 0, 0, 0, O1);

X2t:= vector([1/I6v, 2%I/I6v, O, O, O, O, O, O, O, -10%1/I6v,
o, o, 0,0, 0, 0, 0, 0, 0, O, O, O, O, O, O, O, O, O, O, O, O,
0, 0, 0, 0, 01);

So we need to substitute X1(1)+ . )2'1(2)_.

for j from 1 to 36 do
tmp2[j] := simplify(subs(X1pX2m=1/2*(-Xterm+X2mX2m+1),al[jl));
end do;

The rest of the procedure works in the same way as the one in section |D.2

for k from 1 to 36 do
if tmp2[k]<>0 then
tempO:=tmp2 [k] ;
tmp2[k] :=0;
bastmp [k] :=1;
for 11 from ldegree(tempO,X2mX2m) to degree(tempO,X2mX2m) do
for 12 from ldegree(tempO,Xterm) to degree(tempO,Xterm) do
tmpl:=LinComExpalnv(l,tmp2,coeff (coeff (tempO,Xterm,12),
X2mX2m,11) ,simplify(subs (X1pX2m=1/2* (-Xterm+X2mX2m+1) ,
ProdExpalnv(bastmp,ProdExpalnv( PowerExpalnv(nxt,12),
PowerExpalInv(X2t,11))))));
for i from 1 to 36 do
tmp2[i] := tmpl[i];
end do;
end do;
end do;
end if;
bastmp [k] :=0;
end do;
return(simplify(eval(tmpl)));
end proc;

With this procedure we get the expansions with coefficient functions depending on
superconformal cross ratios and want to do calculation with them. The linear com-
bination procedure, LinComExpaInv, can still be used for them. But the usage of
the product procedure, ProdExpalnv, would lead to term with X2mX2m and X1pX2m
again. To avoid this one can generate most of the source code of a new prod-
uct procedure, ProdEI, if we apply the substitution procedure, ErsetzenEI, to the
result of the old product, ProdExpalInv(a,b), with arrays a:=array(1l..36) and
b:=array(1..36) with elements, which are not further declared:
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> erg:=ErsetzenEI (ProdExpalnv(a,b)):

> print(seq([‘ergl¢,i,“]:=¢,erglil,;‘],i=10..36));

D.4 Expansions of inverses and square roots of invari-
ants

With a procedure for the product of two expanded invariants — e.g. ProdExpalnv
or ProdEI — the calculation of the inverse can also be easily implemented, as the

inverse, for example, of function F' (cf. eq. (4.3.119))) is given by

1 R R R
<F> (X12(2)_7 Xf(1)+X1(2)j“ 1111,.-.71222>
h

4 1 4 ny
= };}W > Y ES | (D.4.1)

i=1 j=1

We have generated the square route procedure from the above mentioned product
procedure, ProdExpalInv(a,b), with the following few lines of source code

> erg:=ProdExpalnv(tmp,tmp):
> a:=array(1l..36):

> print(seq([‘tmp[¢,i,¢]:=¢,solve(ergl[il=alil,tmpl[il),*; ‘],
i=1..36));

The equations can be solved one by one in the sequence, because in each solution
tmp [i] there are only other tmp[j], which belong to lower order invariants. Thus, if
one takes the printed output of this sequence into the source code of the procedure,
every assignment of a variable tmp[i] only contains variables calculated before.

D.5 Combinatorics of non-nilpotent invariants

In this section we generate all invariants, which are ratios of squares of supercon-
formal intervals, :U;f. We describe the combinatorial approach used for this task in
the paragraph about more invariant ratios surrounding eqns. —.

In these calculation we treat all trees, of which we have discussed an example in
that paragraph, simultaneously. We need a whole bunch of variables to keep track
of our progress. We symbolize a squared interval, x;ﬁ, as a list, [1,j]. We assign
different variables for numerators and denominators, so that these variables always
appear in pairs. zaehler and nenner stand for the ratio currently treated with their
numerator and denominator, respectively. zaehlerliste and nennerliste are the
major working list for all generated elements of the tree, also the intermediate ones.
So zaehlerliste[i] and nennerliste[i] are numerator and denominator of one
ratio. counter counts in its first element the number of elements of one of these two
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equally long lists. In the second element the number of elements of current length,
which is the number of intervals, [i,j], in a numerator or denominator, is counted.

Now the stocks of 24 trees are generated. Of cause, one could take less, if one
arguments, that there are inverses of each other among these 24, but then one would
have to argue also, which selection is taken, so that one does not miss invariants.
Taking all 24 guarantees completeness and the extra calculations are not noticeable.

We get all ratios ;2

j /z;.2 and count them in counter [2]

> counter:=[0,0];
zaehler:=[];
nenner:=[];
for i from 1 to 4 do
for j from 1 to 4 do
if i<>j then
zaehler:=[[i,jl1];
for k from 1 to 4 do
if j<>k and i<>k then
nenner:=[[1i,k]];
zaehlerliste:=[op(zaehlerliste) ,zaehler];
nennerliste:=[op(nennerliste) ,nenner];
counter[2] :=counter[2]+1;
end if;
end do;
end if;
end do;
end do;

Because in each round of the contained while-loop the numerators and the de-
nominators of the ratios get longer and longer, this current length is counted by
anzahlzaehler. The lists, endzaehler and endnenner, are filled with lists of nu-
merators resp. denominators of completed invariants in groups with the same length
starting with length 1. So endzaehler[1,p,q] is the squared interval, [i,j], which
is the q’th interval in the numerator of the p’th finished invariant with 1 squared
intervals on each side of the fraction line. The number of finished invariants with the
same length i is counted as an element of a list, endzaehlerzahl[i]. As we still
need counter[2], we use a temporary counter, countertmp, to count the number
of new ratios of length anzahlzaehler+1 generated in the current round.

anzahlzaehler:=1;
endzaehlerzahl:=[0];
endzaehler:=[[1];
endnenner:=[[]1];
settmpl:=[];settmp2:=[];
ctmpl:=0;ctmp2:=0;
while counter[2]<>0 do
countertmp:=0;
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The for-loop goes through all ratios generated in the last round with the length
anzahlzaehler. For each ratio the numerator and the denominator are taken out
of zaehlerliste and nennerliste. Also one needs the last added interval, [i,j],
in the denominator, which is assigned to letzternenner.

for i from 1 to counter[2] do
zaehler:=zaehlerliste[counter[1]+i];
nenner:=nennerliste[counter[1]+i];
letzternenner:= nenner [anzahlzaehler];

After the first round, in which there cannot appear an invariant, we test here, if for
any of the found invariants its numerator and denominator can be simultaneously
found in the current numerator and denominator, zaehler and nenner. This re-
quires the simultaneous appearance of all intervals of the invariant in the current
ratio. If this is not the case, testb2 is set to zero. And if it is the case for any of the
invariants found so far, testb is set to one. This is one of the terminating conditions,
which are described in section and prevents infinite loops and double invariants
in the resulting list.

testb:=0;
if anzahlzaehler>1 then
for 1 from 2 to anzahlzaehler do
if not endzaehler[1]=[] then
for p from 1 to endzaehlerzahl[1l] do
testb2:=1;
for q from 1 to 1 do
print(’test’, counter[2],i,1,p,q);
if not member(endzaehler[l,p,ql,zaehler) or not
member (endnenner[1,p,q] ,nenner) then
testb2:=0;
end if;
end do;
if testb2=1 then
testb:=1;
end if;
end do;
end if;
end do;
end if;

For the branches, which are not terminated, the first question to ask is, if a new
invariant has been finished with zaehler and nenner, which is the other terminat-
ing condition (letzternenner[2]=zaehler[1,2]; this case is treated in the else
below).

if testb=0 then
if letzternmenner[2]<>zaehler[1,2] then
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Now one new interval for the numerator and one for the denominator is searched.
The new element for the numerator has be [j,letzternenner[2]] for some j un-
equal to letzternenner[2], so that it does not appear in the denominator, yet.
Otherwise it would cancel down. Once found, it is assigned to letzterzaehler.
The new denominator, [letzterzaehler[1],k], for some k unequal to the number
letzterzaehler[1], has to fulfill the corresponding condition. If both could be
found, it is saved as new ratio in the lists zaehlerliste and nennerliste and the
counter is incremented.

for j from 1 to 4 do
if not member([j,letzternenner[2]],nenner) then
if j<>letzternenner[2] then
letzterzaehler:=[j,letzternenner[2]];
for k from 1 to 4 do
if [letzterzaehler[1],k]<>letzterzaehler then
if not member([letzterzaehler[1],k],zaehler) then
if k<>letzterzaehler[1] then
zaehlerliste:=[op(zaehlerliste), [op(zaehler),
letzterzaehler]];
nennerliste:=[op(nennerliste), [op(nenner),
[letzterzaehler[1],k]1];
countertmp:=countertmp+1;
end if;
end if;
end if;
end do;
end if;
end if;
end do;

This else belongs to the query, if we have not found a new invariant. Thus for the
answer “no” — so in the case of a new invariant — we have to save this invariant
in the lists endzaehler [anzahlzaehler] and endnenner [anzahlzaehler], which
contain those of the currently treated length anzahlzaehler, and increment the
corresponding counter endzaehlerzahl [anzahlzaehler].

else
endzaehler[anzahlzaehler]:= [op(endzaehler[anzahlzaehler]),
zaehler] ;
endzaehlerzahl [anzahlzaehler] := endzaehlerzahl[
anzahlzaehler]+1;
endnenner [anzahlzaehler] := [op(endnenner [anzahlzaehler]),
nenner] ;

end if;

end if;

After the for-loop over all ratios of one length is finished, we have to increment
the variable for the length anzahlzaehler and bring counter up to date. The lists
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for the resulting invariants and their numbers get their new elements for the next
length, if there is a next round of the while-loop. For every length we print the
invariants found so far.

end do;

anzahlzaehler:=anzahlzaehler+l;

counter[1] :=counter[1]+counter[2];

counter[2] :=countertmp;

if counter[2]<>0 then
endzaehlerzahl :=[op(endzaehlerzahl),0];
endzaehler:=[op(endzaehler),[]];
endnenner:=[op(endnenner), [1];

end if;

print (counter,endzaehlerzahl, endzaehler,endnenner);

end do;

In the fourth round of the while-loop, no ratio is found any more, which can be
made longer under the stated conditions. The longest ratios in the lists have four
intervals in the numerator and four in the denominator. In the end the 24 trees
contain altogether 648 elements and lead to 12 invariants of length 2, 32 of length 3
and 12 of length 4.

They are those of eqns. (4.2.29)—(4.2.35)) and all possible permutations of indices
and can all be expressed by the set of ten invariants, which we choose in sections

4.2 and 4.3
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