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Abstract

The fundamental notion of non-abelian generalized cohomology gained recognition in algebraic topology as
the non-abelian Poincaré-dual to “topological factorization homology”, and in theoretical physics as providing
flux-quantization for non-linear Gaul} laws. However, already the archetypical example — unstable Cohomo-
topy, first studied almost a century ago by Pontrjagin — may remain underappreciated as a cohomology theory.
In illustration and amplification of its cohomological nature, we construct the non-abelian analog of the Chern
character map on Zj,-equivariantized 7-Cohomotopy — in fact on its “twistorial” version classified by com-
plex projective 3-space — essentially by computing its equivariant minimal Sullivan model, and we highlight
some interesting integral cohomology classes which are extracted this way. We end with an outlook on the
application of this result to the the rigorous deduction of anyonic quantum states on M5-branes wrapped over
Seifert-orbifolds.
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1 Introduction & Overview

Algebraic topology, of course, is the study of spaces via systems of (co)homological invariants. Ever more gen-
eralized versions of cohomology are routinely discussed these days, but an ancient and archetypical example —
namely unstable Cohomotopy, which we will refer to as just Cohomotopy — has received little attention as a coho-
mology theory, since as such it falls outside the scope even of the generalized cohomology theories as commonly
understood today: it is a non-abelian generalized cohomology theory, as we recall in a moment.

Motivated by recent application [SS25a] in theoretical physics of non-abelian generalized cohomology in gen-
eral, and of Cohomotopy in particular, we present here a case study of constructions on and phenomena exhibited
by Cohomotopy when regarding it as a cohomology theory. Concretely we discuss a “twistorial” variant of low-
degree Cohomotopy in tangentially twisted and in Z,-equivariant form, and our main result is the computation and
analysis of its character: the twisted equivariant non-abelian analog of the familiar Chern-character on K-theory.

At the heart of this computation is, for reasons explained in a moment, the computation of minimal Sullivan
models of fibrations of some basic cell complexes (like S7 and CP3) but in equivariant rational homotopy theory.
Since in this context even such basic examples have not been discussed in print before — to the best of our knowl-
edge — the reader may in part take this article as an exposition of the notoriously more intricate equivariant version
of dg-algebraic rational homotopy theory (which has seen little application in the past) along some illustrative
examples.

But for the inclined reader we end with a brief outlook on the somewhat remarkable implications of our
computations to recent questions in theoretical physics, specifically to the flux-quantization of M5-branes probing
Aj-type orbi-singularities.

To set the scene, it is worthwhile to briefly take a step back and reconsider the notion of cohomology as such:

Cohomology via classifying spaces. It is a classical and yet possibly undervalued fact that reasonable cohomology
theories have classifying spaces (and more generally classifying stacks). To quickly recall (more details and
pointers in [FSS23, §2] 1):

Ordinary cohomology. This begins with the observation that (reduced) ordinary singular cohomology, with
coefficients in a discrete abelian group A, is classified in degree n by Eilenberg-MacLane spaces K(A,n) — in that
on well-behaved topological spaces X, notably on smooth manifolds, there are natural isomorphisms between the
ordinary cohomology groups and the connected components of the respective (pointed) mapping spaces:

H"(X;A) ~ myMaps(X, K(A,n)), H"(X;A) ~ myMaps*/ (X, K(A,n)). (1)
This equivalence makes manifest the characteristic properties of cohomology: homotopy invariance, exactness and

wedge property, since these are now immediately implied by general abstract properties of mapping spaces.
Moreover, these EM-spaces are in fact loop spaces of each other, via weak homotopy equivalences

o, : K(A,n) —— QK(A,n+1) 2
that thereby represent the suspension isomorphisms between ordinary cohomology groups, as follows:

H"(X;A) o Maps*/(X,K(A,n)) (%)3 Maps*/(X, QK(A,n+1)) ~ Maps*/(EX, K(A,n+1)) >~ H™! (ZX;A).
(1 ( adjunction ()

Ordinary non-abelian cohomology. Note here that it is the loop space property (2), and hence the corre-

sponding suspension isomorphism, which reflect the fact that the coefficient A has been assumed to be an abelian

group: For a non-abelian group G, an Eilenberg-MacLane space K(G, 1) ~ BG still exists, but is not a loop space.

While the suspension isomorphism is thus lost for non-abelian coefficients, the assignment
X — H'(X;G) := mMaps(X,BG) € Set"/ 3)
still satisfies homotopy invariance, exactness and wedge property, just by the general properties of mapping spaces,

and hence has all the characteristic properties of ordinary cohomology — except for its abelian-ness. Accordingly,
(3) is known as non-abelian cohomology, famous from early applications in Chern-Weil theory.

I'The numbering in [FSS23] we refer to is that of the published version, which differs from the numbering in the preprint version, see
ncatlab.org/schreiber/show/The+Character+Map+in+Non-Abelian+Cohomology.


https://ncatlab.org/schreiber/show/The+Character+Map+in+Non-Abelian+Cohomology

Whitehead-generalized cohomology theory. But if or as long as we do insist on abelian cohomology groups
related by suspension isomorphisms, we may still immediately generalize ordinary cohomology in the form (1),
simply by using any other sequence of classifying spaces (E,);_,, being successive loop spaces of each other as in
2,

on: E, —— QFE, 1,
as such called a sequential Q-spectrum of spaces, or just a spectrum, for short. The Brown representability theorem
says that the resulting assignments
X +— E"(X):= mMaps(X; E,)
are equivalently the generalized cohomology theories as introduced by Whitehead, including examples such as
K-theory, elliptic cohomology and cobordism cohomology.

Non-abelian generalized cohomology. But as we just saw, suspension isomorphisms are to be regarded as
extra structure on cohomology. Not necessarily requiring them leads to consider any pointed space A (which we
may as well assume to be connected) as the classifying space of a non-abelian generalized cohomology theory,
defined in evident generalization of (3) simply by

HI(X;Q/‘Zl) = noMaps(X,ﬁl). @
Here the notation on the left is suggestive of the fact that any loop space 4 canonically carries the structure of a

higher homotopy-coherent group — a groupal A..-space or o-group, for short — whose de-looping is equivalent to
the connected component of the original space:

4 ~ BOA. 5)

For instance, in the archetypical case where 4 = §" is the n-sphere, then the non-abelian generalized coho-
mology theory that it classifies is known as (unstable) Cohomotopy 7"

H'(X;Q8") = JroMaps*/(X, s = 1'(X), (6)
in dual reference to the familar homotopy groups
T (X) ~ n'oMaps*/(S”,X) )
Another example of non-abelian generalized cohomology is unstable topological K-theory [HKO04], whose

classifying spaces are taken to be finite stages U(n) of the sequential colimits which construct the classifying
spaces of topological K-theory.

Developing non-abelian cohomology. Fundamental, elementary and compelling as the notion of non-abelian
generalized cohomology in (4) is, it has long remained underappreciated. For example, none of the original
authors [Bo36][Po38][Sp49] on Cohomotopy (6) address their subject as a cohomology theory, instead the early
development revolves around partial fixes for the perceived defect of co-homotopy sets to not in general carry group
structure. The situation does not improve with the early development of “non-abelian gerbes”, whose original
description [Gi71] appears unwieldy.

Explicit acknowledgement of (stacky) non-abelian generalized cohomology in the transparent guise (4) appears
only in a lecture [To02] (possibly following [Si02]). Two independent developments in 2009 finally put non-abelian
generalized cohomology into practical context:

* The discovery of non-abelian Poincaré duality [Lu09b, §3.8], relating non-abelian cohomology (later made
explicitin [Lul4, Def. 6]) of manifolds to “non-abelian homology” in the guise of “topological chiral homology”
(which, in contrast to non-abelian cohomology, takes work to define);

* The observation in theoretical physics [SSO8][Sc09][SSS12] that charge/flux-quantization laws [SS25a] for
higher gauge fields are generally in non-abelian cohomology.

With non-abelian generalized cohomology thus recognized as a worthwhile subject, we are led to generalize
familiar constructions in abelian cohomology, as far as possible, and to explore the consequences.

First, we may straightforwardly equip non-abelian cohomology with further attributes: Considering the right
hand side of (4) not just for plain spaces but for sheaves of spaces (higher stacks) leads to non-abelian general-
ized sheaf cohomology, including, in particular, non-abelian generalized versions of twisted cohomology and of



equivariant cohomology (also of differential cohomology, but this shall not concern as here):

Equivariant non-abelian cohomology. Via the above identification of cohomology sets with homotopy-
classes of maps to a classifying space, every flavor of homotopy theory comes with its corresponding flavor of
cohomology theories.

In equivariant homotopy theory one considers (cf. [SS25b]) topological spaces A equipped with the action
G €A of a (finite, for our purposes) group G and with G-equivariant maps between them — and the corresponding
flavor of cohomology is equivariant cohomology (which we also call proper equivariant cohomology in order to
distinguish it ffforma rom the coarser form of Borel-equivariance):

HL(X;Q4) = mMaps(GCX,Ga)C. (7

Here the notion of G-homotopy equivalence of maps is straightforward but, at face value, technically cumber-
some to reason about. However, Elmendorf’s theorem (recalled as Prop. 2.26 below) reveals that G-homotopy
equivalences (between G-cell complexes) are nothing but systems of ordinary weak homotopy equivalences be-
tween the H-fixed spaces 4" for all subgroups H C G. These systems of fixed spaces are conveniently re-packaged
as presheaves on a small category called the orbit category Orb(G) of G, whence G-equivariant homotopy theory
is equivalently the homotopy theory of presheaves of spaces on Orb(G).

Twisted non-abelian cohomology. Somewhat similarly, given any space B in any homotopy theory, the B-
slice is the homotopy theory whose objects are spaces fibered over B with maps between them respecting the
fibration up to specified homotopy. If we assume, without essential restriction, that the base space is connected,
then we may identify it as B ~ BG, as in (5), which exhibits any fibration over it as the Borel construction 4 / G
of the homotopy-quotient of a homotopy-coherent action G C 4.

If we now think of a domain object X — B( in this BG-slice as a rwist and of a codomain object 4/ G 2, BG as
a local coefficient bundle, then the corresponding non-abelian cohomology is just the homotopy classes of sections
of the T-associated A-fiber bundle, and as such is 7-twisted A-cohomology:

a)G

HYT(X,Q4) = mMaps(X, 4/ G) ;. = ” lp (8)
X " BG /

h

realtive

omotopy

This works generally: If all spaces here are in addition equipped with G-actions as in (7), hence if we are looking
at a slice of equivariant homotopy, then the above is automatically twisted equivariant non-abelian cohomology.

This is what we shall be concerned with here, concretely with the character map in this generality:

The non-abelian character. One famous construction on abelian cohomology is the Chern-Dold character
map to de Rham cohomology, which in the case of K-cohomology becomes the familar Chern character (and
which on ordinary cohomology is essentially just the de Rham theorem). One may think of the Chern-Dold
character as universally extracting the non-torsion data in the cohomology groups. Its generalization to non-abelian
cohomology was developed in [FSS23]:

Observing that the Chern-Dold character is essentially just the cohomology operation induced by rationaliza-
tion of the classifying space, .

n
rationalization
as such it makes sense in the generality of non-abelian classifying spaces (immediately so under mild technical
assumptions, such as nilpotency, but with more work also more generally). In view of this, the fundamental theorem
of dg-algebraic rational homotopy theory may be re-cast as a non-abelian de Rham theorem which identifies, over
smooth manifolds X, the resulting non-abelian rational cohomology with the concordance classes of flat differential

%7



forms having coefficients in the real Whitehead-bracket L..-algebra [4 of the classifying space:

H! (X;,‘Zl) = nOMaps(X, ﬂl)

non-abelian generalized cohomology

character map

(
9

rationalization of
classifying space

non-abelian
rational cohomology ~de Rham theorem de Rham cohomology

1

———— mMaps(X,L22) ———— HL(X;14)

©)

non-abelian non-abelian

Since generalized cohomology theories are typically hard to analyze, in particular non-abelian ones, this char-
acter map may be regarded as extracting the first non-trivial stage of more tractable invariants. For instance, the
character of a non-abelian class is the first obstruction to a trivialization of that class.

(In the mentioned application to physics, the flux densities of a higher gauge field are sourced by charges which
appear as classes in non-abelian de Rham cohomology on the right, and the completion of the higher gauge theory
by a flux-quantization law means to lift these charges through the character map to classes in a chosen non-abelian
cohomology theory on the left.)

It is fairly straightforward to generalize the non-abelian character (9) to twisted non-abelian cohomology (8),
now using relative minimal Sullivan models.

The following table shows some examples of the resulting form of twisted non-abelian character maps that we
have computed elsewhere before — the first few examples are for general illustration and orientation, the last one is

the one of concern here

: Our goal here is to equivariantize it.
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This identification of the character map on non-abelian cohomology with the passage of classifying spaces to their
minimal dgc-algebraic models in rational homotopy theory yields a new perspective on both subjects:

* On the one hand it becomes clear at once how to make sense of the twisted equivariant non-abelian character,
namely by construction of equivariant relative Sullivan models using the theory of [Tri82][Scu02, §11][Scu08]

» and conversely it provides a sudden wealth of motivation and applications of the latter (which arguably has led
a niche existence in the literature).

Main result. Here we lay out this construction of the twisted equivariant non-abelian character map 2 and apply
it to the example of twistorial Cohomotopy., with the following main result (whose proof culminates in Rem. 3.79

below):

Theorem 1.1. (i) The character map (Def. 3.78) in Zi-equivariant twistorial Cohomotopy (Def. 2.48), on 74-
orbifolds (Def. 2.36) with Sp(1)-structure T and -connection @ (Example 3.70), is of the following form (3.79):
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(ii) Moreover, a necessary condition for differential forms to be in the image of this character map is their (shifted)
integrality, as follows:

[G4] = [Ga+1ipi(0)] € HY(X;Z) —H*(X;R), [R] € H*(X;Z) —H*(X;R).  (10)

ZMore specifically, here we develop the equivariant non-abelian character for the case of classifying spaces which are equivariantly
(namely: fixed locus-wise) simply-connected. If one drops this assumption then the discussion becomes much more involved, as then
one needs to rationalize the fixed locus-wise covering spaces while retaining the respective actions of the fundamental groups by Deck
transformations on each fixed locus — this on top of the action of the equivariance group G and of the twisting group G.



The computation at the heart of our proof. At the heart of the proof of Theorem 1.1 is the computation (Prop.
3.56 below) of the equivariant relative minimal model ([Tri82, §5][Scu02, §11][Scu08, §4], recalled as Def. 3.40
below) of the Z-equivariant Sp(1)-parametrized twistor fibration in equivariant rational homotopy theory.

The equivariant twistor fibration. The twistor fibration tiy ([At79, §II1.1][Br82], see [FSS20c, §2]) is the map
from CP? (“twistor space”) to HP' ~ $* which sends complex lines to the right quaternionic lines that they span:

SZ ~ HX/(CX

fib(tm) Ccp? -~ (C4\{O})/CX 5 {V-Z ’Z S (CX}

A l
HP' =~ (H>\{0})/H* > {v-qlgecH"}

The fiber of the twistor fibration is hence H* /C* ~ CP! ~ §2.
(i) There is the evident action of Sp(2), on both CP? and HP', by left multiplication of homogeneous representa-
tives with unitary quaternion 2 x 2 matrices (58):

1D

Sp(2) x CP3 CP3, Sp(2) x HP! HP! (12)
A p) = (A A p) = (A
and the twistor fibration (being given by quotienting on the right) is manifestly equivariant under this left action.
(ii) Consider the following subgroups:
Zy:={1:=({9),0:=000)} CSp2), o0:lz:zm:iz:izu — [B:iu:zu:2], (13)
Sp(1):=={q == (§9)|q € SH)} < Sp(2). (14)
Since these manifestly commute with each other, the homotopy quotient CP? /Sp(1) of twistor space (11) by Sp(1)
still admits the structure of a G-space (as in [tD79, §8][May96][Blul7]) for G = Z’g, fibered over BSp(1) (see Ex.
2.44 below for details).

The equivariant minimal relative dgc-algebra model of twistor space. Our Prop. 3.56 gives its equivariant

minimal model: (Zz)/ hs, dhs =04 —5p1— fo A fo
" dfa=0
ol o ml,| 2 o
2 2/ [4171] @7, d(ih:—w4/\((04—%191)
CP?/Sp(1) (15)

twistor space relative to BSp(1)

homotopy-quotiented by Sp(1)

with residual /1/24 -action

Z;-orbit category

l minimal Z/z‘ -equivariant model

singularity h37 dh3: _lpl_fZ/\fZ
Lr|ly R[}lpl][ﬁ]/(dfzzo ’

normalized (as in [FSS19b][FSS19c][FSS20c]) such that:
(a) all closed generators shown are rational images of integral and integrally in-divisble cohomology classes;
b)w:=0w— % p1 is fiberwise the volume form on HP' ~ §%, and /> is fiberwise the volume form on CP' ~ §2.

As a non-trivial example of a (relative) minimal model in rational equivariant homotopy theory, this may be of
interest in its own right. Such examples computed in the literature are rare (we have not come across any). Here
we are concerned with a most curious aspect of this novel example: Under substituting the algebra generators in
(15) with differential forms on a Zfz‘—orbifold (essentially the non-abelian character map, Def. 3.78), the relations

in (15) are those expected for flux densities in “M-theory”, as briefly explained in §4:

shifted
C-field flux density gauge flux

1 ~ 1 1
(3p1, 4, @7, f2, h3) — (1p1(®), G4+ 3pi(®), 2G7, Fr, H3).
dgc-algebra generators of Pontrjagin form . dual . B-field flux
equivariant relative minimal model (gravitational flux density) C-field flux density



Outline.

In §2 we introduce equivariant non-abelian cohomology theory (in equivariant generalization of [FSS23, §2]) and
the example of equivariant twistorial Cohomotopy theory 7/, (—) (Def. 2.48).
2

In §3 we introduce equivariant non-abelian de Rham cohomology theory and the equivariant non-abelian character
map (in equivariant generalization of [FSS23, §3-5]) and compute the Zé—equivariant relative minimal model of
Sp(1)-parametrized twistor space (Prop. 3.56).

In §4 we briefly indicate the application and impact of our result on the problem of flux-quantization of higher
gauge fields arising in super-gravity.

Notation. For various types of symmetry groups and their quotients, we use the following notation:

T Compact Borel equivariance group J (X / T) Borel equivariant homotopy type Ex. 2.8
G Finite proper equivariance group Def. 2.11 Y(X// G) Orbifold Ex. 2.20
Ir (X / G) Proper equivariant homotopy type Def. 2.23
. Proper G-equivariant &
T x G | Borel & proper equivariance group I(rxj6) )T Borgl T—quivariant homotopy type Ex. 2.43
9 Simplicial group/ee-group Not.2.2 |G Homotopy quotient Prop. 2.7
G G-equivariant co-group Rem. 2.42 yae G-equivariant homotopy quotient (72)

Our notation for equivariant homotopy theory follows [SS20b]. The symbol “)” refers to proper equivariant
objects (“orbi-singular objects”), parametrized over the orbit category (Def. 2.13) of the equivariance group (41):

‘ Symbol ‘ Meaning Details ‘
GActions (TopologicalSpaces) G—acFlons on Categor}./ of topologlc:cll spaces equipped with contin- Def. 2.11
topological spaces | uous action of the equivariance group G
GOrbits G-orbits Categoryl of canf)m(fal orbits G/H of the equivariance Def. 213
group, with equivariant maps between them
GSimplicialSets (?-qulyarlant C;ateg.or'y of contra-variant functors from G-orbits to Def. 2.19
r simplicial sets simplicial sets
GVectorSpaces, G-equivariant Category of co-variant functors from G-orbits to vec- Def. 3.5
r dual vector spaces | tor spaces
GDiffGradedCommAlgebras: G-equivariant Cate.gory. of co-Yarlant functors from‘ G-orbits to con- Def. 3.30
r dgc-algebras nective differential graded-commutative algebras
GHomotopy Types G-equivariant Homotopy. category of projective .model' cate.:g'ory of Def. 2.22
r homotopy types contra-variant functors from G-orbits to simplicial sets

2 Equivariant non-abelian cohomology

In §2.1 we recall basics of co-groups and their co-actions and establish some technical Lemmas.
In §2.2 we recall basics of proper equivariant homotopy theory and introduce our running Example 2.44.
in §2.3 we introduce equivariant non-abelian cohomology theory.

in §2.4 we introduce twisted equivariant non-abelian cohomology theory.

Throughout, we illustrate all concepts in the
running example of the Zé—equivariant and |
Sp(1)-parametrized twistor fibration (Exam-
ple 2.44), the induced equivariant twistorial
Cohomotopy theory (Def. 2.48) and its char-
acter image in equivariant de Rham cohomol-
ogy (Example 3.74). We highlight that here
both flavors of equivariance are involved.

| Borel equivariance | Proper equivariance

Equivariance

group (§2) T =Se(l) G=1
Equivariant Borel-Weil-Cartan Bredon-type
dR-cohomology (§3) model theory
Physical Flux quantization: orbifolding of
effect (§4) shift of G4 by 1p; M5-brane




We make free use of basic concepts from category theory and homotopy theory (for joint introduction see
[Rie14][Ri20]), in particular of model category theory ([Qu67], review in [Ho99][Hir02][Lu09a, A.2]). Relevant
concepts and facts are recalled in [FSS23, §A].

For ¢ a category, and X, A € ¢ a pair of objects, we write

€ (X,A) € Sets (16)
for its set of morphisms from X to A. This assignment is, of course, a contravariant functor in its first argument, to
be denoted:

C(—A) 1 €°P ——> Sets . (17)
Elementary as it is, this is of profound interest whenever %’ is the homotopy category of a homotopy topos [TV05]
[Lu09a][Re10], in which case the contravariant hom-functors (17) are non-abelian cohomology theories [To02]
[Sc13][SS20b][FSS23]. These subsume generalized and ordinary cohomology theories ([FSS23, §2]), as well as
their equivariant enhancements, which we consider below.

2.1 Homotopy theory of «-group actions

Plain homotopy theory.

Notation 2.1 (Classical homotopy category). (i) We write

TopologicalSpaces, , SimplicialSetsg, € ModelCategories (18)
for the classical model category structures on topological spaces and on simplicial sets, respectively ([Qu67, §I1.3],
review in [Hir15][GJ99]).

(ii) The classical Quillen equivalence

|-
TopologicalSpaces, ~Qu SimplicialSets, 19)
Sing
induces an equivalence between the corresponding homotopy categories, which we denote:

SimplicialSets HomotopyTypes := Ho (SimplicialSetsQu). (20)

localization
(iii) We denote the localization functor from topological spaces to this classical homotopy category by “J”: 3

. shape I
TOpOlOglcaISpaCCS localization at weak homotopy equivalences HomOtOpyTypeS : (2 1)

m Y localization (20)

simplicial set

(19) SimplicialSets

Borel-equivariant homotopy theory. We recall basics of Borel-equivariant homotopy theory, but in the generality
of equivariance for co-group actions (for the broader picture see [NSS12a][SS20b, §2.2]).

Notation 2.2 (Model category of simplicial groups). (i) We write

SimplicialGroups := Groups(SimplicialSets) (22)
for the category of simplicial groups.
(ii) This becomes ([Qu67, §11.3.7]) a model category

SimplicialGroups,; € ModelCategories

proj

3The “esh”-symbol “J” stands for shape [Sc13, 3.4.5][Sh15, 9.7][SS20b, §3.1.1], following [Bo75], which for the well-behaved topo-
logical spaces of interest here is another term for their homotopy type [Lu09a, 7.1.6][Wal7, 4.6].



by taking the weak equivalences and fibrations to be those of SimplicialSetsg,, (Notation 2.1).
(iii) We denote the homotopy category of this model structure by

Y

proj localization at
weak homotopy equivalences

Simplicial Groups Groups,, = Ho(SimplicialGroups (23)

proj) .
and denote the generic object here by

¢ € SimplicialGroups . Groups,, .

Example 2.3 (Shapes of topological groups are co-groups). For T € TopologicalGroups, its singular simplicial set
(19) is canonically a simplicial group (22)

Sing(T') € SimplicialGroups, (24)
and, since the weak equivalence of simplicial groups are those of the underlying simplicial sets, its image in the

homotopy category is the shape [T (21), now equipped with induced oo-group structure (Notation 2.2):

co-group shape I

Topological Groups Groups,, . (25)

localization at weak homotopy cquivalcncc5/
W Y localization (23)

simplicial group Simplicial Groups
(19), (24)

Notation 2.4 (Model category of reduced simplicial sets). (i) We write

ReducedSimplicialSets ——— SimplicialSets

for the full subcategory on those S € SimplicialSets that have a single 0-cell, So = .
(ii) This becomes ([GJ99, §V, Prop. 6.2]) a model category with weak equivalences and cofibrations those of
SimplicialSetsQu (Notation 2.1):

ReducedSimplicialSetsg; € ModelCategories.

(iii) Since reduced simplicial sets model those homotopy types (20) which are pointed and connected (e.g. [NSS12b,
Prop. 3.16]), we denote the corresponding homotopy category by

ReducedSimplicialSetsg; HomotopyTypes?/, := Ho(ReducedSimpliCiaISetSGJ). (26)

Proposition 2.5 (Classifying space/loop space construction [GJ99, §V, Prop. 6.3][St12][NSS12b, §3.5]). There
exists a Quillen equivalence between the model categories of reduced simplicial sets (Notation 2.4) and that of
simplicial groups (Notation 2.2)

Simplicial Groups ~Qu ReducedSimplicialSets 27
_—

w
whose derived adjunction is given by forming homotopy types of based loop spaces and of classifying spaces:

Proj

based loop s-group
Q(-)
wo-groups  GTOUPS,, ~ HomotopyTypesi/ e (28)
B(—):=RW(-) - .

classifying space

Notation 2.6 (Homotopy theory of simplicial group actions). For ¢ & SimplicialGroups (Notation 2.2)
(i) we write

¢ Actions := SimplicialFunctors(B¥, SimplicialSets)

10



for the category of simplicial functors from the simplicial groupoid with a single object and ¢ as its hom-object to
the simplicial category of simplicial sets.

(ii) This becomes a model category by taking the weak equivalences and fibrations to be those of underling sim-
plicial sets (evaluating at the single vertex of BY):

¢ Actionspj € ModelCategories

and we denote its homotopy category by:

¢ Actionspyo Ho (% Actionsproj) =: Y Actions .

The following, Prop. 2.7, is pivotal for discussion of twisted non-abelian cohomology, notably for the no-
tion of equivariant local coefficient bundles below in Def. 2.45; for more background and context see [NSS12a,
§41[SS20b, §2.2][FSS23, Prop. 2.28].

Proposition 2.7 (co-Group actions equivalent to fibrations over classifying space [DDK80, Prop. 2.3][Sh15]).
For ¢ € SimplicialGroups (Notation 2.2), the simplicial Borel construction (e.g. [NSS12b, Prop. 3.37]) is the
right adjoint of a Quillen equivalence _
¢ Actionspro ~Qu SimplicialSetsgﬁ/g 29)
GCX — XY

simplicial Borel construction

between the projective model structure on simplicial 4-actions (Notation 2.6) and the slice model structure
([Hir02, §7.6.4]) of the classical model strcuture on simplicial sets (18) over W4 (27). Its derived equivalence of
homotopy categories

homotopy fiber
hofib, (p) «— (E-5BG) -
. . . . . . w9 ' i
co-actions of gACtlonSm ~ HO (SlmphClalSetséu g ) homotopy types fibered (30)

co-group & - over classifying space BY
GCA — A)Y

homotopy quotient

is given in one direction by forming homotopy fibers of fibrations over BG and in the other by forming homotopy
quotients of co-actions ([NSS12b, Prop. 3.73]):

hofib, ( pA)
% oo-action on A A A //g
A-fibration over
g C A ¢-classifying space \LPA (3 1)

B9 .

Example 2.8 (Homotopy type of Borel construction).

For T € TopologicalGroups and 7 ¢ X € T Actions (TopologicalSpaces) (Def. 2.11), passage to singular simpli-
cial sets (19) yields a simplicial action (Notation 2.6). The corresponding fibration (Prop. 2.7) is given by the
topological shape (21) of the Borel construction:

h0ﬁb(px)

X

F(55) = 1) T).

Jos

IBT

Lemma 2.9 (Pasting law [Lu09a, Lem 4.4.2.1]). For € a model category, and given a pasting composite of two
commuting squares

A B c
b Voo
D E F

such that the right square is homotopy Cartesian, then the left square is homotopy Cartesian if and only if the total
rectangle is.

11



Lemma 2.10 (Homotopy fibers of homotopy-quotiented morphisms).
Let 4 € Groups,, (Notation 2.2) and (A, pa) M (A" par) € & Actions?/ a morphism of oo-actions (Notation 2.6)

preserving an 9 -fixed point pt : x — A £, A’ (see also [SS20b, Def. 2.97]). Then:
(a) The homotopy fiber of the homotopy-quotiented morphism f [/ (30) coincides with the homotopy fiber of f

hofib, (f /%) ~ hofib,(f) . (32)
(b) The homotopy fiber of f is canonically equipped with an o-action by 9 :

(hofib (f), pn) € “Actions.. .

(¢) The corresponding homotopy quotient is equivalent to the homotopy fiber of the homotopy-quotiented morphism
parametrized over BG, namely the following homotopy pullback:

hofib, (f) /4 =~ hofibgy (f | ¥) A9 (33)
i (hpb) lf// &4
BY A9 .
Pt/ /
Proof. Consider the following pasting diagrams:
hofib, (f /%) —— hofibsy (f /%) A)Y hofib, (f) A A9
l (hpb) i w17 i = l (hpb) lf (et e l G4
/ / ! 04
* BY o A9 * o A A )G |p.
* BY

With the right Cartesian square (33) given, the pasting law (Lem. 2.9) identifies the top left objects on both sides
as shown; in particular, the left square on the right gives (35). But, since the composite bottom morphism is the
same basepoint inclusion on both sides, this implies:

hofib, (f /%) =~ hofib,(f). (35)

Moreover, the left Cartesian square on the left of (34) exhibits, by Prop. 2.7, a ¢-action on hofib, ( | ) with
homotopy quotient given by

hofib, (f/¥) /¥ ~ hofibgy (f[¥). (36)

The combination of the equivalences (32) and (36) yields the claimed equivalence in (33). O]

2.2 Proper equivariant homotopy theory

We now recall relevant basics of proper* equivariant homotopy theory [tD79, §8][May96][Blu17] and introduce
the examples of interest here.

G-Actions.

Definition 2.11 (Group actions on topological spaces). (i) For a given compact topological group, which serves as
the symmetry group of Borel equivariance in the following, generically to be denoted

4Here by “proper equivariance” we refer to the fine notion of equivariant homotopy/cohomology in the sense of Bredon, as opposed to
the coarse notion in the sense of Borel. For in-depth conceptual discussion of this distinction see [SS20b]. Besides the colloquial meaning
of “proper”, the action of our finite equivariance groups is necessarily proper in the technical sense of general topology (see Lemma 2.34
below), whence this terminology nicely matches that recently advocated in [DHLPS19].

12



Borel equivariance growp 7" € CompactTopologicalGroups, 37

we write
T Actions (TopologicalSpaces) € Categories (38)
for the category whose objects are topological spaces X equipped with a continuous 7'-action
TCX : TxX-“™ X suchthat: V e-x=x and v (ti-(t2-x)) = (1) -x (39)
(l‘ , X) —_  I-X xeX tlicrezeG
and whose morphisms are 7'-equivariant continuous functions, which we denote as follows:
T T
( ) ( )/ Y t-x)=t-f(x
W L N = f). w0)

teT
(ii) Throughout, our proper equivariance group is a finite group, to be denoted:

proper equivariance group G (= FiniteGroups_ (41)
This finite group can be viewed as a topologically discrete topological group and we have the corresponding
category (38) of continuous actions:

GActions (TopologicalSpaces) € Categories . 42)
(iii) The full subcategory of the latter category on those objects, where also the topological space being acted on is
discrete, is that of G-actions on sets:

GActions (Sets) —— GActions (TopologicalSpaces) . (43)

(iv) Regarding the direct product group of the Borel equivariance group (37) with the proper equivariance group
(41) as a compact topological group

Borel & proper equivariancegroup " X (G € CompactTopologicalGroups ,

we have the category of topological actions of this product group. This contains the previous categories, (38) and
(42), as full subcategories (via equipping a space with trivial action)
T Actions (TopologicalSpaces) < (T x G) Actions(TopologicalSpaces) <— GActions(TopologicalSpaces) .  (44)

Example 2.12 (Representation spheres). LetV € TRepresentations]y’ be a finite-dimensional linear representation
of a compact topological group (37). Then the one-point compactification of V (the topological sphere of the same
dimension, e.g. [Ke55, p. 150]) inherits a topological T-action (Def. 2.11) via stereographic projection, denoted

SY € TActions (TopologicalSpaces)
and called the representation sphere of V (e.g. [Blul7, §1.1.5][SS19a, §3]).
Definition 2.13 (Orbit category). The category of G-orbits or orbit category of the equivariance group G (41)

GOrbits — GActions(Sets) € Categories
is (up to equivalence of categories) the full subcategory of discrete G-actions (43) on the coset spaces G/H (which
are discrete spaces, since G is assumed to be finite) for all subgroup inclusions H 4G,

Example 2.14 (Explicit parameterization of morphisms of GOrbits). The hom-sets (16) in the G-orbit category
(Def. 2.13) from any G/H, to any G/H; are in bijection with sets of conjugations, inside G, of H; into subgroups
of H, modulo conjugations in Hy:
*Hy —Hy, g€ G|Ad, 1011 =10
GObits (G/Hi, G/Hy) =~ {0:H = Hy g€ G|Ady o =09}
((9,8) ~ (Ady-109,8h) | by € Hy)

(Here “Ad” denotes the adjoint action of the group on itself, and H; > G are the two subgroup inclusions.)

(45)
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Example 2.15 (Orbit category of Z,). The orbit category (Def. 2.13) of the cyclic group Z, := {e,06|co0 =e}
is

Zs 1
. () ()
Z,0rbits ~ { Zo/1 Ell A }

Hence its hom-sets (16) are:

Zo0rbits (Zo /1, Za /1) =~ Zy,  ZyOrbits(Zy/Zy , 7/ Zo)
Z,Orbits (Zz/l , ZQ/ZQ) ~ %, Z,Orbits (Zz/Zz, Zz/l )

L,

o (46)

~
~

Example 2.16 (Automorphism groups in orbit category). For G a finite group and H C G a subgroup, the endo-
morphisms of G/H € GOrbits (Def. 2.13) form the Weyl group W;(H) (e.g. [May96, p. 13]) of H in G,

Endgorits(G/H) =~ Autgomis(G/H) = Wg(H) := Ng(H)/H, 47)
namely the quotient group by H of the normalizer N;(H) of H in G. For instance:
Ws(1) = G, Ws(G) = 1; generally: HCG = Wy(H) = G/H.
normal

Generally:

Example 2.17 (Hom-sets in orbit category via Weyl groups). For any two subgroups K,H C G, the hom-set (16)
in the G-orbit category (Def. 2.13) between their corresponding coset spaces is, as a right W (H )-set via Example
2.16, a disjoint union of copies of W;(H ), one for each way of conjugating K into a subgroup of H:

GOrbits(G/K,G/H) ~ | | gWs(H) € Ws(H)Actions(Sets). (48)

8 € G/Ng(K)
st. g 'KgCH

Example 2.18 (More examples of orbit categories).

‘ (7% x Z&) Orbits

| Z,Orbits | Z3Orbits [ Z4Orbits [ ZsOrbits | ZOrbits \
S I =y %y Z(WZ
Zs/1 Z3/1 Z4/1 Zs/1 Zg/1
2/ 3/ 4/\\* s/ / o/ (Z5 < Z8) /(1 x 1)
Zy Z3 Zs 7R 7%
(") "y / \\( y : / \ :
YAV Ze/Z> ZLs|Zs L p L L p R
/ \ / (Zy x Z3)/(Zy x 1) (Zy x Z3) /(1 x Z3)
ZQ/ZZ Z3/Zg Z4/Z4 Z5/Z5 Z6/Z6 \ /
(25 x 25) /(25 < Z5)

Equivariant homotopy types.

Definition 2.19 (Equivariant simplicial sets). We write

GSimplicialSets := Functors (GOrbits®®, SimplicialSets)
for the category of functors from the opposite of G-orbits (Def. 2.13) to simplicial sets.

Example 2.20 (Systems of fixed loci of topological G-actions). Let GC X € GActions (TopologicalSpaces) (Def.
2.11). For H C G any subgroup, a G-equivariant function (40)

( G )/ ( G)/ H-fixed locus
H ._ —

G/H Iy N f(e]) e x* = {xeX hZ’H(h-x—x)} cX (49)

from the corresponding G-orbit (Def. 2.13) is determined by its image f([e]) € X of the class of the neutral element,

and that image has to be fixed by the action of H C G of X. Therefore, the corresponding G-equivariant mapping

spaces

14



Maps(G/H, x)° ~ x*
are the topological subspaces of H-fixed points inside X, the H-fixed loci in G ¢ H. By functoriality of the mapping-
space construction, these fixed point loci are exhibited as arranging into a contravariant functor on the G-orbit

category (Def. 2.13) r(X/G): GOrbits®P Maps(— X)° TopologicalSpaces (50)
G/H; | X 4y fixed ocus
[(id,gnl :Tﬂ—) " e locus
G/Hy xH
[(W)]l JA‘P* Hy e ocus
G/Hy! XH2 4 fixedtocus

Here we used Example 2.14 to make explicit the nature of the continuous functions between fixed point spaces
that this functor assigns to morphisms of GOrbits. In particular, we see from Example 2.16 that the residual action
on the H-fixed locus X is by the Weyl group Ws(H) (47). Postcomposing (50) with the singular simplicial set
functor (19) yields an equivariant simplicial set (Def. 2.19), to be denoted (the notation follows [SS20b, §3.2,

5.1)): ) ) G . ..
GCX r— Sing(r(X/G)) = Sing(Maps(—, X)) € @GSimplicialSets. (51)

Proposition 2.21 (Model category of equivariant simplicial sets [Hir02, Thm. 11.6.1][Gui06, Thm. 3.3][St16,
§2.2]). The category of equivariant simplicial sets (Def. 2.19) carries a model category structure whose

(a) W — weak equivalences are the weak equivalences of SimplicialSetsq, over each G/H € G Orbits;

(b) Fib — fibrations are the weak equivalences of SimplicialSetsg, over each G/H € G Orbits.

We denote this model category by GSimplicialSets,,,; € ModelCategories.

proj

Definition 2.22 (Equivariant homotopy types). We denote the homotopy category of the projective model structure
on equivariant simplicial sets (Prop. 2.21) by

GSimplicialSets GHomotopyTypes := Ho(QSimplicialSetS (52)

proj ) .

Pproj localization

The key source of equivariant homotopy types is the shapes of orbi-singularized homotopy quotients of topo-
logical spaces by continuous group actions (we follow [SS20b, §3.2] in terminology and notation):

Definition 2.23 (Equivariant shape). The composite of forming systems of fixed loci (Example 2.20) with local-
ization to equivariant homotopy types (Def. 2.22) is the equivariant shape operation, generalizing the plain shape
(2 1 ) equivariant shape

: : Gix — Jr/e)
GACtlonS (TOpOlOglcaISpaceS) localization at fixed locus-wise weak homotopy equivalences QHomOtOpyTypes : (53)

m 7Y localization (52)

equivariant simplicial set

51 )GSimpliciaISets

Example 2.24 (Smooth equivariant homotopy types). A topological space X equipped with trivial G-action has
equivariant shape (Def. 2.23) given by the functor on the orbit category which is constant on its ordinary shape

e J

shape

TopologicalSpaces
equip with
trivial action

GActions (TopologicalSpaces)

HomotopyTypes 54)

Smth form constant functor
mt on orbit category

I(=/06)

equivariant shape

GHomotopyTypes .

For brevity, we will mostly leave this embedding notationally implicit and write

15



X := Smth/X € GHomotopyTypes . (55)

Elmendorf’s theorem. In fact, every equivariant homotopy type (Def. 2.22) is the equivariant shape (Def. 2.23)
of some topological space with G-action (Def. 2.11). This is the content of Elmendorf’s theorem ([EI83], see Prop.
2.26 below). Due to this fact, topological G-actions in equivariant homotopy theory are often conflated with their
G-equivariant shape, and jointly referred to as G-spaces (e.g., [tD79, §8][Blul7, §1]).

Proposition 2.25 (Model category of simplicial G-actions and fixed loci [GuiO6, Thm. 3.12][St16, Prop. 2.6]).
The category GActions (SimplicialSets) of G-actions G C S on simplicial sets (analogous to Def. 2.11) carries a
model category structure whose weak equivalences and fibrations are those that become so in the classical model
structure on simplicial sets (18) under the functor (analogous to Example 2.20)

. ) .. Maps(—,—)¢ . ..
GActions (SimplicialSets) GSimplicialSets (56)

GCS — (G/H — SH)

which sends a G-action G C S to its system of H-fixed loci parametrized over G/H € GOrbits.

We denote this model category by

GActions(SimplicialSets) e € ModelCategories.

Proposition 2.26 (Elmendorf’s theorem via model categories [St16, Thm. 3.17][Gui06, Prop. 3.15]). The functor
assigning systems of simplicial fixed loci (56) is the right adjoint in a Quillen equivalence

(—)(G/1)
~Qu GSimplicialSets
Maps(—, )¢

GActions (SimplicialSets) . Proj (57)

between the fine model structure on simplicial G-actions (Prop. 2.25) and the model category of equivariant
simplicial sets (Prop. 2.21).

Examples of equivariant homotopy types.

Example 2.27 (GAPE-equivariant 4-sphere). Let

G := G*PF C Spin(3) ~ Sp(1)
be a finite subgroup of the Spin group in dimension 3; these are famously classified along an ADE-pattern (reviewed
in [HSS18, Rem. A.9]). Via the exceptional isomorphism with the quaternionic unitary group, this induces a
canonical smooth action (Def. 2.35) on the Euclidean 4-space underlying the space of quaternions (reviewed as
[HSS18, Prop. A.8]) and hence also on the corresponding representation 4-sphere (Example 2.12):

GADE GADE

Y (Y
R* , §* € G*PPActions(SmoothManifolds) .

GAPE_equivariant homotopy types (Def. 2.22) (their equivariant shape, Def. 2.23)

The corresponding

GADE-cquivariant shape

of 4-sphere
Ir(st)GhPE) € QAD EHomotopyTypes
are the coefficients of ADE-equivariant Cohomotopy theory [HSS18, §5.2][SS19a, §3] (lifted to equivariant twisto-
rial Cohomotopy theory below in Def. 2.48).

Example 2.28 (Z*z‘—equivariant twistor space). Consider the quaternion unitary group (e.g. [FSS20c, §A] ) with its
two commuting subgroups from (13) and (14):
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Z5,Sp(1) C Sp(2) := {g€Matro(H) |g-g" =1}. (58)
Their canonical action on H? ~, R8 by left matrix multiplication induces an action (12) on CP? (“twistor space”).
The fixed locus (49) of the subgroup Z4 (13) under this action is evidently given by those [z1 : 22 : z3 : z4] € CP?
such that z; +j-z0 = z3+j-z4 € H. Since these are exactly the elements that are sent by the twistor fibration
tir (11) to the base point [1 : 1] € HP!, the Z5-fixed locus in twistor space CP* coincides with the S>-fiber of the
twistor fibration ty (11): . fb
(CP)2 ~ s P cps, (59)
Hence the Z,-equivariant homotopy type (21) of twistor space with its Z’z‘ action (12) is given by the following
functor on the Z;-orbit category (2.15):

Z 7A
(") (Y
ZL’Z‘ -equivariant shape ZQ/ 1 — I(CP3
of owistor space fiber inclusion of
I )f ((:jf)3 //Zg) . \L jﬁb(tH) twistor fibration (60)

7| — /52

Equivariant homotopy groups.
Definition 2.29 (Equivariant groups). (i) We write

GGroups := Functors (GOrbits® , Groups)

for the category of contravariant functors on the G-orbit category (Def. 2.13) with values in groups.
(ii) We write

G AbelianGroups := Functors(GOrbits , AbelianGroups)
for the sub-category of contravariant functors with values in abelian groups.

Example 2.30 (Equivariant singular homology groups). For X € GHomotopyTypes (Def. 2.22), A € AbelianGroups,
the ordinary A-homology groups in degree n € N of the stages of X form an equivariant abelian group in the sense
of Def. 2.29, to be denoted:

H,(X:A) : G/H — H,(X(G/H);A).

Definition 2.31 (Equivariant homotopy groups).
(i) For X € GHomotopyTypes (Def. 2.22), ¥ (x//G) — X abase-point, and n € N, we say that the nth equivariant
homotopy group of X at x is the equivariant group (Def. 2.29) which is stage-wise the ordinary nth homotopy group,
to be denoted:

7, (Xx) = (G/H — n,,(x(G/H),x(G/H))>. 61)

(ii) Similarly, for GC X € GActions(TopologicalSpaces) (Def. 2.11), G ¢ x —— G (X a fixed base point, and
n € N, we say that the nth equivariant homotopy group of G X is that (61) of its equivariant shape (21):

7, (X,x) = 2, (I (X)G) I (x)G)) = (G/H > m(X",%)). (62)
Definition 2.32 (Equivariant connected homotopy types). We write

GHomotopyTypes..; —— GHomotopyTypes (63)
for the full subcategory on those equivariant homotopy types X (Def. 2.22) which
(a) are equivariantly connected, in that X(G/H) € HomotopyTypes is connected for all H C G;
(b) admit an equivariant base point )f( * /| G) — X.
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Definition 2.33 (Equivariant 1-connected homotopy types). (i) We write

GHomotopyTypes.., —— GHomotopyTypes..; —— GHomotopyTypes (64)

for the further full subcategory on those equivariant homotopy types X (Def. 2.22) which
(a) are equivariantly connected and admit an equivariant base point (Def. 2.32);
(b) have trivial first equivariant homotopy group (Def. 2.31) at that base point:

) (x ) X) = l .
(ii) By the Hurewicz theorem, this implies that the equivariant real cohomology groups (Example 2.30) of these
objects are trivial in degrees < 1

X € GHomotopyTypes-, = (QO(X )~ R and H'(X) ~ O).

(iii) We write fing

GHomotopyTypes.,* —— GHomotopyTypes.., —— GHomotopyTypes

for the further full subcategory of those equivariant 1-connected homotopy types (64) which are of finite type over
R, in that all their equivariant real homology groups (Example 2.30) are finite-dimensional:

2 dimR(Hn(X(G/H);]R)) < .

neN

G-Orbifolds. Given a smooth manifold X equipped with a smooth group action G C X, there are several some-

what different mathematical notions of what exactly counts as the corresponding quotient orbifold (review in

[MMO3][Ka08, §6][IKZ10]).

* First, there is the singular quotient space X /G that dominates the early literature on orbifolds [Sa56][Sa57]
[Th80][Hae84] as well as the contemporary physics literature [BL99, §1.3].

¢ Second, there is the smooth stacky homotopy quotient X /G that has become the popular model for orbifolds
among Lie theorists [MP97][Moe02][Ler08][Am12].

* Third, there is the fine incarnation of orbifolds orbisingular homotopy quotients )f(X / G) in singular cohesive
homotopy theory [SS20b], which unifies the above two perspectives and lifts them to make orbifolds carry proper
equivariant differential cohomology theories.

Here we extract from [SS20b] the essence of this latter fine perspective that is necessary and convenient for the

present purpose, as Def. 2.36 below.

Lemma 2.34 (Fixed loci of finite smooth actions are smooth manifolds). If G ¢ X € GActions (TopologicalSpaces)
(Def. 2.11) is such that X admits the structure of a smooth manifold and such that the action (39) of G is smooth,
then the fixed loci X" < X (49) are themselves smooth submanifolds.

Proof. Since G is assumed to be finite (41), its smooth action is proper (e.g. [Leel2, Cor. 21.6]). But in smooth
manifolds with proper smooth G-action, every closed submanifold inside a fixed locus has a G-equivariant tubular
neighborhood [Bre72, §VI, Thm. 2.2][Ka07, Thm. 4.4]. This applies, in particular, to individual fixed points,
where it says that each such has a neighborhood in the fixed locus diffeomorphic to an open ball. O

Definition 2.35 (Smooth group actions on smooth manifolds). (i) We write

GActions (SmoothManifolds ) GActions (TopologicalSpaces)

for the category of smooth manifolds equipped with G-actions on the underlying topological spaces (Def. 2.11)
which are smooth.
(ii) Similarly, if the compact Borel-equivariance group (37) is equipped with smooth structure making it a Lie

group

T € CompactLieGroups —— CompactTopologicalGroups ,
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we write

(T x G) Actions (SmoothManifolds)

for the category of smooth manifolds equipped with T x G-actions on the underlying topological spaces (Def.
2.11) which are smooth.

(T x G) Actions (TopologicalSpaces)

Definition 2.36 (G-Orbifolds [SS20b]). (i) We write

GOrbifolds := Functors (GOrbitsOp7 SmoothManifolds) (65)

for the category of contravariant functors from G-orbits (Def. 2.13) to smooth manifolds.
(ii) By Lemma 2.34, the system of fixed loci (50) of a smooth action G ¢ X (Def. 2.35) takes values in smooth
manifolds

GCX smoothly = ) (X/G) : GOrbits® — — > SmoothManifolds — TopologicalSpaces ,  (66)

and hence witnesses an object )f(X //G) € GOrbifolds (2.36) which is a smooth geometric refinement of the
underlying equivariant homotopy type (Def. 2.23), in that we have the following commuting diagram of functors:

GActions (SmoothManifolds) ¢lx — rx/o) GOrbifolds

forget smooth structure J’ equivariant shape
(66) (Def. 2.23)
GCX — [r(X)G)

GActions (TopologicalSpaces) o

GHomotopyTypes.

2.3 Equivariant non-abelian cohomology theories

We introduce the general concept of equivariant non-abelian cohomology theories, in direct generalization of
[FSS23, §2.1], and consider some examples. This is in preparation for the twisted case in the next subsection.

In equivariant generalization of [FSS23, §2.1], we set:

Definition 2.37 (Equivariant non-abelian cohomology). Let X, 4 € GHomotopyTypes (Def. 2.22).
(i) The proper G-equivariant non-abelian cohomology of X with coefficients in A4 is the hom-set (16)

equivariant
non-abelian cohomology

H (X; ﬂ) = )GHomotopyTypes(X,ﬁl).

(ii) For X € GActions (TopologicalSpaces) (Def. 2.11), with induced equivariant homotopy type [ )’(X / G) 21),
we write equivariant

non-abelian cohomology
Hg (X; }Zl) = H(f )’(X//G); }4) := GHomotopyTypes (f )f(X//G) , }Zl) .
(iii) We call the corresponding contravariant functor
I/

H —;/‘2[
GActions (TopologicalSpaces ) ——————— QHomotopyE/@//(—/)g Sets (67)
T Hi(—A)

the equivariant non-abelian cohomology theory with coefficients in 4.

Equivariant ordinary cohomology.

Example 2.38 (Equivariant representation ring). For H a finite group and I a field, write

Repy(X) € Rings —— AbelianGroups (68)
for the additive abelian group underlying the representation ring of H (i.e., the Grothendieck group of the semi-
group of finite-dimensional F-linear H-representations under tensor product of representations, review in [BSS19,
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§2.1]). Under the evident restriction of representations to subgroups and under conjugation action on representa-
tions, these groups arrange into a contravariant functor on the G-orbit category (Def. 2.13)

Rep; : GOrbitsP AbelianGroups € G AbelianGroups (69)
G/H — Rep;(H)

and hence consitute an equivariant abelian group (Def. 2.29).

Example 2.39 (Bredon cohomology [Bre67a, p. 3][Bre67b, Thm. 2.11 & (6.1)][GM95, p. 10]).
Given A € GAbelianGroups (Def. 2.29) and n € N:
(i) There is the Eilenberg-MacLane G-space

K(A,n) € GHomotopyTypes (70)

in equivariant connected homotopy types (Def. 2.22), characterized by the fact that it admits a fixed point with
equivariant homotopy groups (Def. 2.31) given by

A | k=n,
T, (K(A,n)) ~ {0 | otherwise.

(ii) The ordinary equivariant cohomology or Bredon cohomology in degree n of X € GActions (TopologicalSpaces)
(Def. 2.11) with coefficients in A is its equivariant non-abelian cohomology (Def. 2.37) with coefficients in K (A,n)
(70):

Bredon cohomology
(equivariant ordinary cohomology)

Hy(X:4) = Ho(X:K(4m) = H(r(X/G), K(4nm).
Equivariant Cohomotopy.
Example 2.40 (Equivariant non-abelian Cohomotopy [tD79, §8.4][Pe94][Cr03] [SS19a]). For G CV a linear G-

representation on a finite-dimensional real vector space V, the representation sphere (e.g. [Blul7, Ex. 1.1.5])

Ir(-/JG
sV := V' ¢ GActions (TopologicalSpaces) (=/9) GHomotopyTypes

defines an equivariant homotopy type (21). This is the coefficient space for the equivariant non-abelian cohomology
theory (Def. 2.37) called (unstable) equivariant Cohomotopy in RO-degree V:

equivariant
Cohomotopy

me(X) = Ho(X; (s )G)) = H(r(x/G); r(s"/G)).
Equivariant non-abelian cohomology operations.

Definition 2.41 (Equivariant non-abelian cohomology operations). For 4, B € GHomotopyTypes (Def. 2.22),
a cohomology operation from equivariant non-abelian 4-cohomology to B-cohomology (Def. 2.37) is a natural

transformation 3
H(—a) -~ H(—;B)

of the corresponding equivariant non-abelian cohomology theories (67). By the Yoneda lemma, such operations
are induced by post-composition with morphisms between equivariant coefficient spaces:

Aa L B € GHomotopyTypes. (71)

2.4 Equivariant twisted non-abelian cohomology theories

We introduce equivariant twisted non-abelian cohomology, in direct generalization of [FSS23, §2.2], and introduce
the main example of interest here (Def. 2.48 below).

Equivariant co-Actions.
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Remark 2.42 (Equivariant c-actions). (i) In equivariant generalization of Prop. 2.5 (and as a special case of
[NSS12a, Thm. 2.19][NSS12b, Thm. 3.30, Cor. 3.34]), every equivariantly pointed and equivariantly connected
equivariant homotopy type (Def. 2.32) is, equivalently, the equivariant classifying space BG of an equivariant
c0-group
G € GEquivariantGroups,, := Ho (Functors (GOrbits® SimplicialGroups)proj>.

(ii) In equivariant generalization of Prop. 2.7 (and as a special case of [NSS12a, §4][SS20b, §2.2]), co-actions of
such equivariant co-groups on equivariant homotopy types A4 are, equivalently, homotopy fibrations of equivariant
homotopy types over BG with homotopy fiber 4, hence a system of non-equivariant homotopy fibration (31)
parametrized by the G/H € GOrbits (Def. 2.13), denoted as follows >

hofib(p 7)

A )G
S e P € GHomotopyTypes
B
g (72)
hofib(p.q (G/H)
A(G/H) A(G/H)|G(G/H)
G/H — associated to l:ir:ﬁgﬂ?zr(%i/% on A(G/H) \Lpﬂ(G/H) € HomOtOpyTypeS
BG(G/H)

A key source of equivariant so-actions are equivariant parametrized homotopy types, in the following sense:

Example 2.43 (Equivariant parametrized homotopy types). Consider T € CompactTopologicalGroups (37), G €
FiniteGroups (41), and X € (T x G)Actions(TopologicalSpaces) (44).

(i) Since the two group actions separately commute with each other, we may consider forming the combined

(a) proper equivariant shape (Def. 2.23) with respect to the G-action;

(b) ordinary shape (21) of the homotopy quotient (Borel construction, Example 2.8) with respect to the T-action:

GHomotopyTypes > ((r(X/G))/T)s G/H v J(X)T). (73)

This is the G-equivariant homotopy type (Def. 2.22) given on G/H € GOrbits (Def. 2.13) by the Borel homotopy
quotient construction (Example 2.8) of the T-action on the G D H-fixed locus (Example 2.20).

(ii) With the classifying space BT regarded as a smooth G-equivariant homotopy type (i.e., with trivial G-action,
Example 2.24) the G-equivariant T-parametrized space (73) sits in an equivariant fibration (72) over BT with
homotopy fiber the G-equivariant shape of X (Def. 2.23):

hofib(p,(x / 6))

[r(x/G) I((r(x/6)) /)

\LPV(X//G) € GHomotopyTypes
BT

[(x)T)

G/H — ip ¥ € HomotopyTypes
BT
We may refer to these objects as proper G-equivariant and Borel T-equivariant homotopy types , but for brevity
and due to their above fibration over BT, we will say G-equivariant T -parametrized homotopy types.

hofib(pyr )

Ix

Example 2.44 (Z43-equivariant Sp(1)-parametrized twistor fibration). Recall the Z4-equivariant twistor fibration
(11) from Example 2.28. Since the Sp(2)-subgroups Z4 (13) and Sp(1) (14) commute with each other, the quotient

SHere and in the following we indicate the ambient category of a given diagram. The notation “Diagram € Category” means that each
vertex of the diagram is an object in that category, and each arrow is a morphism in that category.
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by the action of Sp(1) of the Cartesian product of the twistor fibration (11) with (the identity map on) the total
space ESp(2) of the universal principal Sp(2)-bundle still has a residual equivariance under Z:

Z’;‘ o (‘\\m\\o\\ Zé*
fib (1) xid Y tm\\; i;l Y
S2xESp(2) Sp(1) CP*xESp(2) Sp(1) S*xESp(2)
Sp(1) Sp(1) Sp(1)
ESp(2)
i i i € 74 Actions (TopologicalSpaces / w0 (74
ESp(2) ESp(2) ESp(2) 2 (TopologicalSpaces) 74
Sp(1) Sp(1) Sp(1)

Hence, using Example 2.28 and identifying the Borel construction of homotopy quotients (e.g. [NSS12b, Prop.
3.73], here for subgroups H C G)

X XEG

~ X/H € HomotopyTypes, (75)
H homotopy
Borel construction quotient

the Z4-equivariant homotopy type (Def. 2.22) of the middle vertical morphism in (74) exhibits a Z5-equivariant
Sp(1)-parametrized homotopy type (in the sense of Example 2.43) of '[h1Z§4 form:
(Y
Z, JcP? JSp(1)

()
[(r(CP)z5)) /Sp(1) - ZoJ1 — W
fib(i) / Sp(1)

74 -equivariant p 3 4
& S;(zl)-(:larametrizeN (CP d ZZ) IBSP( 1 ) (76)
twistor space
IOr(+/22)) /sp(1) 187 /sp(1)

Zy]7 —
2/ 2 o
IBSp(1).
The analogous statement holds for the vertical morphism on the right of (74), so that the full square on the right of
(74) exhibits a morphism in Zé—equivariant Sp(1)-parametrized homotopy types (Example 2.43) of this form:

Z’z‘ -equivariant
Sp(1)-parametrized

Z/"/Z‘ -equivariant

TA eauivaris \
Z; -equivariant Sp(1)-parametrized

twistor space Sp( !_)'p“rf"“ftfizc‘l 4-sphere
(CP3 ZA S 1 twistor fibration S4 ZA S 1
I(r(CP)z3)) J Sp(1) I () Z4) J Sp(1) JOr(s'23)) /se(1) € Ho(},ZzsimpliciaISetsI/fri?p(l)) , (17
BSp(1)

where BSp(1) := Smth[BSp(1) (Example 2.24).

Twisted equivariant non-abelian cohomology.
In twisted generalization of Def. 2.37 and in equivariant generalization of [FSS23, §2.2], we set:

Definition 2.45 (Twisted equivariant non-abelian cohomology). Let

hofib(p 4)
—A/§G
equivariant
loc:lhcoeg:iciem J/pﬂ & QHomOtopyTypeS (7 8)

BG
be an homotopy fibration as in Remark 2.42, to be regarded now as an equivariant local coefficient bundle, and let
X € GHomotopyTypes (Def. 2.22) equipped with an equivariant twist
[7] € H(X:BG) (79)

in equivariant non-abelian cohomology (Def. 2.37) with coefficients in BG. We say that the T-twisted equivariant
non-abelian cohomology of X with coefficients in 4 is the hom-set from 7 to p4 in the homotopy category of the
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slice model structure (see [FSS23, Ex. A.10]) over BG of the projective model structure on equivariant simplicial
sets (Prop. 2.21):

twisted equivariant
non-abelian cohomology

H*(X ) = Ho( GSimplicialSets)yy ) (7, pq).

Twisted equivariant ordinary cohomology.

Example 2.46 (Twisted Bredon cohomology). Let G ¢ X € GActions (TopologicalSpaces) (Def. 2.11) with a base
point G C * 2L GCX, letA € )GAbelianGroups (Def. 2.29), and let

r: m(X)xA——A
be an action of the equivariant fundamental group (Def. 2.31) of X on A. For n € N, there is an equivariant local
coefficient bundle (78)
K(4;n) K(A;n) [, (X)
e cctiients " ip
B (X)

with typical fiber the equivariant Eilenberg-MacLane space (70), such that the twisted equivariant non-abelian
cohomology with local coefficients in p coincides (by [Go97a, Cor. 3.6][MuSel0, Thm. 5.10]) with traditional
r-twisted Bredon cohomology in degree n ([MoSv93, Def. 2.1][MuMu96, Def. 3.8][MuPa02]):

twisted
Bredon cohomology

HE(X;A) ~ HY(X; K(A,n)).

Equivariant tangential structure. In equivariant generalization of [FSS23, Example 2.33], we have:

Definition 2.47 (Equivariant tangential structure). Let G X € GActions (SmoothManifolds) (Def. 2.35) of di-

mension n := dim(X), and let ¢4 R BGL(n) be a topological group homomorphism. An equivariant tangential
(9, 0)-structure (or just &-structure, for short) on the orbifold )f(X / G) (Def. 2.36) is a class in the equivariant
twisted non-abelian cohomology (Def. 2.45) of the equivariant shape (Def. 2.23) of the orbifold with equivariant
local coefficients (78) in

GL(n) ¥ BY
o
BGL(n)

and with twist given by the classifying map T, of the frame bundle:

(¢,9)Structures (¥ (X /G)) = H™ (Y(X//G); GL(n)//%)

Equivariant twistorial Cohomotopy. In equivariant generalization of [FSS23, Ex. 2.44] we have:

Definition 2.48 (Equivariant twistorial Cohomotopy theory). Let X® € Z,Actions (TopologicalSpaces) (Def. 2.11)
be a smooth spin 8-manifold equipped with tangential structure (see [FSS19b, Ex. 2.33]) for the subgroup Sp(1) C
Sp(2) C Spin(8) (where the first inclusion is (13) and the second is again given by left quaternion multiplication,
e.g. [FSS19b, Ex. 2.12])

(7] € Hyy (X% BSp(1)).
We say that:
(a) its Zg‘—equivariant twistorial Cohomotopy 922 (—) is the T-twisted equivariant non-abelian cohomology theory

(Def. 2.45) with local coefficients in the Z’z‘—equivariant Sp(1)-parametrized twistor space;
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(b) its Z4-equivariant J-twisted Cohomotopy ©%,(—) is the T-twisted equivariant non-abelian cohomology theor
2 7 q gy y
2
(Def. 2.45) with local coefficients in the Z*z‘—equivariant Sp(1)-parametrized 4-sphere;

¢) the twisted equivariant conomology operation .7, (—) — 7_,(—) 1S that induced by the Z5-equivariant Sp(1)-
() the twisted equivari homol ion 7, ? is that induced by the Z4-equivariant Sp(1
2

7A
parametrized twistor fibration; ’
all as induced by the (morphism of) local coefficient bundles (77) in Example 2.44:

- push-forward along
equivariant equivariant parametrized
twistorial Cohomotopy quiva Pz

wistor fibration
TN(X) = HE (X;f)f cP3 ) z4 ) o
z z ( ?) (I r(mpz2) 3001))

equivariant
J-twisted Cohomotopy

HE (X Ir(s*)28)) = 75, (X) . (80)

3 Equivariant non-abelian de Rham cohomology

We had shown in [FSS23, §3] how the fundamental theorem of dgc-algebraic rational homotopy theory ([BG76,
§9.4, §11.2]), augmented by differential-geometric observations [GM13, §9], provides a non-abelian de Rham
theorem for L..-algebra valued differential forms, which serve as the recipient of non-abelian character maps.

The equivariant generalization of this fundamental theorem had been obtained in [Scu08] (following [Tri82])
without having found much attention yet. Here we review, in streamlined form and highlighting examples and
applications, the underlying theory of injective equivariant dgc-algebras/L..-algebras in §3.1 and how these serve
to model equivariant rational homotopy theory in §3.2. Then we use this in §3.3 to prove the equivariant non-
abelian de Rham theorem (Prop. 3.63) including its twisted version (Prop. 3.67); which, in turn, we use in §3.4 to
construct the equivariant non-abelian character map (Def. 3.76) and its twisted version (Def. 3.78).

3.1 Equivariant dgc-algebras and equivariant L..-algebras

We discuss here the generalization of the homotopy theory of connective dgc-algebras and of connective Lo.-
algebras (following [FSS23, §3.1]) to G-equivariant homotopy theory, for any finite equivariance group G (41).
While the homotopy theory of equivariant connective dgc-algebras has been developed in [Tri82][Scu02][Scu08],
previously little to no examples or applications have been worked out. Here we develop equivariantized twistor
space as a running example (culminating in Prop. 3.56 below).

While the general form of the homotopy theory of plain dgc-algebras generalizes to equivariant dgc-algebras,
the crucial new aspect is that equivariantly not every connective cochain complex, and hence not every connective
dgc-algebra, is fibrant. The fibrant equivariant cochain complexes must be degreewise injective, which is now
a non-trivial condition (Prop. 3.12 below). The key effect on the theory is that equivariant minimal Sullivan
models (Def. 3.40) — which still exist and still have the expected general properties — are no longer given just by
iterative adjoining of (equivariant systems of) generators, but by adjoining of injective resolutions (Example 3.28)
of systems of generators. This has interesting effects, as shown in Example 3.42, which is at the heart of the proof
of Prop. 3.56 and thus of Theorem 1.1.

Plain homological algebra. For plain (i.e., non-equivariant) dgc-algebra, we follow the conventions of [FSS23,
§3.1]. In particular, we make use of the following notation:

Notation 3.1 (Generators/relations presentation of cochain complexes).
We may denote any V € CochainComplexes: *™ by generators (a graded linear basis) and relations (the linear
relations given by the differential). For instance:

R{cy)/(dcz =0) =~ (0 0 1 0 0 =),

C/37 dC/:O
R( e, )/{di=0] = (0—=0—>1>2—>0—>).
by dby =c3
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Notation 3.2 (Generators/relations presentation of dgc-algebras). We may denote the Chevalley-Eilenberg algebra
CE(g) € DiffGradedCommAlgebrasz "™ of any g € L..AlgebrasZ % ([FSS23, Def. 3.25]) by generators (a graded
linear basis) and relations (the polynomial relations given by the differential). For instance (see [FSS23, Ex. 3.67,

3.68]): _
. R[cs]/(de; =0) =~ CE(bR)  and R[g’;’]/(;’g:o“’“M) ~ CE(Is%).

Similarly, for T a finite-dimensional compact and simply-connected Lie group with Lie algebra

a=1

the abstract Chern-Weil isomorphism (e.g. [FSS23, §4.2]) reads:

t ~ {(ta>dim(T), [—,—]} € LieAlgebrasy ¢ ,

(RL$30 ] (ars = 0))' =~ CE(BT), (81)

where on the left (—)7 denotes the T-invariant elements with respect to the coadjoint action on the dual vector
space of the Lie algebra.

Equivariant vector spaces.

Example 3.3 (Linear representations as functors). For G any finite group, write BG for the category with a single
object and with G as its endomorphisms (hence its automorphisms). Then functors on BG with values in vector
spaces are, equivalently, linear G-representations with G acting either from the left or from the right, depending on
whether the functor is contravariant or covariant:

GRepresentations}, ~ Functors(BG*, VectorSpaces ), &2
GRepresentationsy, ~ Functors(BG , VectorSpaces,) .

Example 3.4 (Irreducible Z,-representations). We write

1,15, € ZrRepresentationsy

for the two irreducible right representations (Example 3.3) of Z,, namely the trivial representation and the sign
representation, respectively.

Definition 3.5 (Equivariant vector spaces). We write

),GVectorSpacesﬂﬁ{{“ := Functors (GOrbitsOp ) VectorSpaces%“), ®3)

QVectorSpaces{gﬁ" := Functors (GOrbits7 VectorSpaces%“)

for the categories of contravariant or covariant functors, respectively, from the G-orbit category (Def. 2.13) to the
category of finite-dimensional vector spaces over the real numbers.

Notice that forming linear dual vector spaces constitutes an equivalence of categories

\

fi
VectorSpacesy'

O]
(VectorSpacesf")
and hence induces an equivalence:

op
(G VectorSpaces ) ™ = (Functors (GOrbits® , VectorSpacesy' ) )

~ Functors (GOrbits , (VectorSpaces%n)op>

=~ Functors (GOrbits , VectorSpaces%“)

= GVectorSpaces; "

This justifies extending the notation (83) to vector spaces which are not necessarily finite-dimensional
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G VectorSpaces;, := Functors (GOrbitsOp , VectorSpacesR)
GVectorSpacesy, := Functors (GOrbits , VectorSpaces,)
and to speak of the latter as the category of equivariant dual vector spaces (denoted Vecy; in [Tri82]).

Example 3.6 (Equivariant dual vector spaces of real cohomology groups). For X € GHomotopyTypes (Def. 2.22)
and n € N, the stage-wise real cohomology groups in degree n form an equivariant dual vector space (Def. 3.5)

H'(X;R) : G/H — H"(X(G/H);R).
If these are stage-wise finite-dimensional, then these are the linear dual equivariant vector spaces of the equiv-
ariant singular real homology groups H , (X ; R) from Example 2.30.

Example 3.7 (Z,-equivariant dual vector spaces). A (finite-dimensional) dual Z,-equivariant vector space (Def.
3.5) is a diagram of (finite-dimensional) vector spaces indexed by the Z,-orbit category (Example 2.15)

Z z
()
Zz / 1 — N
I ¢ o € 7y GVectorSpacesy,
Zp|Zy +— V

hence constitutes:
— a right Z,-representation N (Example 3.3),
— a vector space V (finite-dimensional),
— a linear map ¢ from the underlying vector space of N to V.

Example 3.8 (Restriction of equivariant vector spaces to Weyl group linear representation). For H C G a subgroup,
with Weyl group Ws(H) = Autgomits(G/H) (Example 2.16), the canonical inclusion of categories

BWy(H) "~ GOrbits (84)

induces restriction functors of equivariant vector spaces (Def. 3.5) to linear representations (Example 3.3):

W, (H)Representations, AN G VectorSpacesy, , (85)

l*
W (H)Representations/, <—— G VectorSpaces, .

Example 3.9 (Regular equivariant vector space). For any subgroup K C G we have an equivariant dual vector
space (Def. 3.5) given by the R-linear spans of the hom-sets (16) out of G/K in the orbit category (Def. 2.13):

R[GOrbits(G/K, —)] € GVectorSpacesy .
For any further subgroup H C G, its restriction (Example 3.8) to a linear representation from the right (Example
3.3) of the Weyl group of H (Def. 2.16) is

ity (R[GOrbits(G/K, —)]) = R[GOrbits(G/K,G/H)] € Ws(H)Representations}, ,
where W;(H) acts in linear extension of its canonical right action on the hom-set of the orbit category (Example
2.16).

Lemma 3.10 (Extension of linear representations to equivariant vector spaces). For any H C G, the restriction of
equivariant vector spaces to linear representations (Example 3.8) has a right adjoint
iy
. B
W (H)Representationsy, L G VectorSpacesy, ,
Injy

h
yrhere Inj, (V*) € GVectorSpaces;, = Functors(GOrbits, VectorSpaces,)
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is given by

Inj,(V*) : G/K »—>WG(H)Representations{Q(R[GOrbits(G/K,G/H)},V*) (86)
= p v (87)

8 € G/Ng(K)

st. g lKgCcH

Here the regular Wg(H)-representation in the first argument on the right of (86) is from Example 3.9.

Proof. Formula (86) is a special case of the general formula for right Kan extension [Ke82, (4.24)], here applied
to the inclusion (84) regarded in VectorSpacesg-enriched category theory. Its equivalence to (87) follows with
Example 2.17. See also [Tri82, (4.1)][Scu08, Lemma 2.3]. O]

Injective equivariant dual vector spaces. Recall the general definition of injective objects (e.g. [HS71, p. 30]),
applied to equivariant dual vector spaces:

Definition 3.11 (Injective equivariant dual vector spaces). An object [ € QVectorSpaces{Q (Def. 3.5) is called
injective if morphisms into it extend along all injections, hence if every solid diagram of the form

W=-——-——— i 77777 ] injective (88)

\) object
injection V
admits a dashed morphism that makes it commute, as shown. We write
VGVectorSpaces{gi"j ——— GVectorSpacesy,
for the full sub-category on the injective objects.

Proposition 3.12 (Injective envelope of equivariant dual vector spaces [Tri82, p. 2][Scu02, Prop. 7.34][Scu08,
Lem. 2.4, Prop. 2.5]). ForV € QVectorSpaces{Q (Def. 3.5), the direct sum of extensions Inj(_) (Def. 3.10)

Inj(V) := €D Ijy(Vu) € GVectorSpacesy,, (89)
[HCG]
of those components at stage H which vanish on all deeper stages

N ker(viG/H) — T vGK) ) | HAG
Vi = { [K2H] (90)
V(G/G) | H=G
receives an injection
V ——— Inj(V) 2y

that extends the canonical inclusion of the Vy, and which is an injective envelope (e.g. [HS71, §1.9]) of V in
G VectorSpaces,. In particular:

(i) the summands Injy (V) (Example 3.10) are injective objects (Def. 3.11);
(ii) V is injective (Def. 3.11) precisely if (91) is an isomorphism.

Example 3.13 (Ground field is injective as equivariant dual vector space). The equivariant dual vector space (Def.
3.5) which is constant on the ground field

R := constgomis(R) : G/H — R
is isomorphic to the right extension (Lemma 3.10) R ~ Inj;(1) of R ~ 1 € 1Representations,, and hence is
injective, by Prop. 3.12.
Example 3.14 (Injective Z,-equivariant dual vector spaces, cf. [ST23, Prop. 4.1]). For G = Z, (Example 2.15)
the irreducible representations

1,15, € Z;Representations,, 1 € 1Representations, ~ VectorSpacesy
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of the respective Weyl groups (Example 2.16, Example 3.4) induce by right extension (Def. 3.10) the following
three Z;-equivariant vector spaces (Example 3.7), which, by Prop. 3.12, are the direct summand building blocks
of all injective Z,-equivariant dual vector spaces:

Z Z
() ()
Zr/1 — 1 Lo/l — gy
Inj; (1) i io Inj1(18gn) : i lo 92)
Loy +—— O, Zo)ly +— 0,
and
Z
(Y
Zr/1 — 1
i, (1) © | l“‘ (93)
7|7, +— 1.
To see this, use (46) in (86) to get, for two cases,
Z
(Y
Zy/1 +——  Z)Representationsy (R [Z2Orbits(Zz /1.,Z,/ 1)] , 1) ~1
Inj; (1) : l =191 lo
7y/7, +— 7oRepresentations, (R [Z,0rbits(Z /2 , Z2/1)] , 1) =0
~0
and
Z
(7
Zy/1 +——  1Representationsy (R [Z,0rbits(Zy /1, 22/ 75)] , 1) ~ 1
Ianz(l) : L ~1 Jid
Z,/7; +— 1Representationsy (R[ZQOrbits(Zg/Zg,ZZ/ZZ)] 1) =1
~1

Lemma 3.15 (Tensor product preserves injectivity of finite-dim dual vector G-spaces [Go97b, Lem. 3.6, Rem 1.2]
[Scu02, Prop. 7.36]). Let V,W € GVectorSpacesy" (Def. 3.5). If V.and W are both injective (Def. 3.11), then so
is their tensor product VW : G/H — V(G/H) W (G/H).

Equivariant smooth differential forms. In preparation of discussing equivariant de Rham cohomology, consider:
Example 3.16 (Equivariant smooth differential forms). Let G X € GActions (SmoothManifolds) (Def. 2.35)
and n € N. Then there is the equivariant dual vector space (Def. 3.30)

R(V(X/)G)) € G VectorSpacesy,

given by the system of vector spaces of smooth differential n-forms (e.g. [BT82]) of the fixed submanifolds (66),
with pullback of differential forms along residual actions and along inclusions of fixed loci:

§1EWG(H1) x4
equivariant dual vector space n ( H 1 ) ordinary differential forms
of equivariant smooth G/ Hl QdR X on fixed submanifold
differential n-forms
n . p*  pullback along inclu-
dR ( )/ (X // G) ) . p \LX sion of fixed loci
G/H — Qe (X
2 dR
§26WG(Hy) X%
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Remark 3.17 (Equivariant smooth differential forms are injective). The following Lemmas 3.19, 3.20, 3.21 show
that the equivariant dual vector spaces of smooth differential n-forms (Def. 3.16) are injective objects (Def. 3.11),
at least if the equivariance group is of order 4 or cyclic of prime order (in which case cf. [ST23, Prop. 4.1]):

G € {Zp|pprime} U {Zs, Zo x L} .
From the proofs of these lemmas, given below, it is fairly clear how to approach the proof of the general case. But

since this is heavy on notation if done properly, and since we do not need further generality for our application
here, we will not go into that.

Notation 3.18 (Extension of smooth differential forms away from fixed loci).

For G X € GActions (SmoothManifolds) (Def. 2.35) and H C G, choose a tubular neighborhood (e.g. [Ko096,
§1.2]) A% (X H ) C X of the fixed locus (which exists by Lemma 2.34). Then multiplication of smooth n-forms
on X with a choice of bump function in the neighborhood coordinates induces a linear section, which we denote
exty, of the operation of restricting differential forms to the fixed locus:

(g

Qe (X)

Lemma 3.19 (Z,-Equivariant smooth differential forms are injective). Let the equivariance group G = Z, be a
cyclic group of prime order. Then, for Z, (X € ZpActions(SmoothManifolds) (Def. 2.35), the equivariant dual
vector space of Z,-equivariant smooth differential n-forms (Def. 3.33) is injective (Def. 3.11):

R(Y(X)7Z,)) € VGVectorSpaces{gi"j . (94)

Proof. By extension of differential forms away from the fixed locus (Notation 3.18), we obtain the following
isomorphism of equivariant dual vector spaces to a direct sum of injective extensions (Lemma 3.10)

equivariant smooth differential n-forms differential n-forms whose
differential n-forms on fixed locus restriction to the fixed locus vanishes

Qi (r(X 1 Z,)) —= Injg, (Qp (X*) ) @ Inj, <{w € Q1 (X) | 0lyz, = 0}>

7y
Zp/l ot <OC|XZI, J o — ethP (OC‘XZP)>
| I !
ZP/ZP a‘xzp — <a|pr ’ 0 ) )

where we used, since p is assumed to be prime, that the only subgroups of G are 1 and Z,, itself (Example 2.18).
By Prop. 3.12, this implies the claim (94). O

Lemma 3.20 (Z4-Equivariant smooth differential forms are injective). Let the equivariance group G = Z4 be the
cyclic group of order 4. Then, for Z4 C X € Z4Actions (SmoothManifolds) (Def. 2.35), the equivariant dual
vector space of Zq-equivariant smooth differential n-forms (Def. 3.33) is injective (Def. 3.11):

R(Y(X)Zs)) € )GVectorSpacesEgi"j . (95)

Proof. Since the subgroups of Z, are linearly ordered 1 C Z, C Z4 (Example 2.18), the proof of Lemma 3.19
generalizes immediately. Using extensions of differential n-forms (Notation 3.18), both from X%* as well as from
X?%2 we obtain the following isomorphism of equivariant dual vector spaces to a direct sum of injective extensions
(Lemma 3.10)
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equivariant smooth differential n-forms differential n-forms on shallow fixed locus whose differential n-forms whose
differential n-forms on deep fixed locus restriction to the deep fixed locus vanishes restriction to the shallow fixed locus vanishes

Qe (7(X [ 2.4)) = Injg, (@ (X)) I, <{ © € Qi (X72)| 0]z, = 0}) @Injl({ ® € Qe (X)| 0]z = 0})

Ls
Z&;/ﬁ e —— <a|Xz4 » (a - eth4(a|Xz4)> |yz ; a — exty, (a|Xzz)>
j 7 ] 7
Z4]7s alyz <o¢|xz4 D Oty — (e>;tz4(tx|xz4))\xz2 ) 0 )
i J ! !
Za]Zs olyz, ———— <a|XZ4 ; 0 » 0 >
By Prop. 3.12, this implies the claim (95). O

Lemma 3.21 (Z, x Z,-Equivariant smooth differential forms are injective). Let the equivariance group G = Zé X
Z8 be the Klein 4-group. Then, for 75 x Z§ C X € 75 x Z& Actions (SmoothManifolds) (Def: 2.35), the equivariant
dual vector space of equivariant smooth differential n-forms (Def. 3.33) is injective (Def. 3.11):

(Y (X )25 xZ5)) € GVectorSpacesy™ . (96)
Proof. We obtain an isomorphism to a direct sum of injective extensions (Lemma 3.10), much as in the proofs of
differential n-forms on shallow fixed loci whose
LemmaS 3 . 1 9 and 3 .20, restriction to the deep fixed locus vanishes
3 L i ia forms whose
equivariant smooth differential n-forms In.]Z% <{ O e QSR (XZZ) w|XZ4 = O}) restrictio'flll;rsrtfll:::lla’lll.(l;w ﬁxedll‘nci vanishes
differential n-forms on deep fixed locus w| 4= O
Qi (r(X /24)) ;Ian4(QgR(XZ4))@ ® ] @©lInj {w € Qi (X) (,)|Xzf( =0 }
Ian,2<<{w €l (X722) | @|yz, = 0}) X
Z4 :Zﬁ
(" B —extye (Bl )
ZR 7R
G/l o OC|XZ4 ) (OC 7extzszR(a‘ ZLXZR))‘ 2L |\ 2R ) 2 X2
N ( ez (@) ot o ety (B)
/24 ! J !
G/lzlz‘ (XTZZ [ (OC‘XZ4 ) ((X - extzéng (a\xzéng)) ‘XZ%+|XZ§ ’ 0 )
G/ x ZE N (a\xz4 : 0 0 )

and hence conclude the result, again by Prop. 3.12. The only further subtlety to take care of here is that the two
extensions extyy and extzp (Notation 3.18) need to be chosen compatibly, such as to ensure that each preserves the
property of a form to vanish on the corresponding other fixed locus:

(exteg (Bl ) ) = 00 (extas(Blyex ) )|,

This is achieved by choosing an equivariant tubular neighborhood (by [Bre72, § VI, Thm. 2.2][Ka07, Thm. 4.4])
around the intersection X% N X% and using this to choose the extension away from X Z3 to be orthogonal to that
away from X Z3 O

Equivariant graded vector spaces.

Definition 3.22 (Equivariant graded vector spaces). We write

gGradedVectorSpaces§° = QVectorSpacesﬂlzI o~ Functors(GOrbitsOp, GradedVectorSpaces= 0)

for the category of N-graded objects in equivariant vector spaces (Def. 3.5).
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Definition 3.23 (Equivariant rational homotopy groups). For X € GHomotopyTypes..; (Def. 2.32) and n € N, the
rationalized nth equivariant homotopy group (Def. 2.31) hence the stage-wise rationalized simplicial homotopy

group (Def. 2.31) 7, (X)@.R : G/H — m,(X(G/H))®,R,

form an equivariant graded vector space (Def. 3.22):
Moy (X ) ®,R € GVectorSpacesy, .

Example 3.24 (Z5-Equivariant rational homotopy groups of twistor space). The Z-equivariant rational homotopy
groups (Def. 3.23) of Z4-equivariant twistor space (Example 2.28) are, by (60), given by the rational homotopy
groups of CP? and, on the fixed locus, of S?. Hence these look as follows (using, e.g., [FSS20c, Lemma 2.13] with
[FSS23, Prop. 3.65]):

‘ Zo/H H (cP3)? H meR ‘ HoR ‘ @R ‘ s ®R ‘ e ®R ‘ 7 ®R ‘ TR ‘ TR ‘ ‘
)2 (¢ p3 N
T (CP) @R 7 cpp 1 0 0 0 0 1 0 0o |- D)
72)7: | & 1 1 0 0 0 0 0 0

Equivariant cochain complexes.

Definition 3.25 (Equivariant cochain complexes). We write

QCOChainCOmplexesﬂZqi % ;= Functors (GOrbits , CochainComplexesg 0)

for the category of functors from the G-orbit category (Def. 2.13) to the category of connective cochain complexes
(i.e., in non-negative degrees with differential of degree +1) over the real numbers.

Definition 3.26 (Delooping of equivariant cochain complexes). For V & QCochainComplexes§° (Def. 3.25), we
denote its delooping as

df dy
bV : G/H — ( 0— VO(G/H) - > vI(G/H) —2 > V(G /H) — - )
As an instance of the general notion of mapping cones (e.g. [Schall, Def. 3.2.2]), we get:

Example 3.27 (Cone on an equivariant cochchain complex). For V € QCochainComplexes§ O (Def. 3.25), we say

that the cone on its delooping bV (Def. 3.20) is the equivariant cochain complex ¢V € QCOChainComplexes§°
given by

40 1 2 _ 3
VO(G/H) &, VY(G/H) . VZ(G/H) i>v3(G/H) T,
eV := Cone(bV) : G/H o~ ™~ . o
o d\ & d\ o d\ ® ld\
0 VO(G/H) — VY(G/H) ?VZ(G/H) —
Vv 14 14

This sits in the evident cofiber sequence:
fib(i
cofib(ipy) eV
Fiow € GCochainComplexesz° . (98)
bV

As an instance of the general notion of injective resolutions (e.g. [Schall, §4.5]), we have:

Example 3.28 (Injective resolution of equivariant dual vector spaces).
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Let V € GVectorSpacesy (Def. 3.5). : :
Then, by Prop. 3.12, we obtain an in- T
Jjective resolution (e.g. [HS71, p. 129])
of V given by the equivariant cochain

complex (Def. 3.25) which in degree O {2

is the injective envelope (89) of V, and 0——1Inj (coker (do))
whose differentials are, recursively, the Ml
injective envelope inclusions (91) of 0 — Inj (Inj(V) /V)
the quotients by the image of the pre- T bao
vious degree. Ve Inj(V)

This is such that for any A® € VGCochainCOmplexesD%O which is
degreewise injective (Def. 3.11) and any morphism of equivariant
dual vector spaces 0
V—=A%,} € GVectorSpaces;,

from V to the subspace of closed elements (cocycles) in A”, there
exists an extension to a morphism

{ 0"Inj*(V) —~A*} € GCochainComplexes;®  (99)
of equivariant cochain complexes (as shown on the right) given
recursively by using injectivity of A"**! to obtain dashed exten-
sions (88):

Example 3.29 (Injective resolution of Z,-equivariant dual vector spaces).

Consider the Zj-equivariant dual vector space (Example
3.7) given by

z

()

Z>/1 0

1/ '—> i 0 € 7 )QVectorSpacesﬁ. (100)
Zo)Ts +— 1

Recalling the three injective atoms of Z-equivariant dual
vector spaces from Example 3.14, we find that the injective
resolution (Example 3.28) of (100) is the Z,-equivariant
cochain complex shown on the right.

In terms of generators-and-relations (Notation 3.1), this says:

(Zz)/ (Zz)/
Zy/1 — 0 Zy/1

SRR

ZZ/ZZ — R<CQ>/<dC0 = O) ZZ/ZZ
Equivariant dgc-algebras.
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0 —— Inj(coker(d"))

=:Inj*(V) € GCochainComplexesg"

dx+3
¢n+3
Inj(coker(d")) - — =" — - o AMH3
d2 dz+2
¢n+2
Inj (coker(do)) ,,,,,, - APT2
dl d:-H
¢"+1
Inj (InV(V)/V) 7777777 = Antl
d° A
Inj(V),,,7q17777>An
4 Aglsd

Zr/1 — 0——1
0
id
l l 1/
Zo)Zy +— 10— =1

/ dcy=c
— R<CO,CI>/ dc1=0
o dcg=0

— R{co)/(dco =0)

(101)



Definition 3.30 (Equivariant dgc-Algebras). We write

QDiffGradedCommAlgebras§0 := Functors(GOrbits , DiffGradedCommAlgebrasz °)

for the category of functors from the G-orbit category (Def. 2.13) to the category of connective dgc-algebras over
the real numbers.

Definition 3.31 (Equivariant cochain cohomology groups). For A € QDiﬁGradedCommAlgebras§0 (Def. 3.30)
and n € N, we write

H"(A) € GVectorSpacesy,

for the equivariant dual vector space (Def. 3.5) of cochain cohomology groups

H"(A) : G/H — H"(A(G/H)).

Example 3.32 (Equivariant base dgc-algebra).

We write R € QDiffGradedCommAlgebras§ % for the equivariant (Zz)
dgc-algebra (Def. 3.30) which is constant on the ground field R: Zy/1 +— R
id
R : G/H — R. ¢ J/l

For the case G = Z; (Example 2.15), this is shown on the right. Z/Z, — R

Example 3.33 (Equivariant smooth de Rham complex). For G X € GActions (SmoothManifolds) (Def. 2.35).
there is the equivariant dgc-algebra (Def. 3.30)

Qir(r(X/G)) € GDiffGradedCommAlgebras;*

of equivariant smooth differential forms (Example 3.16) equipped with the wedge product and de Rham differential
formed stage-wise, as in the ordinary smooth de Rham complex (e.g. [BT82]) of the fixed loci.

Example 3.34 (Free equivariant dgc-algebra on equivariant cochain complex). For V* € QCochainCOmplexes§ 0
(Def. 3.25):
(i) We obtain the free equivariant dgc-algebra (Def. 3.30)
Sym(V®) € GDiffGradedCommAlgebras:”
given over each G/H € GOrbits, by the free dgc-algebra on the cochain complex at that stage:
Sym(V*®) : G/H — Sym(V*(G/H)),

with all structure maps induced by the functoriality of the non-equivariant Sym-construction.

(iii) This extends to a functor Sym
GDiffGradedCommAlgebrasg ° 1 GCochainComplexes; (102)
CchnCmplx

which is left adjoint to the evident assignment of underlying equivariant cochain complexes.

In terms of generators and relations (Notation 3.1, 3.2), passing to free dgc-algebras means to replace angular
brackets by square brackets:

Example 3.35 (Free Z,-equivariant dgc-algebra on injective resolution). In the case G = Z;, (Example 2.15), the
free Z,-equivariant dgc-algebra (Example 3.34) on the n-fold delooping (Def. 3.26) of the injective resolution
(101) from Example 3.29 is:

Zz ZZ
() () / de, = cy
ZZ/I — 0 Zz/l — R|:znacn+1:|/ dcn+1:0+1
Symob" oInj® l l = L ! ¢ den=0 . (103)
Zo/Ty — Rleo)/deo=0)] |7 7 Rle,]/(d e, = 0)
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In equivariant generalization of [FSS23, Def. 3.25], we have:

Definition 3.36 (Equivariant L..-algebras). We write

GL.Algebrasz ), «—— " ( GDiffGradedCommAlgebras °) (104)
9 — CE(g)

for the opposite of the full subcategory of equivariant dgc-algebras (Def. 3.30) on those that are stage-wise
Chevalley-Eilenberg algebras of L..-algebras (connective and finite-type over the real numbers, as in [FSS23, Def.
3.25)).

In generalization of Example 3.33, we have:

Example 3.37 (Proper G-equivariant and Borel-Weil-Cartan 7-equivariant smooth de Rham complex).
Let (T x G) C X € (T x G)Actions(SmoothManifolds) (Def 2.35), where T € CompactLieGroups is finite-
dimensional with Lie algebra denoted (as in Notation 3.1)

t ~ {(ta)gi:mlm N —}} € LieAlgebrasg ;. (105)

Consider the equivariant dgc-algebra (Def. 3.30)

QiR (( r(X/G))/ T) € GDiffGradedCommAlgebrasg*

of T-invariants in the tensor product of proper G-equivariant smooth differential forms (Example 3.16) with the
free symmetric graded algebra on
b3 = ()",

(the linear dual space of (105) in degree 2) and equipped with the sum of the de Rham differential

ap ap

dar @ ONTS' A ATy (dar@) A5V A ATy

and the operator
AL, T @A A AT — (1, ) ATS ATS A AT,
where
* 0 QR(-),
* 1, denotes the contraction of differential forms with the vector field that is the derivative of the action 7' x X — X
along t,,

 summation over the index a € {1,---,dim(7)} is understood, and

o the T-action on t" is the coadjoint action and on that differential forms is by pullback along the given action on

X: proper G-equivariant & Borel 7-equivariant . - . H
. smooth de Rham complex Cartan model for 7'-equivariant Borel cohomology of H-fixed locus X
. T
. . . H adim(7T) a
QdR (( Y(X//G)) //T) : G/H (Q’dR (X ) [{rZ}a:l s dar +12 A b, | - (106)

This is, stage-wise over G/H € GOrbits (Def. 2.13), the Cartan model dgc-algebra for Borel T-equivariant de
Rham cohomology ([AB84][MQ86, §5][Ka93][GS99], review in [Me06][KT15][Pe17]), here formed for the fixed
submanifolds (Lemma 2.34) of the all the subgroups of the G-action.

Homotopy theory of equivariant dgc-algebras.

Proposition 3.38 (Projective model structure on connective equivariant dgc-algebras [Scu02, Theorem 3.2]). There
is the structure of a model category on QDiffGradedCommAlgebras]% % (Def. 3.30) whose

W — weak equivalences are the quasi-isomorphisms over each G/H € G Orbits;
Fib — fibrations are the degreewise surjections whose degreewise kernels are injective (Def. 3.11).
We denote this model category by

( GDiffGradedCommAlgebras;; ”) oroj € ModelCategories .
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A key technical subtlety of the model structure on equivariant dgc-algebras (Prop. 3.38), compared to its non-
equivariant version ([BG76, §4.3][GM96, §V.3.4][FSS23, Prop. 3.36]), is that not all objects are fibrant anymore,
since equivariantly the injectivity condition (Def. 3.11) is non-trivial (Prop. 3.12). However, we have the following
class of examples of fibrant objects:

Proposition 3.39 (Equivariant smooth de Rham complex is projectively fibrant).
For G X € GActions (SmoothManifolds) (Def. 2.35), the equivariant smooth de Rham complex (Example 3.33)
is a fibrant object in the projective model structure (Prop. 3.38)

QER()’(X//G)) € Fib

at least if G is of order 4 or cyclic of prime order.

0 € (CDiffGradedCommAlgebrasz’) ..

Proof. By Prop. 3.38, the statement is equivalent to the claim that the equivariant dual vector spaces of equivariant
smooth differential n-forms are injective. This is indeed the case, by Lemmas 3.19, 3.20, 3.21 (Remark 3.17). [

Next we turn to discussion of fibrant and cofibrant equivariant dgc-algebras.

Minimal equivariant dgc-algebras.

Definition 3.40 (Minimal equivariant dgc-algebras [Tri82, Construction 5.10][Scu02, §11][Scu08, §4]).

LetA € QDiffGradedCommAlgebras§° (Def. 3.30) be such that, for all k € N, the underlying ChnCmplx(A)* €
GCochainComplexesg * is injective (Def. 3.11).

(i) For n € N, an elementary extension A — A[b"V], of A in degree n is a pushout of the image under Sym
(Example 3.34) of the cone inclusion (Example 3.27) of the (n+ 1)-fold delooping (Def. 3.26) of the injective
resolution Inj* (V') (Example 3.28)

A[6"V,], <—— Sym(et"Inj* (V,))
)L (po) %ym(ibmlnj.(vﬂ)) € QDiﬁGradedCommAlgebras§° (107)
A o Sym (6" 1 Inj* (V;,))

along the adjunct 5‘ (102) of an injective extension (99)
A+ <" g mj*(v,) € GCochainComplexes?” (108)

of a given attaching map out of a given equivariant dual vector space V;, (Def. 3.5):

On
(ii) An inclusion Al <"V, € GVectorSpacesy, . (109)
Be M 4e ¢ GDiffGradedCommAlgebras; ° (110)

of degreewise injective (Def. 3.11) equivariant dgc-algebras (Def. 3.30) which are equivariantly 1-connected

B ~ R, B' ~ R
is called relative minimal if it is isomorphic under B® to the result of a sequence of elementary extensions (107)
in strictly increasing degrees (noticing with Lemma 3.15, that the result of an elementary extension (107) is again
degreewise injective).
(iii) An equivariant dgc-algebra A®, such that the unique inclusion of the equivariant ground field R (which is
clearly 1-connected and injective, by Example 3.13) is a relative minimal dgc-algebra (110)

RCM A ¢ GDiffGradedCommAlgebras;® , (111)

is called a minimal equivariant dgc-algebra.
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Definition 3.41 (Minimal equivariant L.-algebra). Any minimal equivariant dgc-algebra A (Def. 3.40) is the
equivariant Chevalley-Eilenberg algebra (104) A ~ CE(gA)

>0

of an equivariant L.-algebra gA € GL.Algebrasg g, (Def. 3.36), defined uniquely up to isomorphism. We say
that the underlying graded equivariant vector space (Def. 3.22)

g} € GGradedVectorSpaces: "
of this equivariant L..-algebra is the linear dual of the spaces of generators VA ¢ gVectorSpacesﬁ (109) of the
elementary extensions (107) that exhibit the minimality of A:

g’l‘; = (V,‘:‘)v € GVectorSpacesy, .

Example 3.42 (A minimal Z,-equivariant dgc-algebra). We spell out the construction of an equivariant minimal
dgc-algebra (Def. 3.40), for G = Z, (Example 2.15), which involves three basic cases of the elementary extensions
107):

(i) In the first stage, begin with the equivariant base algebra R (Example 3.32) and consider the attaching map
(109) in degree 2 given by

(2 -
Zz/l [ — R ’ R<C3>
o lid | (112)
7/ — R~ 279 Ric)

By Example 3.14, the equivariant dual vector space on the right is already injective (93), so that we may extend
this attaching map immediately to an equivariant cochain map (108)

Zo
(Y 0ien
Zy/1 — R . R{c3)/(dc3 = 0)
o5 | oo Jiu
7|7 — R s R{cs3)/(de3 = 0),

where on the right we are using the generators-and-relations Notation 3.1. By Example 3.35, its adjunct morphism
of equivariant dgc-algebras is

Zo
( )/ 0«—ic
Z>/1 — R ’ Rles]/(dcs = 0)
R oo Ju
7|7 — R 2 Rles]/(dcs = 0).

Since all these diagrams so far are constant on the orbit category, the resulting pushout (107) is computed over both
objects Z, /H € Z,Orbits as in non-equivariant dgc-theory, and thus yields this minimal equivariant dgc-algebra:

()
Z»/1 — R[f2]/(d f» = 0)
l idi (113)
7|7 — R[fa)/(d f» = 0).

(ii) Consider next the following attaching map (109) in degree 3 to the equivariant dgc-algebra (113):
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(™)

Zy/1 — R[f>]/(d f» = 0) 0
o | | e l (114)
7|7 — Rf]/(d fo = 0) =<—"—"—R{ca).

Here the equivariant dual vector space on the right is not injective: Its injective envelope is given in Example 3.29,
and the free dgc-algebra on this is given in Example 3.35, which says that the required extension (108) of the
attaching map ¢ is hence of this form:

Zy 0 «ic
( )’ 2N\ 2<—‘Ci C Cy =
N Zp/1 — R[f]/(d f>» = 0) e R[Cﬂ/<262 = 85)
£ y ¢
A — RIAdfy = 0) <2229 Rie)/(des = 0).

The pushout (107) along this map is the following, yielding the next stage of the minimal equivariant dgc-algebra
on the rear left:

hs, dhs=wi—frNf2\ 9, o cs, ba] ) (des=0 . dby = cs
Rjo|/|dos=0 o= Rlen by | \des=cs, dby —by—c
b df,=0 e 4, D3 4 =0C5,db3 =bs—cy
0 <~ C5
_ faNfr—cs Cs dcs=0
R[A]/(d f> = 0) RM /( des :c5>
hs, dhs=—fHN\fr P e
R[fz Mdfz—o | T Rlesbal/des=cs, dbs = —cy)
id
by Pnf e >
R[f]/(d f» = 0) Rle] /(dea = 0) .
(iii) Finally, consider the following further attaching map (109) to the previous stage, in degree 7:
Zy
( )/ h3’ dh3:(1)4—f2/\f2 —04 A\ @y — C
Z,/1 — R|awg,|/|dow=0 T R{cg)
f2 df=0
o7 $ (115)
h37 dh?, — —f2 /\f2
7,]7 R 0.
2/ 22 — [fz ]/<df2—0

Here the equivariant dual vector space on the right is again injective, by (92) in Example 3.14. Therefore, the
corresponding elementary extension (107) is by pushout along the following morphism of dgc-algebras
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Z
( 2\}’ h3, dhs=ws— LN fo

—y Ny < g

Zy/1 — R|wy,|/|dow=0 Rlcs]/(dcg = 0)
N f2 df2=0
¢7 - |
h3, | (dhs= —frAf
L), — ]R[ﬁ }/(dfzzo 2 2) N

This pushout is the identity on Z;/Z,, and is an ordinary cell attachment of plain dgc-algebras on Z;/1, hence
yields the following equivariant dgc-algebra, which is thereby seen to be minimal (Def. 3.40):

=, o7, [dor=—os Aoy
h3, dhs =y — 2N\ f2
Zy/1 — R o, / day —0
df>=0
4 = fi TN (116)
hs, ] (dhs= —fHriNf
Zn |7, R .
2/ 22 — [fz _/<df2:O

In summary, the graded equivariant dual vector space of generators (Def. 3.41) of this minimal equivariant dgc-
algebra is the following:

| Zo/H [ [0y |95 |05 |og |99 [o5 (8| |
_ Zy/1 100|001 ]0]|0 >0
g’f 7o/Z5 |1 T To ol ool o0 € ZyGradedVectorSpacesy ~ . (117)
(112) (114) (115)

Lemma 3.43 (Minimal equivariant dgc-algebras are projectively cofibrant [Scu08, Thm. 4.2]). All elementary
extensions (107) are cofibrations

A €Cof [67V,,] s € ( GDiffGradedCommAlgebras; )

proj ’

Hence all relative minimal equivariant dgc-algebra inclusions (110) are cofibrations and, in particular, all minimal
equivariant dgc-algebras (111) are cofibrant objects in the model category (QDiffGradedCommAlgebras§ 0)
(Prop. 3.38).

proj

Proposition 3.44 (Existence of equivariant minimal models [Scu02, Thm. 3.11, Cor. 3.9]).
Let A € QDiffGradedCommAlgebrasD%0 (Def. 3.30) be cohomologically 1-connected, in that the equivariant
cochain cohomology groups (Def. 3.31) are trivial in degrees < 1:

H’(A) ~ R and H'(A) ~ 0. (118)
(i) There exists a minimal equivariant dgc-algebra (Def. 3.40) equipped with a quasi-isomorphism
pmin
Amin ——5—=A - (119)

(ii) This is unique up to isomorphism, in that for Al . A any other such, there is a commuting diagram of the
form - .
Amin — Amin

e A—w

with the top morphism an isomorphism of equivariant dgc-algebras.
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Remark 3.45 (Existence of equivariant relative minimal models(?)). By analogy with the theory of (relative)
minimal models in non-equivariant dgc-algebraic rational homotopy theory (e.g., [BG76, §7][Ha83][FHTO00, Thm.
14.12][FSS23, Prop. 3.50]), it is to be expected that Prop. 3.44 holds in greater generality:
(a) The existence of equivariant minimal models should hold more generally for fixed locus-wise nilpotent G-spaces
(not necessarily fixed-locus wise simply-connected).
(b) There should exist also equivariant relative minimal models, unique up to relative isomorphism, of any morphism
between fixed locus-wise nilpotent spaces of R-finite homotopy type.
While a proof of these more general statements should be a fairly straightforward generalization of the proofs of
the existing results, it does not seem to be available in the literature. Nonetheless, for our main example of interest
(Example 2.44) we explicitly find the equivariant relative minimal model (in Prop. 3.56 below).

3.2 Equivariant rational homotopy theory

We review the fundamentals of equivariant rational homotopy theory [Tri82][Tri96][Go97b][Scu02][Scu08] and
prove our main technical result (Prop. 3.56 below). Throughout we make free use of plain (non-equivariant)
dgc-algebraic rational homotopy theory [BG76] (review in [FHTOO][HeO7][GM13][FSS23, §3.2]).

Equivariant rationalization. Equivariant rational homotopy theory is concerned with the following concept:

Definition 3.46 (Equivariant rationalization [May96, §11.3][Tri82, §2.6]).

Let X € GHomotopyTypes., (Def. 2.33).

(i) X is called rational (here: over the real numbers, see [FSS23, Rem. 3.51]) if all its equivariant homotopy groups
(Def. 2.31) carry the structure of equivariant vector spaces (here: over the real numbers, Def. 3.5):

X is rational over the reals & T, (X) € G VectorSpaces, — GGroups. (120)

(ii) A rationalization of X (here: over the real numbers) is a morphism

nR
X X LrX € GHomotopyTypes (121)
to a rational equivariant homotopy type (120) which induces isomorphisms on all equivariant rational cohomology
groups (Example 3.6): (nR)*
H*(Lg X;R) — 22— H*(X; R).

In other words: equivariant rationalization is plain rationalization (e.g. [FSS23, Def. 3.55]) at each stage G/H €
GOrbits.

Proposition 3.47 (Uniqueness of equivariant rationalization [May96, 8§11, Thm. 3.2]). Equivariant rationalization
(Def. 3.46) of equivariantly simply-connected equivariant homotopy types exists essentially uniquely.
Equivariant PL. de Rham theory.

Definition 3.48 (Equivariant PL. de Rham complex). Write

o
GSimplicialSets ——*— ( GDiffGradedCommAlgebras; )"
X — (G/H = 'QI.JLdR(‘X(G/H)))

for the functor from equivariant simplicial sets (Def. 2.19) to the opposite of equivariant dgc-algebras (Def. 3.30).
This applies the plain PL. de Rham functor [Su77][BG76, p. 1.-7][FSS23, Def. 3.56] (assigning dgc-algebras of
piecewise polynomial differential forms) to diagrams of simplicial sets parametrized over the orbit category.

Proposition 3.49 (Equivariant PL de Rham theorem [Tri82, Thm. 4.9]). For any X € GSimplicialSets (Def. 2.19)
and Ar € GVectorSpacesy, (Def. 3.5), we have a natural isomorphism
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H*(X; Ar) ~ H®(QpLar(X; Ar))
between the Bredon cohomology of X (Example 2.39) with coefficients in Ay, and the cochain cohomology of the
equivariant PL de Rham complex of X (Def. 3.48) with coefficients in A.

Proposition 3.50 (Quillen adjunction between equivariant simplicial sets and equivariant dgc-algebras [Scu08,
Prop. 5.1]). The equivariant PL de Rham complex construction (Def. 3.48) is the left adjoint in a Quillen adjunc-

tion
Ql"LdR

( GDiffGradedCommAlgebrasg %) op Lqu GSimplicialSets

proj proj

exp

between the projective model structure on equivariant simplicial sets (Prop. 2.21) and the opposite of the projective
model structure on connective equivariant dgc-algebras (Prop. 3.38).

The fundamental theorem of dgc-algebraic equivariant rational homotopy theory.

Proposition 3.51 (Fundamental theorem of dgc-algebraic equivariant rational homotopy theory [Scu08, Thm.
5.6]). On equivariant 1-connected R-finite homotopy types (Def. 2.33):
(i) The derived PL de Rham adjunction (Prop. 3.50) restricts to an equivalence of homotopy categories

) LOpr r 5
( G HomotopyTypes;nz]R ) R ~ Ho ( ( GDiffGradedCommAlgebrasg %) ;foj) ﬁ_n
Rexp

between those simply-connected R-finite equivariant homotopy types (Def. 2.33) which are rational (Def. 3.46)
over the real numbers and formal duals of cohomologically connected I-connected (118) equivariant dgc-algebras.
(ii) The derived adjunction unit is equivariant rationalization (Def. 3.46):

DnPLdR
X 2 Rexp oLy 4 (X) -
X € )GHomotopyTypesﬁ;Z]R = ‘ ‘ - l ~ (122)
X X LgX

Remark 3.52. That the equivariant derived PLdR-unit (122) models equivariant rationalization is not made explicit
in [Scu08], but it follows immediately from the fact that:

(a) by definition, the equivariant PLdR adjunction is stage-wise over G/H € GOrbits the plain PLdR adjunction;
(b) the derived unit of the plain PLdR-adjunction models plain rationalization by the non-equivariant fundamental
theorem (e.g. [FSS23, Prop. 3.60]); and

(c) that equivariant rationalization (Def. 3.46) is stage-wise plain rationalization.

Equivariant rational Whitehead L..-algebras

Definition 3.53 (Equivariant Whitehead L..-algebra). For [ V(X / G) € )QHomotopyTypesgnZR (Def. 2.33), we say
that its equivariant Whitehead L.-algebra

[¥(X/G) € GL..Algebras;$,
is the equivariant L.-algebra (Def. 3.36) whose equivariant Chevalley-Eilenberg algebra (104) is the minimal
model (well-defined by Prop. 3.44) of the equivariant PL de Rham complex (Def. 3.48) of | V(X / G) :
CE(I¥(X/)G)) = QparX)min —— Qp r(X) € GDiffGradedCommAlgebrasz®.  (123)

ew

Proposition 3.54 (Equivariant rational homotopy groups in the equivariant Whitehead L..-algeba [Tri82, Thm.
6.2 2)]). For|[ )’(X / G) € gHomotopyTypesgan (Def. 2.33), the equivariant rational homotopy groups of QX
(Example 3.23) are equivalent to the underlying equivariant graded vector space (Def. 3.41) of the equivariant
Whitehead Le.-algebra (Def. 3.53) of V(X//G) :
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equivariant rational

equivariant homotopy groups of
Whitehead L..-algebra equivariant loop space
(Ir(x/G)), ~ zJ(X)@,R. (124)

Examples of equivariant Whitehead L..-algebras.

Proposition 3.55 (Z;,-Equivariant minimal model of twistor space). The equivariant minimal model (Def. 3.40) of
the 74-equivariant twistor space (Example 2.28) is the following Z,-equivariant dgc-algebra (Def. 3.30):

hs, dhs=  —fHAf
Z> |7 R
R il Pt
CE(1¥(CP)Z5)) : T € Z,DiffGradedCommAlgebras; ° (125)
h3, dhy = 04— 2\ f2
) df2=0
Z>/1 R
(2/} - w7, / dw; = —my Ny
Zy [N dwys=0

Proof. (i) Checking that (125) is indeed a minimal equivariant dgc-algebra is the content of Example 3.42, where
this minimal algebra is obtained in (116).

(ii) It remains to see that (125) has indeed the algebraic homotopy type of the rationalized equivariant twistor space,
under the fundamental theorem (Prop. 3.51). By (60), this amounts to showing that the right vertical morphism of
ordinary dgc-algebras in (125) is a dgc-algebraic model (under the non-equivariant fundamental theorem of rational
homotopy theory, [BG76, §8] reviewed as [FSS23, Prop. 3.59]) of the inclusion of the fiber of the twistor fibration
(11). But, by [FSS23, Lem. 3.71]), the dgc-algebra model for this fiber is the cofiber of the minimal relative model
of the twistor fibration. The latter is given in [FSS20c, Lem. 2.13], and its cofiber manifestly coincides with (125).
(iii) As a consistency check, notice that the equivariant rational homotopy groups of twistor space (97) do match
the generators (117) of this minimal model; as it must be, by Prop. 3.54. O

Proposition 3.56 (Z,-Equivariant relative minimal model of Sp(1)-parametrized twistor space). The equivariant
relative minimal model (Def. 3.40) of the Z‘%-equivariant Sp(1)-parametrized twistor space (Example 2.44) is the
following Z,-equivariant dgc-algebra (Def. 3.30) under CE([BSp(l)) = R[}pl] /(d P = 0) :

%), [ s, dhs=04—p1— LA S
. Z»/1 +— CE(IBSp(1)) /2 / dfp=0
R w7, |/ |doy=—aun (04— 3p1)
sf&c e&:\&\(\” Q‘D‘?:;%Q i &’)4 d(l)4 =0
{1y (H(CP24)) 5511 | (126)
[ hs, dhs= —Lipi—fHAp
7,7, CE(1BSp(1 2
o/ze — ce(sp)| " /(4= ,

where
(a) all closed generators are normalized such as to be rational images of integral and integrally in-divisible classes;

(b) w:=w— % p1 is fiberwise the pullback along CP? SN (11) of the volume element on S*;

(¢) f> is fiberwise the volume element on S* bolom), CcP3.

Proof. (i) To see that (126) is relative minimal, observe that it is obtained from the equivariant base dgc-algebra

Zy
()
Z>/1 — CE(1BSp(1)) ==R[1p1]/(d ;p1 = 0)
' ia)
Zs |7 — CE(IBSp(1))
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by the same three cell attachments as in the construction of the absolute minimal model of Example, 3.42 for the
plain equivariant twistor space (Prop. 3.55), subject only to these replacements:

fNf — faifhf+3p1
O A @Dy — 4 A\ ((T) —%pl)
in the attaching maps ¢35 (114) and ¢ (115), respectively.
(ii) By the fundamental theorem (Prop. 3.51), it remains to see that (126) is weakly equivalent to the relative
equivariant PL. de Rham complex of equivariant parametrized twistor space:
(ii.1) First observe that the relative minimal model CE(I(r // Sp(1))) for the non-equivariant Sp(1)-parametrized
twistor fibration 1, relative to the minimal model of $* /Sp(1) relative to BSp(1), is as follows, with generators

normalized as stated in the claim above: n ih | AAS
3, = —5P1—
SZ//SP(I) RBPJ [fz }/(df; 0 aP1— )2 2)
hofib (tm / Sp(1))
° hl(;)sfri)::)lét;ﬂm)l//Sp(l) cofsy(r) (CE(L(r / Sp(1)))
(by Lemma 2.10)
Ps2 h — o —Lp —
] (d=d i)
P’ 1 R[: ’ IR
/ CA()4 d 6)4 = O
Pcp3
/ f]HI//Sp(l) 1 / CE(\(t / Sp(1 relative minimal model
Bsp(l) R[zpl] (t(ra / Sp(1))) for 17 // Sp(1) (by [FSS20c, Thm. 2.14])
& 4 . 7, dw7=—654/\(0~)4—%p1)
§*/Sp(1) R[;pi] s / dd, =0

This is the statement of [FSS20c, Thm. 2.14], using the following notational simplifications in the present case:
(a) the Euler 8-class Xg appearing in [FSS20c, (39)] vanishes here under restriction along BSp(1) — BSp(2);
(b) we have applied to [FSS20c, (49)] the dgc-algebra isomorphism given by

hs < hs, f2 = fa, w7 <« 7, Wy — 04— 1pi . (128)
(ii.2) This being a non-equivariant relative minimal model, it comes with horizontal weak equivalences of non-
equivariant dgc-algebras as shown in the bottom square of the following commuting diagram (by, e.g., [FHTOO,
Thm. 14.12]), which induces (by the fiber lemma [BK72, §1I] in the form [FHTOO, Prop. 15.5][FHT15, Thm.
5.1]) a weak equivalence on plain cofibers (which is forms on S, by Lemma 2.10), as shown in the following top
square:
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O e (52 <o W R[h3’]/<dh3: _f”ﬁ) (129)

f2, " \df2=0
Qg (fib(m / Sp(1))) TCOf(CE([(IH//SP(U)D
hs, dhy =@y —5p1— L A\ fa
Qb ar (CP?//Sp(1)) = R[ipi] ja%;, / jc{;jiam(@—épl)
oA day =0
Qg (12 // Sp(1)) lcp:([(m /sp(1)))

. 4 ew |/ (dwr=—d4 N (04— 3p
'QPLdR(S //SP(I)) RBPJ[(TM ]/<d5)4—0 ( : )>
(Here we are using that with 7y also 757 / Sp(1) := % is a fibration, by the right Quillen functor (29) in
Prop. 2.7, and that all spaces involved are simply-connected, so that all the technical assumptions in [FHT15, (5.1)]
are indeed met.)
(ii.3) Then observe that

H*(S?/Sp(1); R) ~ R, 1p1]/((@n)?) ~ H*(BSp(1); R) @, H* (5% R). (130)
This follows readily from the Gysin exact sequence (e.g. [Sw75, §15.30])
- —H*(BSp(1); R) i>H°(52//sp(1); R) LH'—Z(BSp(l); R) %{;LH'“ (BSp(1); R) —--- (131)

hofib
for the S-fiber sequence S? hoblpg), S2 /Sp(1) Lo, BSp(1) that corresponds to the Sp(1)-action on S?, by Prop.

2.7; and using that H* (BSp(l); R) o~ R[% pl] (e.g. [FSS23, Lemma 4.24]) is concentrated in degrees divisible
by 4 (so that, in particular, the Euler class ¢ € H? (BSp(l); ]R) ~ 0in (131) vanishes).
But using (130) in (129) implies that also the induced map on relative fibers (33) over BSp(1) is a weak equivalence:

_ _ 1,
A Ql.)LdR(Sz//Sp(l))<,,E‘Y,,,RBPJ [i’(jj/(‘y};;o 5P1 fz/\fZ) (132)

f, CE([ Sp(1
v (Fasp) (1 (1) | = Dy (Bb(s)  So(1) Tw“p(”( (o)

hs, dhs = 04— 5p1— LA fo
df,=0
7)1 Q2 . (CP3 /Sp(1 =W R[] | 2 S
(2/)\ pLar (CP°/Sp(1)) 1] w7, / d(ihz—(m/\(w —1p1)
Zn 0y dwy=0

(ii.4) By Lemma 2.10 applied to (76), we see that the left morphism in (132) is equivalently the inclusion of
the fixed-locus in the Zé—equivariant Sp(1)-parametrized twistor space (Example 2.44). Thus, by the stage-wise
definition of the equivariant PL de Rham complex (Def. 3.48), it follows that the left morphism in (132) is
the PL de Rham complex of Z’g—equivariant Sp(1)-parametrized twistor space (as indicated by alignment with
the Z‘%—orbit category on the far left of (129)). Finally this means, by the fundamental theorem (Prop. 3.51),
that the commuting square in (129) exhibits the claimed equivariant dgc-algebra (15) as indeed modeling the
equivariant rational homotopy type of the Z*z‘—equivariant Sp(1)-parametrized twistor space. (The images on the
left of the generators on the right of (129) are indeed all invariant under the Z’g C Sp(2)-action, by [BMSS19,
Lemma 5.5]). L]
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3.3 Equivariant non-abelian de Rham theorem

We introduce properly equivariant non-abelian de Rham cohomology with coefficients in equivariant L..-algebras,
in direct generalization of the non-equivariant discussion in [FSS23, §3.3]. Our key example here is the non-abelian
cohomology of equivariant twistorial differential forms (Example 3.74 below). The main result is the proper
equivariant non-abelian de Rham theorem (Prop. 3.63) and its twisted version (Prop. 3.67). The specialization to
traditional Borel-equivariant abelian de Rham cohomology is the content of Prop. 3.72 below.

Flat equivariant L..-algebra valued differential forms.
In equivariant generalization of [FSS23, Def. 3.77], we set:

Definition 3.57 (Flat equivariant L.-algebra valued differential forms). Let g € VGLoc,Algebrasﬂi7%rl (Def. 3.36) and

G (X € GActions (SmoothManifolds) (Def. 2.35). Then the set of flat equivariant g-valued differential forms on
X is the hom-set (16)

Qi (r(X/G):9)q, = GCDiffGradedCommAlgebras;’ (CE (9), Q&R (r(X/G) ))

of equivariant dgc-algebras (Def. 3.30) from the equivariant Chevalley-Eilenberg algebra (104) of g to the equiv-
ariant smooth de Rham complex (Def. 3.33) of X.

In equivariant generalization of [FSS23, Def. 3.92], we set:

Definition 3.58 (Flat twisted equivariant L.-algebra valued differential forms on G-orbifold). Consider an equiv-
ariant Le-algebraic local coefficient bundle in the form of a fibration of equivariant L..-algebras (Def. 3.36) whose
equivariant Chevalley-FEilenberg algebras (104), are relative minimal (Def. 3.40)
fib(p) ~
g - b
equivariant L..-algebraic &E c VGLooAlgebraSDZ&?‘m . (133)
b

local coefficient bundle

Then, for GC X € GActions(SmoothManifolds) (Def. 2.35) equipped with an equivariant non-abelian de Rham
twist

TR € Qar(r(X/G):b)g, (134)
given by a flat equivariant b-valued differential form (Def. 3.57) on X, the set of flat Tyr-twisted equivariant g-
valued differential forms on X is the hom-set (16) in the co-slice category of gDiffGradedCOmmAlgebras§ % (Def.

3.30) under CE(g) from CE(p) to Tgr:

QR (r(X/G),g)4, = (GDiffGradedCommAlgebras;°) CE®)/ (CE(p), ar)

flat twisted equivariant
g-valued differential form

QR(r(X)G))<—---—====== oo - CE(b) (135

‘m CE (E) local coefficients
CE(0)

Equivariant non-abelian de Rham cohomology.

Notation 3.59 (Cylinder orbifold). For G X € GActions (SmoothManifolds) (Def. 2.35), let the product mani-

fold X x R be equipped with the G-action given by
GXx(XxR)— XxR

(gv ()C, t))'—>(g'xvt)'
We say that the resulting G-orbifold (Def. 2.36) ¥ ((X xR) / G) € GOrbifolds is the cylinder orbifold of ¥ (X /G),

and we write
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F(X)G) ~ r((X x {0})/G) <2 »((X xR)JG) <2 »((X x {1})/G) ~ r(X JG) (136)

for the canonical inclusion maps and

¥ ((X xR)/G) 2~ » (X JG) (137)

for the canonical projection map.
In equivariant generalization of [FSS23, Def. 3.83], we set:

Definition 3.60 (Coboundaries between flat equivariant L..-algebra valued differential forms).
Letg € GL.Algebrasg (Def. 104) and G C X € GActions (SmoothManifolds) (Def. 2.35).

(i) Then, given flat differential forms Ag,A; € Qqr ()f(X /G):g ) 1 (Def. 3.57), a coboundary between them

Ag :A> Aq
is a flat equivariant g-valued differential form (Def. 3.57) on the cylinder orbifold (Notation 3.59)

cylinder orbifold

A e Qm(r((xxR))G)g) (138)

such that this restricts to the given pair of forms

iy(A)=Ap and ij(A) =4, (139)
along the canonical inclusions (136).
(ii) We denote the relation given by existence of such a coboundary by A; ~ Aj.

Lemma 3.61 (Equivalence of equivariant smooth and PL de Rham complex of smooth orbifold). Let GC X €
GActions (SmoothManifolds) (Def. 2.35). Then the corresponding equivariant PL de Rham complex (Def. 3.48)
is isomorphic to the equivariant smooth de Rham complex (Example 3.33) in the homotopy category of equivariant
dgc-algebras (Prop. 3.38):

QR(r(X/G)) ~ Qp(r(X)G) € Ho((QDiffGradedCommAlgebras§O)proj). (140)

Proof. Observe that the analogous non-equivariant statement holds by [FSS23, Lem. 3.90], using [GM13, Cor.
9.9], and that its proof proceeds by analyzing natural constructions applied to a choice of smooth triangulation of
the given smooth manifold X.

Now, for a smooth manifold equipped with a smooth G-action G C X, we may choose a G-equivariant smooth
triangulation, by the equivariant triangulation theorem [I1178][I183]. Given this, the remainder of the non-equivariant
proof applies stage-wise over the orbit category. Since the weak equivalences of equivariant dgc-algebras are the
stage-wise weak equivalences of non-equivariant dgc-algebras (Prop. 3.38), the claim follows. 0

In equivariant generalization of [FSS23, Def. 3.84], we set:

Definition 3.62 (Equivariant non-abelian de Rham cohomology). Let G ( X € GActions(SmoothManifolds) (Def.
235 and g € QLNAlgebrasﬂi?-m (Def. 3.36). The equivariant non-abelian de Rham cohomology of G ¢ X with
coefficients in g is the quotient of the set of flat equivariant differential forms (Def. 3.57) by the coboundary
relation (Def. 3.60):

Han (r(X/G):9) = (Qux(r(X/G): 9)),

In equivariant generalization of [FSS23, Thm. 3.87], we have:
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Proposition 3.63 (Equivariant non-abelian de Rham theorem). Ler 4 € VGHomotopyTypesgnzk (Def. 2.33) and
G (X € GActions (SmoothManifolds) (Def. 2.35), such that its equivariant shape (Def. 2.23) is also equivariantly
simply-connected and of R-finite type: | ¥ (X / G) € ),GHomotopyTypesgan . Then, at least if G has order 4 or is
cyclic of prime order (Remark 3.17), there is an equivalence between:

(a) real equivariant non-abelian cohomology (Def. 2.37) with coefficients in the equivariant rationalization Ly A
(Def. 3.46) and

(b) equivariant non-abelian de Rham cohomology (Def. 3.62) of the G-orbifold V(X / G) (Def. 2.36) with coeffi-
cients in the equivariant Whitehead Lw-algebra |4 (Def. 3.53):

equivariant non-abelian equivariant non-abelian
real cohomology de Rham cohomology
H(Ir(X)G):LaA) = Huw(r(X/G):14). (141)

Proof. Consider the following sequence of bijections:

H(r(X/G);LrA) := GHomotopyTypes()¥ (X /G), LrA)

~ Ho ( ( GDiffGradedCommAlgebras; %) , ) (Q;LdR (4), QL (Y (X/G)) )

roj
~ Ho(( GDiffGradedCommAlgebrasz") ... ) (CE(12) , Q4 (r (X /G)))
~ ( GDiffGradedCommAlgebrasz ) | (CE (1), Qi (Y (X /G)) )
~right homotopy

~ (QdR()’(X//G) ’ [’q)ﬁat>/~

= Hgr(r(X/G);14).
The first step is Def. 2.37, while the second step is the fundamental theorem (Prop. 3.51). In the third step we are:
(a) post-composing in the homotopy category with the isomorphism Qp; jz(—) ~ Qir (—) (140);
(b) pre-composing with the isomorphism CE([ﬂ) ~ QR (}Zl) exhibiting the minimal model (123).

Now the domain object CE(I4) is cofibrant (by Lemma 3.43) and the codomain object Q3 (¥(X /G)) is
fibrant (by Prop. 3.39). Consequently, the hom-set in the homotopy category is equivalently given ([Qu67, §I.1
Cor. 7], see [FSS23, Prop. A.16]) by right-homotopy classes of equivariant dgc-algebra homomorphisms between
these objects, shown in the fourth step.

To exhibit these right homotopies, we may choose as path-space object ([Qu67, Def. 1.4], see [FSS23, A.11])
the equivariant de Rham complex on the cylinder orbifold (Notation 3.59): this qualifies as a path space object
by stage-wise application of [FSS23, Lem. 3.88] and using again the argument of Lemmas 3.19, 3.20, 3.21 for
equivariant fibrancy. But with this choice of path space object, the right homotopy relation manifestly coincides
(by stage-wise application of [FSS23, Lem. 3.89]) with the coboundary relation on equivariant non-abelian forms
(Def. 3.60). which is the fifth step above. With this, the last step is Def. 3.62.

In conclusion, the composite of this chain of bijections gives the claimed bijection (141). O

Twisted equivariant non-abelian de Rham cohomology.
In equivariant generalization of [FSS23, Def. 3.97], we set:

Definition 3.64 (Coboundaries between flat twisted equivariant L.-algebra valued differential forms). Given an
equivariant L..-algebraic local coefficient bundle (133)

fib(p)

=

local coefficient bundle

€ GL.Algebrasg§, (142)

~
equivariant L..-algebraic ¢ p
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and given G C X € GActions (SmoothManifolds) (Def. 2.35) equipped with an equivariant non-abelian de Rham
twist (134)

TR € QdR()’(X//G);b) :

(i) we say that a coboundary between a pair

Ao, 4y € Q3 (r(x/G):0)
of flat equivariant Tyr-twisted g-valued differential forms (Def. 3.57) is such a form on the cylinder orbifold
(Notation 3.59)

cylinder orbifold
A€ QS{;;TC‘R ( r((X x R)//G);g)
twisted by the pullback of the given twist to the cylinder orbifold (along the canonical projection (137)), such that
this restricts to the given pair of forms

iy(A) = Ao and ij(A) = A (143)
along the canonical inclusions (136).
(i) We denote the relation that there exists such a coboundary by Ag ~ Aj.

In equivariant generalization of [FSS23, Def. 3.98], we set:

Definition 3.65 (Twisted equivariant non-abelian de Rham cohomology). Let G ¢ X € GActions (SmoothManifolds)
(Def. 2.35) and let g — E — b be an equivariant L..-algebraic local coefficient bundle (133), and let

[Tar] € Har(Y(X/G):b),., (144)
be the equivariant non-abelian de Rham cohomology class (Def. 3.62) of an equivariant twist (134). Then we say
that the equivariant tar-twisted de Rham cohomology of the G-orbifold )’(X / G) (Def. 2.36) with coeffcients in
g is the quotient of the set of equivariant Tqr-twisted g-valued differential forms (Def. 3.58) by the coboundary
relation from Def. 3.64: -

Hig (r(x/6)ig) = 2k (r(x/G)q),

Notation 3.66 (Equivariant local coefficient bundle with relative minimal model). Given an equivariant local co-

lo::{;z%i:i?iletnt \LPH & )GHO] I lOtOpy I ypes>2 ( 1 45)

BG
all of whose objects are equivariantly 1-connected and of R-finite type (Def. 2.33), assume (Remark 3.45) that p,
admits an equivariant relative minimal model (Def. 3.40). This is to be denoted as follows:

CE([,Q[) cofib(CE(Ip4))

CE(ls5(1/ G))

Qb ar (A) Qpag (hofib(pa)) Qb ar (A G) P €W

equivariant relative
CE ( [Pz) minimal model ( 1 46)

equivariant dgc-algebra model foXd ( )
of local coefficient bundle pLAR (P

CE ([B g) equivariant

/ minimal model
min cW
Qi (BG) P

Notice that the corresponding fibration of equivariant L..-algebras (Def. 3.36) serves as an equivariant L.-algebraic
local coefficient bundle (133).

47



In equivariant generalization of [FSS23, Thm. 3.104], we have:

Proposition 3.67 (Twisted equivariant non-abelian de Rham theorem). Consider the following
* Let pg be an equivariant local coefficient bundle of equivariantly 1-connected G-spaces of finite R-homotopy

e, which admi s an equivariant relative minimal model; all as in Notation 3.66.
* Moreover, let G %Actlons SmoothManifolds) (Def. 2.35) be such that also its equivariant shape (Def.

2.23) is equivariantly 1- connected and of R-finite type, | ¥ (X / G) € VGHomotopyTypesﬁznz]R and let this be
equipped with an equivariant twist T (79) with coefficients in the equivariant rationalization (Def. 3.46) of

BG.
» Write t4r for a representative of the image under the equivariant non-abelian de Rham theorem (Prop. 3.63)

of the class of this twist in equivariant [BA-valued de Rham cohomology (Def. 3.62) that the equivariant local
coefficient bundle (145) admits an equivariant relative minimal model (Def. 3.40)

H(IV(X//G);LRBQ> o~ HdR()f(X//G); th). (147)
rational twist “ lil‘e (;I{ll;la‘::nn\‘llzz;;e;ldn de Rham twist
(7] — [Tar]

Then there is an equivalence between:
(a) the T-twisted equivariant real non-abelian cohomology (Def. 2.45) with local coefficients in pg, and
(b) the Tar-twisted equivariant de Rham cohomology (Def. 3.65) with local coefficients in lggp4 (146):

twisted equndrl.mt twisted equivariant
belian real col belian de Rham co
HT(JV(X//G) LR/q) ~ Hde( (X/G): 1 ) (148)

Proof. The proof proceeds in direct joint generalization of the proofs of Prop. 3.63 (equivariant case) and [FSS23,
Thm. 3.104] (twisted case).

First, by the fundamental theorem (Prop. 3.51), the twisted real cohomology is given by morphisms in the homo-
topy category of the co-slice model category of this form:

prar (I r X/ G)) D (21 G) € Ho (( GDiffGradedCommAlgebrasg %) > . (149)
~_ proj

. ol
Qb ar(T) 'Q%LdR (B g) PLar (Pa)

Second, by

(a) post-composition with the isomorphism Qp; o (—) ~ Qg (—) (140),

(b) pre-composition with the equivalence from the equivariant relative minimal model (146),
this becomes equivalent to morphisms of this form:

Q: ( X/G ) 77777777 Qs (1 .
w([7r(X/G)) = pLar (1/G) € Ho( ( GDiffGradedCommAlgebras; O)pmj> . (150)
\
TR CE([BG) CE(lpa)
But, in this form,
(a) the codomain 7y is a fibrant object in the coslice model category, since Q3 ( — ) is fibrant in the un-sliced model
structure (Prop. 3.39);
(b) the relative minimal model domain CE([p4) is cofibrant, by Lemma 3.43.
It follows ([Qu67, §I.1 Cor. 7], see [FSS23, Prop. A.16]) that a morphism of the form (150) in the homotopy
category is equivalently the right homotopy class of an actual homomorphism of equivariant dgc-algebras in the
coslice, hence is equivalently the right homotopy class of a flat equivariant twisted [2-valued differential form, by
Def. 3.58.

Finally, in joint generalization of the proof of Prop. 3.63 (equivariant case) and [FSS23, Lem. 3.105] (twisted
case), we see that a path space object ([Qu67, Def. 1.4], see [FSS23, A.11]) exhibiting these right homotopies in
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the coslice is given by pullback to the equivariant smooth de Rham complex of the cylinder orbifold (138). But
with that choice, right homotopies are manifestly the same as coboundaries of flat equivariant twisted [4-valued
differential forms (Def. 3.64), and hence the claim follows. ]

Twisted non-abelian Borel-Weil-Cartan equivariant de Rham cohomology. Finally, we combine traditional
Borel(-Weil-Cartan) T-equivariant de Rham cohomology ([AB84][MQ86, §5][Ka93][GS99], review in [Me06]
[KT15][Pel7]), with proper G-equivariance and generalize it to non-abelian L..-algebra coefficients.

By Prop. 2.7 and Remark 2.42, any Borel T-equivariantized G-orbifold carries a canonical twist in equivariant
non-abelian cohomology H'!(—,T) ~ H(—,BT). The following is the de Rham image of that twist:

Definition 3.68 (Canonical de Rham twist on Borel T-equivariant G-orbifolds).

Let (T X G) (X e (T X G) Actions (SmoothManifolds) (Def 2.35) for T € CompactLieGroups finite-dimensional
and simply-connected, with Lie algebra t (105), regarded as a smooth G-equivariant L..-algebra (Def. 3.36). We
say that the canonical de Rham twist on the corresponding 7T-parametrized G-orbifold is the canonical inclusion
of equivariant dgc-algebras (Def. 3.30) from the minimal model for the classifying space of T (regarded as a
smooth G-equivariant homotopy type, Example 2.24) into the proper G-equivariant & Borel T-equivariant smooth

de Rham Complex (Example 337) Cartan model for T-equivariant Borel col logy of H-fixed locus X'/
T
° L4 di
o ((r(x/G)) ) (@506 @R[{r;}a;“f J datrg v, )
Tfﬁﬁ“ . G/H —

CE(IBT) (R[{rg3em D

where on the bottom we used the abstract Chern-Weil isomorphism (81) in the form discussed in [FSS23, §4.2].

Example 3.69 (Equivariant Cartan map). In the situation of Def. 3.68, consider the case when the 7-action is
free, hence that X := P is the total space of a G-equivariant T-principal bundle P — B := P/T (e.g. [KT15, p
2]). Then, for any choice of G-invariant N-principal connection V € NConnections(P)®, we have the following
weak equivalence (in the sense of Prop. 3.38) of G-equivariant dgc-algebras (Def. 3.30) in the co-slice under the
minimal model dgc-algebra of the classifying space (81): © — Ohor

ré s Fg

szaR(<r<X//G>>//T)iszaR( (B/G)) (3 (x™) [rym™] ) Qe (B")

: G/H — /
ean Chern-Weil hom
dR

CE(IBT) ( [{ g dim(T D

This is from the proper G-equivariant Borel T-equivariant smooth de Rham complex of X (Example 3.37) to
the proper G-equivariant smooth de Rham complex over X /T (Example 3.33), which is stage-wise over G/H the
Cartan map quasi-isomorphism [GS99, §5] (review in [Me06, (20), (30)]) from the Cartan model of X H(106) to the
ordinary smooth de Rham complex of B = (X /N). This sends the Cartan model generators r¢ to the curvature
form component Fg; of the given connection, and hence restricts on universal real characteristic classes, represented
by invariant polynomials c, to the Chern-Weil homomorphism assigning characteristic forms: ¢ — c¢(Fy).

Example 3.70 (Tangential de Rham twists on G-orbifolds with 7'-structure). In further specialization of Example
3.69, let X ¢ B € GActions(SmoothManifolds) (Def. 2.35) be equipped with G-equivariant 7 C GL(dim(X))-
structure (see [SS20b, p. 9] for pointers), namely with a G-equivariant reduction of its GL(dim(X))-frame bundle

to a T-principal 7-frame bundle TFr(X): ;. TXG
m ({;gqri\alriallt ﬂ
T-frame bundle TFr (X) C : Fr (X) frame bundle
X<

()
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Then Example 3.69 induces on the G-orbifold )’(X / G) (Def. 2.36) an equivariant non-abelian de Rham twist
(144) encoding all the real characteristic forms of the given G-equivariant 7-structure on X (the tangential twist):

Cartan map equivalence
e ((r(TFe(x)/G)) JT) e Q5 (r (X/G)).
T e CB(IBT) T e

In further generalization of Def. 3.65, we set:

Definition 3.71 (Proper G-equivariant & Borel T-equivariant twisted non-abelian de Rham cohomology). Let
(TxG)(X € (T X G) Actions (SmoothManifolds) (Def. 2.35) for T finite-dimensional, compact and simply-
connected, and let hofib(p)

g——b (151)
g b

IBT
be an equivariant L.-algebraic local coefficient bundle (133) over the Whitehead L..-algebra of BT (i.e., whose
Chevalley-Eilenberg algebra is (81)).
(i) We say that the set of flat, canonically twisted, proper G-equivariant & Borel T-equivariant, g-valued differen-
tial forms on X is the hom-set (16) in the co-slice of G-equivariant dgc-algebras (Def. 3.30) from CE (E) (104) to
the canonical de Rham twist (Def. 3.68) on the corresponding T -parametrized G-orbifold:

can C [
QR <( r(X/G))/T; g) = (( GDiffGradedCommAlgebras; °) proj) BT/ (CE( p). T§§n>

flat canonically-twisted
proper G-equivariant & Borel T-equivariant (152)
g-valued differential form

= 35 ((r(xfG) ) < - - - - SEEEIEEL CE(B)
TR CE(IBT) CE(p)

(ii) A coboundary between two such elements is defined, as in Def. 3.60, by a concordance form on the cylinder
orbifold:

A e QET((r(xxR)[G))|T:g). (153)
The corresponding twisted equivariant non-abelian de Rham cohomology is defined, as in Def. 3.65, to be the set
of coboundary-classes of the elements in the set (152):

HE ((r(xpe)imsg) = R (0 (x/6)/T3g)

In Borel-equivariant generalization of [FSS23, Prop. 3.86], we have:

Proposition 3.72 (Reproducing traditional Borel-Weil-Cartan equivariant de Rham cohomology). For the case
of trivial proper equivariance, G = 1, consider T ¢ X € GActions (SmoothManifolds) (Def. 2.35) and let the
equivariant L.-algebraic coefficient bundle (151) be the trivial bundle with fiber the line Lie n-algebra b"'R
([FSS23, Ex. 3.27]). Then the canonically twisted proper G-equivariant & Borel T-equivariant non-abelian de
Rham cohomology of X (Def. 3.71) reduces to the traditional Borel-Weil-Cartan equivariant de Rham cohomology
(the cochain cohomology of the Cartan model complex (106)) in degree n:

Borel-Weil-Cartan equivariant
de Rham cohomology

Hjfp +(X) =~ Har(X/T;b"R).

Proof. From unravelling the definitions it is clear that, under the given assumptions, the defining set of cochains
(152) reduces to the set of closed degree n elements in the Cartan model complex (106) on X = X'. Hence, given
any pair of such, it is sufficient to see that the coboundaries according to (153) exist precisely if a coboundary with
respect to the Cartan model differential dgqr + 5§ A 1,, exists.
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In the case when the second summand r5 A 1,, vanishes, this is shown by the proof in [FSS23, Prop. 3.86],
using the fiberwise Stokes theorem for fiber integration over [0, 1] C R. Inspection shows that this proof general-
izes verbatim in the presence of the second summand in the Cartan differential, using that this second summand
evidently anti-commutes with the fiber integration operation:

r“/\l,a 5:—/ l”“/\l,aC. ]
[0,1] [0,1]

Remark 3.73 (Localization in gauge theory). Prop. 3.72 means that the equivariant de Rham cohomology consid-
ered here subsumes the traditional Borel-equivariant de Rham cohomology that is used, for instance, in localization
of gauge theories (see [Pel12][PZ+17]), and generalizes it to finite proper equivariance groups and to non-abelian
coefficients.

In equivariant generalization of [FSS23, Ex. 3.96], we have:

Example 3.74 (Flat equivariant twistorial differential forms). Consider the equivariant relative Whitehead Lo.-
algebra (126) of Z‘g—equivariant & Sp(1)-parametrized twistor space (76) (from Thm. 3.56) as an equivariant
Lo.-algebraic local coefficient bundle (133)

[y (CP? ) Z5) — lpsp1) (¥ (CP? ) Z5) J/Sp(1))

|Prerm 4
(BSp(1) (154)
Let X € Z,Actions (SmoothManifolds) (Def. 2.35) be a spin 8-manifold with fixed locus (49) denoted
(Zz)/ (Zz)/
Zy/1 — xH
Y(X)2Z,) | t (155)
Zz / Zz — X 2

and equipped with Z;-invariant Sp(1)-structure 7, compatible Z4 -invariant Sp(1)-connection V € Sp(1)Connections(X),
and corresponding tangential de Rham twist (Example 3.70)

Qi (Y (X )Z:)) <= CE(1BSp(1)).
(V) A ip1
Then the set of flat Tgr-twisted equivariant differential forms (Def. 135) with local coefficients in (154) is of the
following form:

flat equivariant twistorial differential forms on Z;-orbifold X

Qi (r(x)22): 1 (CP23)),

at

twisted Bianchi identities in bulk j‘-nricntifnld restriction to 7 rz‘-ﬁ\'c(l locus
_ O 1 _ 1
H, d 1‘13—G4—§]?1(V)—F2/\F27 dH3|ng —_jpl(v|xl'§)_F2/\F2|XZ? (156)
_ FZ’ €QER(X11) d Fz:O7
2G~ d2G7 = —Gy N (G —%pl(V)) G7|XZ§ =0,
G - ~
! dGs =0, Galyz =0

This follows as an immediate consequence of Prop. 3.56, according to which an element .% of this set of forms is
a morphism of equivariant dgc-algebras of the following form (see around (??) for further discussion):
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Zy H3 i b3 h37 dh3:a)4_%pl_f2/\f2

() Baf f: dfa=
Zo/1 — Q% (X) o CE(1BSp(1)) o, / day = @y A (@ — Lp1)
o Gy —ay o dwg =0
5 o | (s
. h3, | /(dhs=  —3pi—frA
LojZa — QR(X™) CE([BSP(I))[;Z}/(dfj—O ek f2>'

3.4 Equivariant non-abelian character map

The Chern character in K-theory is just one special case of a plethora of character maps in a variety of fla-
vors of generalized cohomology theories. In fact, as highlighted in [FSS23][SS25a], from the point of view of
homotopy-theoretic non-abelian cohomology theory — where all cohomology classes are represented by (relative,
parametrized) homotopy classes of maps into a classifying space (fibered, parametrized co-stack) — character maps
are naturally realized as the non-abelian cohomology operations induced by rationalization of the classifying space
(followed by a de Rham-Dold-type equivalence that brings the resulting rational cohomology theory into canonical
shape).

Seen through the lens of Elmendorf’s theorem (Prop. 2.26), rationalization in proper equivariant homotopy
theory (Def. 3.46) is stage-wise, on fixed loci, given by rationalization in non-equivariant homotopy theory. Con-
sequently, the equivariant character maps are fixed loci-wise given by non-equivariant characters, hence are fixed
loci-wise given by rationalization (followed by a de Rham equivalence).

For this reason we will be brief here and refer to [FSS23] for background and further detail. We just make
explicit now the concrete model of the equivariant non-abelian character map by means of the equivariant PL
de Rham Quillen adjunction from Prop. 3.50. and then we discuss one example (in ??): the character map in
equivariant twistorial Cohomotopy theory.

The character map in equivariant non-abelian cohomology.
In equivariant generalization of [FSS23, Def. 4.1], we set:

Definition 3.75 (Rationalization in equivariant non-abelian cohomology). Let 4 € QHomotopyTypesgan (Def.
2.33). Then we say that rationalization in A-cohomology is the equivariant non-abelian cohomology operation
(Def. 2.41) from A-cohomology to real LrA-cohomology which is induced (71) by the rationalization unit (121)
on A4:

(n%),

H(—;A) H(—:LgA4).

In equivariant generalization of [FSS23, Def. 4.2], we set:

Definition 3.76 (Equivariant non-abelian character map). Let G X € GActions (SmoothManifolds) (Def. 2.35)
and g (Def. 3.36). Then the equivariant non-abelian character map on equivariant non-abelian 4-cohomology
(Def. 2.37) over the orbifold )f(X / G) (Def. 2.36) is the composite of the rationalization cohomology operation
(Def. 3.75) with the equivariant non-abelian de Rham theorem (Prop. 3.63) over the orbifold ¥ (X /G) (Def. 2.36)

equivariant non-abelian
character map

cha(X) : H(r(x/G): 4) %H(V(X//G);LR}ZL) Har (r(X/G):14).  (158)

equivariant non-abelian equivariant belian de Rham coh logy
A-cohomology with coefficient in equivariant Whitehead Lo.-algebra

equivariant non-abelian
de Rham theorem
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The character map in twisted equivariant non-abelian cohomology.
In equivariant generalization of [FSS23, Def. 5.2], we set:

Definition 3.77 (Rationalization in twisted equivariant non-abelian cohomology). Let p4 be an equivariant local
coefficient bundle of equivariantly 1-connected G-spaces of finite R-homotopy type, which admits an equivariant
relative minimal model; all as in Notation 3.66. Then rationalization in twisted equivariant non-abelian cohomol-
ogy with local coefficients in p5 (Def. 2.45) is the equivariant non-abelian cohomology operation

(D" o (=) e L(1mg5),

(M), = HE(x:A)
which is induced (as shown in [FSS23, (264)]) by the pasting composite with the naturality square on p 4 of the
rationalization unit (Def. 3.46). By the fundamental theorem (Prop. 3.51), this means explicitly: the left derived
base change (e.g. [FSS23, Ex. A.18]) along the PLdR-adjunction unit (Prop. 3.50) on BG followed by composition
with the following commuting square, regarded as a morphism in the slice over its bottom right object:

Dnzfis = Mayg

yye: ” exp o Qpdr (ﬂl// g) e exp oCE([Bg(JZl// g))

T’ﬂ//g p,q//g

HY"(X; LrA)

R . .
]D)T,p2 = | pa exp o QP 4r (Pa) exp oCE(lpg)

PLdR min
Mg Ppg

BG exp 0 Qpy g (B G )

\Dm‘?g““ ~ s
Here the left hand side is the naturality square of the equivariant P de Rham adjunction (Prop. 3.50), while the
right hand side is the image under exp of the relative minimal model (146). (Hence the composite represents the
naturality square of the derived PL de Rham adjunction unit, see e.g. [FSS23, Ex. A.21]).

exp oCE(I(BG))

In equivariant generalization of [FSS23, Def. 5.4], we set:

Definition 3.78 (Twisted equivariant non-abelian character map). Let G ( X € GActions (SmoothManifolds) (Def.
2.35), and let pg be an equivariant local coefficient bundle of equivariantly 1-connected G-spaces of finite R-
homotopy type, which admits an equivariant relative minimal model; all as in Notation 3.66. Then the twisted
equivariant non-abelian character map is the twisted equivariant cohomology operation

twisted equivariant - . .
. ) equivariant twisted non-abelian
non-abelian character

chl  HE(r(X)G): A) S gl (1 (X ) G); LpA) — o g (1 (X G): 1) (159)

twisted equivariant (npﬂ) . twisted equivariant
non-abelian 2-cohomology belian de Rham col

~

2y

from twisted equivariant non-abelian cohomology (Def. 2.45) with local coefficients in p4 to twisted equivariant
non-abelian de Rham cohomology (Def. 3.65) with coefficients in [p4 (as in Notation 3.66).

Finally, we have:

Remark 3.79 (Proof of Theorem 1.1). We collect together our results:

(i) That the Bianchi identities in the twistorial character map are as shown on p. 6 follows by Prop. 3.56, as
discussed in Example 3.74.

(i) That the quantization conditions in the twistorial character are as shown in (10) follows by observing that the
twisted equivariant character map (Def. 3.78) is fixed-locus wise equivalent to the corresponding non-equivariant
twisted character map [FSS23, Def. 5.4] (for instance by the fundamental theorem, Prop. 3.51, using that the
equivariant PL de Rham adjunction is stage-wise given by the non-equivariant PL. de Rham adjunction, Prop.
3.50).

(iiii) In particular, at global stage Z4 /1 € Z,Orbits on the bulk X! = X, the equivariant twistorial character restricts
to the non-equivariant twistorial character map for which the claimed flux quantization condition have been proven
in [FSS20b, Prop. 3.13][FSS20c, Thm. 4.8][FSS20c, Cor. 3.11], see also [FSS23, §5.3].
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4 Application to flux-quantization

In conclusion, here we briefly indicate the meaning and significance of the above algebro-topological result in and
to theoretical physics, specifically concerning the problem of “flux quantization” [SS25a] in a candidate theory of
strongly-coupled quantum systems going by the working title “M-theory”.

Cohomology and Gauge fields. Beyond all the details, a remarkable general fact — that the applied algebraic
topologists may find entertaining — is the fundamental role that cohomology (generalized, twisted, equivariant,
differential, non-abelian, ...) has come to play in the fine-grained description of gauge fields (“force fields”)
in fundamental physics, especially of “higher gauge fields” — whose flux-densities are higher-degree differential
forms on spacetime satisfying differential “Bianchi” or “Gaull law” equations — that appear in attempts to fill
certain gaps in the contemporary understanding of fundamental physics.

In short, such flux densities are to be regarded as but the character images (9) of classes in some (general-
ized non-abelian) cohomology theory, the choice of which is a flux-quantization law that controls global (brane-)
charges imprinted on the gauge field, and the further refinement of these to cocycles in differential cohomology
encodes the “gauge potentials” typically discussed in the physics literature, on which the eponymous gauge trans-
formations are given by the corresponding coboundaries.

cohomology gauge fields
-theory flux-quantization law
Table CG. V.Vhll.e cohf)molog.y has of course many and cocycle field configuration
diverse applications, in physics no less than in other
fields, the role of cohomology specifically in the global coboundary gauge transformation
description of (higher) gauge fields (“force fields”) is o
profound: In generalization of the seminal historical character flux densities
observation (“Dirac charge quantization”) that electro- di lect .
magnetic field configurations are globally to be identi- ordinary- clectromagnetic
fied with 2-cc?cycles. in ordinary differenti‘al cohomo?- differential- gauge potentials
ogy of spacetime, higher gauge field species are simi-
larly to be identified with generalized cohomology the- twisted- background fields
ories whose further properties and attributes closely re- L .
flect the field’s physical nature, as indicated on the right. equivariant- on orbifolds
Real- on orientifolds
nonabelian- nonlinear Gauf3 law

Conversely this means that a fair amount of algebro-topological sophistication may be needed to propose or
construct a cohomology theory suitable for flux quantization of a given higher gauge theory, and then to deduce its
implications to be compared with physical expectations and, ultimately, with experiment. Much room is left here
for applied algebraic topologists to get involved.

We briely indicate how the equivariant twistorial Cohomotopy from the main text is motivated as a flux-
quantization law:

Characters arising in supergravity. With the character map (9) describing which generalized cohomology the-
ories 4 may serve as flux-quantization laws for given generalized Gauf} laws [4 on flux densities, we have to
ask: What are natural generalized such Gaufs laws 14? Remarkably, a profound source is super-gravity, in the
following way (pointers in [GSS24a]):

It is a century-old observation due to E. Cartan that a field configuration of gravity is most usefully understood
as a torsion-free coframe field E (Cartan’s “moving frame”) on spacetime with coefficients in the typical tangent
space R'"¢ (Minkowski spacetime), subject to a corresponding “Ist order”-formulation of Einstein’s equations.
A miracle happens as this situation is generalized from ordinary tangent spaces to tangent super-spaces R IN,
meaning to super-vector spaces (namely: Z/,-graded vector spaces regarded with the unique non-trivial symmetric
braided monoidal category structure) whose odd component carries the structure of a real spinor representation
N € Repg (Spin(1,d)):
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11D Super-gravity. Namely a field configuration of 11D super-gravity is a supertorsion-free super-coframe
field (E,¥) on super-spacetime with coefficients in R'10132 where — remarkably — the corresponding Einstein-
Rarita-Schwinger equations of motion are now equivalent [GSS24a, Thm. 3.1] simply to the statement that flux
super-densities of the following form (meaning: super-differential forms whose local expansion in the co-frame
field is of a prescribed form ©):

G, = (Gaya,E" - E% + L(¥PT,,,, Y)EME®,
4 (Ga)ay-as 3 (P, P) (160)
G5 = —(G7)ajaE" - EY — 3 (Wlayqs W)EY -+ EYS
satisfy the non-linear Bianchi/Gaul3 law encoded by the Whitehead L..-algebra of the 4-sphere:
4G 0 Equations of Motion
Gs , Gx g = 3
x (774”772 Ol (= 1w < 4 o of 11D Supe.rgra;nty
d¢¢ = —losos on supertorsion-iree
7 2744 super-coframe (E, V)
(161)
(In particular, the equations of motion include the Hodge duality relation G5 = —x G} over the underlying ordinary

spacetime.)
Hence the non-linear GauB law [S* not only arises in but effectively constitutes 11D supergravity. But the
miracle does not end here:

MS5-brane probes. Given the above Cartan-geometric formulation of 11D super-gravity, all based on consid-
eration of the Kleinian local model space RN it is natural to consider Kleinian sub-spaces and ask for their
globalization to sub-supermanifolds of 11D spacetime. These are the “worldvolumes” of “probe super-branes’:

Concretely, any Clifford algebra basis element I',;... € Pin™ (1,d) which squares to +1 (a “p-brane involu-
tion” [HSS18, §4.1]) corresponds to a projection operator on the Kleinian model space

P:= 1(id+Tpsp.) : RWIN — RIPINZ , RIAIN (162)

which projects out a sub-space R!?/N/2 of half the odd dimensionl (jargon: “! /2BPS”). Thus we may ask for super-
manifolds X'»/N/2 carrying such a ! /2BPS-valued coframe field (e, y) and immersed into an ambient X LdIN wyith
coframe field (E,¥) such the inclusion relation (162) is suitably exhibited tangentspace-wise.

Such ! 2BPS super-immersions ([GSS24b, Def. 2.19] essentially known in the literature as “super-embeddings”)
exist in 11D supergravity in particular for p = 5, known as immersions of probe M5-branes into spacetime. Re-
markably, the !/2BPS-immersion condition entails and is essentially implied by the existence of a 3-flux density
super-form

H3; = (H3)gaya5€™ €™ €®
on the M5’s worldvolume £!7!28+ such that it is a coboundary for the pullback of the 4-flux to the worldvolume,
and hence constitutes a lift to the GauB law encoded by the quaternionic Hopf fibration [¢S”:

HS *
yi1s28, ", L dH; = ¢*G;
- | 1 ,BPS immersion
é g I(H-Hipf fib.) P & of M5-worldvolume (163)
£ dG, = 0 i i
o .6) o . 4 | in 11D SuGra solution
— Qi (—315%) g dG7 = —-G,Gy

This means that at this point, a valid flux-qunatizaton law for these fields is given by Cohmotopy: 4-Cohomotopy
for the bulk C-field (as such proposed in [Sal3, §2.5] and developed in [FSS19b][GS21][GSS24a]), twisting 3-
Cohomotopy (classified by the S3-fiber of the quaternionic Hopf fibration) on the brane’s worldvolume (discussed
in [FSS19c][FSS21][GSS24b]).

But here we take into account one more field:

®In (160) we include a convetional sign in the definition of G to comply with the sign convention used in the main text.
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Chern-Simons gauge field. In view of this effective re-definition — of on-shell 11D supergravity with probe
branes — in terms of (non-linear) Gaul} laws for super-flux densities on super-space, we may go ahead and consider
a further super-flux density

F, = (F)aae™ e”
on the M5-worldvolume, subjected to the Gauf} law for an ordinary gauge field, but again imposed on super-space:
dF, = 0.
Analysis of the super-components immediately shows that this is equivalent to the further equation of motion
=0 (164)
as befits a(n abelian) Chern-Simons gauge field.

While this equation of motion (164) means that such super-flux F is actually “rationally invisible”, under
flux-quantization it may still contribute pure torsion-effects to the other higher gauge fields: Namely if we add —
without changing the above equations of motion!, due to (164) — a summand of F; F, to the GauB} law for H3, then
(according to Thm. 1.1) it is no longer controlled by the quaternionic Hopf fibration but by the twistor fibration:

4 3\
s s dFS et O
15128, M) o1 (. 3 2
X + b Q'dR( » [S4 CpP )ﬂat dH3 — ¢*Gfl I/ZBPS immersion
!
- f M5-worldvolume
[ [(twistor. fib.), _FSES o
! < 212 < with CS gauge field
GG . . _
x1.10(32 (G}, Gy) Q(liR(_; [S4)ﬂ&t dGy = 0 in 11D SuGra solution
dG; = -GG

(165)

As the notation already suggests, an admissible flux-quantization law admissible for this system of non-linear
GauB laws is the non-abelian cohomology theory whose classifying space is CP3 (over §%), hence the “twistorial
Cohomotopy” of [FSS20c][SS23a]. The character map on this cohomology theory is of course just what we
develop in the main text, in twisted equivariant generalization, and we close by commenting on the consequences:

Tangential twisting and shifted integrality. The higher gauge fields (flux densities) considered above are all
defined on given (immersions of) super-spacetimes, and as such with respect to the background field of (super-
gravity). According to the dictionary of Table CG, background fields manifest as rwisting of the flux-quantizing
cohomology theory. Since the topological charges of gravity are encoded in the the frame bundle (or its associ-

ated tangent bundle) of spacetime, classified by a map X Iy, BSpin(1,10), we are looking for a corresponding
“tangential” twisting of twistorial Cohomotopy. The subgroup of Spin(1, 10) that preserves the quaternionic Hopf
fibration is Sp(2) - Sp(1) [FSS19b, Prop. 2.20], and the subgroup that preserves the twistor fibration is still Sp(2)
[FSS20c, Prop. 2.2], of which finally in the main text we consider the further subgroup Sp(1), for definiteness.

The shifted flux quantization (10) of G4 which is implied [FSS19b, Prop. 3.13] by this tangential twisting is
thought to be [Wi97] a key aspect of the completion of 11D SuGra to “M-theory”.

Equivariance and anyonic solitons. As indicated in Table CG, passage to equivariant cohomology on G-
spaces corresponds to considering higher gauge fields on (super) G-orbifolds (cf. [SS19a][BSS19]).
In the present context, an interesting situation are M5-branes wrapped on S'-bundles over 2-dimensional orb-
ifolds locally of the following form (Seifert-like orbifolds, as also considered in [Peil6, (2.14)]):
Zy

(

P = RIWOKRZ | xS xR?,

U{eo}

where 7, acts on R? by point reflection, and where (—)ufe} denotes one-point compactification by adding a “point
at infinity”, as suitable for measuring solitonic charges ([SS25a, §2.2]).

On worldvolume domains, of this form, flux-quantization in equivariant twistorial Cohomotopy restricts on the
orbi-singularity to flux-quantization in 2-Cohomotopy (76) .
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Z/2/1 RI’OXRa{w}XSl xR2 ——--- y CP?
Zp |2 RO x Ra{m} < Sl s §2

By a recent result [SS24b], this has the interesting consequence of implying that the corresponding solitonic
feld configurations have anyonic quantum states described by abelian quantum Chern-Simons theory. Such a
derivation is of considerable interest in application to quantum materials and quantum computation (cf. [SS23b]);
several authors have argued for a similar conclusion on more informal grounds, following [CGK20]. We will
further discuss this elsewhere.
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