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Abstract

The celebrated Green-Schwarz mechanism in heterotic string theory has been suggested to secretly un-
derly a higher gauge theoretic phenomenon, embodying a higher Bianchi identity for a higher-degree analog
of a curvature form of a higher gauge field. Here we prove that the non-perturbative Horava-Witten Green-
Schwarz mechanism for heterotic line bundles in heterotic M-theory with M5-branes parallel to MO9-planes
on Aq-singularities is accurately encoded in the higher gauge theory for higher gauge group of the equivariant
homotopy type of the Z;-equivariant A--loop group of twistor space. In this formulation, the flux forms of the
heterotic gauge field, the B-field on the M5-brane, and of the C-field in the M-theory bulk are all unified into the
character image of a single cocycle in equivariant twistorial Cohomotopy theory; and that cocycle enforces the
quantization condition on all fluxes: the integrality of the gauge flux, the half-shifted integrality of the C-field
flux and the integrality of the dual C-field flux (i.e., of the Page charge in the bulk and of the Hopf-WZ term
on the M5-brane). This result is in line with the Hypothesis H that M-brane charges are quantized in J-twisted
Cohomotopy theory.

The mathematical essence of our proof is, first, the construction of the equivariant twisted non-abelian
character map via an equivariant twisted non-abelian de Rham theorem, which we prove; and, second, the com-
putation of the equivariant relative minimal model of the Z;-equivariant Sp(1)-parametrized twistor fibration.
We lay out the relevant background in equivariant rational homotopy theory and explain how this brings about
the subtle flux quantization relations in heterotic M-theory.
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1 Introduction

Flux 2-forms and gauge groups. The flux density of electromagnetism (the Faraday tensor) is famously a differen-
tial 2-form Fy™ on spacetime; and Maxwell’s equations say that,

] Gauge group \ Bianchi identity ‘

away from magnetic monopoles, this 2-form is closed. More gen- Ul JFM — o
erally, the flux density of the nuclear force fields is a differential 2YM _ v (1)
2-form F,"™ with values in a Lie algebra, and the Yang-Mills SU(n) dR™ = [ANR™M]

equations imply that its de Rham differential satisfies a Bianchi identity. Moreover, (quantum) consistency requires
Sflux quantization conditions on these fields [Di31]]. Together, these constrain F; to be the curvature 2-form of a con-
nection on a principal bundle with structure group (gauge group) the Lie group G = U(1) in the case of electromag-
netism and G = SU(n) in the case of nuclear forces (see [BMSS83||[AI85][Fra97][MaS00][Na03])[Mal6][RS17]).

Higher flux forms and higher gauge groups. While string theory [GSW12||[IU12], in its low energy spectrum,
contains such gauge fields A, as well as the simi-

lar gravitational field (e, ), it also contains higher

‘ Higher gauge group ‘ Higher Bianchi identity ‘

I __
form fields, the most prominent of which is the Kalb- BI.J( 13 dHi 1_ 0 - )
Ramond B-field [KR74] with flux density a differen- String™ dH;" = 2(A) =371 (@)

tial 3-form H3. In type II string theory this 3-form is closed, but in heterotic string theory [GHMRS8S|[AGLP12]
the de Rham differential of H3 is the difference of characteristic 4-forms of the gravitational and ordinary gauge
fields. This differential relation (2) is the hallmark of the celebrated (“first superstring revolution” [Schw07l))
Green-Schwarz mechanism [GS84] (reviews in [[GSWeS85, §2][Wi00, §2.2][GSW12]) for anomaly cancellation.

It is well-understood [Ga86/][EW99][CIM02] that flux quantization implies the B-field in type II string theory
to be a higher gauge field [BaScO7][BHI11][Sc13]] for gauge 2-group g symmetrs
[BLO4][BCSSO7|[Sc13, §1.2.5.2, §5.1.4] the circle 2-group BU(1), ai

hence a higher gauge connection on a BU(1)-principal 2-bundle m

abelian

[ESSt10, §3.2.3][FSS12b, §2.5]INSS12a][FSS13a, §3.1][FSS20d, higer B EVE "«‘l;“““‘"'-‘ B,= B +da;
§4.3]. (Equivalently: a Deligne cocycle [De71}, §2.2][MM74, §3.1.7] gavge field U
[AM77, §1I1.1][Bei85][Bry93, §1.5](Ga97], a Cheeger-Simons charac- P

al::al 0

ter [CS835]] or a bundle gerbe connection [Mu96][SSWO7][SWa07l.)

Non-abelian higher gauge theory. Therefore, comparison of with suggests [SSS09al[SSS12][ESS14al
[ESS20c] that the B-field in heterotic string theory is unified with the gauge and gravitational fields into a single
higher gauge field for a non-abelian higher gauge group, for which the Green-Schwarz mechanism (2) becomes
the corresponding higher Bianchi identity.

A choice of gauge 2-group which makes this work is String®(n) [SSS12][FSS14a][FSS20a]. This is a higher
analogue of Spin‘(n) (e.g. [LM89, §D]) and a twisted cousin of String(n) [BCSS07] (review in [ESS14a, §App.]).

The theory of higher gauge symmetry, Formulation of Degree one Higher degree
on which this analysis is based, is ob- gauge theory abelian | non-abelian abelian | non-abelian
tained by applying general principles Cartan-Ehresmann [BMSS83][Mal6] [SSS09a][FSStI0]
of categoriﬁcation and homotopiﬁca— connections [MaS00][RS17] ISSS12][ESS14a]
tion to a suitable formulation of ordi- holonomy [Bar91](CP94] [CS85] [Ba>cO7ISW1I1]
parallel transport ISWO9][Dum10] ISW13]

nary gauge theory. The most encom- : :

S . . . Differential B I [Ga97] FSST5h] (ESS20d
passing is non-abelian differential co- cohomology [Bry93/ §11] [ESS12b] §2.6] UESS 1ob] (F5520d)

homology [Sc13][SS20b]J[ESS20d].

Table 1 — Higher gauge theory.

This success suggests that further rigorous analysis of higher non-abelian differential cohomology should shed
light on elusive aspects of string- and M-theory, much as core structure of Yang-Mills theory had first been found
by mathematicians from rigorous analysis of degree-1 non-abelian cohomology (to Yang’s famous surpris.

1T found it amazing that gauge theory are exactly connections on fiber bundles, which the mathematicians developed without reference
to the physical world. I added: ‘this is both thrilling and puzzling, since you mathematicians dreamed up these concepts out of nowhere.’
[Chern] immediately protested: ‘No, no. These concepts were not dreamed up. They were natural and real.” ” [Ya83\ p. 567][£h93| p. 9].



Non-perturbative higher flux forms and equivariant higher gauge groups. Any viable theory of physical re-
ality must be non-perturbative [BaSh10][Bri4]. Despite the pivotal role of non-perturbative phenomena in the
foundations of physics, such as in color confinement (existence of ordinary matter), nucleosynthesis (be-
coming of ordinary matter), Higgs metastability (existence of ordinary spacetime), QCD cosmology (becoming
of ordinary spacetime), its theoretical understanding remains open: called the “Holy Grail” by nuclear physicists
p. 11[Gu08,, §13.1.9] and a Millennium Problem by the Clay Mathematics Institute [CMI][TWOO].
However, the celebrated (“‘second superstring revolution” [Schw96]) M-theory conjecture
indicates a potential solution to this problem (e.g. [AHII2][RZ16, §4]). Specifically, the Horava-Witten
mechanism in heterotic M-theory pro-
poses a non-perturbative completion of the ordinary Green-Schwarz mechanism (2), given by coupling the (higher)
heterotic gauge fields to the flux 4-form G4 of the M-theory C-field [[CIS78]][Wi97al], as shown on the right here:

Equivariant higher gauge group Bulk/boundary higher Bianchi identity
| in bulk of heterotic M-theory \ on M5-brane parallel to MO9
Qs (F(CPY)Z2) JSp(1)) || dCs = Ga—ipi(@)+c2(A) | dHY® = c2(A) = S pi (@) 3
21 cautvariont & Sp(1pametrized T @9l see {1} (12)MOSTYH @.19), see {53

In the worldvolume theory of M5-branes at a distance parallel to an MO9-plane intersecting an ADE-singularity
(see [GKSTO1, (6.13)] [DHTV 15

§6.1.1] [SS19a, Fig. V] [ESSTOd]  Z™<Z ,uiimiming ey T4 A
[FSS20b], also discussed as E- g?lsz 201 ) Y

. . N s — B X X X
string theories |[HLV14l Fig. 1] (R Jbos = —— i R He

KKLPV14 Fig. 5] HKKL4V1 : spacetime indices = 0 1 2 3 4 5 5/ 6 7 8 9

Fig. 8]), this reproduces [OST14, e |
(1.2)][OSTY14, (2.18)] the plain ™miisee’ MK6

Green-Schwarz meChanism, now M5 T
2

in more realistic 5+1 spacetime di-
mensions (review in 4.1)]
Shil8l, §7.2.8][CDI20, p. 18] ).

The open problem. It has been an open problem to understand the M-
theoretic Green-Schwarz mechanism (3)) in any mathematical terms,
specifically in terms of higher gauge theory (Tab. I)). The optimistic
terminology of 2-group symmetries in reflects hope that this
open problem has a solution, but plain 2-groups like String®(n) are
insufficient for accommodating (a) the C-field flux G4 (requiring at
least a 3-group [FSS14a]) and (b) the bulk/brane-relation in (3) (requiring equivariance [HSST8]|[SS19a]][BSS19]).

Hypothesis H. We have recently formulated a precise (see below) on the co-group gauge symmetry
of M-theory (following §2.5], see also [FSS19¢][SS20a]) and have proven that this
Hypothesis correctly reproduces the HW-GS mechanism in the heterotic M-theory bulk on the left of (3)).

Solution: Flux quantization in equivariant non-abelian cohomology. Here we consider in Z4-
equivariant non-abelian cohomology and demonstrate that charge quantization in the resulting equivariant twisto-
rial Cohomotopy theory implies the bulk/brane HW-GS mechanism in heterotic M-theory at A;-singularities (3).

This is our main Theorem [L.1] below.

M5
MK6
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&

7
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,/0
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Key here is the observation SS19a %y e Gy _ bulk charge Y
that Elmendorf’s theorem ([EI83], see Prop. | G/1 — spacetime .y l a

cocycle in

[2.26] below) in equivariant homotopy theOrY | qomieutcsory  comiariont cquiheiant

(D9, §81(May96)[BIuI7IISS20B), see §27) | >EH i

below) exhibits flux quantization in equivari- G /\I(LI - fxed Y H A(H)
ant cohomology theories as assigning bulk- ) prane focus A e )
boundary charges to branes at orbi-singularities. Wo (H) Weyl group @1} We (H) Wg (H)

We now outline how this works.




Flux quantization and cohomology. The phenomenon of charge- or flux quantization ([Di31]][AI85]][FrO0][Sa10b]
[Sz12[][ESS20d]) is a deep correspondence between (i) cohomology theories in mathematics and (ii) constraints on
flux densities in physics. It is worthwhile to recall the key examples (Zable 2)), as we are about to unify all these:

(1.a) The archetypical example is Dirac’s charge quantization [Di31] of the electromagnetic field in the pres-
ence of magnetic monopoles, This says that the cohomology class of the ordinary electromagnetic flux density
(the Faraday tensor regarded as a differential 2-form on spacetime) must be the image under the de Rham homo-
morphism of a class in ordinary integral cohomology (see [|AI85) §2][Fra97, §16.4e] for surveys).

(1.b) Similarly, the existence of gauge instantons in nuclear physics (e.g., [Na03, §10.5.5]), and thus (by
[AMS9][SulO][Sulsl) also of Skyrmions [RZ16]], means that the class of the characteristic 2nd Chern forms
built from the non-abelian nuclear force flux density must be the image under the Chern-Weil homomorphism
of a class in degree-1 non-abelian cohomology, represented by a principal gauge bundle (review in [ESS20d]).
This is at the heart of the striking confluence of Yang-Mills theory with principal bundle theory (reviewed in
[EGH80[|[BMSS8&3][MaS00]|[Na03][Mal6]).

(1.c) The analogous phenomenon also appears in the description of gravity: Here the existence of gravitational
instantons means ([EF67][BB76]) that the class of the characteristic 1st Pontrjagin form, built from the gravita-
tional field strength tensor, must be in the image under the Chern-Weil homomorphism of the tangent bundle of
spacetime. This is a consequence of identifying the gravitational field strength with the Riemann tensor, hence is a
consequence of the equivalence principle (see [EGHS80][Na03] for surveys).

(2.a) To unify these three situations (electromagnetic, nuclear and gravitational force), the K-theory proposal
in string theory [MMO97]|[Wi98]][FHOO][GS 19]] asserts that, due to D-brane charge, the joint class of the NS [NS71]]
and RR [Ra71] field flux forms must be in the image under the Chern character map of a class in the generalized
cohomology theory called twisted topological K-theory (see [FrO2][GS19]][FSS20d, §5.1] and references therein).

Quantized . Charged Quantizing
charge Expression object cohomology theory see
Magnetic [ P A)] Gauge Ordinary cohomology [Di31]
flux 2 monopole in degree 2 [Fra97, §16.4¢]
2nd Gauge Non-abelian cohomology
Chern form [e2(4)] instanton H'(—; Gauge) [Cl[lgllﬁg%ll]
Ist Gravitational Non-abelian cohomology [ESS20d, §4.2]
Pontrjagin form [3p1(@)] instanton H'(—;Spin)
B Ordinary cohomology [Ga86]
NS-flux [H3] NS3-brane in degree 3 [FW99) [CIMO2]
Twisted [Wi198||[[FrO0]
RR-flux [F2a] D-branes topological K-theory [GS19]
Shifted 1 Twisted
C-field flux (Ga+ 1p1(0)] M5-brane 4-Cohomotopy [ESS19b), §3.4]
Hopf-WZ/ H3 A (Gy+ Lpi(@)) Twisted
Page charge —1—2G74 M2-brane 7-Cohomotopy [ESS19c¢]
i
M-heterotic (G4~ 3p1(0)] Heterotic Twistorial [FSS20¢]
C-field flux _ [ Fy A Fz] M5-brane Cohomotopy
Heterotic dH; Heterotic _ Z4-equivariant Nl
B-field flux = 1pi(0) - c2(A) NSS5-brane twistorial Cohomotopy

Table 2 — Charge quantization in gauge-, string-, and M-theory. Quantization conditions correspond to cohomology theories.

2 These are objects that source the given charge. There are also the dual objects that feel this charge, e.g., the ordinary F>-flux is sourced
by monopoles but felt by electrons, while the H3 flux is sourced by NS5-branes but felt by strings, etc.




(2.b) To provide the non-perturbative completion of this unified theory, the M-theory conjecture [Wi95[][Du96]]
[Du98]][[Du99] asserts that these NS/RR-fluxes are a perturbative approximation to C-field fluxes [CIS78][Wi97al,
quantized due to M-brane charge. However, actually formulating M-theory has remained an open problem (e.g.,
[Du96l 6][HLWIS, p. 2][Du98, p. 6]INHI8, p. 2][Du99, p. 330][Mol4, 12] [CP18, p. 2][Wil9, @21:15] [Dul9,
@17:14]. Proposals for cohomological charge quantization of the C-field have led to interesting advencements
[DMWOO][DEMO3][HSO05][ISa05al|[[Sa05b][Sal0a][Sal0b][ESS14al, but the situation had remained inconclusive.

Hypothesis H. However, a homotopy-theoretic reanalysis [FSS13][FSS16a][HSS18][BMSS19] (review in [ESS19a,
(87)]) of the k-symmetric functionals that actually define the super p-branes on super-Minkowski target spacetimes
(the “brane scan”, see [HSS18l, §2]) has revealed that the character map for M-brane charge must land in (the ratio-
nal image of) the non-abelian cohomology theory called Cohomotopy theory [Bo36][Sp49] [PeS6][Ta09)[KMT12],
just as proposed in [Sal3l §2.5]. Incorporating into this flat-space analysis the twisting of Cohomotopy theory by
non-flat spacetime tangent bundles via the (unstable) J-homomorphism ([Wh42], review in [Wel4])) leads to:

Hypothesis H: The M-theory C-field is flux-quantized in J-twisted Cohomotopy theory [ESS19b]]

This hypothesis has been shown [ESS19b]|[ESS19¢||[[SS19a][SS19b] to correctly imply various subtle effects of
charge quantization in the M-theory bulk, including the bulk of Hofava-Witten’s heterotic M-theory (3) [ESS20c].

The character map in non-abelian cohomology. Technically, charge quantization in a cohomology theory means
to require the classes of the flux forms to lift through the character map [FSS20d] (Table 2)); hence through
the classical Chern character in the case of K-theory ([HilSS, §12]J|AH61, §1.10][Hil71, §V]), more generally
through the Chern-Dold character for generalized cohomology theories ([Do65, Cor. 4][Bu70], review in [Hil55,
p. S0][ESS20d, §4.1]) in the traditional sense of [Wh62][Ad75]], and generally through the twisted non-abelian
character map (details below in §3.4).

- 3 0!
locall)cutrs?:lent \,\QF X,@l@«&:‘?} © “&L@-.i@‘\'\(:\t#&@
} AR PRI
A // G \*ﬂ\s‘;z‘bce:,\\\;é\“\‘\ ch \\"\g\ S ‘bc'e\\::\{“e‘\e
FSS20d . A T .
l [Def. 5,4I H® (X ’ A) twisted HdldQR (X’ [A)
BG twisted non-abelian L:lmructer map twisted
non-abelian cohomology non-abelian de Rham cohomology
[c]e — chy ([¢])
cocycle in flux densities
BnZ twisted A-cohomology satisfying Bianchi identities
{FSS20d1 . dR _
LW HY(XZ) — {F € Qr(X)[dF=0},_
k ordinary cohomology homomorphism
BU(I’L) 5 .
[ESS20d) 1 . cw 2e
l Tm 426 (X’ U(n)) Chern-Weil c2(A), € Qg (X) der (A) =0
* non-abelian cohomology homomorphism Ci (A) d c (A) — 0 /
ZxBU) /BU(1
( )/BU(1) B gty ch? Fae; e (x| dF2er2=H3 NP2
5 l’ Prop. 5.5 . ( ) twisted H»,; = dR( ) dH3 = O
B U(] ) comp::;SIt{e-?lleorv Chern character N ~
$*/BSp(2) | 2
/BSP) . ch? 2G1, _ d2G; = =G4 AGa+ (§p1(0))
l Ex. 5.23. T (X) . € Q (X)
— - 929 N twisted G4 dR d G4 = 0
BS (2) 4_(3';::;:::3“)}] FSS-character ~
1
o H; d H3:G4—Zp1(0))—F2/\F2
CP’ /BSp(2 —
/BSp(2) [FS520d) T(X ch F Q° (X d =0
| Ex. 5.23b ( ) twisted i 2G € SR ( ) 1 2
BSp(2) ovistorial FSS-character 7 d2G7 = -Gy NGy + (1p1(0))
Cohomotopy G4 d G4 — 0 /

Table 2 — Character maps in twisted non-abelian cohomology. Flux quantization means to lift flux forms through chy4 to A-cocycles.



Lifting through the character map quantizes fluxes. While the condition to lifting through the de Rham homo-
morphism (second line in is just the integrality of the periods of the flux form, hence of the total charge,
the obstructions to lifting, say, through the twisted Chern character (fourth line) are richer: these are organized
by the Atiyah-Hirzebruch spectral sequence in twisted K-theory [AH61]| or rather in differential twisted K-theory
[GS17]1GS19a])[GS19], and their analysis provided the original consistency checks that D-brane charge should be
quantized in twisted K-theory (e.g. [MMSOI1][ES06]).

Analogous generalized tools (Postnikov systems, e.g. [Wh78| §XI][GJ99, §VI], and rational minimal models,
e.g. [Ha83l) exist for the analysis of obstructions to lifts through non-abelian character maps. Particularly in
Cohomotopy theory [GS20], they reveal that charge quantization in twistorial Cohomotopy theory (last line in[Tab.]
[2) imposes, among a list of other constraints expected in M-theory (see [FSS19b| Table 1]), the charge quantization
(3) expected in the bulk of heterotic M-theory [FSS19b, §3.4][ESS20c[[[FSS20d, §5.3].

Here we generalize this analysis to equivariant twistorial Cohomotopy and prove the following result (in §3):

Theorem 1.1. (i) The character map (Def. in Z‘g-equivariant twistorial Cohomotopy (Def. , on Z‘g-
orbifolds (Def. with Sp(1)-structure T and -connection ® (Example , is of the following form :

equivariant Q)\ o
Local coefficient «»V&\ ‘0-‘&0\6 o @\6 \‘.\r‘o\b\ﬁ»\%e
bundle \/\\"’7 ’ 0.0‘ GﬁQ R 0_0‘ AG‘
b o g G e e
/q// g \"".\s\ &bcﬁ C‘yﬁ\ﬁ ( ) " %Q‘bce N"“\.\\e
Ch’q Z T y
: H' (% A) Hi® (2514)
l N ’ . equivariant twisted dR : > .
B g equivariant twisted non-abelian character map equivariant twisted
non-abelian cohomology belian de Rham col
fluxes twisted Bianchi identities
d H3:64—lp (w) —F, \F
5D1 2N\
e _
3 A2 e\\‘\1’«' d F 2 = 0, g
TN A © H £
) q\oﬁ' o & ‘\\'wa’ o‘\‘\\ e 3, ~ ~ | E
\«; N = (\‘P\w -ac“{\‘oi\“o"\‘\b equivariant F 25 d2G7 - _G4 /\ (G o Epl (w))
A R S R ~
I(-(cr)24)) se(n) LS 2G| d G0,
: ~
| egm Zé( ( // 2)) chg Gy
BSp(1) Z4-equivariant twistorial Cohomotopy
7 -equivariant twistorial Cohomotopy _ 1
m | dH3|yz = —5p1(0)yn) — B APy
e | dhlyx =0 .
> G7lxz =0 ¢
N~—
push-forward along G4|XZ§ - ) /N
Sp(1)-parametrized
twistor fibration
Gy
e G4+%p|(a))
e\‘\b
ol Q‘»“A“\
W Y
iy & Q\'\“\e twisted twisted Bianchi identities
‘[S4 // Sp( 1 ) y\"“ sQ"c' cohomotopical fluxes 2 ,
character 1
l : ﬂ%A(X) —h> 2G77 d2G; = —G4/\G4+(1p1(a)))
2 Chy
BSP( 1 ) J-twisted Cohomotopy G4 d G4 = 0’ /N

(ii) Moreover, a necessary condition for the fluxes to lift through this character map is their shifted integrality:
[G4] := [Ga+1ipi(w)] € HY(X;Z) —H*(X;R), [R] € H*(X;Z) =H*(X;R). )

Thus, charge quantization in Z4-equivarint twistorial Cohomotopy enforces the twisted Bianchi identities (3) of the
Green-Schwarz mechanism in heterotic M-theory with M5-branes parallel to MO9-planes on A;-singularities, for
heterotic line bundles [AGLP12][FSS20c| p. 5] with gauge group U(1) ~ S(U(l)z) CEg(ie. 2(A)=—FBANPB).
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The computation at the heart of our proof. At the heart of the proof of Theorem [I.1]is the computation (Prop.
[3.56 below) of the equivariant relative minimal model ([Tri82, §5](Scu02, §11][Scu08, §41, 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 tyy ([At79, SIIL.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
(=) CP* = (C\{0})/C* 5 {v-z]zeC*)
i | l
HP' =~ (H>\{0})/H* > {v-qlgcH"}
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 (52)):
Sp(2) xCP? ——— CP?, Sp(2) x HP! HP! , (6)
@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:=(49),0:=(25)} ©Sp(2), o©o:lu:miziu = [Biuiaial, )
Sp(1):=={q == (§9)|q € SH)} < Sp(2). (8)
Since these manifestly commute with each other, the homotopy quotient CP? /Sp(1) of twistor space (5) by Sp(1)

still admits the structure of a G-space (as in [tD79, §8][May96[[Blul7]) for G = 74, fibered over BSp(1) (see Ex.
[2.44] below for details).

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

)

=N hs, dhs =@y —ipi— A f
72/1 bulk R[%Pl] H / df; =0 B N
y - on |/ | den=—an (@ 1)
m Wy da)4:0
CP3 JSp(1) ©)

relative to BSp(1)

singularity h37 dh3 - - lpl _fz/\fz
e R[‘l‘pl][fz]/<df2=0 ?

normalized (as in [ESS19b]|[[ESS19¢][ESS20c]) 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.

twistor space
homotopy-quotiented by Sp(1)

l minimal Z/Z‘ -equivariant model
with residual /“24 -action

N

S}

~ Z,-orbit category
N

[\S]

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
@) with differential forms on a Z*z‘ -orbifold (essentially the non-abelian character map, Def. , the relations in
(@) are just those expected for flux densities in M-theory at an orbi-conifold singularity (3]) — the details are in §4}

shifted

C-field flux density gauge flux
1 ~ 1 1
(31, 04, 07, fo, h3) — (3r1(®), Ga+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



Outlook.

M-Theory on G,-manifolds? It may be noteworthy that the classifying space (9) for Zfz‘—equivariant twistorial
Cohomotopy, which, by Theorem [I.1] implements charge quantization in heterotic M-theory (3)), is homotopy
equivalent to the Z4-orbifold of the metric cone (topologically: a cylinder) over complex projective 3-space:

(a) This metric cone R, x CP3 is one of three 1S & o
known [BS89][GPP90] simply-connected conical cquivaria o Colmmotopy Ve
qz—m%nifolds, the other two being the metric c.one on ¥ ((C p3 //Z/ZA)
§3 x 8% and on SU(2)/(U(1) x U(1)), respectively.
2‘ hm realistic physics

(b) Its G,-metric is invariant [ABS20]] under the left "

~ i i ~ y(R. xCP3)Z4
Sp(2)-action (6)), so that its orbifold quotient ¥ (R x + 2
CP? | Z4) is a G,-orbi-conifold with an A;-type orbi- pglisic fberfor, S O N
singularity intersecting a conical singularity. N fiber e,

Exactly such intersections of ADE-orbifold singularities with conical singularities in G,-manifolds are thought to
be the type of fiber spaces over which KK-compactification of (non-heterotic) M-theory produces chiral fermions
charged under non-abelian gauge groups in the resulting 4-dimensional effective field theory ([AWOI][WiO1]]
[AWO1][Ach02], review in [AGO4]]). This might suggest that here we are seeing an aspect of duality between
(flux quantization in) heterotic M-theory and M-theory on G,-manifolds. We hope to address this elsewhere.

Twistorial Character in equivariant complex oriented cohomology. Besides the character map with values in
rational cohomology ([FSS20d], §3.4), one may ask for character maps with values in (abelian but) generalized
cohomology theories. The literature knows elliptic characters [Mil89] and higher chromatic characters [Stal3|]
in the context of complex-oriented cohomology theory ([Ad75 §I1.2][K096, §4.3]). We observe here that the
latter theory naturally emerges from considering generalized characters on (equivariant) Twistorial Cohomotopy
theory (Def. : Via its nature as complex projective 3-space, the twistor space (3)) over the 4-sphere sits, Sp(2)-
equivariantly, in a sequence of complex projective G-spaces that starts with CP' ~ $2 and ends with CP ~ BU(1)
(see [GreO1l, §9.A]). The latter classifies (equivariant) complex line bundles; and Theorem|[I.T|shows that lifting the
classifying map of a generic complex line bundle through the equivariantized inclusion i., : CP3 — CP* exhibits
it as a heterotic line bundle [AGLP12][FSS20c, p. 5], namely a complex S(U(1)?) C Eg-bundle equipped with a
C-field configuration that satisfies the Green-Schwarz-anomaly cancellation condition (3)).

Now notice that the Chern-Dold character map may be understood ([FSS20d, §4.1]) as being that cocycle
in rational cohomology which generates, over the rational ground field, the full rational cohomology ring of a
classifying space. Hence we are led to
consider E-valued character maps

in twistorial Cohomotopy to be E-
cohomology classes ¢ of the univer-

chg 7
sal complex line bundle such that their l \
fib(151) CP3 K

E-valued character map
in Twistorial ( ohomotopy

restriction to the classifying space of Ccp!
heterotic line bundles generates the E- ),((_) //G) o ‘ N L"u‘nme/7 u::lzlzsz:‘e‘.;:z::.l
cohomology of that space, over the E-  cquivariantization fingpundle
coefficient ring. But since the latter X t‘ twistor
classifying space is CP3, this condition \ fibration
« . . . . C-field
is just what is known as an equivariant .
S

complex orientation on E-cohomology
theory, [Gre0Ol1, §9.C].

This way, with Theorem I.1|lead us to conclude that among all abelian generalized cohomology
theories it must be the complex-oriented cohomology theories (with their organization by chromatic height [Ra0O4]])
which approximate flux quantization in M-theory. Indeed, at height 1 is complex K-theory, which is widely thought
to encode flux quantization in string theory [MMO97][Wi98][FHOO][GS19]], while complex oriented cohomology
theories at hight 2 are parametrized by elliptic curves [Lu09b] and have been argued to know about flux quantization
in M-/F-theory compactifications on (a form of) that elliptic curve [KS04][KS05a][[KSO5b][Sa05c][[KXO07][Sal0b].



Outline.

In §2| we introduce eqivariant non-abelian cohomology theory (in equivariant generalization of [FSS20d, §2]) and
the example of equivariant twistorial Cohomotopy theory .7/, (—) (Def. .
2

In §3 we introduce eqivariant non-abelian de Rham cohomology theory and the equivariant non-abelian character
map (in equivariant generalization of [FSS20d, §3-5]) and compute the Z/Z"—equivariant relative minimal model of
Sp(1)-parametrized twistor space (Prop. [3.56).

In §4f we discuss the character map in equivariant twistorial Cohomotopy theory and conclude the proof of the
main Theorem|[I.1] in equivariant generalization of [ESS20d, §5.3].

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 r (X// G) Orbifold Ex-p.20
Ir (X / G) Proper equivariant homotopy type Def.[2.23
L Proper G-equivariant &
T x G | Borel & proper equivariance group IOrxje) )t B orIe)zl T. quivariant homotopy type Ex.[2.43
9 Simplicial group/ee-group NotlZ.Z |G Homotopy quotient Prop. 2.7|
G G-equivariant co-group Remf|542| yae G-equivariant homotopy quotient (66)

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 (35)):

‘ Symbol ‘ Meaning ‘ Details ‘
GActions (TopologicalSpaces) G-ac?lons on Categor){ of tOpOlOgleil spaces equipped with contin- Def b.11
topological spaces | uous action of the equivariance group G
GOrbits G-orbits Category. of can.om(.:al orbits G/H of the equivariance Def .13
group, with equivariant maps between them
GSimplicialSets G.—eql.n\./arlant C.ateg.or.y of contra-variant functors from G-orbits to Def .19
r simplicial sets simplicial sets
GVectorSpaces!, G-equivariant Category of co-variant functors from G-orbits to vec- Def B 5
r dual vector spaces | tor spaces
GDiffGradedCommAlgebras: ° G-equivariant Cate'gory. of co—Yarlant functors from.G—orblts tocon- | o o 3.30
r dgc-algebras nective differential graded-commutative algebras
GHomotopyTypes G-equivariant Homotopy' category of projective 'model. cat§gory of Def b.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 |

H Borel equivariance \ Proper equivariance
. A . .
running example of the Z5-equivariant and

Equivariance
Sp(1)-parametrized twistor fibration (Exam- group T = Sp(1) G =17
ple 2.44)), the induced equivariant twistorial Equivariant Borel-Weil-Cartan Bredon-type
Cohomotopy theory (Def. [2.48) and its char- | dR-cohomology model theory
acter image in equivariant de Rham cohomol- . Flux quantization: Inclusion of
S Physical . :

ogy (Example [3.74). We highlight that here effect shift of G4 by ;p M35-brane locus
both flavors of equivariance are involved. & GS-mechanism 1nto spacetime

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][HirO2f][Lu09al A.2]). Relevant
concepts and facts are recalled in [FSS20d, §A].

For € a category, and X, A € % a pair of objects, we write
¢ (X,A) € Sets (10)
for its set of morphisms from X to A. This assignment is, of course, a contravariant functor in its first argument, to
be denoted:
¢ (—A) @ €°P——Sets. (11)

Elementary as it is, this is of profound interest whenever % is the homotopy category of a homotopy topos [TVO05]]
[Lu09a][Rel0], in which case the contravariant hom-functors are non-abelian cohomology theories [1002]
[Sc13)][SS20b][[ESS20d]. These subsume generalized and ordinary cohomology theories ([FSS20d, §2]), as well
as their equivariant enhancements, which we consider below.

2.1 Homotopy theory of c-group actions
Plain homotopy theory.

Notation 2.1 (Classical homotopy category). (i) We write
TopologicalSpaces, , SimplicialSets, € ModelCategories (12)

for the classical model category structures on topological spaces and on simplicial sets, respectively ([Qu67, §11.3],
review in [Hir15[][GJ99]).
(ii) The classical Quillen equivalence
||
TopologicalSpaces, ~Qu SimplicialSetsq, (13)
Sing
induces an equivalence between the corresponding homotopy categories, which we denote:

SimplicialSets HomotopyTypes := Ho (SimplicialSetsQu) . (14)

localization

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

shape I

TOPO]OglcaISpaCCS localization at weak homotopy equivalences HomOtopyTypeS : (15)

simplicial set SlmphCl alSetS

3 The “esh”-symbol “” stands for shape [Sc13} 3.4.5][Sh13l 9.7][SS20bl §3.1.1], following [Bo735], which for the well-behaved topo-
logical spaces of interest here is another term for their homotopy type [Lu09al 7.1.6][Wal7| 4.6].

10



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 [NSS12al][[SS20b, §2.2]).

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

SimplicialGroups := Groups(SimplicialSets) (16)
for the category of simplicial groups.
(ii) This becomes ([Qu67, §I1.3.7]) a model category

SimplicialGroups,.; € ModelCategories

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

Y

proj localization at
weak homotopy equivalences

and denote the generic object here by

Simplicial Groups Groups,, := Ho (SimplicialGroups 17)

proi)

4 ¢ SimplicialGroups T, Groups,, .

Example 2.3 (Shapes of topological groups are co-groups). For T € TopologicalGroups, its singular simplicial set
(13) is canonically a simplicial group (16])

Sing(7T') € SimplicialGroups, (18)
and, since the weak equivalence of simplicial groups are those of the underlying simplicial sets, its image in the

homotopy category is the shape |7 (T5), now equipped with induced oo-group structure (Notation [2.2):

co-group shape I

TopologicalGroups Groups,, . (19)

localization at weak homotopy equimlem%/
W Y localization

simplicial group Slm licialGrou S
@Y @ p p

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 O-cell, So = *.
(ii) This becomes ([GJ99, §V, Prop. 6.2]) a model category with weak equivalences and cofibrations those of
SimplicialSets, (Notation 2.1):

ReducedSimplicialSetsg; € ModelCategories.

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

ReducedSimplicialSetsg; —7>H0m0t0pyTypes;/ L= Ho(ReducedSimplicialSetsGJ). (20)

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 and that of
simplicial groups (Notation[2.2))

Simplicial Groups ~Qu ReducedSimplicialSets 21)

proj

whose derived adjunction is given by forming homotopy types of based loop spaces and of classifying spaces:
based loop co-group
Q(-)
w-groups  GTOUPS,, ~ HomotopyTypes;/ T i (22)
B(—):=RW(-)

classifying space

11



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

¢ Actions := SimplicialFunctors (B% , SimplicialSets)
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):

¢ Actionspr,j € ModelCategories
and we denote its homotopy category by:

¢ Actionspyo;

Ho (% Actionspoj) =: ¢ Actions.. .

The following, Prop. 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,
§4]1SS20b, §2.2][ESS20d, Prop. 2.28].

Proposition 2.7 (co-Group actions equivalent to fibrations over classifying space [DDKS80, Prop. 2.3][Sh15]).
For 4 < SimplicialGroups (Notation [2.2), the simplicial Borel construction (e.g. [NSSI2D, Prop. 3.37]) is the
right adjoint of a Quillen equivalence
¢ Actionspyo; ~Qu SimplicialSets/Qng (23)
GCX - WY

simplicial Borel construction

between the projective model structure on simplicial 4-actions (Notation and the slice model structure
([Hir02| §7.6.4]) of the classical model strcuture on simplicial sets over WY (21)). Its derived equivalence of
homotopy categories

homotopy fiber
hofib, (p) — (ELBG) -
co-actions of gACtlonSm ~ HO (SlmphCIalSetS/ u ) homotopy types fibered (24)

co-group & Q over classifying space BY
GCA — A9

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 )
4 oo-action on A A A//g
A-fibrati Ve
GCA  — tbeationover | py (25)

BY .
Example 2.8 (Homotopy type of Borel construction).
For T € TopologicalGroups and T ¢ X € T Actions (TopologicalSpaces) (Def. , passage to singular simpli-
cial sets yields a simplicial action (Notation [2.6). The corresponding fibration (Prop. is given by the
topological shape (13)) of the Borel construction:

[ __hobley)

J(5F5) = 1(x 7).
\LPX
BT

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 b
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.

12



Lemma 2.10 (Homotopy fibers of homotopy-quotiented morphisms).
Let 4 € Groups,, (Notation and (A, pa) en, (A, par) € G Actions?! a morphism of «-actions ( Notation

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 || coincides with the homotopy fiber of f

hofib. (f /%) =~ hofib.(f) . (26)
(b) The homotopy fiber of f is canonically equipped with an e-action by 94 :
(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 | ¥) A)G (27)

i (hpb) lf 19

BY A)g.
yEs /

Proof. Consider the following pasting diagrams:

hofib. (f /%) hofiby (f/¥) A9 hofib..(f) A AJ9
i (hpb) l oy T gl = i (hpb) lf (hpb) I %i (28)
4 /
* BY 0/ G A///g * ot 1] A //g Pa
(pb) Par i
. BY

With the right Cartesian square 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 (29). But, since the composite bottom morphism is the
same basepoint inclusion on both sides, this implies:

hofib, (f /%) =~ hofib,(f). (29)

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

hofib, (f/¥4) ¥ =~ hofibgy (f/¥). (30)
The combination of the equivalences and yields the claimed equivalence in (27). O

2.2 Proper equivariant homotopy theory

We now recall relevant basics of prope equivariant homotopy theory [tD79, §8][May96[[Blul7|] 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
the symmetry group of Borel equivariance in the following, generically to be denoted

Borel equivariance growp 7" € CompactTopologicalGroups,, 31)

we write

4 Here 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].

13



TActions(TopologicalSpaces) € Categories 32)

for the category whose objects are topological spaces X equipped with a continuous 7'-action

TCX : TxX-M ¥  guchthat: V e-x=x and v (ti-(n-x)) = (1) -x (33)
(l , x) — I-X veX tlfliec

and whose morphisms are 7'-equivariant continuous functions, which we denote as follows:

(" (" Y —
R X} W =) )

teT

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

proper equivariance group (G & FiniteGroups . (35)

This finite group can be viewed as a topologically discrete topological group and we have the corresponding
category (32)) of continuous actions:

GActions(TopologicalSpaces) € Categories . (36)

(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) C——= GActions (TopologicalSpaces) . 37)

(iv) Regarding the direct product group of the Borel equivariance group (31)) with the proper equivariance group
(33) as a compact topological group
Borel & proper equivariance group T X G E CompactTopologicalGroupS ,

we have the category of topological actions of this product group. This contains the previous categories, (32)) and
(36)), as full subcategories (via equipping a space with trivial action)

T Actions(TopologicalSpaces) — (T x G) Actions(TopologicalSpaces) <— GActions(TopologicalSpaces) .  (38)

Example 2.12 (Representation spheres). LetV € TRepresentations;' be a finite-dimensional linear representation
of a compact topological group (31)). 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][SS19al §3]).

Definition 2.13 (Orbit category). The category of G-orbits or orbit category of the equivariance group G (33))

GOrbits — GActions (Sets) € Categories

is (up to equivalence of categories) the full subcategory of discrete G-actions on the coset spaces G/H (which

. . . . . . [
are discrete spaces, since G is assumed to be finite) for all subgroup inclusions H — G.

Example 2.14 (Explicit parameterization of morphisms of GOrbits). The hom-sets (I0) 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 H:
Hy— Hy, g€G|Ad, 1011 =10
GOI‘bitS(G/Hl, G/Hz) ~ {(P ! > 8 ’ g ! 2 q)}
((9-8) ~ (Ad,_1 0 9. ghs) | o € Hy)

(39)

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

14



Example 2.15 (Orbit category of Z;). The orbit category (Def. 2.13)) of the cyclic group Z, := {e,c|co0 =e}
is
7 1
R B % ()
Z,0rbits ~ { 7)1 Ell A
Hence its hom-sets are:

Z,Orbits (Zz/l , Z2/1 ) ~ 7, Z,0rbits (Zz/Zz , Zz/Zz)
Zo0rbits (Zo /1, Zn | Zs) =~ x, Z,0rbits (Zy /2 , 2 /1 )

L,
o (40)

R

*

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,

EndGOrbits(G/H) ~ AUtGOrbits(G/H) = WG(H) = NG(If)/If7 41
namely the quotient group by H of the normalizer N;(H) of H in G. For instance:

Ws(l) = 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 (T0)
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) € Wg(H)Actions(Sets). 42)

¢ € G/No(K)
st.g'KgCH

Example 2.18 (More examples of orbit categories).

| (2% x Z&) Orbits |
| ZyOrbits | Z3Orbits | Z4Orbits | ZsOrbits | ZOrbits \
Z Z Z Z Z Z5 <78
oy (Y () ‘) -~
Lo/l | Z3/1 | Za/1 Zs/1 26/1 (2% 7)1 x 1)
NS Ny AN .
v v
Z4/Zz Zé/ZZ Z6/Z%
/ \ / (25 x 25)/(Z5 x 1) (Z5 < 25) /(1 x 25)
LafZy | Zs]Z3 | 7,/7, Zs/Zs Z/Zs \ /
(Z5 < Z8) ) (25 x Z8)

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 (34)

G G H-fixed locus
((;/IE/ILJXl & f(le]) € x = {xGX

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

=) } X 3)

Maps(G/H,X)G ~ xH
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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): GOrbitsP Maps(— X)° TopologicalSpaces (44)
G/Hy XA 4 ved tocus
0 e it
G/Hy X
w,e)]l j¢
G/Hy XMy fedtocos

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 that the residual action
on the H-fixed locus X is by the Weyl group W, (H) [@I). Postcomposing (@4)) with the singular simplicial set
functor yields an equivariant simplicial set (Def. [2.19), to be denoted (the notation follows [SS20b, §3.2,
5.1]):

GCX v Sing(r(X/G)) = Sing(Maps(~, X)) € @GSimplicialSets. (45)

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. carries a model category structure whose

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

(b) Fib — fibrations are the weak equivalences of SimplicialSets, 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
Y

proj localization

GSimplicialSets GHomotopyTypes := Ho(GSimplicialSets (46)

proj) .

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 [SS20bl §3.2] in terminology and notation):

Definition 2.23 (Equivariant shape). The composite of forming systems of fixed loci (Example with local-
ization to equivariant homotopy types (Def. [2.22)) is the equivariant shape operation, generalizing the plain shape
(L5): equivariant shape

6ex — Jrxye)

localization at fixed locus-wise weak homotopy equivalences

GActions (TopologicalSpaces) GHomotopyTypes . (47)

form singular Y localization {6)
equivariant simplicial set : L
GSimplicialSets

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

{13

. J
TopologicalSpaces - HomotopyTypes (48)
equip with form constant functor
trivial action Smth on orbit category
I(=/06)

GActions (TopologicalSpaces) GHomotopyTypes .

equivariant shape
For brevity, we will mostly leave this embedding notationally implicit and write
X := Smth[X € GHomotopyTypes . (49)
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Elmendorf’s theorem. In fact, every equivariant homotopy type (Def. is the equivariant shape (Def.
of some topological space with G-action (Def. [2.T1)). This is the content of EImendorf’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 [Gui06, Thm. 3.12][St16l Prop. 2.6]).
The category GActions (SimplicialSets) of G-actions G C S on simplicial sets (analogous to Def. carries a
model category structure whose weak equivalences and fibrations are those that become so in the classical model
structure on simplicial sets (12)) under the functor (analogous to Example[2.20)

. S Maps(—, —)¢ S
GActions (SlmphclalSetS) —— > GSimplicialSets (50)
GCS — (G/H — s1)

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 (50) is the right adjoint in a Quillen equivalence
(=)(G/1)
~Qu GSimplicialSets
Maps(—,—)¢

GActions (SimplicialSets) (51)

fine proj

between the fine model structure on simplicial G-actions (Prop. 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"PE ¢ 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

Yy (Y
R* ., §* € G*PE Actions (SmoothManifolds).

(a) The corresponding ADE-orbifolds (Def. [2.36)
r(s*)GAPF) e GAPEOrbifolds

appear in spacetime geometries of !/2BPS black M5-branes [dMFO10, §8.3][HSS18, §2.2.6][SS19a, §4.2] (dis-
cussed in §4]below).
(b) The corresponding GAPE-equivariant homotopy types (Def. [2.22) (their equivariant shape, Def. [2.23)

GADE-equivariant shape

of 4-sphere

Ir(st)GhPE) € QADEHomotopyTypes

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)).
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Example 2.28 (7Z4-equivariant twistor space). Consider the quaternion unitary group (e.g. [FSS20c, §A] ) with its
two commuting subgroups from (7)) and (8):

75,8p(1) C Sp(2) := {g€Matrr(H) [g-g" =1}. (52)

Their canonical action on H? ~; R® by left matrix multiplication induces an action (6)) on CP* (“twistor space”).
The fixed locus ([@3) of the subgroup Z5 (7)) under this action is evidently given by those [z1 : 22 : 73 : z4] € CP?
such that z; +j-zo = z3+j-z4 € H. Since these are exactly the elements that are sent by the twistor fibration 755 (5))
to the base point [1 : 1] € HP!, the Z5-fixed locus in twistor space CP* coincides with the S?-fiber of the twistor
fibration 7y (B):
A fib

(CP)2 ~ g2 P cps, (53)
Hence the Z,-equivariant homotopy type (13) of twistor space with its Z‘g action (6)) is given by the following
functor on the Z,-orbit category (2.15):

z 74
(" (Y
Z’z‘-equivariant shape ZZ/I — jCPB
of twistor space fiber inclusion of
J‘ )r ((CP3 //Zé) . \L j\ ﬁb(IH) twistor fibration (54)

7|7 —  JS?

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. ,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 — T, (X(G/H),x(G/H))). (55)

(i) Similarly, for GC X € GActions (TopologicalSpaces) (Def. , G ¢ x = G CX a fixed base point, and
n € N, we say that the nth equivariant homotopy group of G C X is that (53)) of its equivariant shape (T3):

7, (X,x) i= 2, (I (X)G) I (x)G)) = (G/H = m(X",%)). (56)

Definition 2.32 (Equivariant connected homotopy types). We write
GHomotopyTypes..; —— GHomotopyTypes (&)

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 )’( x /| G) — X.
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Definition 2.33 (Equivariant 1-connected homotopy types). (i) We write
GHomotopyTypes.., —— GHomotopyTypes.; —— GHomotopyTypes (58)

for the further full subcategory on those equivariant homotopy types X (Def. which

(a) are equivariantly connected and admit an equivariant base point (Def. [2.32));

(b) have trivial first equivariant homotopy group (Def. at that base point:

Ty (x ) x) = 1.
(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-, = (ﬁo (X) ~R and H'(X) ~ 0) .
(iii) We write
QHomotopyTypesg“zR —— GHomotopyTypes., —— GHomotopyTypes
for the further full subcategory of those equivariant 1-connected homotopy types (58)) which are of finite type over
R, in that all their equivariant real homology groups (Example [2.30) are finite-dimensional:
¥ dimp, (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]ILKZ10]).

* First, there is the singular quotient space X /G that dominates the early literature on orbifolds [SaS6]][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][Mo02]|[LerO8]|[Am12].

* Third, there is the fine incarnation of orbifolds orbisingular homotopy quotients )’(X / G) in singular cohe-
sive 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). IfG ¢ X € GActions (TopologicalSpaces)
(Def. is such that X admits the structure of a smooth manifold and such that the action of G is smooth,
then the fixed loci X" — X (@3) are themselves smooth submanifolds.

Proof. Since G is assumed to be finite (33)), 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 )

for the category of smooth manifolds equipped with G-actions on the underlying topological spaces (Def. [2.11])

which are smooth.

(i) Similarly, if the compact Borel-equivariance group is equipped with smooth structure making it a Lie

group

GActions (TopologicalSpaces)

T € CompactLieGroups —— CompactTopologicalGroups ,
we write
(T x G) Actions (SmoothManifolds) ————— (T x G) Actions (TopologicalSpaces)

for the category of smooth manifolds equipped with T x G-actions on the underlying topological spaces (Def.
2.11) which are smooth.
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Definition 2.36 (G-Orbifolds [SS20b])). (i) We write
GOrbifolds := Functors(GOrbits®’, SmoothManifolds ) (59)

for the category of contravariant functors from G-orbits (Def. to smooth manifolds.
(i) By Lemma the system of fixed loci (@) of a smooth action G ¢ X (Def. [2.35) takes values in smooth
manifolds

GCX smoothly = r(X/G) : GOrbits® — — > SmoothManifolds —— TopologicalSpaces ,  (60)

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:

GCX — Y(X/G)

GActions (SmoothManifolds ) GOrbifolds
forget smooth structure j equivariant shape
(Def.

GCX — [r(X)G)
&

GActions (TopologicalSpaces) GHomotopyTypes.

2.3 Equivariant non-abelian cohomology theories

We introduce the general concept of equivariant non-abelian cohomology theories, in direct generalization of
[ESS20d, §2.1], and consider some examples. This is in preparation for the twisted case in the next subsection.

In equivariant generalization of [ESS20d, §2.1], we set:

Definition 2.37 (Equivariant non-abelian cohomology). Let X, 4 € GHomotopyTypes (Def. .
(i) The proper G-equivariant non-abelian cohomology of X with coefficients in 4 is the hom-set (10}

equivariant
non-abelian cohomology

H(X;4) := GHomotopyTypes(X,4).

(ii) For X € GActions (TopologicalSpaces) (Def. , with induced equivariant homotopy type [ V(X / G) (13),
we write

equivariant
non-abelian cohomology

Hs(X;4) = H(I Y (X/G); ﬂ) := GHomotopyTypes Ir(x)a),a).
(iii) We call the corresponding contravariant functor
op I r(=/6) H(—A)

GActions (TopologicalSpaces)” ——————— VGHomotOPyW Sets (61)
\Hg( ﬂ)

>

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 [F a field, write
Repy(X) € Rings —— AbelianGroups (62)

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,
§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.

Rep; : GOrbitsP AbelianGroups € G AbelianGroups (63)
G/H — Rep,(H)

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

20



Example 2.39 (Bredon cohomology [Bre67al p. 3][Bre67b, Thm. 2.11 & (6.1)][GM95), p. 10]).
Given A € GAbelianGroups (Def. i and n € N:
(i) There is the Eilenberg-MacLane G-space

K(A,n) € GHomotopyTypes (64)

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)

(164):

Bredon cohomology
(equivariant ordinary cohomology)

Hy(X:4) = Hg(X:K@n) = H(r(X/G), K(An)).

Equivariant Cohomotopy.

Example 2.40 (Equivariant non-abelian Cohomotopy [tD79, §8.4][Pe94||[Cr03] [SS19a]). For G ¢V a linear G-
representation on a finite-dimensional real vector space V, the representation sphere (e.g. [Blul7, Ex. 1.1.5])

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

defines an equivariant homotopy type (13)). 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

m(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. ,
a cohomology operation from equivariant non-abelian 4-cohomology to B-cohomology (Def. [2.37) is a natural

transformation o
H(—;A) ——H(—; B)

of the corresponding equivariant non-abelian cohomology theories (6I). By the Yoneda lemma, such operations
are induced by post-composition with morphisms between equivariant coefficient spaces:

a N B € GHomotopyTypes. (65)

2.4 Equivariant twisted non-abelian cohomology theories

We introduce equivariant twisted non-abelian cohomology, in direct generalization of [FSS20d, §2.2], and intro-
duce the main example of interest here (Def. below).

Equivariant -o-Actions.

Remark 2.42 (Equivariant co-actions). (i) In equivariant generalization of Prop. (and as a special case of
[NSS12a, Thm. 2.19][NSS12bl Thm. 3.30, Cor. 3.34]), every equivariantly pointed and equivariantly connected
equivariant homotopy type (Def. is, equivalently, the equivariant classifying space BG of an equivariant
co-group

G € GEquivariantGroups,, := Ho (Functors(GOrbits"p, SimplicialGroups)proj).
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(ii) In equivariant generalization of Prop. (and as a special case of [NSS12al §4][SS20b, §2.2]), oo-actions of
such equivariant eo-groups on equivariant homotopy types A are, equivalently, homotopy fibrations of equivariant
homotopy types over BG with homotopy fiber 4, hence a system of non-equivariant homotopy fibration (25
parametrized by the G/H € GOrbits (Def. , denoted as followsE]

hofib(p )
Aa )G
aacated o concion of G on 7 J,pﬂ € GHomotopyTypes
B
v (66)
hofib(p.4(G/H)
A(G/H) A(G/H)/G(G/H)
G/H L associated to l:i:lc(::zgyof“ﬂ;‘r&?/?[{ll) on A(G/H) \Lp-ﬂ(G/H) € HomOtOPyTypeS
BG(G/H)

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

Example 2.43 (Equivariant parametrized homotopy types). Consider 7 € CompactTopologicalGroups (31)), G €
FiniteGroups (33), and X € (7 x G)Actions(TopologicalSpaces) (38).

(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 of the homotopy quotient (Borel construction, Example with respect to the T-action:

GHomotopyTypes > ((*(X/G))/T): G/H +— [(X")T). 67)
This is the G-equivariant homotopy type (Def. given on G/H € GOrbits (Def. 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 sits in an equivariant fibration (66) over BT with
homotopy fiber the G-equivariant shape of X (Def. [2.23)):

I (X/G) hofib(p(x /6))

I((r(x/6)7)

\LpV(X//G) € GHomotopyTypes
BT

J(x*)T)

G/H — ip ¥ € HomotopyTypes
BT

We may refer to these objects as proper G-egivariant 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(py)

Ix#

Example 2.44 (Z4-equivariant Sp(1)-parametrized twistor fibration). Recall the Z4-equivariant twistor fibration
@) from Example Since the Sp(2)-subgroups Z4 (7) and Sp(1) (8) commute with each other, the quotient by
the action of Sp(1) of the Cartesian product of the twistor fibration (3) with (the identity map on) the total space
ESp(2) of the universal principal Sp(2)-bundle still has a residual equivariance under Z:

'\W"(‘o‘\

Zé TS Zé
fib(1g) xid Y & Y
S?2xESp(2) Sp(1) CP3xESp(2) Sp(1) S*xESp(2)
Sp(1) Sp(1) Sp(1)
| | | 74 Actions (TopologicalSpaces)/ ™ (68
ESn2) ESe(2) ESu(2) € Zs 010ns( opologica paces) (68)
Sp(1) Sp(1) Sp(1)

5 Here 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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Hence, using Example [2.28] and identifying the Borel construction of homotopy quotients (e.g. [NSS12b, Prop.

3.73], here fi b HCG
1, here for subgroups H C G) X < EG

~ X/H € HomotopyTypes, (69)
H homotopy
Borel construction quotient

the Z*z‘—equivariant homotopy type (Def. [2.22) of the middle vertical morphism in (68) exhibits a Z*z‘—equivariant
Sp(1)-parametrized homotopy type (in the sense of Example [2.43) of this form:
("3
Z JCP3 JSp(1)

()
I(r(CPyz3)) fsp(1) - Zo/l  — W
fib(tm) / Sp(1)

7A -equivariant Py CP? 74
& Sp(l )L?p:::mztrizct\ ( 2) JBSP( 1 ) (70)
twistor space

[(r(+)24))/sp(1) 182 /sp(1)

70Ty  — N
fs?

IBSp(1).

The analogous statement holds for the vertical morphism on the right of (68)), so that the full square on the right of
(68)) exhibits a morphism in Zﬁ‘—equivariant Sp(1)-parametrized homotopy types (Example [2.43) of this form:

753‘ -equivariant
Sp(1)-parametrized

7/23 -equivariant
Sp(1)-parametrized
4-sphere

[0r(s*yz5)) J Sp(1)

:‘ -equivariant
twistor space Sp(1)-parametrized
twistor fibration

I(r(CP)z3)) J Sp(1) [ () 22) / Sp(1)

\
BSp(1)

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

€ Ho ( gZSimplicia1Setsg{i§P(l>) , (7D

Twisted equivariant non-abelian cohomology.
In twisted generalization of Def. and in equivariant generalization of [FSS20d| §2.2], we set:

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

hofib(p 4)
A——Aa2)G
equivariant
ocal coefficien p G
tocal cocticient J/ 2 € GHomotopyTypes (72)

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. i equipped with an equivariant twist

[7] € H(X;BG) (73)

in equivariant non-abelian cohomology (Def. @) with coefficients in BG. We say that the 7-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
slice model structure (see [FSS20d, 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)ny ) (%, p).
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Twisted equivariant ordinary cohomology.
Example 2.46 (Twisted Bredon cohomology). Let G ¢ X € GActions (TopologicalSpaces) (Def. i with a base
point G x = G (X, let A € GAbelianGroups (Def. 2.29), and let

r: (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 ([72))

K(A;n)

K(A,n) ) 7, (X)

equivariant ordinary p
local coefficients

B, (X)
with typical fiber the equivariant Eilenberg-MacLane space (64)), 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

HET (X3 A) ~ HY(X; K(A,n)).

Equivariant tangential structure. In equivariant generalization of [FSS20d, Example 2.33], we have:
Definition 2.47 (Equivariant tangential structure). Let GC 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. @) is a class in the equivariant
twisted non-abelian cohomology (Def. [2.43)) of the equivariant shape (Def. [2.23)) of the orbifold with equivariant
local coefficients in

GL(n) /9 BY
5o
BGL(n)
and with twist given by the classifying map 7, of the frame bundle:

(4, 9)Swuctures (¥ (X /G)) = H"(r(X/G); GL(n)/¥).

Equivariant twistorial Cohomotopy. In equivariant generalization of [FSS20d, Ex. 2.44] we have:

Definition 2.48 (Equivariant twistorial Cohomotopy theory). Let X® € Z,Actions (TopologicalSpaces) (Def.
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 (7) and the second is again given by left quaternion multiplication,
e.g. [ESS19bl Ex. 2.12])
(7] € Hyy (X% BSp(1)).
We say that:
(a) its Z’g-equivariant twistorial Cohomotopy %2, (—) is the T-twisted equivariant non-abelian cohomology the-

ory (Def. b with local coefficients in the Zé—equivariant Sp(1)-parametrized twistor space;
(b) its Z‘;‘-equivariant J-twisted Cohomotopy ﬂ%A (—) is the t-twisted equivariant non-abelian cohomology the-
2

ory (Def. l with local coefficients in the Z4-equivariant Sp(1)-parametrized 4-sphere;

(¢) the twisted equivariant cohomology operation 7, (—) — 77, (—) is that induced by the 743 -equivariant
2 2
Sp(1)-parametrized twistor fibration;

all as induced by the (morphism of) local coefficient bundles in Example [2.44}

equivariant
twistorial Cohomotopy

TA(X) = HE (X:0r(CP)74))

push-forward along
equivariant parametrized
twistor fibration

(I r (i 28) /3p(0)

equivariant
J-twisted Cohomotopy

HE, (X:Dr(s)78)) = 75, (X) . 74

*
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3 Equivariant non-abelian de Rham cohomology

We had shown in [ESS20d, §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 [ScuO8] (following [Tr182]])
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 §3.4Jto
construct the equivariant non-abelian character map (Def. 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 Le-
algebras (following [FSS20d, §3.1]) to G-equivariant homotopy theory, for any finite equivariance group G (33).
While the homotopy theory of equivariant connective dgc-algebras has been developed in [Tri82]][Scu02[[ScuOS]],
previously little to no examples or applications have been worked out. Here we develop equivariantized twistor
space as a running example (culminating in Prop. 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. 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 [I.1]

Plain homological algebra. For plain (i.e., non-equivariant) dgc-algebra, we follow the conventions of [FSS20d,
§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 ),

0,37 ngZO
R{ e, / dés =0
by dby =c3

Notation 3.2 (Generators/relations presentation of dgc-algebras). We may denote the Chevalley-Eilenberg algebra
CE(g) € DiffGradedCommAlgebras; ™ of any g € L..Algebrasz § ([FSS20d, Def. 3.25]) by generators (a graded
linear basis) and relations (the polynomial relations given by the differential). For instance (see [FSS20d, Ex. 3.67,
3.68]):

1R

(0 0 1¢ 2 0 ).

~ o7, | /(do;=—s Ny 4
Rol/da =0 = CBeR)  wa  Ro0|/(GU= N~ ca(s).
Similarly, for T a finite-dimensional compact and simply-connected Lie group with Lie algebra

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

a=1

the abstract Chern-Weil isomorphism (e.g. [FSS20d, §4.2]) reads:
im a T
(R[{rgyam D) /(ars = 0)) = CE(BT), (75)
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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 (BGOp , VectorSpacesR),

76
GRepresentations, ~ Functors (BG, VectorSpacesR). (76)

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%“), an

V,fin

G VectorSpacesg™ := Functors (GOrbits, 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

WV
VectorSpaces; (2 ) P

(VectorSpaces')

and hence induces an equivalence:

1\ OP
( QVectorSpacesR) P = (Functors (GOrbitsOp , VectorSpaces%“) )

~ Functors (GOrbits , (VectorSpaces%“)()p)

~ Functors <GOrbits , VectorSpaces%")

= GVectorSpaces; "

This justifies extending the notation (77)) to vector spaces which are not necessarily finite-dimensional
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. |
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
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Example 3.7 (Z,-equivariant dual vector spaces). A (finite-dimensional) dual Z,-equivariant vector space (Def.
is a diagram of (finite-dimensional) vector spaces indexed by the Z,-orbit category (Example|2.15))

zZ zZ
() ()
Zz / 1 — N
I ¢ 0 € 7 YGVectorSpacesﬁ
Zp|Zy +— V

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

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

BW;(H) —> GOrbits (78)

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

Ws(H )Representationsﬁg <i QVectorSpacesR , (79)

W (H )Representationsy, S/ G VectorSpacesy, -
Example 3.9 (Regular equivariant vector space). For any subgroup K C G we have an equivariant dual vector
space (Def. given by the R-linear spans of the hom-sets (I0) out of G/K in the orbit category (Def. :

R[GOrbits(G/K, —)] € GVectorSpacesy, .
For any further subgroup H C G, its restriction (Example 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 has a right adjoint

H

W; (H )Representationsy, L G VectorSpacesy, ,
Injy
where
Inj, (V*) € GVectorSpaces;, = Functors(GOrbits, VectorSpaces; )
is given by
Inj;(V*) : G/K —— Wy(H)Representations’, (R [GOrbits(G/K,G/H)], V") (80)
= p v (81)
£ €G/NG(K)
st. g lkgCcH

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

Proof. Formula is a special case of the general formula for right Kan extension [Ke82, (4.24)], here applied
to the inclusion regarded in VectorSpacesg-enriched category theory. Its equivalence to (81) follows with
Example See also [Tri82, (4.1)][Scu08, Lemma 2.3]. ]

Injective equivariant dual vector spaces. Recall the general definition of injective objects (e.g. [HS71, p. 30]),
applied to equivariant dual vector spaces:
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Definition 3.11 (Injective equivariant dual vector spaces). An object I € G VectorSpaces;, (Def. is called
injective if morphisms into it extend along all injections, hence if every solid diagram of the form

e, I e (82)

injection

admits a dashed morphism that makes it commute, as shown. We write
VGVectorSpaces{(gi"j ——— GVectorSpaces

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 € GVectorSpacesy, (Def. , the direct sum of extensions Inj_y (Def.

Inj(V) := €D Ijy(Vu) € GVectorSpacesy,, (83)
[HCG]
of those components at stage H which vanish on all deeper stages

N ker( V(G/H) VG0 yiG/k) ) | H#G
Vg = [K2H] (84)
V(G/G) | H=G
receives an injection
V & Inj(V) (85)

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

(i) the summands Inj, (V) ( Example are injective objects (Def. ;
(ii) V is injective (Def. precisely if (83)) 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). For G = Z; (Example|2.15) the irreducible represen-
tations
1,1, € ZRepresentations,, 1 € 1Representations, ~ VectorSpaces,

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:

(™) )
Za/1 +— 1 ZoJl +— 1y
Injl(l) : i io Injl(ISgn) : l io (86)
Zy]Zy +— O, ZLn|Zy — O,
and ’
(%
Zo/1 — 1
Wiy -} Ji @7
75/7, — 1.
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To see this, use ({0) in to get, for two cases,

Zo
()
Z,/1 +—  Z,Representationsy (]R [Z,0rbits(Z, /1, Z>/1)] ,1) ~ 1
Inj, (1) k ~ 131 lo
Zp|7, +— ZyRepresentationsy (R [ZgOrbits(Zz /2o, 7/ 1)} , 1) ~0
~0
and .
(™

Zy/1 +——  1Representationsy (R [Z,0rbits(Zy /1, 22/ 75)] , 1) ~ 1
Injz, (1) L xf J
1

Ly]Zy +—— lRepresentationsR(R[ZQOrbits(Zz/Zz,Zz/Zz)],l)z

~1

Lemma 3.15 (Tensor product preserves injectivity of finite-dim dual vector G-spaces [Go97bl, Lem. 3.6, Rem 1.2]

[Scu02, Prop. 7.36]). Let V,W € GVectorSpacesg™ (Def. |3.5). If V.and W are both injective (Def. , 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 GC X € GActions (SmoothManifolds) (Def. b
and n € N. Then there is the equivariant dual vector space (Def. [3.30)

R(V(X/)G)) € GVectorSpacesy,

given by the system of vector spaces of smooth differential n-forms (e.g. [BT82]) of the fixed submanifolds (60),
with pullback of differential forms along residual actions and along inclusions of fixed loci:

§1EWG (H1) x4
equivariant dual vector space n ( H; ) ordinary differential forms
of equivariant smooth G/ Hl QdR X on fixed submanifold
differential n-forms
n )/ X// G . P X,;* pullback along inclu-
dR . sion of fixed loci
G/H, — Qi (X™)
$2EWg(H2) X%

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:

G € {Zypprime} 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. b and H C G, choose a tubular neighborhood (e.g. [K096,
§1.2]) Ax (XH ) C X of the fixed locus (which exists by Lemma . Then multiplication of smooth n-forms
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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:

(_)‘XH

QU (X7

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 € Z,Actions (SmoothManifolds) (Def. , the equivariant dual
vector space of Z,-equivariant smooth differential n-forms (Def. [3.33) is injective (Def. [3.11):

R(Y(X)Z,)) € Q\’ectorSpaces{zji"j . (88)

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
Zy

Qi (r(x/zp)) ilnjzp (QZR(XZ”)) @ Inj <{ ® € Qg (X)| @lyz, = 0})
()

Zp/1 o <a|xzp ) o — extzp(oz|xzp))

i | ] ]

Zp/Zp (X‘sz ((X|Xz,, ) 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 (88). O

Lemma 3.20 (Z4-Equivariant smooth differential forms are injective). Let the equivariance group G = Zy4 be the
cyclic group of order 4. Then, for 74 C X € ZsActions (SmoothManifolds) (Def. [2.35)), the equivariant dual
vector space of Z4-equivariant smooth differential n-forms (Def. is injective (Def. [3.11):

R(Y(X)Zs)) € YGVectorSpaces{éi“j . (89)

Proof. Since the subgroups of Z, are linearly ordered 1 C Z, C Z4 (Example [2.T8), the proof of Lemma [3.19]
generalizes immediately. Using extensions of differential n-forms (Notation 3.18)), both from X Z4 as well as from
X% 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 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

Qi (r (X [/ Z4a)) = Ian4(QgR (XZ4)) ©lnjy, <{ » € Q1 (X22)| 0lyz, = 0}) ®lnj, { o € Q1 (X)| 0]y = 0})

Zy

Z<4/»1 e <05|XZ4 ) (a - eth4(a|Xz4)) |z ; a — extg, (a|Xzz)>
j J I J
Za]Zs alyz, > <o¢|XZ4 C Ay — (e,>;tz4(oz|xz4))\Xz2 ) 0 >
| J ! T
Z4|Zs olyz, ————— <oc|XZ4 , 0 , 0 >
By Prop. [3.12] this implies the claim (89). O
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Lemma 3.21 (Z; x Z,-Equivariant smooth differential forms are injective). Let the equivariance group G = Z% X
78 be the Klein 4-group. Then, for 75 x Z8 C X € 75 x 75 Actions (SmoothManifolds) (Def- , the equivariant
dual vector space of 7y x Z-equivariant smooth differential n-forms (Def. [3.33) is injective (Def. 3.11)):

(Y (X )25 xZ5)) € GVectorSpacesy™ . (90)
Proof. We obtain an isomorphism to a direct sum of injective extensions (Lemma [3.10), much as in the proofs of
Lemmas .19 and 3.20} Sl sl o o
. L . . .
equivariant smooth differential forms 111 7% <{ (ORS] QKR (X Z; ) () | X4 = 0}) rcstric|iudnlf¢fsr¢m"s;l;|'lﬁnf‘il:eglllzf-ie vanishes
differential n-forms N on deep fixed locus w| g o= 0
Qi (Y (X[ Z4)) ;Injm(QgR (XZ4))@ @ ) ®Inj, {a) € Qi (X) w|XZf< -0 }
Injzg({a) € O (X2 | 0]z, = 0}) X
Z4 :Iﬁ
'y B —extye (Bl )
/3 v/
P s — s 2 2
o T (alXZ4 (oc eXlzgxak (a‘Xzéng)) ‘XZ%HXW; —extye (B 2z
\ 2 X2
6124 l ! J !
G/LZ% (XTZZ P <OC‘X24 ) (OC — eXtZ%XZIZQ (OC‘XZ%lezz)) ‘XZ%HXZ); ’ 0 )
G/Zk < 78 olyz, ———— <a\xz4 * 0 0 )

and hence conclude the result, again by Prop. The only further subtlety to take care of here is that the two
extensions extzL and extzx (Notation@) 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:

(extey (Blyot)) z = (evtz (Blyes)) Z

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

= 0.

Equivariant graded vector spaces.
Definition 3.22 (Equivariant graded vector spaces). We write

)GGradedVectorSpacesﬂﬁo = )QVectorSpacesg o~ Functors(GOrbitsOp , GradedVectorSpaces; O)
for the category of N-graded objects in equivariant vector spaces (Def. [3.5).

Definition 3.23 (Equivariant rational homotopy groups). For X € GHomotopyTypes.. (Def. ) and n € N, the
rationalized nth equivariant homotopy group (Def. [2.31) hence the stage-wise rationalized simplicial homotopy

group (Def. 2.31))
z,(X)®,R : G/H — m,(X(G/H)) ®,R,
form an equivariant graded vector space (Def. [3.22)):
T (X)@.R € G VectorSpaces, .

Example 3.24 (Z4-Equivariant rational homotopy groups of twistor space). The Z,-equivariant rational homotopy
groups (Def. of Z‘g—equivariant twistor space (Example are, by (54)), given by the rational homotopy
groups of CP3 and, on the fixed locus, of S?. Hence these look as follows (using, e.g., [ESS20c, Lemma 2.13] with
[ESS20d, Prop. 3.65]):

‘ Zo/H H (cP3)? H moR ‘ HOR ‘ L ®R ‘ s ®R ‘ T ®R ‘ 7 ®R ‘ T ®R ‘ TR ‘ ‘
Z)2 (p3 N
xJH(CP) @R 7 cp 1 0 0 0 0 1 0 0o .- on
7)7, | & 1 1 0 0 0 0 0 0
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Equivariant cochain complexes.
Definition 3.25 (Equivariant cochain complexes). We write
QCochainComplexes§ % ;= Functors (GOrbits , CochainComplexesz 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. , we
denote its delooping as

bV : G/H — <O—>VO(G/H)LVI(G/H)L&>V2(G/H)—>--- ).

As an instance of the general notion of mapping cones (e.g. [Schalll Def. 3.2.2]), we get:

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

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

_d() 7d1 7d2 _d3
VO(G/H) ——=V'(G/H) —=V*(G/H) —=V*(G/H) — -+
eV := Cone(bV) : G/H — o \id\ ® \id\ o \id\ o \id\
0 V%(G/H) ———=VY(G/H) ——=V?*(G/H) — ---
dd d}y d
This sits in the evident cofiber sequence:
fib(i
cofib(ipy ) eV
biov € GCochainComplexesz "’ . (92)
bV
As an instance of the general notion of injective resolutions (e.g. [Schalll, §4.5]), we have:
Example 3.28 (Injective resolution of equivariant dual vector spaces).
Let V € GVectorSpacesy, (Def. . : :
Then, by Prop. [3.12] we obtain an in- T T
Jjective resolution (e.g. [HS71} p. 129]) 0 Ini(coker(d!
of V given by the equivariant cochain 1 (CO er( ))
complex (Def. [3.25) which in degree 0 T fa2 =:Inj*(V) € GCochainComplexesz"

is the injective envelope (83) of V, and 0 ——Inj (coker(do))

whose differentials are, recursively, the T bt
injective envelope inclusions of 0 — Inj (Inj(V) /V)
the quotients by the image of the pre- T ¢ p
vious degree. e Inj(V)
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This is such that for any A® € QCochainCOmplexesD%0 which is

degreewise injective (Def. [3.11]) and any morphism of equivariant i
dual vector spaces Inj (coker (dl)) e o AT
{v —¢>Aglsd } € GVectorSpaces), » P
frqm V to the sqbspace of clos;d elements (cocycles) in A", there Inj (coker(d®)) — — AR An2
exists an extension to a morphism p e
{ b"Inj*(v) 4 } € GCochainComplexes;’  (93) Inj (Tnv(V)/V) - — o g
of equivariant cochain complexes (as shown on the right) given o &
recursively by using injectivity of A”**! to obtain dashed exten- . ! o !
sions (82): ‘ gt Inj(V)- - - -~ - - -~ > A"
Inj’ I(V) 777777777 >AnJrLJrl

Inj'(V) /im(d"™"")

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

Consider the Z,-equivariant dual vector space (Example /
given by 0
z .
(") / -
Zy/1 0
2¢/ — \LO € 7 )QVectorSpacesﬁ . (94 1 /
Zz/Zz — 1 (Zz)/ id/ 0
1|/
Recalling the three injective atoms of Z;-equivariant dual 2 T
vector spaces from Example [3.14] we find that the injec- l aw
tive resolution (Example[3.28) of is the Z,-equivariant V /
cochain complex shown on the right. Lo|Ty +— 1——1
In terms of generators-and-relations (Notation [3.1)), this says:
z V/
() (7 el dcy=c
Zy/1 — 0 Zy/1 — ]R<Cg’ >/ dc; =0
Inj* l i _ l deo=0 /1 (95

ZZ/ZZ = R<Co>/(d€0 = 0) ZZ/ZZ — R<C0>/(d€() = 0)

Equivariant dgc-algebras.

Definition 3.30 (Equivariant dgc-Algebras). We write
QDiffGradedCommAlgebrasH§ % := Functors (GOrbits , DiffGradedCommAlgebrasz 0)
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 € )GDiffGradedCommAlgebras§0 (Def. |3.30)

and n € N, we write
H"(A) € GVectorSpacesy,

for the equivariant dual vector space (Def. of cochain cohomology groups
H"(A) : G/H — H"(A(G/H)).
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Example 3.32 (Equivariant base dgc-algebra).

We write R € VGDiffGradedCommAlgebrasﬁ % for the equivariant (Zz)/
dgc-algebra (Def. [3.30) which is constant on the ground field R: Z,/1 +— R
R : G/H — R. | |ia

7|7 R
For the case G = Z, (Example [2.15)), this is shown on the right. 2T —
Example 3.33 (Equivariant smooth de Rham complex). For G ¢ X € GActions (SmoothManifolds) (Def. .
there is the equivariant dgc-algebra (Def. [3.30)

Qi (r(X/G)) € GDiffGradedCommAlgebrasg°

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

GDiffGradedCommAlgebrasz ” L GCochainComplexesz* (96)
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
from Example [3.29is:

zZ zZ
(") (") . dc)y =y
Zz/l — 0 ZZ/I — R|:Cn7 n+ :|/ an+]:O
Symob” o Inj°® i l - l " den=0 97
Zy/Zy +— Rlcg)l/(dco =0 $
2/ 2 [ 0]/( 0 ) ZZ/ZZ N R(cn>/(dcn :0)
In equivariant generalization of [ESS20d, Def. 3.25], we have:
Definition 3.36 (Equivariant L..-algebras). We write
GL.Algebrasg § « % . ( GDiffGradedCommAlgebras; °) (98)

g — 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 [FSS20d,
Def. 3.25]).

In generalization of Example[3.33] we have:
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Example 3.37 (Proper G-equivariant and Borel-Weil-Cartan T -equivariant smooth de Rham complex).
Let (T x G) C X € (T x G)Actions(SmoothManifolds) (Def 2.35), where 7 € CompactLieGroups is finite-
dimensional with Lie algebra denoted (as in Notation [3.1)

t ~ {(ta>dim(T), [—,—}} € LieAlgebrasg . (99)

a=1
Consider the equivariant dgc-algebra (Def. |3.30)
iR (( 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
2,V a\dim(T)
b7t ~ (ry)y

(the linear dual space of (99) in degree 2) and equipped with the sum of the de Rham differential
dir @ ONTS /\-~-/\r§” — (ddRa)) AT /\-'-/\r;”
and the operator
ALt OAFS A AT — (1, 0) Ars Ay A AT,

where

* 0 Qi(-)

* 1,, denotes the contraction of differential forms with the vector field that is the derivative of the action

T x X — X along ¢,,

* summation over the index a € {1,---,dim(7)} is understood, and
e 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 T-equivariant
smooth de Rham complex

Q;R<(V(X//G))//T) . G/H — (Q;R(XH) [{rg}ii:ml(T)},ddR—Fl”g/\lta)T. (100)

This is, stage-wise over G/H € GOrbits (Def. [2.13)), the Cartan model dgc-algebra for Borel T-equivariant de
Rham cohomology ([AB84]][MQ&6, §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.

Cartan model for 7-equivariant Borel col logy of H-fixed locus X'/

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 )GDiffGradedCommAlgebras§ % (Def. 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;”) . € ModelCategories .

proj

A key technical subtlety of the model structure on equivariant dgc-algebras (Prop. [3.38)), compared to its non-
equivariant version ([BG76l §4.3]1[GM96, §V.3.4][ESS20d, 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. , the equivariant smooth de Rham complex (Example m)
is a fibrant object in the projective model structure (Prop. [3.38)

QR (r(x)G) — =0 € (GDiffGradedCommAlgebras:®)

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

proj ’
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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). O
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 € )QDiffGradedCommAlgebrasﬁ0 (Def. be such that, for all k € N, the underlying ChnCmplx(A)* €
QCochainComplexes§° is injective (Def. .

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

A[6"V, ], < Sym(eb"Inj*(V,,))
)L ®0) LSym (fgr+imje(v,)) € ODiffGradedCommAlgebrasg ° (101)

A o Sym (6" Inj* (V;,))

along the adjunct ¢° (©6) of an injective extension (93))
A b"*Inj*(V,) € GCochainComplexes;* (102)
of a given artaching map out of a given equivariant dual vector space V,, (Def. [3.5)):

AL SL Va € GVectorSpacesy . (103)
(ii) An inclusion
B A ¢ )GDiffGradedCommAlgebras§0 (104)

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 (T0T])
in strictly increasing degrees (noticing with Lemma [3.15] that the result of an elementary extension (I01)) 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 (104))

R Cmin_ ge ¢ QDiffGradedCommAlgebras§ o (105)
is called a minimal equivariant dgc-algebra.

Definition 3.41 (Minimal equivariant L.-algebra). Any minimal equivariant dgc-algebra A (Def. [3.40) is the
equivariant Chevalley-Eilenberg algebra (98)

A ~ CE(g")
of an equivariant L.-algebra gA € VGLwAlgebrasH?%n (Def. , 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 € YGVectorSpaces{Q{ (103)) of the
elementary extensions (I0T) that exhibit the minimality of A:

A

g = (VnA)v € G'VectorSpacesy, .
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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

(10T):

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

(Zz)/ 0«—ic
Z>/1 — R ’ R{c3)
o lid . Jia (106)
7/ — R~ 279 R{c)

By Example [3.14] the equivariant dual vector space on the right is already injective (87), so that we may extend
this attaching map immediately to an equivariant cochain map (102))

Zo
() 0y
Zy/1 — R R{c3)/(dc3 = 0)
o1 - | J b J
Zz/ZQ — R ’ R<Cg>/<d€3 = 0),

where on the right we are using the generators-and-relations Notation[3.1] By Example[3.353] its adjunct morphism
of equivariant dgc-algebras is

Zo
() 0 e,
Zy/1 —s R * Rlcs]/(de3 = 0)
& oo Jiu
727 — R 2 Rles]/(des = 0).

Since all these diagrams so far are constant on the orbit category, the resulting pushout (I01) is computed over both
objects Zy /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 ) (107)
L]y — R[f]/(d f> = 0).
(ii) Consider next the following attaching map in degree 3 to the equivariant dgc-algebra (107):
()
Z/1 — R[f]/(d f = 0) 0
oo | ) e | (108)
Z2/Zs — R[f2]/(d f2 = 0) — R{cs).

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 (I02) of the
attaching map ¢ is hence of this form:

() hoe T _
o m —  RlAfdp=0)<"" R[Cj] /<jﬁj ;85>
¢3. : \L idl ¢
Zz/Zz — R[fz]/(dfz = 0) fohf2 s R[C4]/(d€4 = 0) .

The pushout (TOT)) along this map is the following, yielding the next stage of the minimal equivariant dgc-algebra
on the rear left:
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« C5

2/\J‘7 —icy
-

a)4 —i by

i by

N

h3, dhy = w4 — fo N\ fo
R Wy, / d(D4—0
f df=
h3, dhs=—fHN\f
R[]/ (R=e") -

J(dfr = 0)

fonfa ey

hy i b3

)

R(f2]/(d f> = 0)

A

b47
b3

Cs,
C4,

/ dcs=0,dby =c5
dcy=cs5,dbs =by—cy

HLAf ey

0 <«—ics

Rlcs,b3)/(dcs =cs,dbs =

R[] /(420)

—c4)

faNfr ey >

Rlcs]/(dcs = 0) .

(iii) Finally, consider the following further attaching map (T03)) to the previous stage, in degree 7:

7,7

(*
Z,/1

—

h3a

dhz =

R | 4, / dws=0
df,=0

f2

|
#|

h37
12

J /(8=

W — fa N fr

— s N\ @y — Cg

R{cs)

(109)

) /\f2> 0.

Here the equivariant dual vector space on the right is again injective, by (86) in Example [3.14] Therefore, the
corresponding elementary extension (I0T) is by pushout along the following morphism of dgc-algebras

7

(

Zz)/

7)1

Zy/

Lo

—

hs, dhy =4 — f2 N f2 s e
R|awg,|/|dos=0 ——— Rles]/(dcs = 0)
2 df2=0
hs, dhs= —faiNfa
<[]0 ;

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, [do=—wih oy
hs, dhy =w@s— f2 N f2
Zy/1 — R o, / day =0
df>=0
A = fi TN (110)
hy, | (dhs= —fiAf
7o |7 R .
2/ 22 — [fz _/<df2:0

In summary, the graded equivariant dual vector space of generators (Def. [3.41) of this minimal equivariant dgc-
algebra is the following:
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([ Zo/H [ o3 [ of [0} [of [ o | o) [of [oa ] ]
A _ Zy/1 1 0O|l0]0]|O0 1|00 - >0
g, 7o/ 78 1 T o0 o : oo T o € ZyGradedVectorSpacesy . (111)
(e (1o8) ({T0%

Lemma 3.43 (Minimal equivariant dgc-algebras are projectively cofibrant [Scu08, Thm. 4.2]). All elementary
extensions (101)) are cofibrations

A CCT 4 [6V,] € ( GDiffGradedCommAlgebras; ‘) .
O proj

Hence all relative minimal equivariant dgc-algebra inclusions (104)) are cofibrations and, in particular, all minimal
equivariant dgc-algebras (105) are cofibrant objects in the model category (QDiffGradedCommAlgebras§ 0)

(Prop. [3.38).

Proposition 3.44 (Existence of equivariant mlmmal models [Scu02| Thm. 3.11, Cor. 3.9]).
Let A € GlefGradedCOmmAlgebras O (Def. be cohomologically 1-connected, in that the equivariant

proj

cochain cohomology groups (Def. [3.31) are trivia degrees <I:
H°(A) ~ and H'(A) ~ 0. (112)
(i) There exists a minimal equivariant dgc—algebra (Def. [3.40) equipped with a quasi-isomorphism
pmin
Amin ——y—=A - (113)

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

Amin = A:mn
oV A<—w

with the top morphism an isomorphism of equivariant dgc-algebras.

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[[[FHT00, Thm.
14.12][ESS20d, 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 [Tr182][Tr196][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[][ESS17][ESS20d, §3.2]).

Notice that the minimal Sullivan model dgc-algebras in plain rational homotopy theory (see [Ha83][FH17]),
whose equivariant generalization we consider in Def. [3.40|below, essentially coincide with what in the supergravity
literature are known as “FDA”s, following [vNS2][D’ AF82[[CDF91] (see, e.g., [ADR16]). For translation, see
[ESS13[J[ESS16a][ESS16b][HSS18J[BMSS19][ESS19a].

Equivariant rationalization. Equivariant rational homotopy theory is concerned with the following concept:
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Definition 3.46 (Equivariant rationalization [May96, §11.3][Tri82, §2.6]).

Let X € GHomotopyTypes-, (Def. .

(i) X is called rational (here: over the real numbers, see [FSS20d, 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 & . 1(X) € OVectorSpaces, — GGroups. (114)
(ii) A rationalization of X (here: over the real numbers) is a morphism
X L LrX € GHomotopyTypes (115)
to a rational equivariant homotopy type (114) which induces isomorphisms on all equivariant rational cohomology
groups (Example [3.6): (n2)’
H*(LgX;R) — 2" H*(X;R).

In other words: equivariant rationalization is plain rationalization (e.g. [FSS20d, Def. 3.55]) at each stage G/H €
GOrbits.

Proposition 3.47 (Uniqueness of equivariant rationalization [May96, §II, Thm. 3.2]). Equivariant rationalization
(Def. 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 = 'QE’LdR(‘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][ESS20d, 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.
and Ag € G'VectorSpaces;, (Def. , we have a natural isomorphism

H*(X;Ar) ~ H*(QpLr(X: Ar))

between the Bredon cohomology of X (Example with coefficients in Ag, and the cochain cohomology of the
equivariant PL de Rham complex of X (Def. with coefficients in Ap.

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. is the left adjoint in a Quillen adjunc-

tion .
QPLdR

( QDiffGradedCommAlgebras]ﬁ 0) op Lau 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 [ScuO8, Thm.
5.6]). On equivariant 1-connected R-finite homotopy types (Def. :
(i) The derived PL de Rham adjunction (Prop. restricts to an equivalence of homotopy categories

]LQI.)LdR

( QHomotopyTypesgan ) ® ~ Ho ( ( GDiffGradedCommAlgebras; ) gfoj> ]

>2

Rexp n
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between those simply-connected R-finite equivariant homotopy types (Def. which are rational (Def.
over the real numbers and formal duals of cohomologically connected 1-connected (112)) equivariant dgc-algebras.
(ii) The derived adjunction unit is equivariant rationalization (Def. 3.46)):

D n_l))(LdR

X Rexp oLp; 4r (X ) .
X € )GHomotopyTypesﬁ;Z]R = H - \Lz (116)
X o LgX

Remark 3.52. That the equivariant derived PLdR-unit (IT6) 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. [FSS20d, Prop. 3.60]); and

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

Equivariant rational Whitehead L..-algebras

Definition 3.53 (Equivariant Whitehead L..-algebra). For [ V(X / G) € )QHomotopyTypesgan (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 (98)) is the minimal model
(well-defined by Prop. i of the equivariant PL. de Rham complex (Def. D of [ V(X / G) :

CE(0r(X//G)) = Qpgp(X)min — = Qp(X) € GDiffGradedCommAlgebrass®.  (117)

Proposition 3.54 (Equivariant rational homotopy groups in the equivariant Whitehead L.-algeba [Tri82, Thm.
6.2 (2)]). For f)f(X / G) € )QHomotopyTypesfi‘;R (Def. |2.33)), the eqivariant rational homotopy groups of QX
(Example are equivalent to the underlying equivariant graded vector space (Def. of the equivariant

Whitehead L..-algebra (Def. of ¥(X/G):

equivariant rational

equivariant homotopy groups of
Whitehead Lo.-algebra equivariant loop space
(Ir(X)G)), ~ mJQX)®,R. (118)

Examples of equivariant Whitehead L..-algebras.

Proposition 3.55 (Z,-Equivariant minimal model of twistor space). The equivariant minimal model (Def. of
the Zﬁ‘-equivariant twistor space (Example is the following Z,-equivariant dgc-algebra (Def. :

hy, | (dhs=  —falfa
Z>]Z R
2/ Ty = [fz_/(dfzzo
CE(1r(CP?)Z,)) : T € Z,DiffGradedCommAlgebras;* (119)
hs, dhy=004s— o\ f
f df2=0
%2/; - R , / dor = —w, N\ oy
Zy 4 ] da)4:0

Proof. (i) Checking that is indeed a minimal equivariant dgc-algebra is the content of Example [3.42] where
this minimal algebra is obtained in (T10).

(ii) It remains to see that (I19) has indeed the algebraic homotopy type of the rationalized equivariant twistor space,
under the fundamental theorem (Prop. [3.51). By (54), this amounts to showing that the right vertical morphism
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of ordinary dgc-algebras in (119) is a dgc-algebraic model (under the non-equivariant fundamental theorem of
rational homotopy theory, [BG76, §8] reviewed as [ESS20d, Prop. 3.59]) of the inclusion of the fiber of the twistor
fibration (3). But, by [FSS20d, 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 [ESS20c, Lem. 2.13], and its cofiber manifestly

coincides with (TT9).
(iii) As a consistency check, notice that the equivariant rational homotopy groups of twistor space (91) do match
the generators (TT1)) 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. of the Z‘%-equivariant Sp(1)-parametrized twistor space (Example is the
following Z,-equivariant dgc-algebra (Def. under CE([BSp(l)) = R[}pl] /(d i = 0) :

() [ h3, ] [ dhs=@—pi—finf
o)1 — CE(BSp(1)| 2 /| 42=0
X .\o\&t q,\‘\tii 0)7, d{]\vh e —0)4 /\ (a)4 _ %pl)
| \d@=0
(h3, | (dhs= —Lpi—fHA
Z>/Z> —— CE(IBSp(1)) fi]/<dfz:o a1 — 2 f2>’

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

) w:=w— %p] is fiberwise the pullback along CP? [, g4 @) of the volume element on S*;

(¢) f> is fiberwise the volume element on S* M CcpP3.

Proof. (i) To see that (120) is relative minimal, observe that it is obtained from the equivariant base dgc-algebra

Zn

()

Z>/1 — CE(1BSp(1)) ==R[1p1]/(d ;p1 = 0)
' idy

7|7y — CE(IBSp(1))

by the same three cell attachments as in the construction of the absolute minimal model of Example, for the
plain equivariant twistor space (Prop. [3.55)), subject only to these replacements:
HNf — fiNfrt+ 3D

Wy N\ @y — 67)4/\ (5)4— %pl)
in the attaching maps ¢s and ¢7 (109), respectively.
(ii) By the fundamental theorem (Prop. [3.51), it remains to see that (I20) 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 fy, relative to the minimal model of $* /Sp(1) relative to BSp(1), is as follows, with generators
normalized as stated in the claim above:
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S?/Sp(1) R[:pi] Bﬂ/@}}zio —épl—szfz>

hofibgs, 1) (t / Sp(1)) ¢
N hogb(t;ﬂ)//Sp(l) OfBSp(l)(CE([(fH//SP(l))))
(by Lemma[2.10}
Py h3, a'h3=(7)4—%lﬂl—f2/\f2 (121)
3 f27 df2 =0
CP*/Sp(1) REP o |/ | ey = —@n (@0 — Lp1)
e o day, =0
pCP3
/ IH//SP(I) 1 / CE(I(ti // Sp(1 relative minimal model
BSp(l) R[zpl] \ (I(z / Sp(1))) for 157 // Sp(1) (by [FSS20¢] Thm. 2.14])
P4
A/ (daoy=—os A (05— %
s /Sp(1) ]R[;pl][@ }/(d@zo 4 A (@4 2P1)>

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 [ESS20c, (49)] the dgc-algebra isomorphism given by

hs < hs, f2 = fa, w7 < Oy, Wy > 04— 5pi . (122)
(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., [EFHTOO,
Thm. 14.12]), which induces (by the fiber lemma [BK72, §1I] in the form [FHTOO, Prop. 15.5][FHT1S, Thm.
5.1]) a weak equivalence on plain cofibers (which is forms on S2, by Lemma [2.10)), as shown in the following top
square:

Qprar (52 ) < RB;:]/CIZ?; z 0 _fZ/\f2> (123)
Q1w (fib (1 / Sp(1))) TCOf<CE([(IE//SP(1)))>
hs, dhs =@y —5p1— A\ fo
QpLar (CP/Sp(1)) = R[ip] ](:i;’ / jaf)j;(i@/\(@_ép])
@ | \daw=0
Oévan 0/ S2(1) lCE(lm//st)))

Q3 v (S*/Sp(1)) = RBPJ[(TM’]/(Z%Z;(;@A(6)4_5131))

(Here we are using that with 7y also 757 / Sp(1) := % is a fibration, by the right Quillen functor (23) in

Prop. and that all spaces involved are simply-connected, so that all the technical assumptions in [EHT15, (5.1)]
are indeed met.)
(ii.3) Then observe that

H*(S*/Sp(1); R) ~ R[an, 1pi]/((@)?) ~ H*(BSp(1); R) @, H*(S*; R). (124)
This follows readily from the Gysin exact sequence (e.g. [Sw75, §15.30])
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- —H*(BSp(1); R) &H’ ($?/Sp(1); R) LH’_Q(BSp(l); R) %&LH'“ (BSp(1); R) —--- (125)

hofib(pg
for the S2-fiber sequence S° hofib(ps2), S2 //Sp(1) LN BSp(1) that corresponds to the Sp(1)-action on S2, by Prop.

and using that H*® (BSp(l); R) ~ R [% pl] (e.g. [ESS20d, Lemma 4.24]) is concentrated in degrees divisible
by 4 (so that, in particular, the Euler class ¢ € H> (BSp(l); ]R) ~ ( in (I25) vanishes).
But using (124)) in (123)) implies that also the induced map on relative fibers over BSp(1) is a weak equivalence:

_ _ 1,
A Q;’LdR(SZ//Sp(l)) -_ _&wvW *R[ﬂ’l} [2:}/(2’”2 ;0 51— /2 /\f2> (126)

fasp(1) | CE(I Sp(1
O (bspir) (11 /Sp(1)) | = Qg (ib(1e) /Sp(1) T s (CE (s 59(1)))

hs3, dhs= 04— 5p1— fo A fo
df, =0
Z>/1 Qp or (CP3 /Sp(1 Y R[ip | o
(2/} sLar (CP°/Sp(1)) b @, / d(ih:—a)4/\(604—%p1)
Z &34 d(l)4:()

(ii.4) By Lemma [2.10] applied to (70), we see that the left morphism in is equivalently the inclusion of
the fixed-locus in the Z43-equivariant Sp(1)-parametrized twistor space (Example . Thus, by the stage-wise
definition of the equivariant PL de Rham complex (Def. [3.48)), it follows that the left morphism in (126)) is the
PL de Rham complex of Z4-equivariant Sp(1)-parametrized twistor space (as indicated by alignment with the
Z‘g—orbit category on the far left of (123))). Finally this means, by the fundamental theorem (Prop. , that the
commuting square in exhibits the claimed equivariant dgc-algebra (9) as indeed modeling the equivariant
rational homotopy type of the Z-equivariant Sp(1)-parametrized twistor space. (The images on the left of the
generators on the right of are indeed all invariant under the Zfz‘ C Sp(2)-action, by [BMSS19, Lemma 5.5]).

O

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 [FSS20d, §3.3]. Our key example here is the non-
abelian cohomology of equivariant twistorial differential forms (Example below). The main result is the
proper equivariant non-abelian de Rham theorem (Prop. [3.63) and its twisted version (Prop. [3.67). The specializa-
tion 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 [FSS20d, Def. 3.77], we set:

Definition 3.57 (Flat equivariant L.-algebra valued differential forms). Let g € QLmAlgebrasi%n (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 (10)

Qar(r(X/G):g)q, = GDiffGradedCommAlgebras;’ (CE (9),QR(r(X/G) ))

of equivariant dgc-algebras (Def. [3.30) from the equivariant Chevalley-Eilenberg algebra ([©8) of g to the equivari-
ant smooth de Rham complex (Def. [3.33]) of X.

In equivariant generalization of [ESS20d, Def. 3.92], we set:

44



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-Eilenberg algebras (98)), are relative minimal (Def. [3.40)

fib(p) =

g — b
equivariant L..-algebraic &E c VGLooAlgebrasﬂi(;m . (127)

b

local coefficient bundle

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

TR € Qar(r(X/G):b)s, (128)
given by a flat equivariant b-valued differential form (Def. @ on X, the set of flat tyr-twisted equivariant g-
valued differential forms on X is the hom-set in the co-slice category of )GDiffGradedCommAlgebrasH% O (Def.
under CE(g) from CE(p) to Tgr:

Qfﬁ‘f ()f (X / G) g ) fat = ( gDiffGradedCommAlgebras§ 0) CE®/ (CE (E ) , TdR)

flat twisted equivariant
g-valued differential form

QR(r(X)G))<——— - - TTETET CE(b) (129)

‘m CE(E) local coefficients
CE(s)

Equivariant non-abelian de Rham cohomology.

Notation 3.59 (Cylinder orbifold). For GC X € GActions (SmoothManifolds) (Def. , let the product mani-
fold X x R be equipped with the G-action given by

GXx(XxR)— XxR

(ga (X, t))'_>(g'x7t)'
We say that the resulting G-orbifold (Def. 2.36) ¥ ((X xR) / G) € GOrbifolds is the cylinder orbifold of ¥ (X /G),
and we write

r(X/G) ~ r((X x{0})/G) == r((X xR)/G) <= r((X x{1})/G) = (X G) (130)
for the canonical inclusion maps and
¥ (X xR)JG) -2~ r(X)G) (131)
for the canonical projection map.

In equivariant generalization of [FSS20d, Def. 3.83], we set:

Definition 3.60 (Coboundaries between flat equivariant L..-algebra valued differential forms).
Letg € GLoAlgebras;, (Def.[98) and G X € GActions(SmoothManifolds) (Def. [2.35).

(i) Then, given flat differential forms Ag,A; € Qgr ( Y(X/G):g ) far (Def. , a coboundary between them

Ag =2 A,
is a flat equivariant g-valued differential form (Def. [3.57) on the cylinder orbifold (Notation 3.59)

cylinder orbifold

A c QdR(y((XxR)//G);g)ﬂ (132)
—/ flat
such that this restricts to the given pair of forms
iy(A)=Ap and ij(A) =4, (133)

along the canonical inclusions (130).
(i) We denote the relation given by existence of such a coboundary by A; ~ Aj.

45



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

algebras (Prop. :
QR (r(X/G)) ~ O w(r(X)G) e H0<(QDiffGradedCommAlgebras§O)pmj). (134)

Proof. Observe that the analogous non-equivariant statement holds by [ESS20d, 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 [II78][1I83]]. 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. O

In equivariant generalization of [FSS20d, Def. 3.84], we set:

Definition 3.62 (Equivariant non-abelian de Rham cohomology). Let G ¢ X € GActions (SmoothManifolds) (Def.
2.35) and g € QLNAlgebr'clsﬂi?-m (Def. . 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. by the coboundary

relation (Def. [3.60):
ton (Del- B Han(r(0/G):) = (Oun( X/ 0))

In equivariant generalization of [ESS20d, Thm. 3.87], we have:

Proposition 3.63 (Equivariant non-abelian de Rham theorem). Let 4 € VGHomotopyTypesgan (Def. 12.33) and
G (X € GActions (SmoothManifolds) (Def. , such that its equivariant shape (Def. is also equivariantly
simply-connected and of R-finite type: | ¥ (X / G) € )GHomotopyTypesian . 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. with coefficients in the equivariant rationalization Lg A
(Def. and

(b) equivariant non-abelian de Rham cohomology (Def. @ of the G-orbifold )f(X / G) (Def. with coeffi-
cients in the equivariant Whitehead L..-algebra |4 (Def. [3.53):

equivariant non-abelian equivariant non-abelian
real cohomology de Rham cohomology
H(/r(X)G):1eA) = Hu(r(X/G):14). (135)

Proof. Consider the following sequence of bijections:

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

~ Ho ( ( GDiffGradedCommAlgebras; ) pr0j> (Qf,LdR (4), QL (Y (X/G)) )

~ Ho(( GDiffGradedCommAlgebrasz") .., ) (CE(12) , Q4 (- (X /G)))

~ ((GDiffGradedCommAlgebrasz") .. (CE(1) , Q3 ( (X /G)) )

“right homotopy

1

(0 (r (/63 1)),
= Hg(r(X/G):14).
The first step is Def. 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 Qg jz(—) =~ Qi (—) (134);
(b) pre-composing with the isomorphism CE([ﬂl) ~ Qp R (ﬂl) exhibiting the minimal model (117).
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Now the domain object CE([4) is cofibrant (by Lemma and the codomain object Q3 (¥ (X /G)) is fibrant
(by Prop. [3.39). Consequently, the hom-set in the homotopy category is equivalently given ([Qué67, §I.1 Cor. 7],
see [ESS20d, 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 [FSS20d, 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 [FSS20d, 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 [FSS20d, 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.

In conclusion, the composite of this chain of bijections gives the claimed bijection (I33). O

Twisted equivariant non-abelian de Rham cohomology.
In equivariant generalization of [FSS20d, 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 (127)

fib(p)

lo=)

g

equivariant L..-algebraic
local coefficient bundle

£ € GL.Algebrasg (136)

o<

and given G C X € GActions (SmoothManifolds) (Def. i equipped with an equivariant non-abelian de Rham
twist (128)
TR € QdR<)’(X//G); E) ;

(i) we say that a coboundary between a pair
Ao,y € Q3 (r(x/G):0)
of flat equivariant Tgr-twisted g-valued differential forms (Def. is such a form on the cylinder orbifold

(Notation[3.59)

cylinder orbifold
A e Q™ (r((XxR)/G);a)
twisted by the pullback of the given twist to the cylinder orbifold (along the canonical projection (131))), such that
this restricts to the given pair of forms

ig(A) = Ay and i(A) = A (137)

along the canonical inclusions (130).
(i) We denote the relation that there exists such a coboundary by Ag ~ A;.

In equivariant generalization of [ESS20d, Def. 3.98], we set:

Definition 3.65 (Twisted equivariant non-abelian de Rham cohomology). Let G ¢ X € GActions (SmoothManifolds)
(Def. and let g — E — b be an equivariant L.-algebraic local coefficient bundle (127), and let

(7] € Har (¥ (X/G); 1), (138)
be the equivariant non-abelian de Rham cohomology class (Def. of an equivariant twist (128)). Then we say

that the equivariant Tqr-twisted de Rham cohomology of the G-orbifold V(X / G) (Def. [2.36) with coeffcients in
g is the quotient of the set of equivariant Tar-twisted g-valued differential forms (Def. 3.§8) by the coboundary

relation from Def. . .
Hig (r(x/6)ig) = 2k (r(x/G)a),

47



Notation 3.66 (Equivariant local coefficient bundle with relative minimal model). Given an equivariant local co-
efficient bundle (72) hofib(pa)
A————A4)G
equivarim.lt fin
localhf:::giement \LP}’I c QHomOtopyTypesZZR (139)
BG

all of whose objects are equivariantly 1-connected and of R-finite type (Def. 2.33)), assume (Remark [3.43)) that p,
admits an equivariant relative minimal model (Def. [3.40). This is to be denoted as follows:

CE([ﬂl) cofib(CE(Ipa)) CE([Bg(ﬂl//g))

Q3 ) <——Qp g (hofib(ps)) ——— Q2 )G pﬁ// ew
PLAR PLIR PLAR G - .
( ) ( ) CE ( lp ﬂ) eq;:i‘:i::::;tn:(e)l:et;ve ( 140)

equivariant dgc-algebra model foXs ( )
of local coefficient bundle pPLAR (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 a equivariant L..-algebraic
local coefficient bundle (127).

In equivariant generalization of [FSS20d, 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 I-connected G-spaces of finite R-homotopy
type, which admits an equivariant relative minimal model; all as in Notation @

» Moreover, let GC X € GActions (SmoothManifoldS) (Def. be such that also its equivariant shape
(Def. 2.23)) is equivariantly I1-connected and of R-finite type, | ¥ (X / G) € )GHomo'[OpyTypesﬁ>n2]R and let
this be equipped with an equivariant twist T (T3) with coefficients in the equivariant rationalization (Def.
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. that the equivariant
local coefficient bundle (139) admits an equivariant relative minimal model (Def.

H(IV(X//G);LRBQ) o~ HdR()f(X//G); [Bg). (141)
rational twist eqllil; ‘;1{11;211111“1(}712;)‘1":111‘“1 de Rham twist
(7] — [ TaR]

Then there is an equivalence between:
(a) the t-twisted equivariant real non-abelian cohomology (Def. with local coefficients in pg, and
(b) the tar-twisted equivariant de Rham cohomology (Def. @) with local coefficients in lggpa (I40):

twisted equivariant twisted equivariant
belian real col logy belian de Rham cok 2y
H(Jr (X)G);Lad) = H™ (7 (X/G):14). (142)

Proof. The proof proceeds in direct joint generalization of the proofs of Prop. [3.63|(equivariant case) and [FSS20d,
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:

R Ue(2/6) Ho( ( GDiffGradedCommAlgebrasz ") ... ). (143)
Q}:Ldm QI.)LdR (Bg) QP g)

Second, by
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(a) post-composition with the isomorphism Qp; jz(—) ~ Q8 (—) (134),
(b) pre-composition with the equivalence from the equivariant relative minimal model (140),
this becomes equivalent to morphisms of this form:

e (I (x/6) ; ******* Uaw(A16) Ho( ( GDiffGradedCommAlgebrasz”) ) . (144)
TdR CE([Bg) CE(Ip2)

But, in this form,

(a) the codomain 74g is a fibrant object in the coslice model category, since Q&R( — ) is fibrant in the un-sliced

model structure (Prop. [3.39));
(b) the relative minimal model domain CE(Ip4) is cofibrant, by Lemma

It follows ([Qu67, §I.1 Cor. 7], see [FESS20d, Prop. A.16]) that a morphism of the form (144)) 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 [4-valued differential form, by
Def. 3.38]

Finally, in joint generalization of the proof of Prop. (equivariant case) and [ESS20d, Lem. 3.105] (twisted
case), we see that a path space object ([Qu67, Def. 1.4], see [FSS20d, A.11]) exhibiting these right homotopies in
the coslice is given by pullback to the equivariant smooth de Rham complex of the cylinder orbifold (132)). 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. O

Twisted non-abelian Borel-Weil-Cartan equivariant de Rham cohomology. Finally, we include the traditional
Borel(-Weil-Cartan) T-equivariant de Rham cohomology into the picture ([AB84][MQ86, §5][Ka93][GS99], re-
view in [MeQO6[|[KT15][Pel7]]), combining this with proper G-equivariance and generalizing to non-abelian Le.-
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 for T € CompactLieGroups finite-dimensional
and simply-connected, with Lie algebra t (99), 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 into the proper G-equivariant & Borel T-equivariant smooth
de Rham complex (Example [3.37):

Cartan model for 7-equivariant Borel cohomology of H-fixed locus xH

Qfr (( r(X/G)) //T) (QAR (x*) @R[{rg}ggr)} , dar + 15 N lta)T
R : G/H
CE(IBT) (R { {rg}ji:“‘l(”} ) r

where on the bottom we used the abstract Chern-Weil isomorphism in the form discussed in [FSS20d, §4.2].

Example 3.69 (Equivariant Cartan map). In the situation of Def. 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. [KTI15, 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 (73):
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@ +— Whor
ry — Fg

Qe ((r(x/6)) ) T) <>~ Qa (r(B/G)) (0 (x) [trgyem™]) T —- Qe (B")

w / Lo T~ et o
CE(IBT) ( [{ }mm ]>

This is from the proper G-equivariant Borel T-equivariant smooth de Rham complex of X (Example to
the proper G-equivariant smooth de Rham complex over X /T (Example , 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! (T00) to the
ordinary smooth de Rham complex of B = (X /N)". This sends the Cartan model generators r¢ to the curvature
form component Fy; of the given connection, and hence restricts on universal real characteristic classes, represented
by invariant polynomials ¢, to the Chern-Weil homomorphism assigning characteristic forms: ¢ — c¢(Fy).

Example 3.70 (Tangential de Rham twists on G-orbifolds with T-structure). In further specialization of Example
let X ¢ B € GActions(SmoothManifolds) (Def. 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 T-frame bundle TFr(X):

TxG TxG
G-equivariant
Cy e Cy
T-frame bundle TFr (X) C FI‘ (X) frame bundle

()
Then Example induces on the G-orbifold )’(X / G) (Def. b an equivariant non-abelian de Rham twist
(T38)) encoding all the real characteristic forms of the given G-equivariant 7-structure on X (the tangential twist):

Qe (r(1F5(x)/6)) /7) QG (r (X/6)).

Cartan map equivalence

ew
canonical de Rham twist on tangential de Rham twist
orbifold’s 7-frame bundle CE ([BT) on G-orbifold

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. D for T finite-dimensional, compact and simply-

connected, and let hofib(p)  ~

b
»
BT
be an equivariant L.-algebraic local coefficient bundle over the Whitehead L..-algebra of BT (i.e., whose
Chevalley-Eilenberg algebra is (73)).
(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 (10) in the co-slice of G-equivariant dgc-algebras (Def. [3.30) from CE( ) (©8) to
the canonical de Rham twist (Def. on the corresponding T -parametrized G-orbifold:

g (145)

o (Or(x/6))1:9) = ((QDiffGradedCommAlgebrasH§O)proj)CE([BT)/(CE(E ) 1)

flat canonically-twisted
proper G-equivariant & Borel 7T-equivariant (146)
g-valued differential form

= S (Orx/e) T)<- - - - - s CE(B)
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(ii) A coboundary between two such elements is defined, as in Def. by a concordance form on the cylinder
orbifold: N o
A e QF((r((xxR))G))/T; ). (147)

The corresponding twisted equivariant non-abelian de Rham cohomology is defined, as in Def. to be the set
of coboundary-classes of the elements in the set (146):

Hig (rx/6)1msg) = o (r(x/6)/Tsg) ;-
In Borel-equivariant generalization of [FSS20d, 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 (SmoothManifOIds) (Def. and let the
equivariant Le.-algebraic coefficient bundle (T43)) be the trivial bundle with fiber the line Lie n-algebra b"'R
([FSS20d, Ex. 3.27]). Then the canonically twisted proper G-equivariant & Borel T-equivariant non-abelian de
Rham cohomology of X (Def. reduces to the traditional Borel-Weil-Cartan equivariant de Rham cohomology
(the cochain cohomology of the Cartan model complex (100)) in degree n:

Borel-Weil-Cartan equivariant
de Rham cohomology

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

Proof. From unravelling the definitions it is clear that, under the given assumptions, the defining set of cochains
(T486) reduces to the set of closed degree n elements in the Cartan model complex (T00) on X = X'. Hence, given
any pair of such, it is sufficient to see that the coboundaries according to exist precisely if a coboundary with
respect to the Cartan model differential dgqr + 5§ A 1,, exists.

In the case when the second summand 75 A 1,, vanishes, this is shown by the proof in [ESS20d, 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“At 527/ r“At, C.
“Jo. [0.,1] “ O

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 [NeO4][Pel2]|[PZ+17]), and generalizes it to finite proper equivariance groups and to non-
abelian coefficients.

In equivariant generalization of [FSS20d, Ex. 3.96], we have:

Example 3.74 (Flat equivariant twistorial differential forms). Consider the equivariant relative Whitehead L..-
algebra (T20) of Z4-equivariant & Sp(1)-parametrized twistor space (from Thm. [3.56) as an equivariant
L..-algebraic local coefficient bundle (127

[y (CP3 ) 24) — lgspy (r (CP? ) Z5) J/Sp(1))
|prerim

148
(BSp(1) (148)
Let X € ZpActions(SmoothManifolds) (Def. [2.35) be a spin 8-manifold with fixed locus @3) denoted
(Zz)/ (Zz)/
Zy/1 — xH
(X )Z,) | TJA (149)
ZQ / Zz — X Z

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)
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Qi (r(X)7,)) <= CE(1BSp(1)).
il’l (V) — ipl
Then the set of flat Tgr-twisted equivariant differential forms (Def. @]) with local coefficients in (148) is of the

following form:

flat equivariant twistorial differential forms on Z,-orbifold X

Qi (r(x)22): r(CP)23)).

at

( twisted Bianchi identities in bulk ;‘3‘ -orientifold restriction to ;1‘ -fixed locus )
O 1 _ 1
Hs, d Hy=Gs—5p1(V)—F AR, dH;|ys =—5p1 (Vi) — APy (150)
P, . 1 d F,=0,
=4 26, €Qr(X") N _
775 d2G7=—G4/\(G —ipl(V)) G7|ng =0,
G ~ ~
+ dGs=0, Galyz =0
7

This follows as an immediate consequence of Prop. according to which an element .# of this set of forms is
a morphism of equivariant dgc-algebras of the following form (see around (I56) for further discussion):

(Zz)/ H3 i I3 h37 dh3:a)4—%pl—f2Af2
. B < f f df; =0
Baft Q) = CBIBSY) | | iy =~ (@5 — L)
o Ga iy N doy=0
7 oy | (151)
° h, dh = —l — A\
Tofs — Q) celsp()| " |/ (42, T AN,

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 flavors of
generalized cohomology theories. In fact, as highlighted in [ESS20d], from the point of view of homotopy-theoretic
non-abelian cohomology theory — where all cohomology classes are represented by (relative, parametrized) homo-
topy classes of maps into a classifying space (fibered, parametrized oo-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 [ESS20d]] 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 §4): the character map in
equivariant twistorial Cohomotopy theory. For discussion of the archetypical example of the equivariant Chern
character in equivariant K-theory see [SS21]].

The character map in equivariant non-abelian cohomology.
In equivariant generalization of [FSS20d, Def. 4.1], we set:

Definition 3.75 (Rationalization in equivariant non-abelian cohomology). Let 4 € QHomotopyTypesgnZ]R (Def.
2.33). Then we say that rationalization in A-cohomology is the equivariant non-abelian cohomology operation
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(Def. 2.41) from A-cohomology to real Lg4-cohomology which is induced (63) by the rationalization unit (TT5))
on A4: (n%)
A%

H(—:A) H(—:LgA).

In equivariant generalization of [FSS20d, Def. 4.2], we set:

Definition 3.76 (Equivariant non-abelian character map). Let GC X € GActions (SmoothManifolds) (Def. l
and g (Def. [3.36). Then the equivariant non-abelian character map on eqivariant non-abelian A-cohomology

(Def.i over the orbifold V(X / G) (Def. i 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);LRFI) Ha (r(X/G):14).  (152)

equivariant non-abelian equivariant belian de Rham col logy

A-cohomology with coefficient in equivariant Whitehead L..-algebra

equivariant non-abelian
de Rham theorem

The character map in twisted equivariant non-abelian cohomology.
In equivariant generalization of [ESS20d, 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 Then rationalization in twisted equivariant non-abelian cohomol-
ogy with local coefficients in p4 (Def. [2.43) is the equivariant non-abelian cohomology operation

(D7 ™ o (=) o L(ng5),

(ny), : H'(x;4) HY"(X; LpA)
which is induced (as shown in [ESS20d, (264)]) by the pasting composite with the naturality square on p g4 of
the rationalization unit (Def. [3.46). By the fundamental theorem (Prop. [3.51)), this means explicitly: the left
derived base change (e.g. [FSS20d, 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:

Dnzjg = nﬁ//g\
’52,'// g PLdR €Xp 0 QpLar (ﬂl// g) Mminge €xXp OCE([BG (_/‘Zl// G))
r'ﬂ//g pﬂ//gg
]D)T]I[i = pa exp oQpy qr (Pa) exp oCE(lp4)
gy i
BG exp o QP ir (BG) exp oCE(I(BG))
\DHI’MR

B =~ TIE(J‘
Here the left hand side is the naturality square of the equivariant PL. de Rham adjunction (Prop. [3.50), while the
right hand side is the image under exp of the relative minimal model (140). (Hence the composite represents the
naturality square of the derived PL. de Rham adjunction unit, see e.g. [FESS20d, Ex. A.21]).

In equivariant generalization of [ESS20d, Def. 5.4], we set:

Definition 3.78 (Twisted equivariant non-abelian character map). Let G ( X € GActions (SmoothManifolds) (Def.
[2.35)), and 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 Then the twisted
equivariant non-abelian character map is the twisted equivariant cohomology operation

twisted equivariant L. . .
. equivariant twisted non-abelian
non-abelian character

chl,+ HE( (X[G): A) S gt (1 (X 6): LpA) — 2 e (1 (X/G): 1) (153)

twisted equivariant (npﬂ) . twisted equivariant
non-abelian 4-cohomology ) belian de Rham coh

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

~
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Finally, we have:

Remark 3.79 (Proof of Theorem[I.T)). We collect together our results:

(i) That the Bianchi identities in the twistorial character map are as shown on p. [f] follows by Prop. as
discussed in Example [3.74;

(ii) That the quantization conditions in the twistorial character are as shown in (@) follows by observing that the
twisted equivariant character map (Def. is fixed-locus wise equivalent to the corresponding non-equivariant
twisted character map [FSS20d, Def. 5.4] (for instance by the fundamental theorem, Prop. [31_1'], 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 [ESS20b) Prop. 3.13][ESS20c, Thm. 4.8][FSS20c, Cor. 3.11], see also [FSS20d, §5.3].

4 M-brane charge-quantization in equivariant twistorial Cohomotopy

We conclude by matching the content of Theorem [I.1]to the expected flux quantization and Green-Schwarz mech-
anism for heterotic M5-branes. First, we recall the traditional physics story about branes at orbi-singularities, and
point out (following [HSS18][SS19a]) how the equivariant non-abelian cohomology theory developed above has
just the right properties to be a plausible candidate for making precise the famous but informal notion that physical
bulk degrees of freedom get enhanced by degrees of freedom located right at the branes/on the singular loci (see
[BMSS19, §1] for pointers).

The MS5-brane at an ADE-singularity. The full mathematical nature of “M-branes” is a large and largely
open subject (for pointers see [SalOb][HSS18, §2]). One securely understood aspect is the black M-brane so-
lutions of 11-dimensional supergravity [Gue92][Du99, §5], these being direct analogs of black hole solutions in
4-dimensional Einstein gravity. One finds [AFCS99, §3, 5.2][dMFO10, §8.3] that:

(a) Near the horizon of such black M5-brane(s) of charge N € N, spacetime is described by an extremely curved
throat geometry of diameter

< >

A o

e S
o = NY3 . gp. (154)

(b) At distances r large compared to this radius, spacetime looks like a flat orbifold, with an ADE-type singularity
(Example[2.27)) running through the brane locus (if the brane preserves any supersymmetry, hence that it is ! /2BPS,
see [HSS18| Def. 3.38]):

black M5

(1/> BPS) o

near horizon far-horizon 1 =2
limit limit |

" s , MK6 @ Mke @ Mk6 @ (155)
reiy r>{p , M5 M5 M5
AdS7 X S4//GADE R6’1 X R4//GADE N
throat geometry intersecting flat orbifold
orbifold ADE-singularity with ADE-singularity

Since the totality of the ADE-singularity here (Example is also [IMSY98, (47)]1[As00, (18)] the far-horizon
geometry of the KK-monopole solution [So83[|][GP83] to 11-dimensional supergravity [To95) (1)] [Sen98] (the
“MKG6-brane”, see [HSS18| §2.2.5]), the situation (I55)) may be interpreted as saying that the !/2-BPS M5-brane
“probes” the ADE-singularity, being a “domain wall” inside the MK6-brane [DHTV 15, §3] (see [EGKRS00, §5.1]
[BHY7, §2.4] for the corresponding situation of NS5-branes inside D6-branes in type II string theory).

Much attention has been devoted to the limiting case of the near horizon limit where a vast number N > 1
of M5-branes are coincident on each other, in which case perturbative quantum fields propagating inside the throat
geometry are thought to capture much of the quantum physics of these objects (by AdS/CFT duality [AGMOQ99|
applied to M5-branes [NT99][NP02][CPI8][ACR 20]). In fact, one needs N to be of order N > (nm/{p)> ~ 1073

54



(compare Avogadro’s number ~ 10?%) in order for the throat size op to be at least mesoscopic, hence for the
classical near-horizon limit in (I53) to have physical meaning in the first place.

Black branes and proper equivariant cohomology. Conversely, this entails that for microscopic (single) M5-
branes, the “far” horizon limit in actually applies at every physically sensible distance, and whatever non-
trivial quantum-gravitational physics is associated with the microscopic M5-brane must all be crammed inside the
orbifold singularity. We conclude that a mathematical model of microscopic M-brane physics ought to:

(a) see physical spacetime stratified into smooth and orbi-singular loci; and

(b) model physical fields that may acquire “extra degrees of freedom” which are “hidden inside” the singular loci.

We highlight (following [HSS18][SS19a]) that exactly these demands are satisfied by flux quantization in
proper equivariant non-abelian cohomology theories, in the sense of §2.3]and §2.4 Namely, the parametrization
of objects in proper equivariant homotopy theory over the orbit category (§2.2] records:

(a) for domain objects (spacetimes) the strata of orbi-singular loci (Example [2.20), and

(b) for co-domain objects (field coefficients) the degrees of freedom available on each stratum. For example, the
“inner structure” of a Z,-equivariant (Example L..-algebra valued differential form .% (Def. such as in
Example[3.74] above, see (I51)) looks as follows:

)
. bulk flux densities ( ) flux coefficients
Z2/ 1 QdR (XbUIk) = Fbulk CE gblﬂk on bulk spacetime
a flat Z;-equivariant g-valued differential form restriction to emergence of
orbi-singular locus brane DOFs
Qe (r(X/Z2):8) 5 F (156)
. . brane flux densities flux coefficients
Zz/ZZ — QdR (Xbrane) <= I'?bra:c - -CE (gbrane) on brane locus

Remark 4.1 (Emerging brane DOFs and injective resolutions in minimal models).

(i) Here the mathematical reflection of new degrees of freedom appearing on the brane is the appearance of new
generators of the equivariant coefficient L.-algebra g (Def. T_%[), namely (Prop. @ of (rational) homotopy
groups of the coefficient space exp(CE(g)), which appear only on the fixed locus, not in the bulk (such as the 73
in Example [3.24). ;

(ii) Interestingly, it is precisely this type of generators that the mathematical formalism of dgc-algebraic rational
homotopy theory regards as special. These are the generators that are not injective (Example[3.14) and which hence
contribute to the equivariant flux DOFs via their injective resolution (by Def. [3.40), as illustrated by Example
[3.42(ii). This is precisely the mathematical subtlety that distinguishes equivariant minimal models from non-
equivariant minimal models.

The heterotic M5-brane at an ADE-singularity. In heterotic M-theory
(Horava-Witten theory [HW95][Wi96][HW96][DOPW99| [DOPWO0O][Ov02])

the brane configuration M5 || MK6 (153) encounters, in addition, the fixed lo- e e
cus of an orientation-reversing (“orienti-fold”) ZZHW—action on spacetime (the e I
2

MO9-plane, see [HSS18, §2.2.1] for pointers). The joint fixed locus of the T
resulting orbi-orientifold [SS19a, §4.1] is identified (e.g. [DHTVIS, MK @ MK6 () °
§6.1]JAF17]) with the lift to M-theory of the heterotic NS5-brane [LelO], M5 M5

or equivalently/dually, of the %NSS—brane [HZ98][HZ99, §3]|GKSTO1, §6]

[DHTV15, §6]1[AF17, p. 18]) of type I’ string theory, hence also called the MO9
%MS-brane [HSS18 Ex. 2.2.7][FSS19d, 4][SS19al 4.1][ESS20b, (1)]; while

the full MS5-branes appear in mirror pairs at positive distance from the MO9

(the “tensor branch” of their worldvolume theory, e.g. [DHTV 15, Fig. 1]).

I

I

I
+

Mathematically, this means [SS19a, (67)] that we have the following exact sequence of orbi-orientifold groups
[DEMT1] p. 4], acting on the transversal R® (and hence on its representation sphere S°, by Example [2.12) as
indicated in the bottom row here:

55



{e,c} (e,q) — (e,+q) {e,R}

_ —
dex-2 subg (0,9)— (R,—q)
l—s 7§ —2 7V x74 - ZEVHeN s 74— WVl 1 (157)
Orbifold - orbi_oricntif()ld - Orientif()ld
thriv+4ll-]1 Rlsgn+4]}]1 RS Rssgn

The Horava-Witten Green-Schwarz mechanism in 11d/10d. The mathematical nature of the MO9-plane in
Horava-Witten theory has remained somewhat mysterious. The original suggestion of [HW96, (3.9)] is that near
one MO9-plane at € = 0 the C-field flux is of the form

(id—15,)Gs = 6+ (1p1(®) —c2(A)) at and near the MO9?  (158)
where € denotes the coordinate function along the HW-circle and 6 is its Heaviside step function. This is motivated

from the fact that, under double dimensional reduction to heterotic string theory via the relation (e.g. [MSa04,

@4))
/ Gy = HI, (159)

the Ansatz (158]) reduces to the Green-Schwarz relation known to hold in heterotic string theory [GS84]| (reviews
in [GSWeS85, §2][IWi00, §2.2][GSW12]):
dH}® = c2(A) = 3pi (o)

via the following standard transformation (left implicit in [HW96, above (1.13)]):
dH}® = d/G4 = —/dG4 = —/5ed8/\(%P1(w)—Cz(A)) = A) - (o).
€ £ €

But for (159) to hold, we need G4 to contain the summand dée /\H?e‘. Since this is not closed, in general, while G4
is not supposed to have other non-closed components besides (158]), G4 must contain the full exact summand

dHs := d((e - 1)H}®) (160)
(which makes sense locally). But this, finally, modifies (I38) to
Gy = 6:(3p1(®) — c2(A)) +dHs at and near the MO9.
and hence, away from the MO9 locus, to
Gy = 1p1(®) —c2(A) +dH; away from the MO9. (161)

While (I6])) differs by the exact term dH3 from the original (I58) proposed in [HW96, (3.9)], it actually coin-
cides, away from the MO9 locus, with the proposal for a more fine-grained mathematical model for the C-field in
[DEMO3], (3.9)].

The spacetime ADE-orbifold away from the MO9. Hence we now:

(a) assume, along with [DEMO3| (3.9)], that (I61) is the correct nature of the C-field away from

an MO9 locus, differing from the original proposal [HW96, (3.9)] by a local exact term (which

is exactly the local gauge freedom that ought to be available), and S
(b) focus on heterotic M5-branes away from the MO9-locus, hence on the tensor branch of their
worldvolume field theory (e.g., [DHTV15, §6.1.1]).

Mathematically, this means that we pass to the semi-complement orbifold [SS19a, (80)], namely
to the complement of the fixed locus of Z5W in (T57). The resulting Z5W x Z4-equivariant shape
(Def. is again equivalent to that of the plain MK6 Z4-orbifold (T33).

Therefore, this means that we may model the relevant spacetime as a Zg‘ -orbifold (Def. , whose fixed
locus is interpreted as the heterotic M5-brane locus

MO9

Zs 74

(%) (")
spacetime orbifold ZZ/I L Xbulk bulk spacetime
Z,Orbifolds 5 (X Jz4) ¥ L 162
2 ( // 2) ZZ/ZZ [— XM5 brane locus ( )
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The Green-Schwarz mechanism on heterotic M5-branes. Upon reduction to the 6d worldvolume of a heterotic
MS5-brane, the Bianchi identity of the Hotfava-Witten Green-Schwarz mechanism in the 11d bulk becomes

dHY® = ¢2(Agg) — %pl (w6q) GS on M5 parallel to MOO. (163)

The derivation of for the tensor branch of M5-branes parallel to an MO9-plane is due to [OST14, (1.2)]
[OSTY14l (2.18)], recalled in [In14} (4.1)][ICDI20, p. 18]. The same formula for M5-branes at A-type singularities
is discussed in [Shil8, 7.2.8]. See also the original discussion of KK-compactification of the Green-Schwarz
mechanism in heterotic string theory on a K3 surface to 6d [GSWe85][[Sag92].

Conclusion. By comparison, theorem [I.1| provides a detailed mathematical reflection of this traditional picture:
(i) The Z;-orbifold (162) entering Theorem [1.1|reflects the heterotic bulk M-theory spacetime with the tensor-
branch !/2M5-brane at the A;-type singular locus.

(ii) The Bianchi identities (I50) given by Theorem [I.1] reproduce the expected bulk flux relation and the
brane/boundary Green-Schwarz relation (163) as in (3).

(iii) The integrality conditions (4) reflect the expected flux quantization conditions in heterotic M-theory [FSS20c].
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