The decomposition of global conformal invariants
IV: A proposition on local Riemannian invariants.
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Abstract

This is the fourth in a series of papers where we prove a conjecture of
Deser and Schwimmer regarding the algebraic structure of “global confor-
mal invariants”; these are defined to be conformally invariant integrals of
geometric scalars. The conjecture asserts that the integrand of any such
integral can be expressed as a linear combination of a local conformal
invariant, a divergence and of the Chern-Gauss-Bonnet integrand.

The present paper lays out the second half of this entire work: The
second half proves certain purely algebraic statements regarding local Rie-
mannian invariants; these were used extensively in |3} 4]. These results
may be of independent interest, applicable to related problems.
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1 Introduction

This is the fourth in a series of papers [3} 5] [6] [7, [8] where we prove a conjecture
of Deser-Schwmimmer [18] regarding the algebraic structure of global conformal
invariants. We recall that a global conformal invariant is an integral of a natural
scalar-valued function of Riemannian metrics, [ 1 P(9)dVy, with the property
that this integral remains invariant under conformal re-scalings of the underlying
metricl] More precisely, P(g) is assumed to be a linear combination, P(g) =
> ez aiC'(g), where each C'(g) is a complete contraction in the form:

contr' (V™R @ ... @ VM) R); (1.1)

here each factor V(™ R stands for the mt" iterated covariant derivative of the
curvature tensor R. V is the Levi-Civita connection of the metric g and R is
the curvature associated to this connection. The contractions are taken with
respect to the quadratic form ¢¥. In this series of papers we prove:

Theorem 1.1 Assume that P(g) = >,c; aiC'(g), where each C'(g) is a com-
plete contraction in the form (L), with weight —n. Assume that for every
closed Riemannian manifold (M™, g) and every ¢ € C(M™):

/ P(e*?g)dV26, = / P(g)dV,.
We claim that P(g) can then be expressed in the form:
P(g) = W(g) + div;T"(g) + Pfaff (Rijx1).

Here W(g) stands for a local conformal invariant of weight —n (meaning that
W(e2?g) = e W (g) for every ¢ € C>°(M™)), div;T*(g) is the divergence of
a Riemannian vector field of weight —n + 1, and Pfaff(R;ji1) is the Pfaffian of
the curvature tensor.

1See the introduction of [3] for a detailed discussion of the Deser-Schwimmer conjecture,
and for background on scalar Riemannian invariants.



We now discuss the position of the present paper in this series.

We recall from the introduction of [3] that this series of papers can be natu-
ally subdivided into two parts: Part I (consisting of [3| [4, [5]) proves the Deser-
Schwimmer conjecture, subject to establishing certain “Main algebraic Propo-
sitions”, namely Proposition 5.2 in [3] and Propositions 3.1, 3.2 in [4]. Part II,
consisting of the present paper and [7,[8] prove these main algebraic propositions.

The first task that we undertake in the present paper is to reduce the “main
algebraic Propositions” in [3| [4] to a single Proposition, 21l below, which we
call the “fundamental Proposition 21" and which will be proven by an elabo-
rate induction on four parameters. This fundamental Proposition is actually a
generalization of the “Main algebraic Propositions” in [3, [4], in the sense that
the “Main algebraic Propositions” are special cases of Proposition 2.1} in fact
they are the ultimate or penultimate steps of the aforementioned induction with
respect to certain of the parameters.

An outline of the goals of the papers [6, [7, [8]: The main goal in the
present paper is to introduce Proposition 2.1l below, which will imply the “main
algebraic Propositions” in [3, 4], and then to reduce the inductive step in the
proof of Proposition 2] to three Lemmas, 3.1l B.2] below (along with two
preparatory claims needed for Lemma B.5] namely Lemmas [3.3] B.4): We prove
in the present paper that the three Lemmas [B.1] 3.2] imply the inductive
step of Proposition 2.1l apart from certain special cases. In this derivation we
employ certain technical LemmasZ In the next paper in the series, [7] we derive
the inductive step of Proposition [2.I] in the special cases, and we also provide
a proof of the aforementioned technical Lemmas. Thus, the present paper and
[7] reduce the task of proving the Deser-Schwimmer conjecture to proving the
Lemmas below.

Then, Lemmas are proven in the final paper in this series, []].

Outline of the “Fundamental Proposition [2.31": In section 2l we set up
the considerable notational and language conventions needed to state our funda-
mental Proposition 2.1} we then state the fundamental Proposition and explain
how the “main algebraic Propositions” 5.2 and 3.1, 3.2 in [3] [4] are special cases
of it. We also explain how the fundamental Proposition will be proven via an
induction on four parameters. In section Bl we distinguish three cases I,ILIII on
the hypothesis of Proposition 2] and claim three Lemmas, B.1l B.2] which
correspond to these three cases. Finally in section [l we prove that these three
Lemmas imply Proposition 218 In section d we also assert certain important
technical Lemmas which will also be used in the subequent papers in this series;
some of these technical papers are proven in the present paper and some in [7].

2(More on this in the outline of the present paper below).
3We make use of the inductive assumption of Proposition BI]in this derivation.



Now, since the fundamental proposition is very complicated to even write
out, we reproduce here the claim of the first “main algebraic Proposition” from
[3], for the reader’s convenience. As explained above, this first “main algebraic
Proposition” is a special case of Proposition 2.1 below.

A simplified description of the main algebraic Proposition 5.2 in [3]: Given
a Riemannian metric g over an n-dimensional manifold M™ and auxilliary C*°
scalar-valued functions €2,...,€Q, defined over M", the objects of study are
linear combinations of tensor fields Y, , a;Ch" =, where each Chit-io is a
partial contraction with « free indices, in the form:

peontr(VWR® - @ VI Re VOO, @ ... @ VEnQ,); (1.2)

here V("™ R stands for the m'" covariant derivative of the curvature tensor RE
and V(Q,, stands for the b covariant derivative of the function €. A partial
contraction means that we have list of pairs of indices (4,5),-- ., (¢, a) in (L2,
which are contracted against each other using the metric ¢%/. The remaining
indices (which are not contracted against another index in (I2))) are the free
NdiCes iy, ...y ig-

The “main algebraic Proposition” of [3] (roughly) asserts the following: Let
ZleLu alCé’”'”l“ stand for a linear combination of partial contractions in the

form (L2)), where each C’é’“"'ZM has a given number o; of factors and a given
number p of factor V). Assume also that o1 + p > 3, each b; > 2/ and
that for each pair of contracting indices (4,5) in any given C_(l]’“"'z“, the indices
a,b do not belong to the same factor. Assume also the rank p > 0 is fixed

and each partial contraction Cé’il'”i“,l € L, has a given weight —n + ME Let

also > yer alCé’“"'zyl stand for a (formal) linear combination of partial con-
tractions of weight —n 4 y;, with all the properties of the terms indexed in L,
except that now all the partial contractions have a different rank y;, and each
Y > e

The assumption of the “main algebraic Proposition” is a local equation:

Lyiy...iy

Z a X divg, .. .XdiviuC'é’il"'i" + Z ar X divg, .. .Xdiviyl Cy L =0,
leL, €L,

(1.3)
which is assumed to hold modulo complete contractions with o+ 1 factors. Here
given a partial contraction CL™ in the form (L2) X div;, [CL™ ] stands for
sum of o — 1 terms in div;, [C(l]’il"'ia] where the derivative Vs is not allowed to

hit the factor to which the free index belongsﬂ

4In other words it is an (m + 4)-tensor; if we write out its free indices it would be in the
form ng) R;ikl-
1--Tm lig
5This means that each function €, is differentiated at least twice.
6See [3] for a precise definition of weight.

"Recall that given a partial contraction Cé’il‘”i“ in the form ([[2) with o factors,
div;, Cé,’”"‘“‘ is a sum of o partial contractions of rank o — 1. The first summand arises



The main algebraic Proposition in [3] then claims that there will exist a
linear combination of partial contactions in the form (L2), Y,y apChi
with all the properties of the terms indexed in L, and all with rank (u + 1),
so that:

> @Gl + N " ay Xdiv,,,,, C )i = 0; (1.4)
leL, heH

the above holds modulo terms of length o + 1. Also the symbol (...) means
that we are symmetrizing over the indices between parentheses.

The proof of the “fundamental Proposition [2.1]’ via an induction,
and a brief description of Lemmas [B.113.2[3.5¢

The fundamental Proposition 21lis a generalization of Proposition 5.2 from
[3], in the sense that it deals with partial contractions in the form (2]), which
in addition contain factors nghﬁ these are assumed to contract against the
different factors V™ R, VP)Q, according to a given patternﬂ The Proposition
2.1 also groups up the different partial contractions of minimum rank indexxed
in L, according to the distribution of the free indices among its different fac-
tors V™R, V(p)Qm The claim of Proposition 1] is then an adaptation of
(C4), restricted to a particular subset of the partial contractions indexed in
L,. A discussion of how the Proposition 2] is proven via an induction on
four parameters, as well as how the inductive step is reduced to the Lemmas
B1 B2 is provided in subsections B.1] and The reader is also refered to
those subsections for a more conceptual outline of the ideas in the present paper.

Before proceeding to give the strict formulation of the fundamental Propo-
sition, we digress to discuss the relationship of the whole work [3]-[8] and of
the papers [6]-[8] in particular with the study of local scalar Riemannian and
conformal invariants.

Broad Discussion: The theory of local invariants of Riemannian structures
(and indeed, of more general geometries, e.g. conformal, projective, or CR) has
a long history. As discussed in [3], the original foundations of this field were
laid in the work of Hermann Weyl and Elie Cartan, see [28, 17]. The task of
writing out local invariants of a given geometry is intimately connected with
understanding polynomials in a space of tensors with given symmetries; these
polynomials are required to remain invariant under the action of a Lie group
on the components of the tensors. In particular, the problem of writing down

by adding a derivative Vs onto the first factor T} and then contracting the upper index %s
against the free index ;,; the second summand arises by adding a derivative V*s onto the
second factor Th and then contracting the upper index ‘s against the free index i, etc.

8See the forms (1)), (Z2) below.

9This encoding is described by the notions of weak and simple character-see the informal
discussion after Definition 23]

10This encoding is described by the notions of double and refined double character—see the
informal discussion after Definition 231



all local Riemannian invariants reduces to understanding the invariants of the
orthogonal group.

In more recent times, a major program was laid out by C. Fefferman in
[20] aimed at finding all scalar local invariants in CR geometry. This was mo-
tivated by the problem of understanding the local invariants which appear in
the asymptotic expansion of the Bergman and Szegt kernels of strictly pseudo-
convex CR manifolds, in a similar way to which Riemannian invariants appear
in the asymptotic expansion of the heat kernel; the study of the local invariants
in the singularities of these kernels led to important breakthroughs in [I1] and
more recently by Hirachi in [25]. This program was later extended to conformal
geometry in [2I]. Both these geometries belong to a broader class of structures,
the parabolic geometries; these admit a principal bundle with structure group a
parabolic subgroup P of a semi-simple Lie group G, and a Cartan connection
on that principle bundle (see the introduction in [15]). An important question
in the study of these structures is the problem of constructing all their local
invariants, which can be thought of as the matural, intrinsic scalars of these
structures.

In the context of conformal geometry, the first (modern) landmark in un-
derstanding local conformal invariants was the work of Fefferman and Graham
in 1985 [21], where they introduced the ambient metric. This allows one to
construct local conformal invariants of any order in odd dimensions, and up to
order 3 in even dimensions. The question is then whether all invariants arise
via this construction.

The subsequent work of Bailey-Eastwood-Graham [I1] proved that this is
indeed true in odd dimensions; in even dimensions, they proved that the re-
sult holds when the weight (in absolute value) is bounded by the dimension.
The ambient metric construction in even dimensions was recently extended by
Graham-Hirachi, [24]; this enables them to identify in a satisfactory way all lo-
cal conformal invariants, even when the weight (in absolute value) exceeds the
dimension.

An alternative construction of local conformal invariants can be obtained
via the tractor calculus introduced by Bailey-Eastwood-Gover in [I0]. This
construction bears a strong resemblance to the Cartan conformal connection,
and to the work of T.Y. Thomas in 1934, [27]. The tractor calculus has proven to
be very universal; tractor buncles have been constructed [15] for an entire class
of parabolic geometries. The relation betweeen the conformal tractor calculus
and the Fefferman-Graham ambient metric has been elucidated in [16].

The present work [3]-[8], while pertaining to the question above (given that
it ultimately deals with the algebraic form of local Riemannian and conformal
invariants), nonetheless addresses a different type of problem: We here con-
sider Riemannian invariants P(g) for which the integral [,,, P(g)dV, remains
invariant under conformal changes of the underlying metric; we then seek to un-
derstand the possible algebraic form of the integrand P(g), ultimately proving
that it can be de-composed in the way that Deser and Schwimmer asserted. It is
thus not surprising that the prior work on the construction and understanding
of local conformal invariants plays a central role in this endeavor, in the papers



[4, [5].

On the other hand, as explained above, a central element of our proof is
the (roughly outlined above) “fundamental Proposition [Z1I" 1] which deals ez-
clusively with algebraic properties of the classical scalar Riemannian invari-
ants[d The “fundamental Proposition 21" makes no reference to integration;
it is purely a statement concerning algebraic properties of local Riemannian in-
variants. While the author was led to led to the main algebraic Propositions in
[3.[4] out of the strategy that he felt was necessary to solve the Deser-Schwimmer
conjecture, they can be thought of as results with an independent interest. The
proof of these Propositions, presented in the present paper and in [7, [§] is in
fact not particularly intuitive. It is the author’s sincere hope that deeper insight
(and hopefuly a more intuitive proof) will be obtained in the future as to why
these algebraic Propositions hold.

2 The fundamental Proposition.

In order to state and prove the fundamental proposition we will need to intro-
duce a lot of terminology.

2.1 Definitions and Terminology.

We will be considering (complete or partial) contractions C;l"'ia (.., Qp, 01, ...

of length o + u (with no internal contractions) in the form:

pcontr(v(ml)Rijkl Q- ® v(ms)Rijkl® @21)
V(b1)91®"'®v(bP)Qp®v¢1®"-®V¢u); '
here o = s+pand ;,,...,;, arethe free indices in C;l"'ia (Q, .., Qp, 1, ).

Definition 2.1 Any (complete or partial) contraction in the form (211) will be
called acceptable if:

1. Each of the free indices must belong to a factor V(m)RijM or VIOIQ,.

2. FEach of the factors Voy is contracting against a factor V(m)RijM or
V@,

3. Each of the factors V(“)Qf should satisfy a > 2.

More generally, we will also be considering tensor fields
Qv (e Qoo s ’Zuﬂ, cel, ¢/Zu+d’ Bziaprs+» Prusayy) Of length
o + u (with no internal contractions) in the form

1 This Proposition is a generalization of the main algebraic Propositions 5.1, 3.1, 3.2 in
[3, 4.

12We refer the reader to the introuction of [3] for a detailed discussion of these.

13We recall that S*Vgl;)mry R;jk; stands for the symmetrization of the tensor Vﬁ’;?“” R
over the indices ry,...,r,,; .

, bu)



peontr(V" Rijy @ -+ @ V") Ry @
SV Riji @ -+ ® S,V Riju @
v, @ 0 VIQ,®

Voo @V, @V, @@V, @@V 0, @ @V, )
(2.2)

Here, the functions ¢Za, ¢}, are the same as the functions ¢, ¢». The symbols~and
" are used only to illustrate the kind of indices that these factors are contracting
against (we will explain this in the next definition).

The notion of acceptability for contractions in the form ([Z2) is a generaliza-
tion of Definition 2T}

Definition 2.2 We will call a (complete or partial) contraction in the form
(Z2) acceptable if the following conditions hold:

1 {z1,. -, Zwtd+y} = {1,...,u}. Also, each of the free indices must belong
to a factor V(m)Rijkl, v®Q, or S*V(”)Rijkl. In addition, the factors
V(b)Qf must have b > 2.

2. The factors ngh,ng;L,ngh contract according to the following pattern:
Each of the factors Von is contracting against a derivative index in a
factor V(m)Rijkl or V(b)Qf. Each of the factors ¢, must be contracting
against the index ; of some factor S*V(”)Rijm. Conversely, each indez ;
in any factor S*V(”)Rijkl must contract against some factor Von. Lastly,

each factor V@) is contracting against some factor S*VST?,,”RU% but
necessarily against one of the indices r,,...,r,, ;.

Definition 2.3 For any (complete or partial) contraction in the form (21)) or
(22), we define its real length to be the number of its factors if we exclude the
factors Ny, Vop, V. (So for contractions in the form (Z2) the real length
isor+t+p).

We now introduce the notions of weak, simple, double and refined-double
characters for acceptable contractions C’;l'“ia in the form ([Z2)). Since these
definitions are rather technical, we give the gist of these notions here: The
weak character encodes the pattern of which factors in C;l'“ia the various terms

Von,h = 1,...,u are contracting against. The simple character encodes the
above, but also encodes whether each given factor V¢, that contracts against
a factor T = S*V(”)Rijkl is contracting against the index ;, or one of the
indices ,,,...,r,,;. The double character encodes the simple character, but

also encodes how the free indices are distributed among the different factors in
C;l'“ia (i.e. how many free indices belong to each factor). Finally, the refined



double character encodes the same information as the double character, but also
encodes whether the free indices are special indices[™
Now we present the proper definitions of the different notions of “character”.

Definition 2.4 Consider any acceptable complete or partial contraction in ei-
ther of the forms (2Z1) or (Z2). The weak character Ryear 5 defined to be a
pair of two lists of sets: (L1, La). Ly stands for the list (S1,...,Sp) where each
St stands for the set of numbers r for which V¢, contracts against the factor
VIO, Ly stands for the list of sets (S1,...,85—p) where each S, stands for
the set of numbers r for which V¢, contracts against the t*" curvature factor
in (Z1) or (Z2) (in the latter case the curvature factor may be in the form
V(m)Rijkl or S*V(V)Rijkl).

Definition 2.5 Consider complete or partial contractions in the form (2.2); we
define the simple character Rsimp to be a triplet of lists: (L1, Lo, L3).

Ly is as above. Lo stands for the list of of sets (Si,...,S,,) where each
S; stands for the set of numbers v for which V¢, contracts against the ti"
factor V(mt)Rijkl in the first line of (Z3). Ls is a sequence of pairs of sets:
Ls = [({a1},51), .., {aw}, St)], where ay, stands for the one number for which
the index ; in the w'™ factor in the second line of (2.2) is contracting against
the factor Véaw. S stands for the set of numbers r for which the w'" factor
is contracting against the factors V¢, in (Z3).

Now, we define the double character. We note that this notion is defined for
tensor fields in the form (2.2)) that do not have both indices 4, ; or ,; in a factor
V(m)Rijkl or S*V(”)Rijkl being free.

Definition 2.6 Consider complete or partial contractions in the form (23);
we define the double character to be the union of two triplets of lists: Raoup =
(L1, Lo, Ls)|(Hy, Ho, H3). Here Ly, Lo, L3 are as above. Hy stands for the list
(hi,...,hp), where hy stands for the number of free indices that belong to the
factor V®)Q,. Hy stands for the list of numbers (hi,...,hy,), where each h;
stands for the number of free indices that belong to the it factor in the first line
of (22). Hs stands for the set of numbers (hi,...,h) where h,, stands for the
number of free indices that belong to the u'" factor on the second line of (2.2).

Now, one more definition before stating our main Proposition for the present
paper. We will be defining the refined double character of tensor fields in the
form (22). For that purpose, we will be paying special attention to the free
indices ;, that are internal indices in some factor V(m)RijM or are one of the
indices g, ; in one of the factors S*V(”)Rijkl. We will be calling those free indices
special free indices.

Definition 2.7 Consider complete or partial contractions in the form (2.3);
we define its refined double character to be the union of two triplets of sets:

14Meaning that they are internal indices in some V(m)Rijkl or indices g,; in some
S VIR, 5.



Rref—doub = (Ll,Lg,L3)|(H1,ﬁ2,ﬁ3) where the sets L1, Lo, L3, Hi are as be-
fore, whereas:

H, stands for the list of sets (i~L1, . .iLgl) where hy, stands for the following:
If the Eth factor V(m)Rijkl has no special free indices then ilk = hy (same as for
the double character). If it contains one special free index then hy, = {hy} J{*}.
Finally, if it contains two special free indices then hy = {h} J{**}.

Hs stands for the list of sets (iLl, e ﬁgz) where hy, stands for the following: If
the k" factor S*V(”)Rijkl has no special free indices then ilk = hy (same as for
the double character). If it contains one special free index then hy = {hy} U{*}.

The elements {xx}, {x} above will be called marks.

Now, we will introduce a notion of equivalence for the characters (weak,
simple, double or refined double) of tensor fields.

Definition 2.8 We say that two (complete or partial) contractions in the form
(2:2) have equivalent (simple, double or refined double) characters if their (sim-
ple, double or refined double) characters can be made equal by permuting factors
among the first two lines of (2.2).

More generally, we will say that two (complete or partial) contractions in the
more general form (21]) (possibly of different rank) have equivalent weak char-
acters if we can permute their curvature factors and make their weak characters
equal.

We thus see that the various “characters” we have defined can be thought
of as abstract lists, which are equipped with a natural notion of equivalence.
We note that we will occasionally be speaking of a (weak, simple, double or
refined double) character abstractly, without specifying a (complete or partial)
contraction or tensor field that it represents. Furthermore, we have seen that
the notions of weak, simple, double and refined double characters are graded,
in the sense that each of these four notions contains all the information of the
previous ones. Now, given a simple character Rgimp we define Weak(Kgimp) to
stand for the weak character that corresponds to that simple character. Anal-
ogously, given any refined double character Krer—_doub, We let Simp(Rres—dous)
stand for the simple character that corresponds to that refined double character
and also Weak(Rref—dous) to stand for the weak character that corresponds to
that refined double character.

Now, we will introduce a weak notion of ordering for simple and refined
double characters. This notion is “weak” in the sense that we will be specifying
a particular simple or refined double character Kgimp and Rref—dous respectively,
and we will define what it means for complete or partial contractions (in the
form 1) or (22)) to be subsequent to Kgimp and Kref—doub respectively. This
relation is not transitive.

Definition 2.9 Given any contraction in the form (2.2), we consider any sim-
ple character Rgimyp or refined double character Ryef—dous and we let the defining

10



set Def(Rsimp)s Def(Rref—doub) to be the set of numbers r for which Vo, is
contracting against an internal index ; in some factor S’*V(”)Rijkl.
We now consider any general complete contraction Cg(Q,...,Qp, d1,. .., 0y,
s P utdit,- - g?)quder) or partial contraction C’;l"'ia in the form
(Z1) or (22), with a weak character Weak(Rgimp) or Weak(ETef doub) respec-
tively. We say that Cy or C“ da s simply subsequent to Rsimp OT Rref—doub 4f
for at least one number v E Def(Rsimp) (or v € Def(Rref—dous)), the factor
Vo, in Cy or C’;l “a js contracting against a derivative index. This terminology
extends to linear combinations.

Now, we will introduce a partial ordering among refined double characters
Rp, with Simp(Rp) = Rsimp, Where Kgimp 1s a fized simple character. To do this,
some more notation is needed:

For a given tensor field in the form (2.2), with a refined double character
Rref—doub, we define Def*(Ryef—dous) to stand for the subset of De f(Rrer—doub)
which consists of those numbers a,, for which ngaw contracts against a factor
S*V(”)Rijkl where one of the indices  or ; is a free index.

Definition 2.10 We compare two refined double characters Ky, Ry with
Simp(R1) = Simp(Ra) according to their x-decreasing rearrangements, which
means the following:

By a x-decreasing rearrangement of any refined double character, we mean
the rearrangement of the lists Ho, Hs (see Definition [2.7 above) so that the el-
ements in Hy with a mark {*x} must come first (and the elements with such
factors are arranged in decreasing rearrangement). Then among the rest of the
elements, the ones with a mark {*} must come first (and the elements with such
a mark are arranged in decreasing rearrangement). Then, the elements without
a mark will come in the end, arranged in decreasing rearrangement. Further-
more, for the lists Hy x- decreasmg rearrangement means that the elements in Hs
corresponding to a factor S,V®) R;jri which is contracting against some factor
V@), in Keimp will come first in the list (and they are arranged in decreasing rear-
rangement), and then come the elements corresponding to a factor S*V(”)Rijkl
which are not contracting against any factor V) in Eeimp, and those are also
arranged in decreasing rearrangement.

Now, to compare the refined double characters Ki,Ro according to their *-
decreasing rearrangements means that we take their lists Hs in %-decreasing
rearrangement (see above) and order them lexicographically according to these
rearranged lists. If they are still equivalent, we take the lists Hs in x-decreasing
rearrangement and order them lexicographically. If they are still equivalent, we
take the decreasing rearrangement of the lists Hy and compare them lexicograph-
ically. “Lexicographically” here means that we compare the first elements in the
x-rearranged lists, then the second etc. The list with the first larger element is
precedent (the converse of “subsequent”) to the other list.

If B1,Ro are still equivalent after all these comparisons, we say that the
refined double characters K1,Ko are “equipolent”. We remark that two refined
double characters K1, RKe can be equipolent withount being the same.

11



A final note before stating our proposition. We remark that in the definition
of simple or of weak character, the rank of the tensor field plays no role. On
the other hand, in the definitions of double character and of refined double
character, the rank of the tensor fields does play a role: Two double characters
or two refined double characters cannot be equivalent if the tensor fields do not
have the same rank. We will then extend the notion of double character and
refined double character as follows: We consider any tensor field C?% in the
form (22), and also any number a < . We then define the a-double character
or the a-refined double character of C%1~% in the same way as for definitions
and [2.6] with the extra restriction that whenever we refer to a free index ;,,
we will mean that d < a. We notice that with this new definition, we can have
two tensor fields C% %, C% i« with o < 3, so that the double character of
C#+ia and the a-double character of C?-% are equivalent. The same is true
of refined double characters. We note that this notion depends on the order of
the free indices in C% -5,

Furthermore, we note that we will sometimes be referring to a wu-simple
character Kgimp to stress that the information encoded will refer to the u fac-
tors Voi,...,Ve,. Analogously, we will sometimes refer to a (u, u)-refined
double character to stress that the information encoded refers to the u factors
Vé1,..., Ve, and the p free indices 4,,...,5,.

Forbidden Cases: Now, we introduce a last definition of certain “forbid-
den cases” in which the Proposition 2.1l will not apply. Firstly we introduce a
definition.

Definition 2.11 Given a simple character Ksimp and any factor T = S*V(”)Rijkl
in Ksimp, we will say that T is simple if it is not contracting against any factors
V@, in Rsimp-

Also, given a factor T = VB)Qy., we will say that T is simple if it is not
contracting against any factor Vop in Keimp.

We recall that o9 stands for the number of factors S*V(”)Rijkl in Rsimp-

Definition 2.12 A tensor field in the form (2.2) will be called “forbidden” only
when oo > 0, under the following additional restrictions:

If o9 = 1, it will be forbidden if:

1. Any factor V"™ Ry must have all its derivative indices contracting against
J
factors Vo, and contain no free indices.

2. Any factor VP)Qy, must have p = 2, be simple, and contain no free indices.

8. The factor S’*V(”)Rijkl must have v = 0, be simple, and contain ezactly
one (special) free index.

If o9 > 1, it will be forbidden if:
1. Any factor V(m)Rijkl must have all its derivative indices contracting against

factors Vo, ans contain at most one (necesarily special) free index.

12



2. Any factor V®P)Qy, must have p = 2. If it is simple, it can contain at most
one free index; if it is non-simple, then it must contract against exactly
one factor Vo, and contain no free indices.

3. The factor S*V(”)Rijkl must have v = 0, be simple, and contain at most
one free index. Moreover at least one of the factors S, Riji; must contain
a special free index.

Finally, we note that in stating Proposition 1] we will be formally consid-
ering linear combinations of tensor fields of different ranks.

Proposition 2.1 Consider two linear combinations of acceptable tensor fields

in the form (22):
Z alcé)iI...iH (Qh ey qu ¢17 sy (bu)a

l€L,

Liv..i
Z alog ! gl(le"'aQPagblv"'v(bu)a

IEL>,

where each tensor field above has real length o > 3 and a given simple character
Rsimp- We assume that for eachl € L, B > p+1. We also assume that none
of the tensor fields of mazimal refined double character in L, are “forbidden”

(see Definition (Z13)).
We denote by

Za’jcg(gla'"anv(bla"'aqsu)

jeJ
a generic linear combination of complete contractions (not necessarily accept-
able) in the form (211) that are simply subsequent to F{simp We assume that:

> wXdiv, ... Xdiv;, CL™ (.., Qp, 1, du)+

I€L,

Z wXdiv;, ... Xdivi, Cy QL Qb1 ) (2.3)
leL>,

Za’jcg(gl""’va(blv"'a(bu):O.

Jj€J

We draw our conclusion with a little more notation: We break the index set
L, into subsets L*,z € Z, (Z is finite) with the rule that each L* indexes tensor
fields with the same refined double character, and conversely two tensor fields
with the same refined double character must be indexed in the same L*. For
each index set L?, we denote the refined double character in question by L=

150f course if Def(Rsimp) = 0 then by definition >jes =0
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Consider the subsets L* that index the tensor fields of maximal refined double
chamcter We assume that the index set of those z’s is Zyrar C Z.

We claim that for each z € Zypq, there is some linear combination of ac-
ceptable (p + 1)-tensor fields,

Z a’rC;’“mla+1 (Qh SERE) qu ¢17 ) (bu)a
reR=

where each C_;’il"'i““ (..., Qp, 01,...,04) has a p-double character L% and

also the same set of factors S*V(”)Rijkl as in L* contain special free indices, so
that:

> @l (L Qs ) ViV 0

leL>
> apXdivi,,, Cy o (. Q1 Gu) ViU Vi v = (2.4)
reR?

Z atCé’il"'i“ (Ql, e ,Qp, s D1y ¢U)Vi1v ce V@’U,

teT

modulo complete contractions of length > o +u+ p+ 1. Here each
C;’il"'i"(ﬂl, Ceey Qp, D1y ¢u)
1s acceptable and is either simply or doubly subsequent to =M

Trivial observation: We recall that when a tensor field is acceptable, then
by definition it does not have two free indices (say ;,,4,) that are indices 4, ;
or g,; in the same curvature factor. Thus, such tensor fields are not allowed
in our Proposition hypothesis, (2:3)). Nonetheless, the conclusion of the above
Proposition would still be true if we did allow such tensor fields: It suffices to
observe that this sublinear combination would vanish both in the hypothesis of
our Proposition and in its conclusion. This is straightforward, by virtue of the
antisymmetry of those indices.

Now, Proposition 2.I] has a Corollary which will be used more often than
the Proposition itself:

Corollary 1 Assume equation (Z.3) (and again assume that the mazimal re-
fined double characters appearing there are not “forbidden”). We then claim
that there is a linear combination of acceptable (u + 1)-tensor fields

Z ahc{]}z,il,...,’iMJrl(Ql’ ce Q;D) d)l) ey ¢u)

heH

16Note that in any set S of p-refined double characters with the same simple character there
is going to be a subset S’ consisting of the maximal refined double characters.

n

17Recall that “simply subsequent” means that the simple character of C’;’il ' is subsequent

to Simp(L7).
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with simple character Kgimp, so that:

Z alC;’“"'i“ (Ql, . ,Qp, D1y qﬁu)Vilv. .. Viuv—i—

leL,

Z athiviuHC"f;’il'“i““(Ql, ceey Qp, gf)l, ey (bu)Vilv - Vi“v = (25)
heH

Z atC;’“""’i“ (Ql, Ce ,Qp, (]51, ey ¢U)Vi1v. .. Viuv,

teT

modulo complete contractions of length > o +u+ pw+ 1. Here the right hand
side stands for a generic linear combination of acceptable tensor fields that are
simply subsequent to Rsimp-

Proof that Corollary [ follows from Proposition [21].

We will prove our claim by an induction.
We consider all the (u, 1)-double characters & with the property that
Simp(R) = Reimp- It follows by definition that there is a finite number of such re-

— —

fined double characters, so we denote their set by { Doub,(L,,), ..., Douby(L,)}.
We view the above as an ordered set, with the additional restriction that for
each a,b,1 <a <b<U Douba(L_;L) is not doubly subsequent to Doubb(L_;L).
Accordingly, we break the index set L,, into subsets L',...,LY (whereifl € L*

then C_(lj“'”z“ has a refined double character Doubt(LﬂM)).

We then claim the following inductive statement: We inductively assume
that for some f,1 < f < U, we have shown that there is a linear combination
of acceptable (p + 1)-tensor fields with simple characters Rsimp, say

Z a’hc(ljil.“i“Jrl(Qla DR Q;Dv ¢15 e qu)v

heH"

so that:

SN @l ( Q. Qb1 W) ViV 0

w<fleLw

> anXdivi, C i QL Q1 du) Vi v V0 =

heH"
(2.6)

U
Z Z adcg’“'“i“ (Ql, R ,Qp, D1y ¢U)Vi1v . Viuv—i—

w=F+1deDw
ZatC;’““'i“ (Ql, ceey Qp, ¢1, ey qbu)Vilv R V@’U,

teT

where each C%%1-+in d € D™ has a refined double character Doubw(i). Write:
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U
SN alhi (. Qs Bu)

w=f+11€Lw

U
+ DY adC (L Qs bu) (2.7)

w=f+1deDw

U
= > ) a, Ol (. Qs ),

w=f+1yeyYw

where the index sets Y stand for the index sets that arise when we group up
all the acceptable u-tensor fields of the same refined double character. We then
claim that for w = f+1 we have that there is a linear combination of acceptable
(1 + 1)-tensor fields, say

D anChr (L Qb ),

heH''

so that:

Z ang’il'“i“ (Ql, ceey Qp, D1y ¢U)Vi1v . V@U—

yeyf+1

. L. _
E ath?’vi;Hrqu B ““(Ql,...,Qp,(bl,...,qSu)Vilv...Vi“v_
heH///

> @Gl ( QL Qs Gu) ViU Vi 0t
teT

Z Z ayC;/’il"'i“ (Ql, .. .,Qp,¢1, .. .,(bu)Vilv c. ViH’U.

k>f+1yeYk

(2.8)

It is clear that if we can show the above, then since the set { Doub, (L_;L), .
DoubU(L_;L)} is finite, we will have shown our corollary.

But (2.8)) is not difficult to show: Since ([2.6]) holds formally we can replace
the Vus by Xdivs (see the last Lemma in the Appendix of [3]) and substitute
into (Z3)) to obtain:

*

U

SN ayXdivi, . Xdivg, CPP (D, Qs du)
w=f+1yeyw

+ 3" anXdiv;, ... Xdivi, Xdivi, , CE™ 0 (Qn, . Qp 1, du)+ (2.9)
heH

Za’jcg(gh""Qpa¢17"'7¢u):0.

jeJ
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Because the sum in the first line of (29) starts at w = f + 1, it follows
that one of the maximal sublinear combinations in the first line of ([29) is the
sublinear combination

> ay Y QL Qs Bu).

yey f+1

Therefore, ([2.8]) follows immediately from the conclusion of Proposition 211
O

2.2 The main algebraic Propositions in [3, 4] follow from
Corollary [1l.

We will now show how Proposition 5.1 in [3] and Propositions 3.1, 3.2 in [4]
follow from Corollary[2l Proposition 5.1 in [3] and Proposition 3.1 in [4] follow
immediately from Corollary[lt Observe that in case of Proposition 5.2 in [3], the
simple character of the tensor fields in the equation (23] just encodes the fact
that there are oy factors V(m)Rijkl and p factors VWQy,, h = 1,...,p; in the
setting of Proposition 3.1 in [4] it additionaly encodes the fact that the tensor
fields also contain a factor V¢ (= V1) which either contracts against a factor
V®Q or against a derivative index of a factor V(m)Rijkl, for each of the tensor
fields in the hypothesis of that Proposition. There are no factors S*V(”)Rijkl in
this setting, thus ZjeJ aj--- =0, both in the hypothesis and in the conclusion
of Corollary [lI Thus, the claims of these two Propositions follow directly from
the conclusion of Corollary [l by just replacing the expression Vi, v...V; v by
a symmetrization over the indices ... ['§

On the other hand, in order to derive the Proposition 3.2 in [4] from Corollary
[l we have to massage the hypothesis of that Proposition in order make it fit with
the hypothesis of Corollary[Il For each tensor field Cf{“"'l" (Q,...,9p,¢) and

Oy QL. Qy, ¢) in Proposition 3.2 in [], we denote by Ch ™ (Qy, ..., Q. 6)
and Cé’ll"'lﬁl (Q1,...,9p,¢) the tensor fields that arise from them by formally
replacing the expression VST,?M Rijklvigb by S*vﬁ’l’??,m Rijklviqﬁ. ‘We then ob-
serve (by virtue of the second Bianchi identity) that:

CLi-t(Qy,. .. Q) = CL0(Q, L Q@)+ a;CF (.., D, 9),
jeJ
(2.10)

Lir...i iy jin ...
Cg ' ﬁl(Qlu'-wQZh(b):Cg ! ﬁl(Qlu"'79P7¢)+ZajC; ' ﬁl(Qlu"wQZh(b)'
=
o (2.11)
Notice that the tensor fields C’_(lj“'”z“ (Q,...,9p,0), C’é’“mwl (Q,...,9p, ¢) are
all in the form ([22)) and they all all have the same simple character, which we

18Gee the remark after the statement of Proposition 5.1 in [3].
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denote by Rgimp. The complete contractions in Zje] aj ... in the hypothesis
of Proposition 3.2 in [4] and the complete contractions in
Xdivj, ... Xdiv;, C3"™ " (..., Qp, ¢), Xdivy, ... Xdivi, C3 " (..., 0y, 0)
are all simply subsequent to Rsimp.

Thus, replacing the above into the hypothesis of Proposition 3.2 in [4] we ob-
tain an equation to which Corollary[dlcan be applied We derive that there is a

linear combination of acceptable tensor fields, >, 5 an Chitr QL 0y, P)
in the form (22)), each with a simple character Kg;mp so that:

> aCi QL Q) — Xdivi, Y apCp i (@, Q) =

lely heH
D a0l QL Q).
jeJ
(2.12)

Combined with equations (210), (ZI1I)) above, (2Z12]) is precisely our desired
conclusion.

3 Proof of Proposition 2.1 Set up an induction
and reduce to Lemmas 3.7], [3.2], below.

3.1 The proof of Proposition 2.1] via an induction:

We will prove Proposition 2] by a multiple induction on different parameters
(see the enumeration below). We re-write the hypothesis of the Proposition 2]
for reference purposes.

We are given two linear combinations of acceptable tensor fields in the form
(22)) all with a given simple character Kgimp. We have the linear combination:

Z a/lc(ljilmiu (Qh SERE) qu ¢17 EERE) (bu)a

leL,

for which all the tensor fields have rank pu, and also the linear combination:

Z alcgl])il...ia (Qla DR Q;Da ¢15 e ¢’u.)7

leL\L,

for which all the tensor fields have rank strictly greater than u (we should denote
the rank by a; > p instead of a, to stress that the tensor fields in L \ L, have
different ranks-however we will write C;+-% thus abusing notation). We are
assuming an equation:

19Notice that the extra requirement in Proposition 3.2 ensures that we do not fall under “a
forbidden case” of Corollary [Il
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> aXdivi, ... Xdiv;, Ch™ (..., Qp 1, ... du)+

leL,,

Z X div, ... Xdiv; C“1 Qs Dy b1, Ut (3.1)
leL\L,

Zaj Ql,...,Qp,(bl,---,d)u):Ov

JjeJ

which holds modulo complete contractions of length > o +u + 19 (Recall that
o stands for the number of factors V(m)Rijkl,S*V(”)Rijkl,V(B)Qm in Reimp)-
We recall that each C7 is simply subsequent to Rsimp-

The inductive assumptions: We explain the inductive assumptions on Propo-
sition 21] in detail:

Denote the left hand side of equation BI) by Lg(Q,..., 0, é1,...,0u)
or just Ly for short. For the complete contractions in Ly, o1 will stand for
the number of factors V(m)Rijkl and o9 will stand for the number of factors
S*V(”)Rijkl. Also ® will stand for the total number of factors Vo, Vb, V¢ and
—n will stand for the weight of the complete contractions involved.

1. We assume that Propos1t10n Iﬂl is true for all linear combinations L./
with weight —n/, n’ < n, n’ even, that satisfy the hypotheses of our
Proposition.

2. We assume that Proposition 2] is true for all linear combinations L, of
weight —n and real length ¢/ < o, that satisfy the hypotheses of our
Proposition.

3. We assume that Proposition 2.1]is true for all linear combinations Ly of
weight —n and real length o, with ® > ® factors Vo, Vo, V', that satisfy
the hypotheses of our Proposition.

4. We assume that Proposition 2.1] is true for all linear combinations L, of
weight —n and real length o, ® factors V¢, ng, V¢' and with fewer than
01+ 09 curvature factors V(m)Rijkl, S*V(”)Rijkl, provided L, satisfies the
hypotheses of our Proposition.

We will then show Proposition [Zlfor the linear combinations L, with weight
—n, real length o, ® factors V¢, V', Vd; and with o1 + o2 curvature factors
V(m)kal, S,V ”)kal So we are proving our Proposition by a multiple induc-
tion on the parameters n, o, ®,01 + o2 of the linear combination L,. A trivial
observation: For each weight —n, there are obvious (or assumed) bounds on the
numbers o (> 3), 0 — 01 — 02 (> 0,< n) and on the number ® (< ). In view
of this, we see that if we can show this inductive statement, then Proposition

20We have now set L, |JL>, = L.
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2.1 will follow by induction.

The rest of this series of papers is devoted to proving this inductive step of
Proposition[2.1l However, for simplicity we will still refer to proving Proposition
2 rather than proving the inductive step of Proposition 2.1

3.2 Reduction of Proposition [2.1] to three Lemmas:

We will claim three Lemmas below: Lemmas [B.1], and We will then
prove in the next section that Proposition 2] follows from these three Lem-
mas (apart from some exceptional cases, where we will derive Proposition 2]
directly—they will be presented in the paper [7] in this series). As these Lemmas
are rather technical, we give here the gist of their claims, and also indicate,
very roughly, how they will imply Proposition 2], by virtue of our inductive
assumptions above. A rigorous proof of how Lemmas [3.1], and imply
Proposition 2] will be given in section [ of the present paper.

General Discussion of Ideas: We distinguish three cases regarding the
tensor fields of rank p appearing in (). In the first case, some of the pu-
tensor fields iindexed in L,) have special free indices belonging to factors
S*V(”)Rijm In the second case, none of the p-tensor fields (indexed in L,,)
have special free indices belonging to factors S*V(”)Rijkl, but some have spe-
cial free indices in factors V(m)Rijkl In the third case, there are no special
free indices in any p-tensor field in (81)). The three Lemmas B.1] and
correspond to these three cases.

A note: Tt follows that in the first case above, the p-tensor fields in B of
mazximal refined double character will have a special free index in some factor
S*V(”)Rijkl (this follows from the definition of mazimal refined double charac-
ter, Definition 7). It also follows that in the second case the p-tensor fields of
mazimal refined double character will have a special free index in some factor
V(m)Rijkl, while in the third case, the maximal p-tensor fields will have no
special free indices. We now outline the statements of the Lemmas 3.1, B.2]

In the roughest terms, in each of the three cases above, the corresponding
Lemma states the following: We “canonically” pick out some sub-linear combi-
nation of the maximal u-tensor fields (for this discussion we denote the index

set of this sublinear combination by L, e L,). In the first two cases, we

. 1. —M . .
consider each C_(lj“ “ole L, “* and canonically pick out one (or a set of)
special free indices. For the purposes of this discussion, we will assume that we

have canonically picked out one free index, and we will assume it is the index

i1 s l,i1...1 —Max
“in each Gy, 1€ L,

21,emma also relies on certain preparatory Lemmas, 3.3} B:4] which will be proven in
18]

22Recall that a special free index in a factor S*V(”)Rijkl is one of the indices g, ;.

23Recall that a special free index that belongs to V(m)Rijkl is one of the indices ;, j, £,
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A rough description of the claim of Lemmas[3.1]and For Lemmas
B and [3:2] our claim is roughly an equation of the form:

Z a X divi, ... Xdivy, CL™ ¥, ¢y

FMazx

el

+ E ay X divi, ... Xdivy, Cy" Vi)t
veEN

+ E ap X divi, . .. Xdivi, , CP" "V gy + E a;Cy* Vi, guyr =0,
peEP jes

(3.2)

which holds modulo longer complete contractions. Here the tensor fields indexed
in ff{w UN P are “ acceptable” in a suitable sense. Also, the (¢ — 1)-tensor

. . FMaz . . - . .
fields indexed in L, ~ have a specified “simple character” &, (in a suit-

able sense), where this “‘simple character” encodes the pattern of which factors
the different terms V1, ..., Voy, Vo, 11 are contracting against. Also, all the
(11 — 1)-tensor fields indexed in N have this “simple character” &Y;,,,,, but they
are “doubly subsequent” (in a suitable sense) to the tensor fields indexed in
fﬂ/[am. Finally, the complete contractions indexed in .J’ are “simply subsequent”
(in a suitable sense) to A%;,,,. Note: The tensor fields in (3.2]) will not always
be in the form (Z.2)), thus our usual definitions of “character”, “subsequent” etc.
do not immediately apply.

A rough description of the claim of Lemma 3.5t Now, we can roughly
describe the claim of Lemma B3] (which is the hardest of the three): We “canon-
ically” pick out a sub-linear combination of the maximal p-tensor fields in (B]),

(we again denote the index set of this sublinear combination by ffaw). For each

p-tensor field Cé’il"'i“, le fff‘”, there is a “canonical way” of picking out two
factors: The “critical factor” and the “second critical factor” P4 We distinguish
cases based on the number of free indices belonging to the second critical factor.
Case A corresponds to the case where there are at least two such; in that case,
we assume that the indices ;,,4, belong to the second critical factor. We then

introduce a formal operation that erases the index ;,, and adds a new derivative

free index (denote it by V;,) onto the critical factor. For each | € fz/[am, we

will denote the resulting tensor field by C’é’iz"'i’“i*. We also consider the tensor

field C’é’zz"'l’“z* Vi, dui1 that is obtained from it by contracting the free index
against a new factor V;,¢,4+1. This new, (11— 1)-tensor field has a (u+1)-simple
character which we will again denote by &;,,,,. The claim of Lemma [3.5is that
an equation of the following form holds:

24In fact, we may have a set of critical factors, and a set of second-critical factors, but for

. . . . . . .M
this discussion we will assume that they are unique, for each tensor field indexed in L, .
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Z a X divi, ... Xdiv;, X div;, C’é’””i“’i* Vi but1+

FMax
1L,

Z a, Xdiv, . .. Xdivi“Cg'/’“'”i“ Vi Put1
veN o (3.3)
+ > apXdivi, ... Xdiv;, ,CP" Y by
peP
+ > a;C) Vi dugr = 0;
jeJ’

here the tensor fields indexed in N are acceptable and have a simple character
RKiimp> Dut they are doubly subsequent to the tensor fields in the first line. The
tensor fields in P have rank > p— 1 (but they may fail to be acceptable), while
the complete contractions in J’ are simply subsequent to F{'Simp.

3.3 The rigorous formulation of Lemmas [3.7], [3.2], [3.5k

Consider equation (3IJ). Denote by Lfy ** C L, the index set of the tensor fields
of maximal refined double character (recall there may be many maximal refined
double characters). A note is in order here: As explained (roughly) in the above
discussion, in order to state our Lemmas we will be “canonically” picking out
some factor, and contracting one of its free indices against a new factor Ve, 1.
In particular, for Lemmas [3.1] and B2, we will be defining a “critical factor” for
the tensor fields in the equation (B]), while for Lemma 35 we will be defining
both a “critical factor” and a “second critical factor” for the tensor fields in
(BI). We will make a preliminary note here regarding these notions:

Note on “critical factors”: The “critical factor” (or factors) will be defined
for each of the tensor fields or complete contractions in (B). In other words,
once we specify the critical factor(s), we will be able to examine any tensor field
Cé’”"'m or complete contraction Cg in (3I) and unambiguously pick out the

(set of) critical factor(s) in C_(lj“'”w or CJ. In particular, the critical factor (or
set of critical factors) will be defined to be one of the following: Either it will be
a factor VWQ,,, for some particular value of a,1 < a < p, or it will be defined
to be the curvature factor that is contracting against a given factor Ve¢y, for
some chosen value of b, 1 < b < u, or we will define the set of critical factors
(in each of the contractions in (BI])) to stand for the set of curvature factors
V(m)Rijkl that are not contracting against any factors V.

In order to avoid confusion further down, we will also remark that the way
the critical factor is specified is by examining the p-tensor fields in (3I) that
have a mazimal refined double character. Nonetheless, once the critical factor(s)
has (have) been specified, we will be able to look at any tensor field or complete
contraction in () and pick it (them) out. All this discussion is also true for the
“second critical factor” (which will only be defined in the setting of Lemma [3:5]).
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Rigorous formulation of Lemma [B.7k

Our first Lemma applies to the case where there are p-tensor fields in (B
for which some factors S*V(”)Rijkl have special free indices (this will be called
case I).

In each C’l e l e LM‘“” we pick out the factors T} = S,V R Rijil
with a special free 1nde)@ observe that by the definition of “maximal” refined
double character and by the assumption in the previous paragraph there will be
such factors in each tensor field indexed in Lff[ ary,

Among those factors, we pick out the ones with the maximum number of
free indices (in total). We denote this maximum number of free indices by M.
It follows from the definition of ordering among refined double characters that
this number M is universal among all Cl et ,le LM ar,

Definition 3.1 For each | € Lﬂ/[‘”” we list all the factors S*V(”)Rijkl which
contain a special free index and also have M free indices in total: {Fy,...Fy}.
If at least one of these factors Fy, is contracting against at least one factor Ve,
then we define the critical factor to be the factor from the list above which is
contracting against the factor V¢, with the smallest value for b (say Min). If
no factors Fy, in the above list are contracting against V¢ ’s, then we define the
critical factor to be the factor from the list above which is contracting against
the factor V¢, for the smallest value for r (say Min).

We then denote by Lﬁ‘[]‘\lfm - Lﬂd‘” the index set of the tensor fields of
maximal refined double character C_(lj“ “" for which the factor S*V(”)Rijkl that
is contracting against V¢, or V&Mm, respectively, contains M free indices
in total and one of them is special.

Let us observe that there exists some subset Z},,.. C Zarqz s0 that:

%ﬂfzn = U L. (34)

’
zeZIWam

Now, with no loss of generality (only for notational convenience), we assume
that for each [ € L%}ffm, the critical factor S, V¢ )Rukl against which ngMm
contracts has the index j being the free index ;,. We also recall that Kgimyp is

the simple character of the tensor fields indexed in L,. We will then denote by

K? the refined double character of each Cl el le L7 2 € Z oz
Under the assumptions above, our claim is the following;:

Lemma 3.1 Assume (31]), with weight —n, real length o, u = ® and o1 + o9
factors V(m)Rijkl,S*V(”)Rijkl —assume also that the tensor fields of maximal
refined double character are not “forbidden” (see Definition[2.123). Suppose that
there are p-tensor fields in (Z.3) with at least one special free index in a factor

25Lﬂ/1‘” = UzEZMaz L? is the index set of p-tensor fields of mazimal refined double char-

acter in (B1)).

26Recall that a special free index in a factor S*V(”)Rijkl is one of the indices g, ;.
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S*V(”)Rijm. We then claim that there is a linear combination of acceptable
tensor fields,

Z apcgyilmib (le ceey Qpa ¢17 ey (bu)

peP

each with b > p+ 1, with a simple character Rgimp and where each
Cg’il"'ib (Q,...,Qp,01,...,04) has the property that the free index ;, is the

index i, in the critical factor S*V(”)Rijkl against which Vg{)Mm is contracting,
so that modulo complete contractions of length > o +u + 2:

>3 aXdivi, .. Xdivi, C o (s 60) Vi G+

2€EZ 1w VEL®

> a,Xdivi, ... Xdivg, C™ - (Q, ., Q61,5 Gu) Viy Gug1—

veN

> apXdivi, .. Xdiv;, CP" (. Qb1 bu) Vi ugr =
peP

Z atC;’i* (Qla C) va ¢15 B (bu)vz* ¢u+1-

teT

(3.5)

Here each Cy"" " (Q1, ..., Qp, b1, .., ¢u)Viy ut1 is acceptable and has a sim-
ple character Keimp (and i, is again the index i in the critical factor S*V(”)Rijkl),
but also has either strictly fewer than M free indices in the critical factor or is
doubly subsequent to each K%,z € Zy,... Also, each

CLi(Qu, ..., Qpy b1, ., Gu) Vi, Gugr is in the form (Z1) and is either simply
subsequent to Rsimyp OT

C’é“ (Q,...,Qp, 01, ..., 04) has a u-simple character Keimyp but the index ;. is
not a special index. All complete contractions have the same weak (u+1)-simple
character.

If we can prove the above then (as we will show in the next subsection) by
iterative repetition we can reduce ourselves to proving Proposition 2.1] with the
extra assumption that for each [ € L, there are no special free indices in any
factor S*V(”)Rijm. Lemma [3:2] will apply to this subcase.

Rigorous formulation of Lemma

We now assume that all p-tensor fields in (B.1)) have no special free indices
in factors S’*V(”)Rijkl, but certain p-tensor fields do have special free indices
in factors V(m)Rijkrthis will be called case II. We will then pick out those
p-tensor fields in (32I) that have special free indices in factors V™ R;xy. (If
there are no such tensor fields, we may proceed to Lemma B.5]).

In order to state our Lemma we will need to define the critical factor (or set
of critical factors) for the tensor fields appearing in (8.1]), in this setting:
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Definition 3.2 Firstly we consider the case where there are factors V(m)Rijkl
with two special free indices among the u-tensor fields in (311). We will define
the critical factor(s) in that setting:

Among all the p-tensor fields with mazimal refined double characters in (31)),
we pick out all the factors V(m)RZ—jkl with two special free indices. Among those
factors, we pick out the ones with the maximal total number of free indices, say
M > 2. Denote that list by {T1,...Tx}. (All the T;’s are in the form V(m)Rijkl).
We inquire whether any of the factors T, ... Ty are contracting against a factor
Von. If so, we define the critical factor to be the factor T; that is contracting
against the factor V¢, for the smallest o. If none of the factors Ty, ..., T are
contracting against a factor V ¢y, we define the set of critical factors to be the
set of factors V(m)Rijkl which are not contracting against any factor Voy,.

The same definition can be applied to define a critical factor in the case
where there are no factors V(m)Rijkl with two special free indices but there are
factors V(m)RZ—jkl with one free index (list them out as {T1, ..., T} and proceed
as above).

Now, we index the maximal u-tensor fields with M free indices in the critical
factor in the index set | L* C L,.

zeZ;Waz
Definition 3.3 For each z € Z),,, define I.; C I, (recall that I; stands for
the set of free indices in the tensor field C_(lj“'”l“) to be the set of special free
indices that belong to the critical factor (if it is unique), or to one of the critical

factors.

Note: By virtue of the definition of the maximal refined double characters
and of the critical factors, we observe that for any two I1,ls € UZGZEWM L*?, we
will have |I>s<,l1| = |I*1l2|.

Now, for each z € Z},,, we consider the (u — 1)-tensor fields in the linear
combination

St ST b QL Qb1 60) Vi, du
leL* ip€li,

and we will write them as a linear combination of (@ — 1)-tensor fields in the
form (22) (plus error terms—see below):

For each | € L?,z € Z};,, and each ;, € I,; (we may assume with no
loss of generality that ;, is the index ; in some factor V(m)RijM), we de-
note by C’é’“"'l" (Q,...,Qp, 01, ..., 0u) Vi, Put1 the tensor field that arises from
C},’”"'“ (..., Qp, b1, ..., 0u) Vi, dut1 by replacing the expression
V&T?_Tm Ri, jktV" ¢ut1 by an expression S*VgT,),TmRih,jleihr ¢ur1. By the first
and second Bianchi identity, it then follows that:

Cé7i1mi“ (Qla ey Q;Dv (bla ey qu)vih ¢u+l -

Cliin(Qu, .., Qp, b1, o, Gu) Vi, ug1+ (3.6)
Z a’tO;.'il.“i“ (Qla ey va (blv ey qu)vih ¢u+17
teT
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where each Cé"”"'“ (..., Qp, b1, ..., 0u) Vi, dus1 has the factor Vg, 41 con-
tracting against a derivative index in a factor V(m)RijM-see the statement of
Lemma

We denote by &;,,, and &% the (u + 1)-simple character (respectively, the
(u+ 1, — 1)-refined double character) of the tensor fields Cé’zl"'z“vih¢u+1,
le L?z¢e Z)y,,. (We observe that for each | € L?, z € Z},,, the simple

characters of the tensor fields C_(ljil'”i“ Vi, ¢u+1 will be equal).

Lemma 3.2 Assume (31) with weight —n, real length o, u = ® and o1 + 02
factors V(m)Rijkl,S*V(”)Rijkl. Suppose that no p-tensor fields have special
free indices in factors S*V(”)Rijm, but some have special free indices in factors
V(m)Rijkl. In the notation above we claim that there exists a linear combination
> deD ang’“"”*ib (Q,...,Qp, P1, ..., u, Put1) of acceptable tensor fields with
a (u+ 1)-simple character K;,,,, and rank > p, so that:

S > Y Xdivi, .. Xdivi, ... Xdivi, C (L Q604 )

2€2},,, l€EL*  in€l,

Vinbupr + Y ayXdivi, ... Xdivy, - (Q, . Qb1 6u) Vi, Gug
veN
=3 aaXdivi, ... Xdivi,CE 0 ( QL Qb1 Gus Gugr) =
deD
Z a’tc(?i* (le RS Q;Da ¢15 ) (buv (bu)vz* ¢u+la

teT
(3.7)

where the (i — 1)-tensor fields Cy'™ "™ (Qy, . .. S D1, Gu) Vi Put1 are ac-
ceptable, have (u+ 1)-simple character K, but also either have fewer than M
free indices in the factor against which V;, ¢pyt1 contmcts or are doubly sub-
sequent to all the refined double characters K*, z € Z};,.,. Moreover we require
that each C_'qj’il'”’i“ has the property that at least one of the indices r,,...,r, ,; in
the factor S*VS;_)__TVRZ-J-M is neither free nor contracting against a factor V¢,
h < wu. The complete contractions C;’i* Q.. ,Qp, P15 .-, Ou, Du) Vi, Gut1 are
in the form (21)) and are simply subsequent to Ky, .

We will show in section [4] that if we can prove the above, then we can re-
duce ourselves to proving Proposition 2.I] when none of the p-tensor fields in
the Lemma hypothesis have special free indices. Lemma will apply to that
setting:

Rigorous formulation of Lemma

27 «Fewer than M free indices” where we also count the free index ip-
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Lyiy...dp

Recall that we have grouped up the p-tensor fields Cy according to
their refined double characters: 37, ; aChiin = >ez e We

have then picked out the sublinear combinations in ), L, a[C_(ljil”'i“ which con-

sist of tensor fields with the same mazimal refined double character. Thus we
obtain a sublinear combination »>__, 37 ;. aCy,

Now, in order to state our Lemma we will distinguish two further subcases;
first we must introduce some more terminology.
We will again define the critical factor for the tensor fields in ([B1)):

Definition 3.4 Consider all the p-tensor fields of mazimal refined double char-
acter in (31l), and let M stand for the mazimum number of free indices that
can belong to a given factor in such a p-tensor field (we call these “mazimal”
u-tensor fields). We then list all the factors that appear with M free indices
in some mazimal p-tensor field in (31): {Th,...,Tx}. If at least one of those
factors Ty is of the form V®)Qy,, we define the critical factor to be the factor
V®Qy, in the list {T}, ..., Ty} with the smallest value h. If none of the factors
in that list are in the form V' P)Qy,, we inquire whether any factors in the list are
contracting against factors Vey, (or V(jgh). If so, we define the critical factor
in (3] to be the factor in the list {T1,...,Tx} that is contracting against the
factor V oy, (or V(Jgh) with the smallest value of h. Finally, if none of the factors
in the list {Ty,..., T} are contracting against a factor Ny, (or V) (so all of
them must be in the form V(m)Rijkl), then we declare the set of critical factors
to be the set of factors V(m)Rijkl that are not contracting against any Vop, to
be critical factors.

In addition to the critical factor, we now define the second critical factor in
@I). The definition goes as follows:

Definition 3.5 Consider any of the mazimal p-tensor fields in (31)), Cé’il""i”,
le UZGZMM L#. If the critical factor is unique, we construct a list of all the non-
critical factors T that belong to one of the tensor fields C’é’“""z“,l €U.ey L7

Suppose that list is {T1,...,Tx}. e

We then pick out the second critical factor from that list in the same way
that we pick out the critical factor in definition [3-].

If there are multiple critical factors, we just define the set of second critical
factors to be the set of critical factors.

In either case, we denote by M’ the total number of free indices that belong
to the (a) second critical fator.

Now, an important note: The “critical factor” (or factors) in (B]) has been
defined based on the maximal refined double characters L?, z € Z;4.. Nonethe-
less, once we have chosen a critical factor (or a set of critical factors) for the

set Cé’il'”i“, le UzeZEW L#, we may then unambiguously speak of the critical
factor(s) for all the tensor fields and complete contractions appearing in [B.1]).
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The two cases for Lemmal[33: We now distinguish two cases on (2.3): We
say that ([23)) (where no tensor fields contain special free indices) fall under case
A if M’ > 2. It falls under case B if M’ < 1.

Now, we will state Lemma after we first state a few extra claims. These
claims will be proven in the paper [§] in this series P8

The extra claims needed to state Lemma [30:

In order to state Lemma [B.5] we must first show some preliminary results.
We introduce some definitions: o
We denote by L C L, the index set of those tensor fields Cy i @)

for which some chosen factor Vrf,),,r Qs (the value & which determizes this
factor will be chosen at a later stage; we may also mot choose any such factor

5{‘_’_“ Q,, in which case we set L} = ()) has A = 2 and both indices ,,, are
free indices.

Also, we define L:[ C L, to stand for the index set of those u-tensor fields

that have a free index (;, say) belonging to a factor S*Rijklviqgh (without
derivatives) and in fact ; =
We also denote by

Z alcé)iI...iH (Qh ey qu ¢17 sy (bu)

leL

u*

a linear combination of acceptable u-tensor fields with simple character Kgimp
which do not have special free indices and does not contain tensor fields in any
of the above two forms.

Lemma 3.3 Assume (31), where the terms in the LHS of that equation have
weigh —n, real length o, ® factors Vo, V¢',V¢~5 and o1 + oo curvature fac-
tors V(m)Rijkl, S*V(”)Rijkl assume also that no u-tensor field there has any
special free indices. We claim that there is a linear combination of acceptable
(1 + 1)-tensor fields, 3 cp apCy™ N ( Qe Qs P1,y -, ) with a simple
character Kgimp S0 that:

28These claims involve much notation and are rather technical. The reader may choose to
disregard them in the first reading, as they are not central to the argument.
29Gee the discussion on the induction in subsection B1l
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Z a[C!l]’il"'i“ (Ql, e Qp, D1y ¢U)Vi1v . ViMU-i-

leLy ULy

> apXdivi,,, CHP i (L Qb1 G Vi v Vi 0 =

peEP
Zang’““'i“ (Ql, e Qp, D1y ¢U)Vi1v . ViM’U—f—
JjeJ

Z alC!l]’il"'i“ (Ql, - ,Qp, (]51, ey ¢U)Vi1v o ViHU,

leL

(3.8)

modulo complete contractions of length > oc4+u+u~+1. The tensor fields indexed
in J on the right hand side are simply subsequent to Ksimp.

Assuming the above Lemma, by making the Vv’s into Xdivs (see the last
Lemma in the Appendix of [3]) and replacing into B.I]) we are reduced to show-
ing our Proposition 2.1 under the additional assumption that L, U LI ={. So
for the rest of this subsection we will be assuming that L [J L} = 0.

We now consider the sublinear combination indexed in L \ L,(= L-,) in
B.I). We define L' C L, to stand for the index set of tensor fields with a

factor Rijklviéh for which both indices ;,, are free.
Now, we denote by

Z a'lc(l]ﬁil.“i“Jrl (Qla sy Q;Dv (bla e qu)

lel’
a generic linear combination of acceptable (u + 1)-tensor fields that do not
contain tensor fields in the form described above. We then claim:

Lemma 3.4 Assume (1) with weight —n, real length o, u = ® and o1+02 fac-
tors V(m)RZ—jkl, S*V(”)Rijkl@ assume also that none of the p-tensor fields have
special free indices, and that L}, UL;L = (. We claim that there exists a linear

combination of acceptable (u+2)-tensor fields, >
with simple character Kgimp, so that:

> wXdivi, ... Xdivi,  Cy e ( QL Qb1 du)
leLy

> apXdiv, ... Xdivi, ,CP 2 (Q, L Qb1 fu) =
pEP

> 4Gy, b1, b0
jeJ
. o l,il...iu+1
+ > aXdivi, ... Xdiv;,,,Cl (., D1,y bu),
leL

30See the discussion in subsection 31}
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modulo complete contractions of length > o+u+1. ZjeJ ... stands for a linear
combination of complete contractions that are simply subsequent to Kgimyp.

We observe that if we can show the above, then replacing into ([B.I]) we are
reduced to proving Proposition 2] under the extra assumptions that
Ly UL UL = 0. So for the rest of this section we will be making that as-
sumption. The proof of these two Lemmas is given in the paper [8] in this series.

Notation and language conventions for Lemmal3.8: Recall the two cases A,
B. We will first formulate our claim in case A (where M’ > 2). We introduce
some notation. o

We define Z},,, C Zataz as followsPY z € 7}, ifand only if Cg"* " | € L
has M’ free indices in the second critical factor (see definition BH).

Now, we first consider the case where there is a unique second critical factor
in @I). For each | € L* z € Z),,.,, we assume with no loss of generality
that the indices ;,,;, belong to the second critical factor, and that the index
i, 1s a derivative index (the second assumption can be made since all p-tensor
fields in (B]) have no special free indices now; hence if two free indices belong
to the same factor, one of them must be a derivative index). We then denote
by C’é’zz"'z“’l* (Q,...,9p,01,...,0¢,) the tensor field that formally arises from

Cé’“"'z“ (Q,...,Qp,01,...,0,) by erasing the free index ;, from the second
critical factor and adding a derivative index V;  onto the critical factor, and
making the index ;. free. We denote by L** the (u + 1, 1 — 1)-refined double
character of these C’_(ljw'”l“’“ (., QD15 e o ) VigPus1, L E L 2 € Zy -

Now, the case where there are multiple second critical factors: If there are
k > 1 second critical factors T1, ... Ty in B]), then for each C’é’“"'z“, lel? z€
Zhrar We denote by {i1,...ia}, {lat1,-- 920}, - - {f(k=1)at1,- - - » Ika )} the set
of free indices that belong to Th,...,T) respectively. We will be making the
assumption (with no loss of generality, for the reason explained in the previous
paragraph) that the index i¢41 is a derivative index for every t = 0,1,...,k—1.

We then denote by CL*"*+1" the tensor field that arises from Cy™ "™ by
erasing the index i;,+1 and adding a free derivative index ;, onto the (a) critical
factor (and adding, if there are multiple critical factors).

In both cases above we define if, = Simp(L#*), for some z € Zj,.
(notice that the definition is independent of the element z € Z),. ).

A note is needed regarding this definition: In the case where the set of critical
and second critical factors coincide, then when we “add a free derivative index
.. onto (a) critical factor”, we will be adding it on any critical factor other than

the one to which belongs. Observe that for any I = 0,1,...,k the tensor

Tto+2
fields C’é’“"'”"‘“"'z“’l* Viat+2¢ut+1 have the same (u + 1, u — 1)-refined double

character, which we again denote by szﬁ, 2 € Zh\jae (as in the case of a unique
second critical factor).

31Recall that (J L? C L, stands for the index set of the u-tensor fields.

2€ZMax
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One last language convention: For uniformity, in case A of Lemma we
will call the (set of) second critical factor(s) the (set of) crucial factor(s); in
case B of Lemma BB we will call the (set of) critical factor(s) the (set of) crucial
factor(s).

Our claim is then the following:

Lemma 3.5 Assume (31) with weight —n, real length o, w = ® and o1 +
o2 factors V(m)Rijkl,S*V(”)Rijkl, and additionally assume that no u-tensor
field in ([31) has special free indices; assume also that L' JLY UL =0 (in
the notation of the extra claims above). Recall the cases A, B that we have
distinguished above.

Consider case A: Recall that k stands for the (universal) number of second
critical factors among the tensor fields indexed in | J, ez, L*. Recall also that

for each z € Zj;,. a is the number of free indices in the (each) second critical
factor. We claim that:

k—1
@ Do DY Xdiv o Xdivy, Gyttt (Q, e Q)

2€Z),,, lEL*  1=0

Viraroburt + 3 ayXdiv, ... Xdivy, CL™ (1, .. Qp b1, 6u) Vi, Gusr+
veN

Z athivil N XdiUiZt C;’ilmizt (Ql, N ,Qp, ¢1, ey ¢u+l)+
teTy

Z a'thivzg Xdlvzz Ct h (le ce. 7Qpa ¢17 e ¢U)V’Ll ¢u+1+
teTs

Z CLth’L"UZl Xdlvzz Ct et (le s 7Qpa ¢17 T ¢u+1)

teTs
+ Z (Ith’L"Uil . Xd’ﬂ)zz Ct Pty (Qla s 7Qp7 (blv KRN} ¢u+l)) =
teTy
ZG’J le"'vgpa¢17"'7¢u+1):Oa
JjEJ
(3.10)
modulo complete contractions of length > o +u+ 2. Here each Cy e s

acceptable and has a simple character K. and a double character that is doubly

simp

subsequent to each LZ‘i A AT
ti1..0z
Z athll ' t(Qla"'anv(blv"'vgb’UA*l)
teTy

is a generic linear combination of acceptable tensor fields with a (u + 1)-simple

character F{;—mp), and with z: > p.

Z atC;,’L'lv.»izt (Qla ey Qp7 ¢1, ceey (bu)

teTs
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(2t > pw+ 1) is a generic linear combination of acceptable tensor fields with a
u-stmple character Rgimp, with the additional restriction that the free index ;,
that belongs to the (a) crucial facto is a special free index P

t,il...’izt . . .
Now, > cq, aiCy (Q,...,Qp, d1,..., uy1) is a generic linear com-

+ and

bination of acceptable tensor fields with (u + 1)-simple character Rsimp
Zt > u and moreover one unacceptable factor VQy which does not contract
against any factor Voy.

The sublinear combination Eten ... appears only if the second critical fac-
tor is of the form VB)Qy, for some k. In that case, t € Ty means that there
is one unacceptable factor Vi, and it is contracting against a factor Ve, :
ViU Vig,., and moreover if z; = p then one of the free indices ;,,. .. s a
derivative index, and if it belongs to VB)Qy, then B > 3.

Finally,

b

Zang(Ql, ce 7Qp7¢17 .. '7¢u+1)

JjeJ
stands for a generic linear combination of complete contractions that are u-
stmply subsequent to Rsimp-

In case B, we just claim the whole of Proposition [2.]l.

Note: Lemmas B.11 B.2] (and also Lemmas [3.3] B.4]) will be proven in the
final paper [] in this series. In the remainder of the present paper we will show
that these three Lemmas imply the inductive step of Proposition 211

4 Proof that Proposition 2.1] follows from Lem-
mas [3.1], [3.2], (and Lemmas [3.3], [3.4]).

4.1 Introduction

General Discussion: In this section we will show how the inductive step of
Proposition 2] (see the discussion in the beginning of the last section) follows
from Lemmas (apart from certain special cases where we will prove the
inductive step of Proposition 211 directly, without using Lemmas [B.1] and
[B). We stress that in this derivation, we will be using the inductive assumption
on Proposition 2.1l We also repeat that when we prove the Lemmas B.IH3.5 we
will be using the inductive assumptions on Proposition 2.1}

More precisely, we will show that Lemmas [3.1], [3.2] imply the inductive
step of Proposition 2.1] by distinguishing three cases regarding the assumption

32j e. the second critical factor, in this case

33Recall that a special free index is either an index ,; in a factor S*V(”)Rijkl or an internal
index in a factor V(m)Rijkl.

341f 2; = u then we additionally claim that V¢, 1 is contracting against a derivative index,
and if it is contracting against a factor V(B)Qy, then B > 3; moreover, in this case C;’il"'i“
will contain no special free indices.
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of Proposition 211 (recall that the assumption is equation [BI))). The cases
we distinguish are based on the maximal refined double characters among the
p-tensor fields in BI)):

Recall that the (u, p)-refined double characters L?, z € Z Max are among the
maximal (u, u)-refined double characters in ([BI). We have then distinguished
cases LILIII as follows: If for any L%,z € Z}\jas there is a special free index
in some factor S*V(”)Rijkl, then we declare that (B falls under case I of
Proposition If for L7,z € Zi\ras there are no special free indices in any
factor of the form S*V(”)Rijkl but there are special free indices in factors of
the form V(m)Rijkl, then we declare that ([B.I]) falls under case II of Proposition
pRIlES Finally, if there are no special free indices at all in any L7z € VAT
then we declare that (B falls under case IIT of Proposition

In the remainder of this paper we will show that in case I, Lemma[3. T implies
Proposition 2.1l In case II, Lemma [3.2] implies Proposition 2.1 while in case III
Lemma (and Lemmas B3] B4]) implies Proposition 211

More precisely, we will show that in the setting of each of the Lemmas
B1 B2 it follows that for each z € Z),,, there is a linear combination
of acceptable (i + 1)-tensor fields (indexed in P below) with a (u, u)-double
character L? so that:

Z alC!l]’il"'i“ (Ql, .. .Qp, ¢1, ey qﬁu)Vilv Ce Viuv

leL>

- Xd’l:vi“+1 Z a’pcé),il...iu+1 (Qla e QP’ ¢17 et (bu)v’ilv e Vi“’U = (41)
pEP

Z atC;’il'“i“ (Ql, R Qp, (]51, ey ¢u)Vi1v. .. ViHU,
teT

tin.d
where each Cy"' "

_ is subsequent (simply or doubly) to L.
Let us just observe how (@Il implies Proposition 2T} Firstly, (@I shows
us that the conclusion of Proposition 2] holds for the sublinear combination

indexed in Uzezham L* € U.ez,,.. L?- But then we only have to make the

Vu’s into Xdiv’s in the abovd®] and substitute back into (Z3) and we will be
reduced to proving our Proposition 2.]] assuming an equation:

350bserve that if this property holds for one of the maximal refined double characters
EZ, z € Zf\/[az, it will then hold for all of them.

36The observation of the above footnote still holds.

37The observation of the above footnote still holds.

38See the last Lemma in the Appendix of [3].
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> > aXdivi, .. Xdivi, Cy " Q. Qo r, . du)+

2€ZMax\Z )0, LEL?

> aXdiv, ... Xdiv;, CL™ (. Qs u)+

S Ly .. (4.2)
S aXdivn, . Xdiv, Cy 5 (0, Qb ) =

lELg>u

Zajc.‘g(gl’ ce 7QP7¢17 v 7¢u)a

jed

where the tensor fields indexed in 7" are acceptable p-tensor fields which are
(doubly) subsequent to the tensor fields in the first line. But then our Proposi-
tion 211 follows by induction, since there are finitely many (u, pu)-refined double
characters.

Technical discussion of the difficulties in deriving (4.1]) from the
Lemmas [3.7], 3.2 Let us observe that at a rough level, it would seem
that the conclusions of Lemmas [3.1] and would fit into the inductive
assumption of Proposition 2] because the wegiht is —n, the real length of the
terms in o but we have increased the number ® of factors Vo, V(;;, V¢'. Hence,
if that were true, one could hope that a direct application of Corollary [l to the
conclusions of these Lemmas would imply the equation ([@I]). Unfortunately,
this is not quite the case, for the reasons we will explain in the next three para-
graphs. Therefore, there is some manipulation to be done with the conclusions
of Lemmas 311 and in order to be able to apply to them the inductive
assumption of Proposition 2] (and hence also of Corollary[Il), and this manip-
ulation will be done in the remainder of this paper. The obstacles to directly
applying the inductive assumption of Proposition 2] to the conclusions of Lem-
mas 3.1 and are as follows:

Lemma[3 1l Here the (p— 1)-tensor fields C_(lj“'”l“ Vi ¢u+1 in equation (B.3])
have the factor V¢, 1 contracting against the index j of a factor S*V(”)Rijkl.
Thus, they are not of the form ([22]). Therefore, the inductive assumption of
Proposition 2.1 cannot be directly applied to (B.5).

Lemmal3.2: Here the (pu— 1)-tensor fields in B.7)) are acceptable in the form
[232), and the inductive assumption of Proposition 2] can be applied to (B7).
Nonetheless, if we directly apply the inductive assumption of Proposition 2.1]
to to (B1), we will obtain an equation similar to ([24]), but involving a linear
combination

Z Zal Z C’é’“”'i“(Ql,...,Qp,¢1,...,gbu)VihqﬁuHth...@ihv...viuv

2€Z},,, 1€EL*  in€l,
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rather than a linear combination

S > Y G (@, Qs G0 Vi Vi

2€Z0 0 VEL®  in€ly

as required (the important difference here is the symbol ; which stands for an
S,-symmetrization). In other words, in Cﬂé’“"'” Q. D, 01, -, 0u) Vi, Putr
some factor V(m)Rijkl has been S,-symmetrized. It is then not obvious how to
manipulate this equation to obtain (24)).

Lemma [Z3: In this case there are numerous obstacles to deriving the in-
ductive step of Proposition 2] from (B.I0). Firstly, the tensor fields indexed
in T3, T, are not acceptable. Secondly, even if these index sets were empty, the
tensor fields indexed in T do not have the (u -+ 1)-simple character Es;mp of the
tensor fields in the first line of [BI0). Lastly, even if this index set T5 were also
empty, and we directly applied the inductive assumption of Proposition 2] to

BI10), we would obtain a statement involving the expression:

k—1 R o
(;) Z Z a Z Cvé,il...lTaJranu,l* (. 1, )

2€ 20 10 VELZ =0 (4.3)

Viras2Put1 ViU ... Vi, v,

and this expression is quite different from the expression we need in ({.I).

4.2 Derivation of Proposition 2.1] in case I from Lemma

B.11

We start this subsection with a technical Lemma that will be needed here, but
will also be used on multiple occasions throughout this work:

Lemma 4.1 Let ) axcg’il“"iﬁ (Q,...,Qp, 01,..., ) stand for a linear
combination of tensor fields, each with rank (B, for some given number (3, and
with a given simple character Ky, . with real length o > 4 and weight —n. We
also assume that there is a given factor VWQ., y > 1, (c independent of )
n each C;"il'”iﬁ all of whose indices are contracting against factors V(b We

assume an equation:

> aaXodivi, ... Xodivi, Cg™ " (Qn, . Q1 ., 1)
rzeX

+Za’jcg(glv"'anaqslv"'v(bb)207

JjeJ

(4.4)

39Tf 4 > 2 then our tensor fields are assumed to be acceptable. If y = 1 then we assume
that V. is the only unacceptable factor.
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where X, div; stands for the sublinear combination in X div; for which V; is not
allowed to hit the factor VW Q.. The complete contractions in J are simply sub-
sequent o Ky;,,,.,. We additionally assume that if we formally erase the factor
VW, along with the factors Ny, that it is contracting against, then none of
the resulting B-tensor fields is “forbidden” in the sense of Definition [2.12.

We claim that we can then write:

> auXdivy, ... Xdivi,Cg " QL Qb1 ) =

zeX

3 auXdivy, .. Xdiv, Cq" 7 (0, Qb1 o)+ (45)
zeX’

Za/jcé(g].? o '7Qp7¢17 .. '7¢b)7

jeJ

where the tensor fields indexed in X' are exactly like the ones indexed in X, only
the chosen factor VW Q. has at least one index that is not contracting against
a factor V. The complete contractions in J are simply subsequent to Kg;,,,,.

(Sketch of the) Proof of Lemma[{-1: We just apply the eraser to the factor
VW, and the factors V¢, that it is contracting against in #4), obtaining
a new true equation. We can then iteratively apply Corollary [I to this new
true equation, multiplying by VS?,),,TB Q. V™y ... V™8y and making all the fac-
tors Vv into Xdiv’s at each stage. This would show our claim except for the
caveat that in the last step of the above iteration, we might not be able to apply
Corollary [ if the tensor fields of maximal refined double character are in one
of the forbidden forms of Corollary [[l with rank > p. In that case, in the last
step we use Lemma below (setting ® = VS‘??,,TCQCV” Gy -V p,). That
concludes the proof of our claim in this case. O

Furthermore, we have a weaker form of Lemma 1] when o = 3. We firstly
introduce a definition that will be used on a number of occasions below:

Definition 4.1 Consider any tensor field in the form (23). We consider any
set of indices, {4y, --,2.} belonging to a factor T (here T is not in the form
Vo). We assume that these indices are neither free nor are contracting against
a factor Vo,.

If the indices belong to a factor T in the form VB)Qy then {4,,... 2.} are
removable provided B > s + 2.

Now, we consider indices that belong to a factor V(m)Rijkl (and are neither
free nor are contracting against a factor Vop). Any such index , which is
a deriwative index will be removable. Furthermore, if T has at least two free
derivative indices, then if neither of the indices ;, ; are free then we will say one
of i, is removable; accordingly, if neither of ,; is free then we will say that
one of i, is removable. Moreover, if T has one free derivative index then: if
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none of the indices i, ; are free then we will say that one of the indices ;, ; is
removable; on the other hand if one of the indices ;,; is also free and none of
the indices g, are free then we will say that one of the indices g, is removable.

Now, we consider a set of indices {4y, ..,z,} that belong to a factor T =
S*V(”)Rijkl and are not special, and are not free and are not contracting against
any V¢. We will say this set of indices is removable if s < v. Furthermore, if
none of the indices 1,; are free and v > 0 and at least one of the other indices
in T is free, we will say that one of the indices i, is removable.

Weaker version of Lemma [Tl when o = 3:

Lemma 4.2 Assume the equation ({{.4]) when o = 3 and assume additionally
that every tensor field indexed in X has a removable index. Then (f.5]) still
holds.

Proof: The argument essentially follows the ideas developed in the paper [5].
Firstly, we observe that (possibly after applying the second Bianchi identity)
we can explicitly write:

> a.Xdiv, ... Xdiv, C3 (O, Qp b, ) =
rzeX

> auXdivy, ... Xdivi,Cg ™" (Qu, ., Qp b1, )+
rzeX’

> apXdivi, ... Xdivg C3™ (R, ., Qpy 1, o)+
wex

ZCLJO;(Ql, ceey Q;Da ¢15 ceey (bb)v

jeJ

where the tensor fields indexed in X have all the properties of the ones indexed
in X, only they all have rank v > 3+1, and they also have no removable indices.
The sublinear combination ) . ... (here and below, when it appears on the
RHS) stands for a generic linear combination as described in Lemma A1

We then observe that we can write:

> a.Xdivi, ... Xdivg C3" " (., Qpy b1, ) =
z€X
(Const) Xdiv;, ... Xdiv; C’;"“”'i7 Q. Qp 01, )+

S auXdivy, ... Xdivi,Cg " QL Qb1 )+ (4.7)
zeX’
Zajcg(ﬂl7"'7ﬂpu¢lu' "7¢b)
jed
where the tensor field C’;;’il"'iw is zero unless 01 = o9 =0 or o7 = 2 or g9 = 2.

In those cases, the tensor field C;’il"'i” (Q,...,Qp, 01,..., ) is, respectively:
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i1 1 1o JbY1-e-

@V7ri1 @ V¥yi1),

pcontr(V(%)viau i ® V;B) W2 VY9 ®. .. Vg, ® ng?,zq Q3

(4.8)
(here if y > 2 then b =0; if y < 1 then y =2 —b),

pcontr(vz(-f).iaulmutRiaﬂjiaHl ® VZ(;;) Ria+3jz‘a+4 @V @...VP0r®

e Yr
VB | Q3@ V7 hpi1 ® V99ut1),
(4.9)

¥ . g~
pcontr(S*VZ(-l“).iaulmutRiiaHiaHl ® v'(y:)»nyrRilia+3ia+4l @ Vi1 @ V' po®

Vs ® ... V"¢ @V | 0V 6101 @ Vhypa).
(4.10)

Then, picking out the sublinear combination in (£7]) with only factors V¢
contracting against V(#)Q,. we derive that (Const), = 0. O

Derivation of Proposition 2.7] (in case I) from Lemma [3.1k

Special cases etc: Now, we return to the derivation of Proposition2.1] (in case
I) from Lemma Bl We will be singling out a further case, which we will call
“delicate”. In this “delicate” case we will derive Proposition 2] from Lemma
B by using an extra Lemma (see Lemma below). The proof of Lemma
will be provided in the Appendix to this paper.

The “delicate case”: The delicate case is when the p-tensor fields of max-
imum refined double character in our Lemma assumption have no removable
free indices, and moreover their critical factor is in the form: S*Vglf?__n Rir, il
where all indices ,,...,r,,r,,, are either free or contracting against a factor
v,

In that case we have an extra claim, which we will prove in the Appendix:

Lemma 4.3 For each z € Z),;,., we let Lz C L? stand for the index set of

tensor fields C’é’il"'i",l € L? for which the index | in the critical factor contracts
against a special index in some factor Sy, R;jp;.
We claim that for each z € Z),, ., we can write:

E alCé’“'“’“Vilv Vv = E alCé’““"“Vilv. .. Vi,v.

4.11
leLz leL'> ( )

40Notice that by weight considerations and by the definition of maximal refined double
character, if one tensor field of maximal refined double character has this property then all of
them will.
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Here the terms indexed in L'* have all the properties of the terms indezed in
L?, but in addition the index ; in the critical factor does not contract against a
special index in a factor Sy Riji;.

The derivation of Proposition [Z1] (in case I):

Recall the conclusion of Lemma Bl equation (33). Recall that for each
tensor field and each complete contraction in [B.3]), V41 is contracting against
the crucial factor, which was defined to be the factor S’*V(”)Rijkl in Keimp
whose index ; is contracting against a chosen factor V(;BMm. For notational
convenience, we will assume that Min = 1, i.e. that that index ; in the crucial
factor is contracting against a factor V.

Define the set Stan to stand for the set of numbers o for which the factor
V¢, is contracting against one of the indices ,,...,,, ., in the crucial factor

S*VST?,,” Ry, . ki- With no loss of generality, we assume that Stan = {2,...,q}
or Stan = ) (which is equivalent to saying ¢ = 1—we will be using that convention
below).

For convenience, we will assume that for each of the tensor fields appearing
in ([3.5) the factors V¢, ..., V¢, are contracting against the indices r,,...,r, ,
in the crucial factor S’*V%’?,,TV Rir, 1kl

With this convention, we introduce a new definition:

Definition 4.2 For each tensor field Cé’il'”i“ (e, Qs P15+, Pu) Vi ut1,
Cg,n...m (le SRR Q;Dv ¢17 ceey ¢U)vi1¢u+l7 Cg,ll,---ym+1 (Qla cee 791)7 ¢17 ceey (bua ¢u+1)
in ([@38), we define Cv> " (Q,...,Q, Y, da, ..., du),

Cor (. QY bay o ), CEZ QL QLY o, ., bu) to stand
for the tensor fields that arise by formally replacing the expression

S*Vgll/?,,” R”Mklvigz?lv%uﬂ by a factor vt Y (Y is a scalar func-

1 ...’I‘l,’r'u+1l
tion).

We observe that the tensor fields we are left with have length o +u — 1, a
factor VB)Y with B > 2, and are acceptable if we set Y = Q1. We observe
that all these tensor fields have the same (u — 1)-simple character (where we
treat the function Y as a function §,41), which we denote by Fsimp-

We also note that each of the tensor fields Cf,’iz"'i“ (.., 9, Y, d2,..., du),
Oy (e, Yoo, ooy )y CB200(Qp, L Q. Y, 6o, ., ) will have
the property that the last index ; in V(B)Y (in the tensor field
C’é’iQ"'i“ (Q,...,9,Y,¢2,...,¢,)) is neither free nor contracting against a fac-
tor V¢p: This is because the last index ; in VP)Y corresponds to the in-
dex ; in the crucial factor S’*Vﬂf?,,”Rirv+1klviq~ﬁlvk¢u+1 of the tensor field
C’é’il"'i“ (Q,...,9p,01,...,0y), and this index is neither free nor contracting
against any factor V¢, by hypothesis.

We claim an equation:
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> aXdivi, .. Xdivi, Ch 0 (Q, QY ba, L du)

2€EZ 0 0w VEL®

> ayXdivi, .. Xdivg, CL™ (..., QY ¢, u)—

veEN

o (4.12)
> apXdivi, ... Xdivi, ,CP 0 (D, Y o, u) =
peP
Z a'tO;(Qla e va }/7 ¢25 e qu)a
teT’

which will hold modulo complete contractions of length > ¢ +wu. Here the right
hand side stands for a generic linear combination of complete contractions that
are simply subsequent to Rgimgp.

Proof of ({4.13): Since the argument by which we derive this equation will
be used frequently in this series of papers, we codify this claim in a Lemma:

Lemma 4.4 Consider a linear combination of acceptable (v + 1)-tensor fields,
pex @Cy T, Q1L ), all in the form (Z2) with weight

—n and with a given simple character Keimp. Assume that for each of the tensor
fields then the index ;, is the index i in a given factor S*V(”)Rijkl, for which
the index ; is contracting against a chosen factor Véw (wlog we will assume
w = 1). Assume that Y, ., a-Cq"™" """ (Q, ..., Qp,¢1,...,¢u) is a linear
combination with all the features of the tensor fields indexed in X, only now
each €, > . Assume an equation:

> a.Xdivi, ... Xdivy ,, C2™ 1 (L Qp b1, du) Vi b

rzeX

+ 3 aXdivi, ... Xdivi, Cg™ 7 (Qu, . Qs 0u) Vi, Gugr =
z€Z

Za’jc‘g’il (le R Q;Da ¢15 ce ¢u)vi1¢u+1;

jeJ

(4.13)

here the vector fields in the RHS have a u-weak character Weak(Rsimp) and are
either simply subsequent to Keimp or have one of the two factors Vo1, Véyi1
contracting against a derivative index, or both factors Vo, Voui1 are con-
tracting against anti-symmetric indices ;,; or ,; in some curvature factor.

—T,i2..

Denote by T " (Qu, o, Qi oy oy ), Co = ( QL Qs by

the tensor fields that arise from C’;’il""iwl (D, Qpi1, 02, -+, Ou),
Oy "= Qo Qpi1s G2,y - - -, Gu) by formally replacing the expression
S*Vglll?,,ruRijklvigglvk¢u+1 by an expression vt Qpt1. Denote by Rsimp

r1...7u71
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the (u — 1)-simple character of each of the resulting tensor fields (they have
length o +u —1). We then claim that modulo complete contractions of length
>0+ u:

3w Xdivi, ... Xdivi O ( Qe Qi s d0)

reX
+ Z asziviQ .. .Xdi’l)ieza;ﬂl“”lez+l (Ql, N ,Qp+1, (;52, ey ¢u) = (414>
2€Z

Zaj Ql,...,Qp+1,¢17~-7¢u)7

jeJ’

where the complete contractions indexed in J' are simply subsequent to Rsimp-
We note that the proof of this Lemma will be independent of Proposition [2.1l

Note: Before we prove this Lemma we remark that by applying it to (B3]

we derive (£12).

Proof of Lemma[{4 Denote the left hand side of (£I3) by F,. We then
denote by Fg' the linear combination that arises from F, by formally replacing
the factors V01, Viou 1 by gap (the uncontracted metric tensor). Notice that
F " then consists of complete contractions with one internal contraction in a cur-
Vature factor, and with weight —n + 2 and length o 4+ u. Since F,; = 0 modulo
longer complete contractions, and since this equation holds formally, we derive
that Fg’ = 0 modulo longer complete contractions. Now, apply the operation
RictoQ),11 to F, (see the relevant Lemma in the Appendix of [3]). Denote the
resulting linear combination by F” By definition of Rictof),41, the minimum
length of the complete contractlons in F is 0 +u — 1. If we denote this sublin-
ear combination by F,/7t“~! then (v1rtue of the afformentioned Lemma) we will
have F,/°*t*~! = 0 modulo longer complete contractions. By following all the
operations we have performed we observe that this equation is precisely (d.I4).
O

Now observe that [@I2)) falls under our inductive assumption of Proposition
All the tensor fields are acceptable, and they all have a given simple
character Rsimp; furthermore, the weight of the complete contractions in ([€.12)
is —n 42 > —n. Lastly, recall that we have noted that the last index in V(Z)Y
is neither free nor contracting against any factor Ve, 1.

We observe that the sublinear combinations of (u — 1)-tensor fields on the
left hand side of (@I2]) with maximal double characters are the sublinear com-
binations:

ST wCh (0, Y s ).

2€20 00 LVELZ

41 Notice that since our assumption (B.I)) does not include tensor fields in any of the “for-
bidden forms”, it follows that the tensor fields of minimum rank in (ZI2) are also not in any
of the “forbidden forms”.
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(This follows directly from the definition of the maximal refined double char-
acters). We denote the respective refined double characters for the complete

contractions of this form by Ez/,z € Z}\ o Applying the inductive hypoth-
esis of Corollary [l to (@I2) and picking out the sublinear combination with

a (u—1,u — 1)-double character Doub(l?zl), we deduce that there is a linear

combination of acceptable u-tensor fields with a refined double character Ezl,

Z a/TC;iz.“iHJrl (Ql7 ) qu Y7 ¢27 RS (bu)u

reR*
such that:

> @l (. QY 6, W) Vi Vv

leL>

= > Xdivi,  Cy o (Q, QY o, ) Vi Vi o = (4.15)
reR?

Z atcé)hmi“ (Qla R Q;Dv }/7 ¢25 Tt (bu)vlév s v’iuvv

teT

modulo complete contractions of greater length. (Recall that since we are con-
sidering the factor Y to be of the form €, 1, each of the tensor fields above has
a factor VY, b > 2).

Here,

Zatc‘;.’i}niu (Qla e aQP7K¢1a e qu)

teT
stands for a generic linear combination of tensor fields whose refined double
o/
character is (simply or doubly) subsequent to the refined double character L? .

Moreover, if this tensor field Cé"”"'“ is only doubly subsequent to EZ/, then at
least one of the indices in the factor V(®)Y is not contracting against a factor
of the form Vv, V¢. (This follows since those tensor fields arise from the tensor
fields indexed in N in ([@I2]), which have that property by construction).

Now, we refer to (AI5) and we make all the factors Vo that are not contract-
ing against the critical factor into an X div (see the last Lemma in the Appendix
of [3]). We thus obtain a new true equation:

> aXdiv,,,, ... Xdiv, CL (... QY 62, .., 0u)Vip ... Viy,_ v =
leL?

Z ar Xdiviy,,, ... Xdivg, , Cr2= 1 (Qq, ., Q. Y, d2,. .., 0u) ViU ... Viy v
reR*

+ Z CLth’L"l)iM+1 . Xdivi“C;’i2"'i“ (Ql, ey Qp, Y, ¢2, ey ¢u)Vi2v . ViMU.
teT
(4.16)
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Now, before we can proceed with our argument we will need to employ a
technical Lemma whose proof we will present in the end of this subsection.

Lemma 4.5 We claim that we may assume with no loss of generality that for
each tensor field indexed in R*, one index in VB)Y (the last one, wlog) is not
contracting against any factor Vo or Vu.

Under this extra assumption, we can now derive the claim of Proposition
ZI
Now, since all the tensor fields in L*, R* have the same (u— 1, u — 1)-double

character, l}/, it follows that for each tensor field appearing in (AIH) there is
a fixed number 7 of factors Vo contracting against the factor V(#)Y, and also
a fixed number (¢ — 1) of factors V¢!, contracting against V(®)Y. We may
assume with no loss of generality that the 7 factors Vv are contracting against
the first 7 indices in V(®)Y and the ¢ — 1 factors V¢, are contracting against
the next ¢ — 1 indices in V(P)Y'| in a decreasing rearrangement according to the
numbers o. By using the Eraser we can see that under these assumptions,
(#I3) will hold formally, subject to the additional feature that for each complete
contraction in (@3], the first 7+ ¢ — 1 indices are not permuted. (Call this the
extra feature).

In this setting, we define an operation Replace that acts on the tensor
fields in (@I3) by replacing the factor V&?,,mY (recall b > 2) by an expres-

sion S*viﬁi%?HRmflkrbvigblvkv. We denote the resulting tensor fields by:

éé7i1...iu (Qlu ey Qp7 (blu sy ¢u)v7;1'U,
é;7i1...iu+1 (Qh ) qu ¢17 ) (bu)vhva

é;’il'“i" (Ql, ey Qp, ¢1, ey ¢U)Vz-1v.

We immediately observe that for each [ € L*:

Replace[égl])il...iu (le AR Q;Da ¢15 T ¢U)V’Ll ¢u+l]

Lin yiz...i (4.17)
= Cg7 1,%2... "(917,, .7Qp,¢1,- '~7¢u)v7jl’l},

We then claim that the vector field

Z arég’il"'i“+l(91, ceey Qp, gf)l, ey (bu)Vilv - Vl-“v
reR

is the one we need for Proposition 2Il In order to see this, we only have to
recall that ([@I5) holds formally. We then “memorize” the sequence of formal
applications of the identities in Definition 6 in [1], by which we can make the
linearization of [@IH]) formally equal to the linearization of the right hand side.

42Gee the relevant Lemma in the Appendix of [3].
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We recall that an application of the identities in Definition 6 in [I] to the factor
VS?),,,TZ,Y (subject to the extra feature) means that we may freely permute the
indices 7, . sy

Now, we will perform the same sequence of applications of the identities in
Definition 6 in [I] to the linear combination:

Z aléé’il"'i“ (Ql, - ,Qp, (bl, ceey d)u)VilvVizv - V@v
leL*

- (4.18)
= Y aXdiv,,, Cy o QL Qs Gu) Vi 0V 0. V0
rcR*
We impose one restriction: When we had permuted the indices ,,,...,,, ina

factor V&?_mbY in (4I3), we now freely permute them again, but also introduce
correction terms, by virtue of the Bianchi identities:

V) R Vit Vo — V™ - Ry Vig VFo = vim)

T1...Tm

R Vig1 V¥,
(4.19)

Vo RiaVieiVio — VI Ry uVieVie = VI R, uVie Vi,
(4.20)

VI RiuVigiVio — V™ Rij, Ve VEo = VI R, 13 Vig1 V.
(4.21)
Hence, we derive that modulo complete contractions of length > o+u+pu+1:

Z a[é!l]’il"'i“ (Ql, .. .,Qp,¢1, .. .,(bu)Vilv . viM’U

leL?
— Z aTXdiUi#Jrlég’il"'i“Jrl(Ql, ey Qp, (bl, ey gbu)Vilv - VZ'HU =
er (4.22)
> aClr (. Db, Gu) Vi Vi
teT
+ Z até';’il“'i“ (Ql, e ,Qp, D1y, qﬁu)Vilv .. .ViH’U,
teT"
where
> aCht (L Qb W) Vi Vv (4.23)

teT’

stands for the linear combination of correction terms that arises by virtue of the

identities (19, E20), E2I).
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Specifically, the linear combination of correction terms arises by replacing

the crucial factor v&’f??,rmRijklv%lv%uﬂ by one of the expressions on the

right hand sides of (£19), (£20), (A.21). We observe that all the correction
)
terms are acceptable tensor fields that are (simply or doubly) subsequent to L* .
Thus we have proven that under the assumptions of Lemma [3.I] the claim

of Proposition [Z1] follows in this case I. O

Proof of Lemma [4.5¢

We refer to ([@I6). We pick out the sublinear combination of terms in that
equation where all indices in the function V(®)Y are contracting against a factor
Vv or V¢, (denote the index set of tensor fields in R* with that property by
R”). We thus obtain a new equation:

N e Xadiviy,, . Xudivi, Cp2 i (Q, QY o, u)Vipv . Vi v
reﬁz
= Zajcg’iz'“iM (Ql, ey vaK (bg, cey gbu)Vizv e Vina
jeJ
(4.24)

(where the terms indexed in J are simply subsequent to the simple character of
the terms in the first line). If o > 4 and 4f our Lemma assumption (B1I) does
not fall under the delicate case we then apply Lemma [} if 0 = 3 and if our
Lemma assumption [B.I) does not fall under the delicate case we apply Lemma
We thus derive:

> apXdiviy,,, .. Xdivi,  Cy™ w1 (1,9, Y, o, 0u) ViU ... Viy, v
reR”
=, Xdivy,,, ... Xdivi, , Cp 0 (O, QY G2, ¢u)Vipv .. Vi v
TGRZ
+ Z ajcg’iz"'iM (Ql, ceey Qp, Y, ¢2, ceey ¢U)Vi2v - ViM’U,
jeJ
(4.25)

where the terms indexed in R* have all the features of the terms in R* but
in addition have at least one index in V(B)Y not contracting against a factor
V¢n or Vu. Replacing the above into (#I6]), we may assume that all terms in
R? have at least one index in V(P)Y not contracting against a factor V¢y, or Vu.

43We will explain what to do if 24) does fall under the delicate case below. The fact that
(BI) does not fall under the delicate case ensures that [@24]) does not fall under a forbidden
case of Lemma 1]

44We observe that Lemma 2] can be applied, since we are in a non-delicate case hence the
tensor fields indexed in R? which have all indices in V(B)Y contracting against factors Vv
must have a removable index.
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Proof of (4-29) when (31) falls under the delicate case: All the arguments
above can be repeated except for the application of Lemma[f.]] because in this
setting (£224) might fall under the forbidden cases of Lemma [l On the other
hand, we have also imposed a “delicate assumption” on (B.Il), which we will
utilize now:

Proof that the technical claim follows from ([¢.10) when (31) falls under the
“delicate case”:

Refer to (£I0). We denote by R%,, C R* the index set of tensor fields that
have the free index ;,,, being a special index in some simple factor S*V(”)Rijkl,
and with all indices in V(P)Y contracting against a factor V¢, or Vo (we will
call tensor fields with that property “bad”). We observe that (@25 can again
be derived, provided that R%,, = 0 in ([£24)); (this is because when R% , =0
there is no danger of falling under a “forbidden case” of Lemma [£.1] by weight
considerations). We will now show that we can write:

> a Oyt (9, Y o, $u) Vi Vi oY, D =

re€R% 4
E aTC;’ZZ'“l’“rl (Ql, R ,Qp, Y, pa,. .., ¢U)Vi2v . Viuvviwl (OB
T€RY otBaa
E ajC;’”“'Z““ (Ql, ey Qp, Y, ¢2, ey qbu)Vizv c.. V@’UV@+1(I),
jeJ

(4.26)

where the terms in R% ;5,4 are in the form described in ([@I5]) and in addition
are not bad. The terms indexed in J are simply subsequent to Kgipmyp. If we can
show the above, then by making the V® into an X div and replacing into (£15),
we are reduced to the case R3,,. = (. We have then noted that the proof above
goes through. Thus matters are reduced to showing (4.20]).

Proof of {4.26): We may assume with no loss of generality that the free
index ;,,, is the index  in a factor SﬁVS’f),,,TpRijkl, where S* stands for the
symmetrization over the index ; and all the indices in the above that are not
contracting against a factor Vv or V¢, (the correction terms that we obtain
from this Sf-symmetrization would be tensor fields which are not “bad”-as
allowed in (£26)). We then pick out the sublinear combination of terms in
[@EID) with a factor VB)Y that has all its indices except one (say the index )
contracting against a factor V¢, or Vv, and the index s contracting against a
special index in a factor S’*V(p)Rijkl. By virtue of the “delicate assumption”,
this sublinear combination will be of the form:
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> a Hitydiv,, Cy= v Q... 0, Y, 62, .., ¢u)Viyv ... Vi 0+

r€R% A p
> a;Cl (L QY o, ) Vi Vi,
JjeJ
(4.27)
Then, we consider the first conformal variation Imagel[Fy] of [@I5) and we

pick out the terms where one of the factors V¢, h € Def (nsmp) is contracting
against the factor VB)Y, for which we additionally require that all other indices
contract against Vu’s or V¢’s. The above sublinear combination must vanish
separately. We thus derive a new equation:

Z arHitydiv;, ., Op[C]y Y (TP 2, Y, 02, 0u) Vi vV 0

r€R%L A p

ZCLJ J12 Ql,...,Qp,Y,gbz,...,(bu)va...Vl-#v:O,
jeJ
(4.28)

where Op[C]y R formally arises from by replacing the factor

SWS@’ R P TAVA qu by V p+2r leviu+1¢q (and Hitydiv;,,, still means that

Vint1 is forced to hit the factor V(& )Y). Then, formally replacing the expression
c a a
VI XV VYoVt gy, L VY gy,
by an expression

ST Riye ripiaye VVU . VYOV gy VP by Vigy,

~Yc—-2

and repeating the formal identities by which (£.28§]) is proven “formally” we

derive (£.20). O

4.3 Derivation of Proposition [2.1] in case II from Lemma
3. 2.

Recall the notation of Lemma 3.2l Our point of departure will be the Lemma’s
conclusion, equation (7). Recall that in that equation, all tensor fields have a

given (u + 1)-simple character, which we have denoted by #%;,,,. We also recall

that the (ju— 1)-tensor fields Cy™ ™ (1, ..., Qp, ¢1, - . ., bu) Vi, buss in the first
line of B1) have mazimal refined double characters among all (u — 1)-refined
double characters appearing in (3.7); we have denoted the maximal (p — 1)-
refined double characters by #7_;_joups 2 € Zhsan-

45See the argument that proves [@22).
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For all tensor fields in (8.7 the factor V¢,+1 is contracting against an index
i in some chosen factor S*V(”)Rijm. For this subsection, we will be calling that
factor the A-crucial factor. We recall that all tensor fields in the first line in
@20 have a given number of special free indices in the A-crucial factor. This
follows from the definition of Z),,. .

We further distinguish two subcases of case II: Observe that either all re-
fined (u + 1, — 1)-double characters £%,z € Z},,, one internal free index
or ; in the A-crucial factor, or have no such free indexd We accordingly call
these subcases A and B and we will prove our claim separately for these two
subcases.

We here prove our assertion for all cases apart from certain special cases
where we will derive the claim of Proposition 2] directly from (B (in the
paper [7] in this series).

The special cases:

Case A: The special case here is when for each tensor field C;’“"'l“,l €
L? z € Z},, in BI) there are no removable free indices among any of its
factors o

Case B: The special case here is when for each tensor field C_(lj“'“l“,l €
L? z € Z};,, in BI) there are no removable indices other than (possibly) the

indices f,; in the (one of the) crucial factor Viﬁ?_vﬂlmibRibﬂjkl

Throughout the rest of this subsection we will be assuming that the p-tensor
fields of maximal refined double character in (3I]) are not special. In the special
cases, Proposition 2.1l will be derived directly (without recourse to Lemma [3.2))
in [7].

Derivation of Proposition[21] in case II from Lemmal3 2 (subcase A): Recall
the conclusion of Lemma

46 Notice that this dichotomy corresponds to the following dichotomy regarding the tensor

fields in Uzez;w L? in @I): Either for those tensor fields the critical factor V(™ R,y
axr

contains two internal free indices, or it contains one internal free index.

47Sometimes we will refer to subcases ITIA, IIB, to stress that these are subcases of case II.

48Observe that if this is true of one of the tensor fields Cé’“"'z",l € L? z€ Zyy,, it will
be true of all of them, by weight considerations.

49The remark in the previous footnote still holds.
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S > Y Xdivi, .. Xdivi, ... Xdiv;, Cy QL Q604 )

2€2},,, lEL*  in€l,

vih,¢u+1 + Z aVXdi’U'LQ e Xdiv’i“ Cgﬁilmi“ (le ceey Qpa ¢17 ] ¢U)V’Ll ¢u+1+
veN

Z a/dXdiUh e 'Xdiviucgﬂilniu(ﬂlu ey Qp7 (blu B ¢u7 ¢u+1) =
deD

Z a'tO;)i* (le R Q;Da ¢15 ce (buv (bu)vl* ¢u+l-
teT
(4.29)

We now apply our inductive assumption of Corollary [l to the above[d We
derive that there is a linear combination of acceptable (u — 1)-tensor fields with
a (u + 1)-simple character K;,,, (indexed in H below), so that:

Z Z ap Z C’é’“”'i“(Ql,...,Qp,¢1,...,gbu)VihgbuHVilv...@ihv...viuv

262}, l€EL*  in€l,

+ Z aVC_lqulmiM (Qlu e 7Qp7 ¢17 KRN} ¢u)vl1 ¢u+1vigv e viuv'i_

veN
> anXdivi,, ClH i QL Qp b1, Gu) Vi bug1 Vigw .. Vi o
heH

Za’jc‘gﬁilmm (le SERE) Q;Da ¢17 T ¢u)vi1¢u+1vi2v cee viuvv
JjeJ
(4.30)

where each C_g’“”'i“ (., QP15 -+, Pu) Vi Puy s simply subsequent to
STmp(RZ . ¢ goup)- Note: We will now be calling the factor against which V41
is contracting the A-crucial factor for any contraction appearing in the above.

o o SR
Now, we observe that in view of the claim in Lemma 3.2 for each Cy"* "

Cf;’il'”i“ we must have that at least one of the indices ,,,...,, ,; in the A-
crucial factor S*ngf?””Rijkl is not free and not contracting against a factor
Vg, f < u. Furthermore, it follows from the definition of [ J, 7, L7 that all

Cﬂé’“"'” tensor fields are contracting against a given number c of factors V.
We denote by N ¢ N,H C H,J C J the index sets of the contractions above
for which the A-crucial factors is contracting against ¢ factors Vu. Then, since
(@30) holds formally, we derive that:

50The fact that we are assuming that (Z3) (the assumption of Lemma [32) does not fall
under a “special case” of subcase A ensures that ([{29)) satisifies the requirements of Corollary
M Also, since we have introduced a new factor V¢, +1, the above falls under the inductive
assumption of Corollary [}
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Z Z a Z c(l]’il"'i“ (Ql, ey Qp, ¢1, ceey qbu)ViT%HVilv . @iTU - viM’U
2€Z010n VELZ  irn€li
+ Z a,,C;f’“'”i“ (Ql, ey Qp, (bl, ceey ¢u)Vil¢u+1Vi2v ce VZ'HU =
UEN
Z anXdivy,,, CH 0 (Q, Q1 Gu) Vi Gug1 ViU .. Vi, 0
heH
Z ajcg"il"'i“ (Ql, ey Qp, ¢1, ceey qbu)ViquuHVizv RN ViH’U.
jeJ

(4.31)

In fact, we will be using a weaker version of this equation: Consider ([@3T)):
We assume with no loss of generality, only for notational convenience, that in
each Cli-~in Cg™ ™ and each C™i-iu+1 the free indices i,,... 7 . i,
belong to the A-crucial factor, while the indices ;,_,,...,;, do not. Now, recall
that (@3] holds formally. Then, define an operation that formally erases the
factors Vo that are not contracting against the A-crucial factor and then takes
Xdivs of the resulting free indices that we obtain. If we denote the expression
that we (formally) thus obtain by F’, it follows that F' = 0 (modulo longer
complete contractions) by virtue of the last Lemma in the Appendix of [3]. We
have thus derived 1]

Yo N a Y Xdiv, ... Xdiv,

2€ 2000 VEL®  in€li

SR

qul ZH(gzla cee 7Qp7¢17 ) 7¢u)vilv o 'vih(bu"’_l T Vic+1v+

> aXdivi, ... Xdivy, Cg - (Qu, . D, 61, ) Vi Gu1 Vit Vi, v

veN

=3 apXdivi_,, ... Xdivy, ,Cl QL Qp b1, 6u) Vi bug
heH

. VQU . VZ'C+1U + Z ajcg"il'”ic+l (Ql, ey Qp, (bl, ey ¢u)Vil¢u+1Vi2v . VZ'C+1U.
jeJ’
(4.32)

Here the complete contractions indexed in .J" are simply subsequent to ;.

Now, we break the index set H into two subsets: h € H; if and only if the
A-crucial factor S’*Vg?,,” Rij in

Cliv i (Qy, . Uy 1, 0u) Vi bus1 Vigv ... Vi v

has the property that at least one of the indices ,,,...,,,; is neither contract-
ing against a factor Vv nor a factor V¢, . We say that h € Hy if and only if all

51'We will revert to writing N, H, J instead of N, H, J for notational simplicity.
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the indices ,,,...,,,; in the A-crucial factor are contracting against a factor
V¢, or Vu. We complete our proof in two steps: Step 1 involves getting rid of
the terms indexed in Hs:

Step 1: We introduce some notation:

Definition 4.3 We denote by X.div,[...]| the sublinear combination in each
Xdiv;[...] where we impose the additional restriction that V; is not allowed to

hit the A-crucial factor (in the form S*V(”)Rijkl).

Then, since ([32) holds formally, we deduce that:

) ) hoiy..i
E ahX*dzvic+2 Ce X*dZ’Ui}HAC’g “eetul (Ql, ey Qp, (bl, ceey gbu)Vil(buHth
heH,

e vic+1U + Zang’iz“'iC” (Ql, Ce ,Qp, (]51, ceey qbu)V“ ¢u+1vi2U .. 'vngU = 0,
jeJ
(4.33)

(modlo longer terms), where each CJ*2'~ is simply subsequent to &,

A notational convention that can be made with no loss of generality is that
in K, the b factors V@), that are contracting against indices ,,,...,,,; in
the A-crucial factor S*V(”)Rijkl are precisely the factors Vi, ..., V.

We then claim that we can write:

> anXdivi,, ... Xdivi,, , Cl" 0 (Q, L Qb1 60) Vi a1 Vs
heH,
Vl-cﬂv = Z CLth’L"UiC+2 A Xdiviu+lcg’ilmi“+l (Ql, ceey Qp, (bl, ceey (bu)V“ ¢>u+1vi2v
heH
ViU Y a;CIE (L Q. u) Vi Gur1 Vigv L Vi L0,
jeJ
(4.34)

where the sublinear combination indexed in H in the RHS stands for a generic
linear combination of tensor fields with all the properties of the tensor fields
indexed in H; above.

We will show below that ([@34) follows by applying Lemma or Lemma
M to (A33) (and we will prove Lemmas A6 47 in [7]). For now, let us observe
how (£34)) implies Proposition 21]in this case A:

Step 2: Proposition [21] follows from ({.34)). By replacing (£34)) into (@32),

we are reduced to showing our claim when Hy = (. Now, for each of the tensor
fields in (@3Z) we denote by Co' " (Qy, ..., Qp, Y, dps1s- - s ),

Gyt (@, 0, Yy, ), O P (R, Y, B, 6 the

o1



telnfsor_ﬁelds that arise from
Cgﬁzl.“lu (Ql7 cee 7Qp7 ¢17 ey (bu)vlh (bu-‘rlvizv s vic+1v7

Cg’ilmiu+l (le ceey Qpa ¢17 Tt ¢U)V’Ll ¢u+1v’i2v cee v’ic+1v
by replacing the expressions

S VAT i Riuad V0 VT 0VEOV 6y LV 9,V g
by a factor Vi?flu)AlY.

Now, by polarizing the function v in [@32) and applying Lemma A4 we
deduce that:

SN w Y Xdiv, .. Xdivg, CLer e (L Q.Y b, du)

2€Z .. VELZ  ip€li,

> a,Xdivi,, ... Xdiv, Ci (D, 0, Y, o Gu) =
veEN

> anXdivi,, ... Xdivi, , Cller> v (Qy, QY 61, du)+
heH

Za/jcg(g].? s 7Q;D7Y7 ¢b+17 s 7¢u)
JjeJ
(4.35)

Notice that all the tensor fields in the above have at least 2 derivatives on
the factor V)Y . For the tensor fields indexed in H, this follows since Hy = (;
for the tensor fields indexed in (|, z, L#)|J N, it follows by our observation

after ([30). Thus, if we treat Y as a function 41, all tensor fields in the
above have a given simple character, which we will denote by Rgimp.
‘We denote the refined double character of the tensor fields

CLler QL QY Gosts -y bu), L € L7, 2 € Z),,. by L. (observe that
they are the maximal refined double characters among all the (u — ¢ — 1)-
tensor fields appearing in ([£3H)). By virtue of our inductive assumption of
Proposition we derive that for each z € Z},,, there is a linear combination
of acceptable (u — ¢)-tensor fields

Y hen apCy ety 0, Y, pi1, ..., By) with an (u — ¢ — 1)-refined

double character Ij'z (so in particular they have a factor V(B)Y, B > 2, not
contracting against any factor Vv, V¢y,), so that for each z € Z),.:

52Notice that since we are assuming that the p-tensor fields of mazimal refined double
character in (31) do not have special free indices in any factor S*V(”)Rijkl then it follows
that the tensor fields of minimum rank in ([£.35) satisfy the requirememnts of Proposition 211
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Z a Z Cé7i1ic+2miu (le ERE Q;Da Ya ¢b+17 T (bu) icyaU Viuv

leL* in€l

- Z athivi“+1 Cgﬁic+2.ni#+l (le ) Q;Da Ya ¢b+la R (bu) ieqaV Vi

i, U
heH
_Za/tcthJrz Qlu"'7Qp7K¢b+lu"'7¢u) lc+2 "viuvu
teT
(4.36)

where each C;’i”z"'i“ (..., 9, Y, dp41,...,04) is acceptable and simply or
doubly subsequent to E’z

We use the fact that (@30 holds formally. We then define an operation
Opl]...] that replaces each factor ng.).tBY (B > 2) by an expression

(m) 3 _ k / /
Ve sorre1trotnsRitp_1kty VOV 0 Ve oVEOV ¢y .V ¢y

We observe that for each z € Z),, .

Op{z ajp Z Cllc+2 le"'vgpaYa¢b+la"'7¢u) ey U VZ‘LU}_

leL* in€l

Ll Y aiChie (. 1, 00) Vi v Vi,

leL>
(4.37)

where we have noted that |I, ;| is universal, i.e. independent of the element
l € L? (in most cases |I,;| = 1).
Hence, since ([@30) holds formally, we deduce that:

ZalC“l (Ql,...,Qp,qbl,...,%)vilv...Viuv—

leL>

Z athi’U’iMJFlOp[cg7iw+l...iu+1 (le ) Q;Da Ya ¢17 Tt (bu) i1V v ’U]
heH

= Z arCy (. Qp, b1, 0u) Vi, dup1 Vigv ... Vi, v,
teT’
(4.38)

where again each C;’“”'Z“ (Q,...,9Qp, P1,...,¢y) is either simply or doubly sub-
sequent to L?. The above is obtained from ([@36) by the usual argument as in
the derivation of Proposition[Z]from Lemma[31] (see the argument above equa-
tions (@19), (@20), [@21))): We may repeat the permutations by which we make
#38) formally zero, modulo introducing corrections terms that are simply or
doubly subsequent by virtue of the Bianchi identities.
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Therefore, we have shown that Lemma implies case II of Proposition
211 in subcase A (in the non-special cases), provided we can prove ([L34). We
reduce [@38)) to certain other Lemmas, which will be proven in [7] in the next
subsection. O

Derivation of case II of Proposition 2.7] from Lemma in case B:

Our point of departure is again equation (3.

Recall that in this second case, for each z € Z), . none of the free indices
in the A-crucial factor S’*V(”)Rijkl in any C’é’“"'“ Viibu+1, | € L? are special.

In that case, we again have equation (£3I)). We will re-write the equation
in a somewhat more convenient form, but first we recall some of the notational
conventions from the previous case. For notational convenience, we have as-
sumed that the b factors V¢, h < u that are contracting against the A-crucial
factor S’*V(”)Rijm Vigy41 are precisely the factors V¢, ..., V¢;. We also recall
that Rz , stands for the (u + 1, u — 1)-refined double character of the con-

ref—dou

tractions in 37, ;| Ly, .. Qpy &1, .-, 6u) Vi, Gut1. Equation (Z3T])

can then be re-written in the form:

Z Z aj Z Oé’il'“i“(Ql,...,Qp,gbl,...,(bu)VirgbuHVilv...@irv...

2€20,, 1EL*  ir€l.y

Vi, v+ Y anXdivi,  Cpi v (Q, L Qs 60) Vi Gupa Vipv . Vi v
heH

= Zatc_;’“"'i“ Q1,00 Qpy G150, 0u) Vi Gyt 1 Vipv ... Vi, 0,
teT
(4.39)

where each C;’“”'i“ (.0, D, D14+ -+, D) Vi Pyt s (simply or doubly) subse-

it

. . t " .
quent t0 K7 ,,,,,- Moreover, if some Cy is doubly subsequent to 57, ¢ ;5.

then at least one of the indices ,,, ..., r,, ; in the A-crucial factor S*VEZ?_” Rijr
is neither contracting against a factor Vv nor against a factor V¢y. The com-
plete contractions on the right hand side arise by indexing together the contrac-
tions in N, J in (@31).

We then again assume with no loss of generality that in each tensor field in
the first line above, the indices ;,, .. .,;_,, belong to the A-crucial factor and the
indices j,,,,...,q, do not. We will then again use a weakened version of ({£.39).

Weakened version of ({.39): Now, we return to (£.39). We derive an equa-
tion:
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Y Xdivi,, ... Xdivi, Y ap Y Chr (L Qp 60, bu)

2€20 0 1 leLz ir€l.,
Virgf)qulvilU SN VZ‘TU NN VZ‘C+1U + E athiviC+2 e
teT”’
Xdl’l)iucq’zl “(Ql,...,Qp,gbl,...,(bu)Vil(buHVQv...Vl-cﬂv—k E athzviC+2

heH
...Xdl’l)iwrlcq’“ l“+1(Ql, .. .,Qp,¢1, .. .,qbu)ViquuHVizv...Vz-cﬂv

+ Z ajcg’“"'i“ (Ql, .. ,Qp, ¢1, ceey qbu)V“ ¢u+1vi2U ... vic+1’U = 0;
jeJ
(4.40)

here each of the tensor fields indexed in 7" are doubly subsequent to the maximal
refined double characters I%iefidoub, while each of the complete contractions
indexed in J is simply subsequent to /%’Simp. This just follows from the previous
equation by making the factors Vv that are not contracting against the A-
crucial factor into Xdiv’s (as in the previous case A—we are applying the last
Lemma in the Appendix of [3] here).

Now, similarly to the previous case, we complete our proof in two steps; we
first introduce some notation: We divide the index set H into two subsets: We

say h € H; if at least one of the indices ,,,...,r,,,; in the A-crucial factor
S*VET?,TMRW does not contract against a factor Vv or Vgp, h < u. If all the

indices ,,,...,r,,,; in the A-crucial factor S*vﬁT?,TmRW contract against a
factor Vv or Vo, f < u, we say that h € Hy. Now, step 1 involves getting rid
of the terms indexed in Hs.

Step 1: For each h € Hj, recall (from definition [43]) that X.div;[...] the
sublinear combination in X div;]...], where we impose the extra restriction that
V; is not allowed to hit the A-crucial factor S*V(m)Rijkl. Then, since ([£39)
holds formally, we deduce that:

g apXudivi,, ... Xadivy, Xodivy, , Cp" 1 (Qy, 00, Qpy 1,000, )
heHs

. Vi1¢u+1vi2v...vic+1v+ Zang(Ql, .. .,Qp,¢1, .. 7¢u) = 0.
jeT
(4.41)

We then claim that (@4T]) will imply a new equation, for which we will need
some more notation: Let us consider the tensor fields

c(l]’il"'i“ (Ql, ceey Qp, ¢1, ey ¢u)viT¢u+1vi1U. .. @iTU - Vz-cﬂv,

O;)ilmiu (Ql, SN ,Qp, (bl, ceey gf)u)vird)qulvil’U SN @“v SN VZ‘C+1’U in (m)
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For each | € L?, we denote by Cé’ilic+2"'i“ (o, Dy Pot1y - -, Gu) Vi Pt

the tensor field that arises from éj;““'i“vih ¢u+1 (as it appears in ([@A0)) by
replacing the A-crucial factor

S*V§U) Rzuu+1klv ¢u+1v ¢2 Vlb¢bvi2’u . V““U (442)

det1li o dpYrt1 Yo

(in,---,i, are the free indices that belong to that A-crucial factor) by
Sy V;;f b+l)Rzyy+llei¢u+1 We analogously define

C’t etz du (Q,...,Q, P41, ..., 0u) Vi, dus1. Notice these constructions are
well-defined, since we know that at least one of the indices 4,,...,,,,, in the
left hand side of ([A66) are not contracting against any factor V¢ or V.

Furthermore, observe that the tensor fields constructed above are acceptable,
and have a given (u — b)-simple character, which we denote by &7;,,,,,.

Now, our claim is that assuming (Imb there is a linear combmation of
acceptable tensor fields (indexed in H below) with a simple character K
and each with rank 4t —c¢ > p— ¢ — 1 so that:

simp?

SN N w Y Xdivi, . Xdivg, Cyer QL QB bu)

2€Z0 10 VEL7  ir€li

Vibusr + Y aXdivi, ., ... Xdivy, CL w2 (Qy, . Dy B, du)
teT’

. : hyicyo.. 0
E athzviC+2 "'Xdlviu+10q etz Z“+1(Ql,...,Qp,¢b+1,...,¢u)vil¢u+1
heH

+Zaj Qla'~'7QP7¢b+17"'7¢u):0;

jed
(4.43)

here the contractions indexed in J are simply subsequent to &Y;,,,. The above
holds modulo contractions of length > o +u — b+ 1. This claim will be reduced
to Lemma [£§ in the next subsection. We now take it for granted and check

how Proposition 21 in case IIB follows from (4.43]).

Step 2: Derivation of Proposition [21] in case II subcase B from ({.43):
Denote the refined double characters of the tensor fields in (J,. 7. LZ by

7%+ doup Observe that the tensor fields Ct ilet2s iy (1,00, o1, - - -, ¢U)V11 Dur1
are doubly subsequent to the refined double characters & HTE f—doup- Moreover, the
refined double characters ¥ Iire F—doub AT€ then all maximal.
Now, the above falls under the inductive assumption of Proposition
If b+ ¢ > 0 then the weight of the above complete contractions is > —n, and if
b+c = 0 then we have u+1 factors V¢. Thus we derive that for each z € Z),..

530bserve that the tensor fields of minimum rank in @Z3) will not contain special free
indices in factors SxV(")R;;z; (since we are considering (@I) in the setting of case IIB).
Therefore there is no danger of falling under a “forbidden case” of Proposition 2.1}
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there is a linear combination of acceptable tensor fields with a refined double
character K% ¢_4,,; (indexed in H* below) so that:

A ipiers.. i
E ay E nghz +2 “(Ql,...,Qp,¢b+1,...,(bu)Vihy(buHVicwv...Vi“v—

leL® ip€l.

. hyitiess...d
Xdiv;, ., E apCy et ( Qo QD1 -5 Gu) Vi Gug1 Vi v Vi v

heH

E tyict1...0 .

= ath Lol tp (Ql, ey Qp, ¢b+1; ey ¢u)Vic+l¢u+1Vic+2v - Vl-#v,

teT
(4.44)

(here each Cy" " (Qy, ..., Qp, dot1s- - - ¢u) Vi1 Pusr1 is (simply or doubly)
subsequent to 7% r goup)-

Now, we define an operation Add]. ..] that acts on the complete contractions
and vector fields in the above by adding c derivative indices Vg, ..., V,, to the
A-crucial factor and then contracting them against ¢ factors Vo, and then adds
b derivative indices Vy,,...Vy, onto the A-crucial factor and contracts them
against factors V5 ¢1,..., Viogy,.

Since (£44)) holds formally, we derive that for each z € Z),.

Z a Z Add[c_(ljih'icﬁ'”i“ (1, Dbty - Ou) Vi Gur1 Vi v ... Vi, 0]
leL*  inel.,

= {Xdiv;,,, Z ap Add[Cl "+ (Qy, L Qp, bog s+, bu) Viy Gusr+
heH

> Add[CL e QL By bugd) Vv ViU,
teT

(4.45)
where each complete contraction indexed in 7" is simply or doubly subsequent
to Rjef_doub. If we set ¢,4+1 = v in the above, and we observe that:

S ar > Add[CL e ( QL Qyy foats - Gu) Vi, UV L0 V0] =

leL=  ip€l.;
Ll - > aiCl (. Q. b1, ¢u)Viyv ... Vi ot
leL?

g atC;’“'”Z“Vilv Vv,

teT’”
(4.46)

where the complete contractions indexed in T" are acceptable and doubly subse-

quent to K7, ¢_ o, We thus derive that the vector field needed for Proposition
2T in this case is precisely:
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1 ALyt
m Z ap - Z Add[Cd““’*l tutl (Ql, e ,Qp, ¢b+17 ey ¢U)Vihvvic+2v ce V@’U].
iers  inel.,
Therefore we have shown that Lemma implies Proposition 2.1] in case
IIB, provided we can prove (E43).

We now show how the claims [@34)) and [@43) follows from four Lemmas,
48 and (47 4.9 which we will state below. These four Lemmas will be
derived in the paper [7] in this series.

4.4 Reduction of the claims (4.34)) and (4.43)) to the Lem-
mas [4.6, 4.8 and [4.7, below.

Reduction of claim (4.34]) to Lemma

Since our Lemma will also be used in other instances in this series of
papers, we will re-write our hypothesis (equation [£33)) in slightly more general
notation:

We will set ¢+ 1 = 7 and write « instead of p, to stress that our Lemma [£.0]
below is independent of the specific values of the parameters u, c. Furthermore,
with no loss of generality, we will assume further down that b = 0 (in other
words that there are no factors V¢j contracting agianst the crucial factor—this
can be done since we can just re-name the factors V¢ that contract against
the A-crucial factor and make them into Vus). Now, recall the operation in-
troduced in Step 2 after [A33]), where for each h € Hz we obtain tensor fields
C’g’l"“"'z““ (Q,..., 9, Y, dpt1,...,0,) by formally replacing the expression
S*VST?,,”RUMV”U . ..vjuviélv%uﬂ by an expression V;Y. As we noted
after (L33), if we apply this operation to a true equation, we again obtain a
true equation. Thus, applying this operation to (£33)) we derive a new equation:

. . Ryimgr..i _
E apXidivi, ., ... Xudiv, Cimt et (., 2, Y, Gbt1y ey Pu) =
he€Hy

Za’jcg(gla .- '7Q;Da ¢b+15 s 7¢u)a
JjeJ
(4.47)

where all complete contractions and tensor fields in the above have o +u—b—c¢
factors, and are in the form:

peontr(V"™ Rijp @ -+ @ V™1 Rij ®
S,V Riju @+ @ .V Riju @ VY ®
v, @ V(b”)Qp®

Voo -+ @V, @V, @ @V, @ @V ., @ DVoa, .. )
(4.48)
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(Notice this is the same as the form (2.2)), but for the fact that we have inserted
a factor VY in the second line).

Definition 4.4 In the setting of (4.33) X.div; will stand for the sublinear com-
bination in Xdiv; with the additional restriction that V; is not allowed to hit
the factor VY. Moreover, we observe that the complete contractions in ({.47)
have weight —n + 2(b + ¢).

Some language conventions before our next claim: We will be considering
tensor fields C71 e (Q,...,9Q,,Y, é1,...,¢y) in the form ([E4F), and even more
generally in the form:

peontr(V™ Rijyy @ -+ @ V") Ry @
SV R @ © SV R 0 VPV ®
v(ln)Ql R ® V(bp)Qp(g)

Voo -+ @V, @V, @@V, @ @V 0, @ DVea, 4. )
(4.49)

(Notice this only differs from ([@A48)) by the fact that we allow B > 1 derivatives
on the function Y).

We will say that the tensor field in the form ([@49) is acceptable if all its
factors are acceptable when we disregard the factor V(B)Y (i.e. we may have
B =1 derivatives on Y but the tensor fields will still be considered acceptable).
Also, we will still use the notion of a simple character for such tensor fields
(where we again just disregard the factor V(®)Y). With this convention, it
follows that all the tensor fields in (£35) have the same simple character, which
we will denote by ;. For such complete contractions o will stand for the
number of factors in one of the forms V(m)Rijkl, S*V(”)Rijkl, V(p)Qh, vBYy,

We now state a technical Lemma, which will be proven in the next paper in
this series.

Lemma 4.6 Assume an equation:

Z ahX*diUil T X*diviah C-;lyilmiah (Qla ) Q;Du Yu ¢17 Ceey (bu/) —

- (4.50)
S0 O ),

jeJ

where all tensor fields have rank ap > a. All tensor fields have a given u-simple
character E’Simp, for which o > 4. Moreover, we assume that if we formally
treat the factor VY as a factor Ve, 11 in the above equation, then the inductive
assumption of Proposition [2.1] can be applied.

The conclusion (under various assumptions which we will explain below):
Denote by Hs o the index set of tensor fields with rank o.

We claim that there is a linear combination of acceptabl tensor fields,

54«Acceptable” in the sense given after ([@49).
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> deD ang’il'”ia“ Q1.+, 2, Y, 01, .., du), each with a simple character K,
so that:

> anCptte (. QY 60, ) Vi Y v

h€Hz2 o
X*di’l}ia+1 Z adcg,il..~ia+1 (Qla ceey qu Y, ¢17 cey (bu’)vhv cet viav = (451)
deD
+ ZatC';(Ql, ey Qp, Y, gf)l, ceey ¢u/,Ua).
teT

The linear combination on the right hand side stands for a generic linear com-
bination of complete contractions in the form {{48) with a factor VY and with
a simple character that is subsequent to K, .

The assumptions under which [{.52) will hold: The assumption under which
(7-53) holds is that there should be no tensor fields of rank o in [{.50) which
are “bad”. Here “bad” means the following:

If oo =0 in K. then a tensor field in the form {{48) is “bad” provided:

simp
1. The factor VY contains a free indez.

2. If we formally erase the factor VY (which contains a free index), then
the resulting tensor field should have no removable indices and no free
indicesPd Moreover, any factors Sy R;;i; should be simple.

If o3 > 0 in K. then a tensor field in the form {{48) is “bad” provided:

stmp
1. The factor VY should contain a free index.

2. If we formally erase the factor VY (which contains a free index), then
the resulting tensor field should have mno removable indices, any factors
S«Rijr should be simple, any factor V((j,)ﬂh should have at most one of
the indices 4,p free or contracting against a factor Vs.

8. Any factor V(m)Rijkl can contain at most one (necessarily special, by
virtue of 2.) free index.

Furthermore, we claim that the proof of this Lemma will only rely on the
inductive assumption of Proposition [Zl. Moreover, we claim that if all the
tensor fields indexed in Ho (in (£.50)) do not have a free index in VY then we
may assume that the tensor fields indexed in D in (4.53) have the same property.

Note: Tt follows (by weight considerations) that none of the tensor fields of
minimum rank in (@47) is “bad” in the above sense, since our assumption (31])

55Thus, the tensor field should consist of factors S Rijki, V®Qy,, and factors V&T?,rm Rijk
with all the indices r;,...,r,, contracting against factors V¢y,.

56l.e. a =1 in @30).
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does not fall under one of the special cases, as described in the beginning of this
subsection.

We also claim a corollary of Lemmal£.0l Firstly, we introduce some notation:

Z a/ch7i7r+1'.'iu+1 (Qh ey qu Y7 ¢b+17 ooy (bu)
qeQ

will stand for a generic linear combination of acceptable tensor fields with a
simple character &’ and with a factor V®)Y with B > 2 (and where this

simp
factor is not contracting against any factors V).

Corollary 2 Under the assumptions of Lemmal[{.6, with o > 4 we can write:

> anXdivi, ... Xdivi Cp Q. 0, Y 1, ) =

heHs>
> agXdivi, ... Xdiv; ,CE" ' (Q, ., 0, Y, b1, Gur) (4.52)
q€Q
+ZatCE(le"'anvx(blv"'a(bu')v
teT

where the linear combination quQ a,Cg** ' stands for a generic linear com-
bination of tensor fields in the form [{.49) with B > 2, with a simple character
RLimp and with each a’ > «. The acceptable complete contractions

C};(Ql, s, Y, 15, Qur) are simply subsequent to Ky, Xdiv; here means

that V; is not allowed to hit the factors NV ¢y, (but it is allowed to hit VP)Y ).

We have an analogue of the above corollary when o = 3 (the next Lemma,
47 will also be proven in the paper [7]).

Lemma 4.7 We assume_[{{-50), where o0 = 3. We also assume that for each of
the tensor fields in HQO‘ there is at least one removable index. We then have
two claims:

Firstly, the conclusion of Lemmal[].6] holds in this setting also. Secondly, the
conclusion of Corollary[2 is true in this setting.

Before we show that Corollary 2] follows from Lemmal4.0 let us see how our
desired equation ([{.34) follows from the above corollary:

Corollary [2 (or Lemma [{7] when o = 3) implies (4-34)): We introduce an
operation Op{...} which acts on complete contractions and tensor fields in the

form ([£49) by formally replacing the factor V&?,TBY (recall B > 1) by

B+b+c—2 e
S, V(prbie2) Rirp s V901 ... V@V 0. . Victiy,

S YbS1..-8eT1. TB—2

57Recall that Hs"" is the index set of tensor fields of rank « in (@E0) with a free index in
the factor VY.
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Then, if we apply this operation to [@52]) and we repeat the permutations by
which we make ([@352) formally zero (modulo introducing correction terms by

the Bianchi identities (@19), (20), @21))), we derive [@34). So matters are

reduced to showing that Corollary [2] follows from Lemma o

Proof that Corollary[2 follows from Lemma[{.0]:

The proof is by induction. Firstly, we apply Lemma [£.6] and we pick out the
sublinear combination in the conclusion of Lemma 6] where VY is contracting

against a factor Vuv. That sublinear combination must vanish separately, thus
we obtain an equation:

Z ath’““'i"‘ (Ql, .. .,QP,Y, D1, .. .,(bu/)Vilu . ViaU—

heHy"™
Xediviy,, Y aaCy e (Qu, ., Qp, Yidn, o, 6w )Viv . Viv = (453)
deD’
+> @ Ch, . Y b1, 0.
teT

Now, we make the the factors Vv into X divd (which are allowed to hit the
factor VY') and we derive a new equation:

> anXdivi, .. Xdivi, Cp (D, Y 1 ) —
heHy"™

Xdiv;, ... Xdiv;, Xdiv;, ., Z adcg-,il...iaﬂ (Q,..., Y, 1, bur) =
deD’

> agXdivi, ... Xdiv;, CL7 (..., 0, Y, b1,y fur)
9€Q

+Za’jcg(gla'"7Q;D7K¢1a"'a¢u’)-
JjeJ
(4.54)

In view of this equation, we are reduced to proving our claim when Hy"* = {).
That is, we may then additionally assume that in the hypothesis of Lemma
no tensor fields contain a free index in VY (if there are such tensor fields with a
factor V;, Y, we just treat X, div;, V;, Y][...] as a sum of S-tensor fields, 8 > a).
We will be making this assumption until the end of this proof.

Then we proceed by induction. More precisely, our inductive statement is
the following: Suppose we know that for some number f > 0 we can write:

58See the last Lemma in the Appendix of [3].
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> anXdivi, .. Xdivi, CIo7 ' (Q, 0, Y, 61, du) =
heHy

Z aquivil e Xdiviacig.’ilnia (Qla R va }/7 (blv ety (b'u.')_"
q€Q

> anXdivi, ... Xdivi,, Cg™" 7" (. Q. Y, 1, )+
heH]
+ Zatc_;(ﬂla e 7Q;D7Y7 ¢17 e 7¢u’)7

teT

where the tensor fields indexed in H{ still have a factor VY (which does not
contain a free index) but are otherwise acceptable with simple character &;,,,,,
and have rank o + f.

Our claim is that we can then write:

> anXdivi, ... Xdivi, Ch - (Q, ., QY b1, ) =
he€H,
> agXdivi, ... Xdivg, C&M (D, Q. Y, 1, )+
q€Q
N7 anXdivi, ... Xdivi, ., Cq™ T QL 0, Y 6, )+

heHT!
+ ZatCE(le v 7Q;DaYa ¢17 te 7¢u/);
teT
(4.56)
(with the same convention regarding ), _ 41 ... it is like the sublinear com-
2

bination ZheH{ ... only with rank > f +1).

Clearly, if we can show this inductive step then our Corollary will follow,
since we are dealing with tensor fields of a fized weight — K, K < n.

This inductive step is not hard to deduce. Assuming ([@53]), we pick out the
sublinear combination that contains a factor VY (which vanishes separately)
and we replace it into ([L47T) to derive the equation:

ST anXdivi, .. Xodivg,, ,Cg " QL QY b1 ) =
heH]

Za/tCé(Qlw"7Qp7§/7¢17"'7¢u’)'

teT

(4.57)

Now, applying Lemma [£.6] to this equation@ we derive that there is a linear

59Since we are assuming that the terms of maximal refined double character in the hypothesis
of Proposition 2] are assumed not to be “special” (as defined in the begining of the previous
subsection), it follows by weight considerations that no terms in ([@357) are “bad” in the
language of Lemmas

63



combination of acceptable (a + f + 1)-tensor fields (indexed in Df below) with

a factor VY and a simple character &Y;,,,, so that:

h,il...ia+f
E ath (Qlu'-'7quy7¢17"'7¢u’)vi1v'"via+f+1v_
heH]

. d,iy...1 +f+1
X*dzviaHH E ang « (Ql,...,Qp,Y,qﬁl,...,ngu/)Vilv...ViaHv:
deDf

+> aCh, . Y 61, G, 0T,
teT
(4.58)

But observe that the above implies:

j : hyit..dayf
ath (Ql,...,Qp,Y,¢1,...,qbu/)Vilv...ViaHv—
heH]

. d,i1...ia+ +1
Xdl’l)ia+f+1 E ang 4 (Ql,...,Qp,Y,qﬁl,...,ngu/)Vilv...ViaHv:
deDf

> agCyt T ( QL QY g, 6w ) ViU Vv
q€Q

+ E a/tC;(Qla'"7quy7¢17"'7¢’U/7Ua+f+1)7
teT
(4.59)

where the tensor fields indexed in @) are acceptable with a simple character
=/

Rgimp and with a factor V@Y. But then just making the Vo’s into Xdiv’s in
the above we obtain ([&56) with H/+! = Df. O

Reduction of equation [{-43) to Lemmas [{.8 [4-9 below:

We define an operation that acts on the tensor fields in (£39) and (@41) by
replacing the expression

S,V o R Vius1 V. VTV L VT,

LSpTL...T

by an expression V(, . »wiViws =V  oskwi Viwe. We denote this
operation by Repl{...}. Thus, acting with the above operation we obtain com-
plete contractions and tensor fields in the form:

contr (V" Rijy @ -+ @ VO R ju @
S.VUIR i @+ @ SV Ry @ VB (Vw1 Viws — Vw1 Vewr) (4.60)

VI, @ @ VO, @ Ve @ -+ @ Voy);
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here V&??B( ..) stands for the sublinear combination in V&?,),,TB(. ..) where
each V is not allowed to hit the factor Vws.

Definition 4.5 We define the simple character of a complete contraction or
tensor field in the above form to be the simple character of the complete con-
traction or tensor fields that arises from it by disregarding the two factors
VB w1, Vwy. For each tensor field in the form (4-60), we will also define o
to stand for the number of factors V(m)Rijkl,S*V(”)Rijm, v®Qy, plus one.
(In other words, we are not counting the V¢’s and we are counting the two
factors wi,wq as one).

We then derive from (@40) that:

Z X+dZ.’UiC+2 .. .Xer’L'Uiu Z aj Z

2€20 0 1o leL? ip€ly
Repl{c(l]’il"'i“ (Ql, ceey Qp, gf)l, ey (bu)VihygbuHth . @ihyv . Vl-cﬂv}—k

Z atX+divic+2 ce X+diviuRepl{C;’iln.iu (Qla s anv (blv RN ¢u)vn ¢u+1
teT”

VQU NN vic+2v} - X+di1)ic+2 BN XerZ.’UiMJrl

Z ahRepl{ngilni‘#l (le R va P1,- -, (bu)vn ¢u+1vi2v - 'Vic+1v}
heH

=3 a;Repl{CI" " (..., b1, .., 6u) Vi, dus1Viyv ... Vi, 0},
jeJ
(4.61)

where here X Tdiv; stands for the sublinear combination in X div; where V; is
not allowed to hit the factor Vw,. This equation follows from the proof of the
last Lemma in the Appendix in [3]@ Thus, we derive that:

> anX.divi,,, ... Xodivi, X.odivi,,, Repl{Cp" 1 (Qy, ..., Dy,
h€H,

(251, .. .,¢U)Vil¢u+1vi2v. .. vichl’U} =

> a;Repl{CL et (Q, ..., Qp b1, Gu) Vi us1 Vigv ... Vi v},
jeJr
(4.62)

where here X, stands for the sublinear combination in Xdiv; where V; is not
allowed to hit either of the factors Vwi, Vws. Also J' C J stands for the
sublinear combination of complete contraction with two factors Vwy, Vws (each
with only one derivative).

We then formulate Lemma .8 which we will show in [7]. We introduce one
further piece of notation before stating this claim:

60Be repeating exactly the same argument.
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Definition 4.6 Let C;”l"'ia (D, Qp, [wi,w2], @1, - .., ) stand for a tensor
field in the form (4.60) with B = 0. We will say that a derivative index in some
factor V(m)RZ g1 or S, VWR Rijr in CF Ate (O Qyy (Wi, wal, @1y ey ) i

“removable” if it is neither free not contmctmg against a factor Voy,.

Now, consider any factor v$1 ) 8y In CF “1-ta where we make the normal-
izing requirement that all indices that are elther free or are contracting against
a factor V¢j, or Vwy are pulled to the right. We then say that an index in

V(B) 58 is “removable” if it is one of the leftmost B — 2 indices and it is
neither free, nor contracting against any factor V¢p,, Vwy.

Lemma 4.8 Consider a linear combination of partial contractions,

Za/ lel Ql,...,Qp,[W1,LU2],¢1,...,¢U/),

zeX

where each of the tensor fields C3> i-da g in the form (f.60) with B =0 (and
18 antzsymmetmc in the factors Vawl, Viws by definition), with rank a > o and
length o > 49 We assume all these tensor fields have a given simple character
which we denote by K, (we use u’ instead of u to stress that this Lemma
holds in generality). We assume an equation:

Z az Xidivi, ... Xodiv;, CF Aeta(Q L Qp, w1, wa], d1, .oy Pu)+
rzeX

Zaj Ql;-"7Q;Da[w17w2]a¢la"'7¢u):Oa

jeJ

(4.63)

where X, div; stands for the sublinear combination in X div; where V; is in ad-
dition not allowed to hit the factors Vwi,Vws. The contractions C? here are
simply subsequent to R, . We assume that if we formally treat the factors
Vw1, Vws as factors Vi1, Vouta (disregarding whether they are contracting
against special indices) in the above, then the inductive assumption of Proposi-
tion [2.1] applies.

The conclusion we will draw (under various hypotheses that we will explain
below) is that we can write:

Z az Xy divy, ... Xy div;, Cy deta(Q L Qp, (w1, wa], 1, ..., ) =
rzeX

Z az Xy divy, ... Xy div;, Cy Aeta(Q L Qp, (w1, wal, G140y Gu)+ (4.64)
zeX'

Zaj le'-'7Q;Da[w17w2]a¢17"'7¢u)7

jeJ

61 Recall we are counting the two factors wi,ws for one
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where the tensor fields indexed in X' on the right hand side are in the form
(£-60) with B > 0. All the other sublinear combinations are as above. We re-
call that X div; stands for the sublinear combination in Xdiv; where V; is in
addition not allowed to hit the factor Vw, (it is allowed to hit the factor VP w; ).

Assumptions needed to derive (4.64): We claim ({{-64) under certain as-
sumptions on the a-tensor fields in ([4.03) which have rank o and have a free
index in one of the factors Vwi, Vws (say to Vwi wlog)-we denote the index
set of those tensor fields by X** C X.

The assumption we need in order for the claim to hold is that no tensor
field indexed in X“* should be “bad”. A tensor field is “bad” if it has the
property that when we erase the expression Vi,wi1Vyws (and make the index
that contracted against , into a free index) then the resulting tensor field will
have no removable indices, and all factors S, R;;i; will be simple.

Lemma 4.9 We assume ({{-63), where now the tensor fields have length o = 3.
We also assume that for each of the tensor fields indexed in X, there is a
removable index in each of the real factors. We then claim that the conclusion
of Lemma[{-8 is still true in this setting.

We will show Lemmas 8] in [7]. For now, let us see how they imply
@3).

Note: Observe that ([4.62)) satisfies the requirements of Lemmal[L.8 by weight
considerations, since we are assuming that [B.I]) does not fall under any of the
“special cases” outlined in the beginning of the previous subsection.

Thus, we will now apply Lemma 8 (or 9) to (£62).
Consider ([£62). We denote by R, the simple character of the tensor fields

Repl{Cg’il'”i"‘“}. We then observe that Lemmas (or Q) imply:

> anXdivi,, X Tdivi,,, Repl{C} ™4 (.., Q1,0 bu)
heHs

Vil ¢u+1vi2v e Viﬂv}

= Z aqXeri’UiHQXeri’UiﬁCg)iic+2Miﬁ (Ql, ey Qp, w1,wW2, ¢1, ey ¢u)+
qeQ
Za’jOgJ]-(le s an7w17w27¢17 ) qu)a
jeJ
(4.65)

where each Cg’ic%miﬁ (.., Qpwi,wo,01,...,¢4) (B> p+ 1) is a generic
acceptable tensor field in the form ([@60), with the additional restriction that it
has an expression V;‘(Vawl Vipws — vaw2vbw1) Also, each

62Recall that V3 stands for the sublinear combination in Vy where Vy is not allowed to
hit Vwa
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Cg(Ql, ey Qpwi,we, @1, ..., Py) s in the form [@G0) with (B = 0) but is also
simply subsequent to K.

We now define an operation Op, which formally acts on the complete con-
tractions (and linear combinations thereof) in (£61l) by replacing each expres-
(K)
T

sion V( lanK)wlv,YwE by an expression:

K
(K —1)- Vg(rjl,,)wﬁuﬂ

This operation can also be defined on the tensor fields appearing in (£40). Be-
fore we proceed to explain how this operation can act on true equations and
produce true equations, let us see what will be the outcome of formally applying

Op, to the equation ([61):

Op. acting on (£.01) proves [{{.43): For each [ € L*, we denote by

Cé7i1ic+2miu (le RS Q;Da ¢b+la CR) ¢u)v11 ¢u+l

the tensor field that arises from éj;““'i“vih ¢u+1 (as it appears in ([@A0)) by
replacing the A-crucial factor

5. v

B2 det1ldpyyp. Yy

RiryosiiV'ibus1Vi o .. . V@ V?0 .. Vietiy  (4.66)

(igs---»i, are the free indices that belong to that critical factor) by
SV T Rijia Va1 o
We analogously define the tensor fields C;’m°+2“'l"“ (e, Dy o1, -, Pu),s
C’;’mc“'“l“ (Q,...,Qp, P41, .- -, Ou) Vi, Pur1. Observe that for the tensor fields
indexed in H, this is a well-defined operation, since we are assuming that Hs = ()
in (61 (thus for each of the tensor fields above we will have that at least one
of the indices ;, ..., r,,, in {@60) is not contracting against a factor V¢ or Vo).
We observe that for each [ € L?, z € Z},

ax”

Op.{Xdiv;_, ... Xdiv, Repl{CL" " (Q, ..., Qp, b1, ..., 0u)Vi,bus1Visv... Vi v}}
= Xdiv;,,, ... Xdivy, CL im0 (Qy L Qpy dors -, 0u) Vi, Gusr +

Za’jcg(glv s 7Q;Da ¢b+la o '7¢u+1);
JjeJ
(4.67)

(the tensor fields and complete contractions on the right hand side have length
o — b+ u. Here each CJ has length 0 — b+ u + 1) and also has a factor
V) pyyr1,8 > 1.

In the same way we derive that for each h € H (recall that Ho = (), hence
the factor V(&) w, in each Cg’il"'i““ has K > 1) and for each t € T":

63(.“) stands for symmetrization of the indices between parentheses.
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Op.{Xdivi,,, ... Xdiv;,,, Repl{Cl 41 (Qy, ... Q1. .., ou) Vi, bus1
Viv... Vi vt} = Xdivi_, ... Xdiv;,,, Clo7 et (Qy L Qp dyga .o, du)

+ Za/jcg(g].? cee 7Qp7¢b+17 o 7¢u)7
jeJ
(4.68)

OpAXdivi, ., ... Xdivi, Repl{CL" " (..., Qp, 1, ..., 6u) Vi, Gus1Vigv ... Vi v}}
= Xdiv;,, ... Xdiv;, CL™ 2 (Qy, . Qp, dotts -+, 0u) Vi, Gug1+

Zajcg(Ql, . ,Qp,¢b+1, .. '7¢u+1)7
jeJ
(4.69)

where each C_g has length ¢ — b+ u + 1 and also has a factor V)¢, 1,5 > 1.

Op. produces a true equation: Now, let us explain why acting on (Z61]) by
Op, will produce a true equation: We break up ([{.G1]) (denote its left hand side
by F) into sublinear combinations F¥ according to the number K of deriva-
tives on the factor V)w;. Since [@BI) holds formally, it follows that FX =0
formally (modulo longer contractions). We then apply Op, to each equation
FE —= 0. This produces a true equation since we may just repeat the per-
mutations by which F¥ is made formally zero to Op,{FX}. Adding over all
equations Op,{F%} = 0, we derive our conclusion. O

For future reference, we formulate a corollary of Lemma

Corollary 3 We consider a linear combination of a-tensor fields of weight —n+
a and length o

D awCy it (L br, ., ),

weW
where each tensor field above has a given b-simple character K. and a given
rank «. We assume that for a given factor T = S’*V&'?,,TV Rijii (for which the
index ; is contracting against a given factor Vék ) each tensor field indexed in
W has the feature that the factor T has at least one of the indices r,...,r,,;
not contracting against a factor V¢ (for this Lemma only we refer to this as the
good property). Assume an equation of the form:

> awXdiv, ... Xdivi, Cy" ' (... Qp b1, )+

weWw
> anXdivi, ... Xdiv, CJ = (Qu, ... Qp, b1, ..., ) (4.70)
heH
= Z G/ch(Ql, o 'Qpa(blu .. '7¢b)7
jeJ
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where each tensor field indexed in H has a b-simple character Ky has rank z > (3
(for some chosen 3), and does not satisfy the good property. Furthermore, we
assume that for these tensor fields of rank exactly 3, if we formally replace the
expression S*VST?,,TV Rijr by fo;f?ﬁ[kwlvl]wg, then the resulting tensor fields
satisfy the hypotheses of Lemmal[f.8 or[4.9 Each complete contraction indexed
in J' is simply subsequent to K.

We then claim that:

> awXdiv, ... Xdivi, Cy 7 (.. Qp b1, )+

weWw
> anXdivi, ... Xdivi Cp' (. Q- ) (4.71)
heH’
= Za/jcé(gla o 'Qpa(blu e 7¢b)7
jeJ

where each tensor field indexed in H' are as the tensor field indexed in H above,
only they now satisfy the good property. Each complete contraction indexed in
J is simply subsequent to K.

Proof: The proof just follows by reiterating the argument above: We first
use the operation Repl{...} as above, and then apply Lemma[Z8 We then use
the operation Op{...} as above and then the operation Add. O

4.5 Derivation of Proposition [2.1] from Lemma [3.5]

Firstly observe that we only have to show the above claim in case A, since in
case B the claims of Lemma and Proposition 2] coincide.

Proof in two steps: We show that Lemma [35 (in case A) implies Propo-
sition 1] in steps: Firstly, using the conclusion of Lemma we show that we
can derive a new equation:

k—1
(‘;) SN W) Xdiv, ... Xdivg, Ch el (Q L Qda, s fu)

2€24 ., l€ELF =0
Viaraburt + O ayXdivy, ... Xdivg, CL (1, Qp 1, ., bu) Vi, buia
veN
+ 3 wXdivi, .. Xdiv, Cg™ 7 (. Qi Gur) =
te'fl
> a;CH Q. Qb1 Gutr) = 05

jeJ
(4.72)

(notice the difference with (3.I0) is that we are not including 75, T3, Ty and
T; has been replaced by T7). Here the sublinear combination indexed in T
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stands for a generic linear combination of the form 7, ;. ... described in the
statement of Lemma This is step 1.
In step 2 we use [@72)) to derive Proposition 211

Special cases: There are two special cases which we will not consider here,
but treat in [7]. The first special case is when o = 3,p = 3@ and n—2p—2u < 2.
The second special case is when 0 =3, p=2,0 +2 =1 and n = 2 + 2u. For
the rest of this section, we will be assuming that we do not fall under these
special cases.

Proof of Step 1: Recall that Zt€T4 ... appears only when the second critical

factor is a simple factor of the from V(B)Q,. In that case, we choose the
factor V(B)Q, (referenced in the definition of the index set L},) to be the factor

VB)Q,,. (In other words we set = h). In order to show [@TZ), we recall the
hypothesis L}, = () in Lemma In other words, we are assuming that no
tensor field C_(lj“'”l“ in [23) has two free indices belonging to a factor V(2.

Now, refer to the conclusion of Lemma (in case A). In view of the
above remark, it follows that none of the u-tensor fields C’_(ljw'”l“’“ VieGut1
or C'gu’“'“l" Vi, $ut1 have an expression ViQnVigys1. Thus, all tensor fields on
the RHS of (BI0) with such an expression are indexed in Ty (and have rank
z¢ > W, by definition).

Now, we will firstly focus on the sublinear combination

3" aXdiv, ... Xdivi, Cg™ " Q... Q1 bugr)
teTy

(recall z; > p) if it is nonzero. (If it is zero we move onto the next stage). We
firstly seek to “get rid” of the tensor fields indexed in 7. More precisely, we
will show that we can write:

S aXdiv, .. Xdivi, Cg™ 7 (1, Qs bus) =

teTy

> aXdivi, ... Xdivi, Cg™ " (Qu, ... Q1 -, Sugr)+ (4.73)
teTy

Zajcé(ﬂl7 ey qu ¢17 sy (bu-i-l)a

jeJ

(with the same notational convention for the index set T, as above). If we can
prove this, we will be reduced to showing Step 1 under the assumption that
Ty =0.

Proof of [{.73: From (BI0) we straightforwardly derive that:

64Recall that p stands for the number of factors V(4 in Rsimp-
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ST aXudivi, .. Xodivi, Cy" QL QpyGr, Gugr) =0, (474)

teTy

modulo complete contractions of length > o + uw + 2. Here X.div; stands for
the sublinear combination in X div; where V; is additionally not allowed to hit
the expression V,Q,VF¢y 1.

We observe that [@L73) follows from LemmaLTlif o > 3/ and from Lemma
if o =3[9 O

Thus, we may now prove our claim under the additionnal assumption that
T, = (. Next, we want to “get rid” of the sublinear combination:

ST aXdivy, .. Xdivi, Cg™ " (.., Q1 bugr)
teTs

in (310).

In particular, we will show that we can write:

3" aXdivi, ... Xdivi , Cg" " (Qn, ., Q- busr) =

teTs

> aXdivi, ... Xdivi, Cg™ " (Qu, ..., Qp 1, -, Sugr)+ (4.75)
t€T1

ZG’JO;(QM ) Q;Da ¢15 ) ¢u+1);

jeJ

(317, - - - stands for a generic linear combination as described in the conclusion
of (.72))

Thus, if we can show the above, we may additionaly assume that T3 = ), in
addition to our assumption that T = (.

Proof of [{-73) when o > 3: Break up T5 into subsets {T4},—1, ., according
to the factor VQ, that is differentiated only once. We will then show (£75) for
each of the index sets T separately.

To show this, we pick out the sublinear combination on (BI0) with a fac-
tor VQy, (differentiated only once). This sublinear combination must vanish
separately, hence we derive an equation:

ST aXodivi, .. Xodivi, Cg™ 7 QL Qb1 Gugr)

teTh

+Zajcg(ﬂla"'7qu¢1u"'a¢u+l) =0,

Jj€J

(4.76)

65By the definition of Zten ... in the statement of Proposition 1] the assumptions of
Lemma 1] are fulfilled.

66Notice that since we are assuming that (BI) does not fall under the special case (described
in the beginning of this subsection) the requirements of Lemma are fulfilled.
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modulo complete contractions of length > o +wu+ 2; here as usual X, div; stands
for the subinear combination in Xdiv; where V; is not allowed to hit the one
factor V(.

Then, we see that ([@L75]) follows from (£76) by applying Corollary 2l above
(since p > 4 there are at least 2 derivative free indices for all maximal u-tensor
fields in our Lemma assumption; therefore there exist at least two derivative
free indices for each tensor field indexed in T3, by weight considerations hence
the requirements of Corollary [Il are fulfilled). O

Proof of [{{-73) when o = 3: We apply the technique of the proof of Lemma
[42] (“manually” constructing X div’s) to write out:

S aXdivi, ... Xdive,a O™ ( QL Qs busr) =
teTs

(CO?’LSt)L*Xd’L.’Uil .. .XdiUiA+IC;1’i1"'iA+l (Ql, . ,Qp, (]51, ey ¢u+1)+
(CO?’LSt)Z*Xd’L.’Uil .. .Xdi’UiA C;Q’il"'iA (Ql, . ,Qp, (]51, ceey ¢u+1)+

3" aXdiv, ... Xdiv,a:Cg™ ™ Q.. Qi bugr)+

teTy

Za/jcg(ﬂla"'aﬂpu¢17"'7¢u+1)7

jeJ

(4.77)

where the tensor fields Cj "4+ Cy2™14 are zero unless p = 3 or o1 = 2
or o9 = 2 or 01 = g9 = 1 (in the last case there will only be one tensor field

Cpl" A i the above). In those cases, they stand for the following tensor
fields:

peontr(VE), @V @ Ve @ VY gt @ Vi, )
peontr(VeVS), eV @V ®.. VY G © Ve Q)

(here if r > 2 then b =0; if r < 1 then y =2 —r).

l
pcont’r(v(-x) Ria+1jia+2l®v7(f1)...yrR V1. V¥ du1®Vi,,, ),

.
110l Ul ... Ut ta+3 ia4d

peontr(V*VE) Rivrijin i@V R OV G VI V).

o J
UL ..Ut <YrT et oy

(In fact if ¢ + 7 = 0 then there will be no Cj""'""*4*1 in ([@X7)).
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pcont’r(S*VEf_(_)_iaulmut Riia+1ia+2l ® S*vz(J:)...yrRi’iaﬂiaMl ® Vi<z~51 ® Vi/ (132

Q@V1Pps @ ...V hyut1 ® viAHQl)
(4.78)

S X T
peontr(V S*Vz('l.) g B 1ol @ S*Vy(ﬂ)...yTR

g Ul

QVUP3® ... V¥ Pu1 ® V)

Lo Vigr @V dy

. _
Vlat3ig 4y

(4.79)

pCOTLtT‘(S* vgf»)»iaul»nut RSia+1ia+2l ® vé”l‘)~.~yTRilia+3 ia+4l ® viél ® vi/é2

(4.80)
® V“1¢3 X... VyT(bu_H (9 VSQl).

As in the proof of Lemmal2l we then derive that (Const)y . = (Const)a .« =
0 in those cases; thus our claim follows in this case also. O

Now, under the additional assumption that T3 = T4 = (), we focus on the
sublinear combination

- - (2SN
> wXdiv,, ... Xdiv;., C, Qe b1y us)
teTs

in (3I0). We will show that we can write:

3" aXdiv, ... Xdivi, Cg™ " (Qu, . Qpy b1, bus) =

teTs

" wXdivy, ... Xdivi, Cg™ 7 (0, Q614 buga )+ (4.81)
teTy

Zang(Ql, .. .,Qp,¢1, .. '7¢u+1)7

jeJ

where the notation is the same as in the statement of Lemma [3.5], and moreover
> e, --- stands for a generic linear combination of the form described after

[@ETD). For each t € Ty we have z; > p.
We will show a more general statement, for future reference.

Lemma 4.10 Consider a linear combination of acceptable tensor fields,

Ltz
> @l ( Q1 0 Vi Gura

leL,

with a u-simple character Remp (0 > 3) and with a (u + 1)-simple character
E;mp, where in addition we are assuming that if Vi, ¢u+1 s contracting against
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a factor V(m)RijM then it is contracting against a derivative index, whereas if

it is contracting against a factor S*V(”)Rijkl it must be contracting against one

of the indices v, ,...,r,,;. (This is the defining property of the (u + 1)-simple
=+

character K, ).

Consider another linear combination of acceptable tensor fields,

lyi1...iz

> @l (. Q1 0 Vi Gura

lEL>
with a u-simple character Kgimp and weak (u+1)-character equal to Weak(ﬁ;’;mp),
where in addition Vi, ¢u+1 is either contracting against an internal index in
some factor V(m)Rijkl or an index i or in a factor S’*V(”)Rijkl. We moreover
assume that each | € Lo we have z; > vy, for some number 7, and denote by
L] C Lo the index set of the tensor fields with order 7.

Assume that:

Xdivg, ... Xdivi, Y aiCy™ ™ (D, Qb1 0 Vi busr

leL1
. . lyi1...02
Xdzvh...XdzviZZ ZalC’g 1 1, Q1 Pu) Vi Pyl = (4.82)
leLo
Z angvil (Ql, e 7Qp, (251, ceey ¢U)Vil¢u+1,

JjeJ

where each Cg’“ is u-subsequent to Kgimp. Furthermore assume that the above
equation falls under the inductive assumption of Proposition [21] (with regard
to the parameters weight, o, ®, p). Furthermore, we additionally assume that

lyi...iz L . . 9
none of the tensor fields C'g’z1 U of minimum rank in are “forbidden’
in the sense of Proposition [21l

Our first claim is then that there exists a linear combination of (y + 1)-
tensor fields, ZleL’Q alC_(lj“"'H“ (., Qp, 01, 0u) Vi Gugr with u-simple

character K and weak (u+1)-character equal to Weak(/%':imp), where in addition
Vi, @u+1 is either contracting against an internal index in some factor V(m)Rijkl

or an index  or | in a factor S*V(”)Rijkl, so that:

671.e. of rank ~.
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Z CLlC'!l]’il"'iW (Ql, ceey Qp, gf)l, ey (bu)V“ ¢u+1vi2v Ce Vl-wv

leL]
— Xdivi’y+1 Z alCé’il'“iV“ (Ql, ceey Qp, gf)l, ey (bu)Vil(buHth A Vl-wv
leL)
+ ) qCE I (L Qb 00 Vi Gus1 ViU Vi vt
1Yy 1 s Slpy P1y s Pu i1 Pu+1 Vig iy
el

Z ang’““'iW (Ql, ceey Qp, ¢1, ey qbu)ViquuHVizv R ViWU;
jeJ
(4.83)

here each Cé”” is u-subsequent to Ksimp. The tensor fields indexed in T, are
like the ones indexed in L1 in ([{.83), but in addition each z > .

Our second claim is that assuming ({.83) we can write:

. . li1...02
Xd?’v’té s Xd?’v’izl Z alOg ' I(Qla RN va ¢15 R ¢u)vi1¢u+l =

leLo>
. . l,iy..iz
Z aXdivi, ... Xdivi, Cg (. Q. b1, 3u) Vi G+ (4.84)
€L,
Z a’jcg)il (Qla e va ¢15 e ¢u)vi1¢u+la
jeJ

5201 jg - =t
where C3" is u-subsequent to K,

Our third claim is that if v is the minimum rank among all tensor fields
in Ly U Lz in our assumption and L7, L] their respective index sets, then there
exists a linear combination of (v + 1)-tensor fields,

Y eLs alC_(ljil'”i”“ (., QD14 - -+, u) Vi Pyt with u-simple character R and
weak (u + 1)-character equal to Weak(RY, ) so that:

simp

Z Glc(l]’il"'i'y (Ql, ey Qp, (bl, ey ¢u)Vil¢u+1Vi2v Ce Vi,yv
leLy ULy

— Xdivi.y+1 Z alc(l]’il"'i7+1 (Ql, ceey Qp, gf)l, ceey (bu)Vil(buHth . Vl-wv =
leL3

Z a;CI (. Dy b1y Gu) Vi Gug1 Vig . Vi v;
jed
(4.85)

i e R
here each C’;’ 1 s u-subsequent to Rsimp-
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We observe that if we can show the above, then our claim ([&T]) follows from
the second step of this Lemma.

Proof of Lemmal[{.10; We firstly remark that in proving Lemma [L.10] we will
use Lemma [5.2] which is stated and proven in the Appendix of this paper. We
also easily observe that the third claim above follows from the first two. So we
now prove the first two claims in that Lemma:

Proof of the second claim of Lemma [£.10 We now show that the second
claim follows from the first one.

We will show this by induction. We assume that minjep,z: =+ > . We
denote the index set of those tensor fields by Lgl C Ly. Then, using the first
clain®d and making the Vus into X divs, we derive that we can write:

. . t>i1>~~~7iz
E a[XdZ’Uil...Xd/Z’UiWCq Z(Ql,...,ﬂp,¢1,...,¢u+1):
tery

Z aleivil . .Xdi’UiZt Céﬁilwwizl (Ql, ey Qp, ¢1, ey ¢u+1)+

tels (4.86)

> aXdivi, ... Xdivi, CL™ " (Qu, ., Q1 bugr)+
lely

Za/jcg(glw"7Qp7¢17"'7¢u+1)7

JjeJ

where the tensor fields indexed in L) are of the exact same form as the ones
indexed in Lo in (B.H), with the additional property that z; > +' 4+ 1. We notice
that since we are dealing with tensor fields of a given weight —n, iteratively
repeating this step we derive our second step. (Note: If at the last step we
encounter a “forbidden case” then clearly 4 > ~—we then apply Lemma
below with & = 1).

Proof of the first claim of Lemma[{.10 The proof requires only our inductive
assumption on Corollary [l We have two cases to consider: Firstly, when the
factor V¢,41 is contracting (in f{;mp) against an internal index (say ; with no
loss of generality) of a factor V(m)RijM. Secondly, when the factor Ve, 41 is
contracting against an index j of a factor S*V(”)Rijkl.

Proof of first claim of Lemma [{-10 in the first case: In the first case, we
define an operation Cutsym that acts on the tensor fields indexed in Ly by
replacing the expression vﬁ’l’??,rm RijiiV™ ¢, ... V7¢s, Vigy i1 by an expression
S*ngn;fl,),rn Rijklviqﬁu“. We observe that the tensor fields that arise via this
operation have a given simple character which we will denote by K.,:. For each

’
68Provided that there are no terms indexed in L;{ which are forbidden.
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l € Ly we denote by

lyiy...%

0‘71 = (le" 'an7¢17" 'QgTala' "7(57“%7" 'a¢u)vi1¢u+l

the tensor field that we obtain by applying this operation.

We also define the operation Cutsym to act on the tensor fields indexed
in L1 by replacing the the expression ngln_)_rm RijiaV™ ¢y, ... VT, V11 by
a factor V£T+:,1,),TmRijleTb¢u+1. Now, by applying the eraser to the factors
Vg, ...V, and S.-symmetrizing, we may apply CutSym to ([{82) and
derive an equation:

Xdivi, ... Xdivi, S aiCy™ 1 (Q, ..y Srse braseees Brayse e bu)
l€L>
Vi1¢u+l = Zajcg)il (le R Q;Da ¢15 e QgTal PRI QAST% vt ¢u)vi1¢u+17
jedJ
(4.87)

where each CJ is (u—a)-subsequent to K.yt We may then apply CorollaryIII to
the abovelt] Thls follows since either the weight in ([@87) is —n/,n’ < n, (this
occurs when we erase factors V¢, upon performing the operation CutSym), or
the weight is —n and there are u + 1 factors V¢y, in ([@8T). Thus, our inductive
assumption of Corollary [l applies to (£87).

Thus, by direct application of Corollary [l (which we are now inductively
assuming because either the weight is > —n or there are (v + 1) factors V¢) to
{R1) we derive that there is an acceptable linear combination of (y+ 1)-tensor
fields with a simple character R.,:, say

Z a/mc;ﬁil.“i’y+l(ﬂlu .. '7Qp7¢17 .. '(Z/;T‘al P '7(257‘%7' . '7¢u)vi1¢u+lu

zeX

so that:

Z a/lcl - (Qlu' "7Qp7¢17' "(Z;Tala"'aq;’ratu' "7¢u)vi1¢u+lvigv- -'viwv_

leLy

Z a/mcg)ilmi‘wl(ﬂla .. '7Qp7¢17 . '¢E7‘a1 g 7¢E7‘at7' . '7¢u)vi1¢u+lvigv ) viwv

zeX

_Za CL“ Ql7 '7Qp7¢17"'¢27‘a17'"7(;57‘%7'"7¢u)vi1¢u+1vigv'"vi-yva
jeJ
(4.88)

where each tensor field Cg is subsequent to Key:.

69 Corollary [l may be applied by virtue of our assumptions on various terms in our Lemma
assumption not being “forbidden”. This ensures that the terms of minimum rank in (£37)
are not “forbidden” in the sense of Corollary [l
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Now, we define an operation Add that acts on the tensor fields above by
replacing the expression S*Vgﬁ_l‘f)mn RijiVipyut1 by an expression

Vitora SV RtV Gy, oV, Vi

Ta+1--
In case V¢, +1 is contracting against some derivative index in some V(m)RijM,
it adds on the factor V(m)Rijkl against which V¢, is contracting a derivative

indices and contracts them against factors Vg, , ..., ¢q.,. By applying the op-
eration Add to ([@.88) we derive our desired equation (£83). O

The second case is treated in a similar fashion. We now define a formal
operation CutY as follows: CutY acts on the tensor fields indexed in Lo

by replacing the expression S, V v) Y Y AVAR AN VAT A Viqgtaﬂvkqﬁuﬂ
by an expression V(V a+2) YV“gbta, (if there is at least one factor V¢’ con-

’I‘n+1l
tractlng against our factor S, V( )kal, if there is no such factor we replace
S, V Rir, V" ¢ta+1v dut1 by V(UJri +1lY. We will denote the tensor

field thus obtained by
Cé’“"'zzl (Q,...,9,, Y, 1, .. (;Aﬁtl, ol (;Aﬁtaﬂ, ..., ¢u). (Observe that it is accept-
able if we treat the function Y as a function €2,,11. We observe that all the tensor
fields that arise thus have a given simple character which we will denote by Reut).
We also define CutY to act on the tensor fields indexed in L; by replacing them
by zero. Finally, it follows easily that the operation CutY either annihilates a
given complete contraction Cg, or replaces it by a complete contraction that is
subsequent to Keyt.

Now, by virtue of Lemma [£4] and the “Eraser” (defined in the Appendix of
[3]), we see that applying CutY to (£82) produces a true equation which can
be written as:

. . lyit.. iz A A
Xdivi, ... Xdivi,, > arCy™ Q. QY 1, Bty Gty ) =
leLo>

ZakC§7i1(Qlu'"7Qp7§/7¢17"'q;t17"'7q;ta+17"'7¢u)7

keK
(4.89)

where each C;“ is simply subsequent to Keu:. Thus, by direct application of
Corollary [l to ([@8T)I™ we derive that there is an acceptable linear combination
of (v + 1)-tensor fields with a simple character Ke,¢,

Zmexazcml H“(Ql,...,Qp,YqSl,...qgtl,...,qgta,...ﬁu), so that:

70The observation in the previous footnote still applies—by virtue of the assumptions imposed
in our Lemma hypothesis, (£87)) does not fall under a “forbidden case”.
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Z alc{l],i1...iy(Ql,. "an7K¢1a' "¢Et17" ')Qgta" ..,¢u)Vi2v. "Vi.yv_
leL]

> apXdivi  CO I ( QL QY b1, by Bras e Gu) Vv Vi 0
zeX

=3 aCP QL QY b e B G Vi Vi,
keK
(4.90)

where each tensor field C¥ is subsequent to Fcy. (Note that the LHS in (89)
has weight > —n, hence Corollary [Il applies, thanks to our inductive assump-
tion).

Now, we define a formal operation UnY that acts on the tensor fields above
by replacing the expression ng?.t Y, B > 2 by an expression
VO RV 0y, . V0, Vi, VEbui1. By applying the oper-
ation UnY to (£90) (and repeating the permutations by which (£.90) is made
formally zero, modulo introducing correction terms by virtue of the Bianchi
identities—see ([@I9), (£20),(21))) we derive our desired equation (£J3). O

This completes the proof of step 1 (in the derivation of Proposition 2] (in
case III) from Lemma O

Proof of step 2 (in the derivation of Proposition 2] (in case III)) from
LemmalZ8: We consider (L72), (where all the tensor fields are now acceptable,
by definition). Recall that the (u + 1, — 1)-refined double characters that
correspond to the index sets L?, z € Z),,.. in (£12) (we have denoted them by
EM) are the maximal ones. Now, we can apply our inductive assumption of
Proposition 21 to @72){]

We derive that for each z € Z},,., there is a linear combination of acceptable
p-tensor fields (which satisfy the extra restriction if it is applicable),

Z apcgyilmiu (Ql’ T QP? ¢1a cey ¢u7 ¢u+1)

pEP’

with a (u+ 1, — 1)-refined double character L**, so that for any z € Zy

axr”

" The inductive assumption of Proposition 1] applies here since we have weight —n but
have an extra factor V¢, 1. Observe that the (1 — 1)-tensor fields in that equation have no
special free indices, hence there is no danger of “forbidden cases”.
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k—1
o Lo oA .
<2) E a E O!l]’ll"'ZTo‘+1"'l”’z* (Ql,.. -7Qp;¢1;- ..,qﬁu)Vhd)uHVZ—zv.. .Vl-*v+

leL? r=1

Z (ledZ.’UiMCg’ilmi“ (Qla e 7Qp7 ¢17 ) ¢u7 ¢u+1)v7;1U e viH,1U -
peP’

Z a’kcg(Qla' <. an7¢1a' "a¢ua¢u+lavﬂil)a

keK
(4.91)

modulo complete contractions of length > o +u+u+ 1. Here each CF is (simply
or doubly) subsequent to each L#% z € AT

We then define a formal operation Op that acts on the tensor fields in the
above by performing two actions: Firstly, we pick out a derivative index in the
critical factor (the unique factor that is contracting against the most factors
Vwv) that contracts against a factor Vv and erase it. Secondly, we then add a
derivative index V;, onto the A-crucial factor and contract it against the above
factor Vu.

Let us observe that this operation is well-defined, and then see that it pro-
duces a true equation: The only thing that could make this operation not well-
defined is if no factor Vv is contracting against a derivative index in the critical
factor (this can only be the case for factors S*V(”)Rijkl with v = 0). But that
cannot happen: Recall the critical factor must start out with at least two free
indices (none of them special), and then we add another derivative index onto
it. Thus in all complete contractions in (£91]) there are at least three factors
Vv contracting against (non-special) indices in the critical factor. Thus, our op-
eration Op is well-defined. By the same reasoning, observe that our operation
Op produces acceptable tensor fields.

We then set ¢,+1 = v. We have observed that Op is well defined, and we
see that after we set ¢,41 = v, we will have that for each | € L?, z € Z},

axr”

Op[cél?’il"'im:+1'“i”’i* (Ql, ey Qp, gf)l, ey (bu)V“ ¢u+1vi2v . Vl'* U] =
Cé’il"'i“ (Ql, - ,Qp, (]51, ey ¢U)Vi1v . Viuv.

Hence, applying Op to (£.91]) (which produces a true equation since (€.91]) holds
formally) gives us step 2 and thus we derive the claim of Proposition21lin case
III from Lemma O

(4.92)

5 Appendix.

5.1 A weak substitute for Proposition 2.1] in the “forbid-
den cases”.

We present a “substitute” of sorts of the Proposition 2.1l in the “forbidden
cases”. This “substitute” (Lemma below) will rely on a generalized version
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of the Lemma [L.10] Lemma [B.1] which is stated below but proven in [7]. The
generalized version asserts that the claim of Lemma [I0 remains true, for the
general case where rather than one “additional” factor V¢, 1 we have § > 3
“additional” factors V¢y41,...,Vdytg. Moreover, in that case there are no
“forbidden cases”.

Lemma 5.1 Let ), ;. q Cyt e Q) Q by ),

dier, alC:,’“mlbl ottt hs (Q,...,Qp, 01,...,04) stand for two linear com-
binations of acceptable tensor fields in the form (2.3), with a u-simple character
Rsimp- We assume that the terms indexed in Ly have rank p+ 3, while the ones
indexed in Lo have rank greater than u + (3.

Assume an equation:

3" wXdivi, ... Xdivy, Cg" Q. Q1 00V Su - - Vi burs
lel

. . lig...1
+ ) aXdivy, .. Xdivi, Cg" (L Qb ) Vi Sura - Vi b
leLs

+Zajcg(gla"-7QP7¢17"'7¢U+5) = 0’
jeJ
(5.1)

modulo terms of length > o +u+ B4 1. Furthermore, we assume that the above
equation falls under the inductive assumption of Proposition 2.1 in [6] (with
regard to the parameters weight, o, ®,p). We are not excluding any “forbidden
cases”.

We claim that there exists a linear combination of (u+ B+ 1)-tensor fields
in the form (22) with u-simple character Kgimp and length o +u (indexed in H
below) such that:

S @l QL Qb1 0 Vi butt - VigbursVigv ... Vv
leL,

+ > anXdivi, ., Cg™ T QL Qs 00) Vi Gur - Vigbuts
heH

Vilu...ViHv—i- ZajC_g(Ql, .. .,Qp,(bl, .. .,¢U+B,U“) =0,
jeT
(5.2)

modulo terms of length > o +u+ 8+ pu+ 1. The terms indexed in J here are
u-simply subsequent to Ksimp.

A note and a notational convention before we state our Lemma: We observe
that if some of the u-tensor fields of maximal refined double character in (23]
are “forbidden”, then necessarily all tensor fields in (2:3) must have rank p (in
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other words L, = 0)). This follows from weight considerations. Also all the u-
tensor fields must have each of the u free indices belonging to a different factor.
This follows from the definition of maximal refined double character.

We introduce the notational convention needed for our Lemma. For each
tensor field C_(lj“'“z“ appearing in (23) we will consider its product with an
auxilliary function ®, Cél,’“'“l" -®. In that contect X div;, [Cf{“"'z“ - @] will stand
for the sublinear combination in where Vi is not allowed to hit the factor to
which ;, belongs (but it is allowed to hit the function ®).

Lemma 5.2 Assume equation (2.3), under the additional assumption that some
of the tensor fields of maximal refined double character in L, are “forbidden”,
in the sense of definition [2.12 Denote by Keimp the u-simple character of the
tenosr field in (2:3).

We then claim that there is then a linear combination of acceptable p-tensor
fields with a u-simple character Reimp indexed in H below so that:

> aXdiv, ... Xdiv, [CE™ (..., Qp 61, du) - D] =

leL,
> anXdivi, ... Xdivg, [CI(Qu, ., Q- u) Vi, D (5.3)
heH
+ ) a;Xdivi, ... Xdivi, [CP7 M (. Qi b, du) - D),
jeJ

(modulo longer terms); here the terms indexed in J are acceptable (pu—1)-tensor
fields in the form (2.I]) which are simply subsequent to Ksimp.

Proof: Pick out the factor T7 = S’*Rijklviél. Let Lf} C L, stand for the
index set of terms in which contain a free index in this special factor and let
Lf C L, stand for the index set of terms with no free index in that factor. We
assume wlog that for each [ € Lf the free index that belongs to the factor 17 is
i1
' We will prove the following statements:

g aleiviICé’“'“z“ Viv...Vyv= g aleiviIC'é’“"'z“ Vi,v...Vi,v

A B

leLs leL!]

+ E ath” “Viv...Vi,v+ E ajC;” “Viyv... Vv,
teT JjEJ

(5.4)

where the tensor fields indexed in LLB are just like the tensor fields indexed in
Lf, but the free index ;, does not belong to the factor 77. The tensor fields
indexed in T' are acceptable tensor fields of rank u — 1, with a simple character
Rsimp, and moreover they have a factor S,V R;ji; (with one derivative) which
does not contain a free index.
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We will prove (5.4]) momentarily. Let us now check how it implies our claim:
We convert the factors Vu’s into Xdiv’s (we are using the last Lemma in the
Appendix of [3] here), and replace into our Lemma hypothesis, to derive a new
equation:

> aXdivi, ... Xdiv;, CL= "+ " Xdiv,, ... Xdiv;, Ci™
teT leLBUL,E

+ ZaJCé

jeJ

(5.5)

We next pick out the sublinear combination of terms in (&.5) with a factor
S Rijklviqﬁl (no derivatives); this sublinear combination clearly vanishes sepa-
rately, so we derive:

Yo Xudivi, .. Xodivg, C i+ " a;09 = 0. (5.6)
leLBULE jeJ

(Here X.div;[...] stands for the sublinear combination in Xdiv;[...] where V*
is not allowed to hit the factor S, Rijklv%l. We then define a formal operation
Opl. ..] which acts on the terms above by replacing the expression S, Rijklv%l
by an expression V,;wVwV,v—V ;wV;wVv; denote the resulting (u—1)-simple
character (which keeps track of the indices Vs, ..., V,) by Kyimp- Observe
that this produces a new true equation:

> Xdivi, ... Xdiv;, Op[C]5" i +3 " a,;CI =0,

B : (5.7)
leLBJ LB j€J

where the terms Cg are simply subsequent to E’Simp. We can then apply the

“generalized version” of Lemma [T0 to the above (the above falls under the
inductive assumption of (the generalized version of) Lemma [£.10 because the
terms above have o1 4+ 09 + p = 0 — 1). We derive that:

Z Op[C]lg’il"'i“Vilv . Vi, v=0.

5.8
leLB LB (5:8)

Now, we formaly replace each expression V,wVyw, V.v by an expression
S«Ri(ap)cV'P1 and derive that:

Z C;’““'iﬂvilu...vi“vzo.

5.9
leLBJ LB (5.9)

Thus, we may return to (5.5) and erase the sublinear combination in L7 | J L17.
We then pick out the sublinear combination in that equation with a factor
SiVoR;jiV'¢1. We then derive a new true equation:
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Z CLtX*divi2 R X*divi# O;"h'”i“ + Z ang; (5 10)
teT jeJ

(X.div; ... now means that V' is not allowed to hit the factor S Vo Rijkl)-
We then define a formal operation Op/'[...] which acts on the terms above by
replacing the expression S*VaRijle“g?)l by an expression V,wV ;wViwViv —
VawV,jwViwVv; denote the resulting (u — 1)-simple character (which keeps
track of the indices Vsy,..., V) by Kiyimp- Then by the same argument as
above, we derive that:

S wOF [CIy Ty Ty =0 an
teT
and therefore:
ZatCé"m'"i“vizU"'viuU:0' (5.12)
teT

Thus, we derive our claim by just multiplying the equations (E4), (&.9),
(EI2) by @, converting the Vu’s into Xdiv’s (we are here applying the relevant
Lemma from the Appendix of [3]) and then adding the resulting equations.

Thus, matters are reduced to proving (54). We do this as follows: Refer to
our Lemma assumption and pick out the sublinear combination of terms with a
factor S, Riju v%l (with no derivatives). This sublinear combination vanishes
separaely, thus we derive a new true equation:

Z a X divy, Xodivg, . .. Xidivg, Cé’il"'i“ + Z a Xxdivg, ... Xydiv;, Cé’il"'i“
leLg leLB
+2_ 40 =0.
jeJ
(5.13)

Again, applying the operation Op (defined above) to (513]) we derive a new true
equation:

> wX.div, ... Xodivg, { X divi, Op[Cl57 -}

leLf
. _ (5.14)
+ Z a Xdivy, .. .X*divinp[C']i;“'”z“ + Z a;C) = 0.
leLB jeJ

72Recall that in this setting the derivative V* in each Xdiv; is allowed to hit the factor ®.
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Here X div;, Op[C]f}”'”Z“ stands for the sublinear combination where the deriva-
tive V? is not allowed to hit any of the factors V¢, nor any of the factors
Vw,Vu. In fact, if we treat the XdiviOp[C];’“”'l“ as a sum of (u — 1)-tensor
fields (so we forget its X div-structure). We then apply the inductive assump-
tion of Lemma to derive that there exists a linear combination of u-tensor

fields with a (u — 1)-simple character &;,,,, such that:

Z al{XdivilOp[C']é’il'”i“}V@v Vg, + Z a X, div;, C’g’il"'i“ Vi,v...Vu,

leLf heH
+_a;C) =0.
jed
(5.15)
Now, we act on the above by another formal operation Op~![...] which replaces

each expression V,wVywV v by S*Ri(ab)cvigzgl. The result precisely is our

desired ([B.4).

5.2 Mini-Appendix: Proof that the “delicate assumption”
(in case I) can be made with no loss of generality:

We let M stand for the number of free indices in the critical factor, for the terms
of maximal refined double character in (B.1]). We denote by L, . C U, L7

Max

the index set of p-tensor fields in (B1]) with M free indices in the critical factor
and with only one index (the index ;) in the critical factor contracting against

another factor, in particular against a special index in some (simple) factor
SV Rapeal™ We will show that:

Z alc(l]’il"'i" (Ql, ey Qp, ¢1, ey qbu)Vilv ce. viM’U—

IEL,,

Y anXdivi, Oy Qe Dy b1, 00)Viv. . Viu = (596
heH

Z atC;’il'”i“ (Ql, ce ,Qp, (251, ey ¢U)Vi1v A Viuv,

teT

where the tensor fields in the RHS have all the features of the tensor fields in the
first line but in addition the index ; in the critical factor is contracting against
a non-special index. If we can show (B.I6]), it then follows that the “delicate
assumption” can be made with no loss of generality.

Proof of (510): We divide the index set L, , according to which factor
S,V R.p.q the index ; in the critical factor is contracting against: We say
that I € L, .,k € K if and only if the index ; is contracting against a special

"3Denote this other factor by T’ (while the critical factor will be denoted by T).
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index in the factor S’*V(p)Rijcdviék (denote this factor by T} )-say the index ;
in T7.

We prove (5.16) for the terms in L,, , . Clearly, if we can prove this then the
whole of (5.16]) will follow. We denote by Cﬂé’“"'” Q.. Y1, Y5, 01, ..., 00)
the tensor field that arises from C_(lj“'”l“ (.., Qp, o, ... Ok ¢u) by Te-
placing the expression S*ngf?__n RijklS*Véﬁ),,,pryj/k/lViJ)lVi, d;k by
fol”ri)y gl V;’; Hy)p 1 Y2; denote the resulting simple character by Cut[Rsimp)-
Considering the second conformal variation of ([B.I) and pick out the terms of
length o +u with the factors Vg1, Vi, contracting against each other, we derive
a new true equation:

[ Y wXdivi, ... Xdiv;, CL™ (..., Y1, Yo, 02, G-, bu)+
€L, «.k

> anXdivi, ... Xdiv;, Cl (L Q. Y1, Yo, 2, B Gu)+
heH
Zajcg(gla . '7Qp7}/17}/27¢27 T 7(5]65 e '7¢u)]vs&lvs&k =0.
jeJ
(5.17)

The terms indexed in H have length > p and are acceptable with a simple char-
acter Cut[Rsimp]. The complete contractions indexed in J are simply subsequent
to Cut[/%'mmp]

Now, we apply our inductive assumption of Corollary [l to the above and
we pick out the sublinear combination of maximal refined double character—
denote the index set of those terms by i%*,k (notice that the sublinear com-
bination 37, will be included in those terms). We then derive that there
exists a linear combination of acceptable (u + 1)-tensor fields with a simple
character Cut[Rsimp) so that:

Z alci(l]ﬂllmzM (Ql7 s 7Qp7 leui/éu ¢27 ) (bka SRR ¢u)vilv s viuv_
1€L, .k

> anXdivi,, ,Cl e (Q, L 9 Y1, Y0, 60, B 0u) ViU V0
heH

+) a; Pt QL Y1, Ya, B, ks Gu) Vi 0 V0 = 0.
jeJ
(5.18)

Now, formally replacing the expression

Vi L eVl Ve vig. @@ Vg @ V.. V¥4 @

74 Notice that (51T does not fall under any of the “forbidden cases”, since the for the factor
VY we have ®1 +M > 2, where M is the number of free indices that belong to that factor
and @1 is the number of factors V¢, that contract against it.
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by an expression

S*V(A—Z) Riya_1yal @ S*V(B—2) Ri/rB,erl ® Vi¢1 ® Vi'¢k

Y1---YA—-2 T1...TB—2

and repeating the permutations that make the above hold formally we derive
our claim. O
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