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Motivation from Gauge Theories

» In physics, gauge theories are variational PDEs that have special,
large symmetry groups locally parametrized by arbitrary functions.

» The degrees of freedom that are affected by gauge symmetry
transformations are considered unphysical. Thus, the relevant
properties of the PDE are those invariant under gauge
symmeitries. This gives rise to a lot of interesting geometry.

» While non-linear PDEs are the most important, it is already
interesting and important to study linear gauge theories (e.g.,
linearizations of non-linear theories).

> Infinitesimal gauge symmetries (gauge generators) are given by
differential operators. As overdetermined equations, gauge
generators give rise to compatibility complexes.
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Examples

> Maxwell:
> ()a(')[aAb] =0
> A, — 1-form on flat space
> Ap = Jp¢ — gauge generator; J70;,0pj¢ — 0
» Linearized Yang-Mills (YM):
> DaD[aAD] + %[Fba.Aa] =0
> A, — Lie algebra valued 1-form; D, — Lie algebra valued
connection; F,, — curvature of D,
> Ap = Do — gauge generator; D?D,Dy¢p + 1[Fpa. D3¢] = 0
> Linearized General Relativity (GR):
> VaVaheq — 2'L_’Jcabdllab - 2v(cva/_’7d)a =0
» h.g — symmetric 2-tensor; V, — Levi-Civita connection; Rapcqg —
Riemann curvature of V; Aeg = heg — 3 (tr h)geqg — trace shift
» heg = K[V]eg = VeVg + VgV — gauge generator;
VAV K [V]ed — 2R 4K [V]ap — 2V (cVIK[V] g, = 0
» Others similar to Maxwell or YM: Chern-Simons, Maxwell p-forms,
Rarita-Schwinger spinors, linearized super-gravities, . ..
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Structure of a Linear Gauge Theory

> F — M —field (vector) bundle over a (spacetime) manifold M,
dimM = n; F* := F* ® A"M — densitized dual bundle.

» Equations of motion (EOM): e: T(F) — I'(F*) — a self-adjoint
linear differential operator, e* = e.

» Gauge generator: g: I'(P) — I'(F) — linear operator satisfying
eog =0; P— M — vector bundle of gauge parameters.

» Technical point: g has to be ‘universal, meaning that any g’
satisfying e o ' = 0 must factor through g (39: ¢’ = g0 q).

» Gauge symmetries are locally parametrized by arbitrary functions:
for an arbitrary section =: M — P, ¢ = g[e] is a solution of
el¢] =0, since e[g[¢]] = eo g[e] = 0.

» Noether’s second theorem — a self-adjoint complex:

p_9,F_ &, 9, p

Far from being exact!
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Structure of a Linear Gauge Theory

> F — M —field (vector) bundle over a (spacetime) manifold M,
dimM = n; F* := F* ® A"M — densitized dual bundle.

» Equations of motion (EOM): e: T(F) — I'(F*) — a self-adjoint
linear differential operator, e* = e.

» Gauge generator: g: I'(P) — I'(F) — linear operator satisfying
eog =0; P— M — vector bundle of gauge parameters.

» Technical point: g has to be ‘universal, meaning that any g’
satisfying e o ' = 0 must factor through g (39: ¢’ = g0 q).

» Gauge symmetries are locally parametrized by arbitrary functions:
for an arbitrary section =: M — P, ¢ = g[e] is a solution of
el¢] =0, since e[g[¢]] = eo g[e] = 0.

» Noether’s second theorem — a self-adjoint complex:

p_9,F_ e, 9 p

Far from being exact! (Spoiler: not the complex we want!)
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Gauge Fixing

» The existence of a non-trivial gauge generator, an operator g such
that e o g = 0, implies that the principal symbol of e is degenerate.
Thus, e can be neither elliptic nor hyperbolic = bad analytic
behavior!

» However, we are looking at equivalence classes [¢] = [¢ + g[e]] of
solutions of e[¢] = 0. Thus, some special representatives of [¢]
may satisfy an analytically better behaved equation.

» We impose a gauge fixing (or subsidiary) condition f[¢] = 0, with
some linear differential operator f: [(F) — I'(P*). Then, add so f,
for some linear differential operator s: I'(P*) — I'(F*), to the EOM
to get a PDE with a non-degenerate principal symbol:

h[g] = e[¢] + s o f[¢] = 0

» The condition f[¢] = 0 must be ‘strong enough.” It is reasonable to
ask that only those gauge modes ¢ = g[¢] satisfy h[¢] = 0 that
have parameters satisfying their own principally non-degenerate
equation k[e] = 0: namely, h[g[¢]] = s|k[e]] for any € € T'(P).
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Extended Gauge Differential Complex

Keep in mind:
> gauge symmetry: eocg =20
» gauge fixing: h=e+sof
» principal non-degeneracy: hog =sok
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Extended Gauge Differential Complex

Keep in mind:
> gauge symmetry: eocg =20
» gauge fixing: h=e+sof
» principal non-degeneracy: hog=sok
This information can be structured into a differential complex:

g =o' g« 9
P y F =25 Fr > P~
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Extended Gauge Differential Complex

Keep in mind:
> gauge symmetry: eocg =20
» gauge fixing: h=e+sof
» principal non-degeneracy: hog=sok
This information can be structured into a differential complex:

P F°  F

By self-adjointness, we only need half of it.

Moreover. . .
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Extended Gauge Differential Complex
Keep in mind:
» gauge symmetry: eo g =0,

horizontal arrows — complexes, solid vertical — cochain maps
: (fill in with Os, where needed)

p—9% L F

e

{
ﬁ*
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Extended Gauge Differential Complex
Keep in mind:

» gauge symmetry: eo g =0,

» gauge fixing: h=e+sof

horizontal arrows — complexes
: (fill in with Os, where needed)

p—9% L F

-
-
-
-

/// h=sof+e
0 f
v

s L E
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Extended Gauge Differential Complex
Keep in mind:
» gauge symmetry: eo g =0,
» gauge fixing: h=e+sof
» principal non-degeneracy: hog=Sok
horizontal arrows — complexes, solid vertical — cochain maps
: (fill in with Os, where needed)

p—9% L F

lk—fcg /// h=sof+e
Tf

v

Pl L E
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Extended Gauge Differential Complex
Keep in mind:

» gauge symmetry: eo g =0,

» gauge fixing: h=e+sof

» principal non-degeneracy: ho g = s o k (by homotopy formula)
horizontal arrows — complexes, solid vertical — cochain maps, dashed
diagonal — homotopies: (fill in with Os, where needed)

» homotopy formula: h=sof+ e yk=Ffog+---
» homotopy equivalence: (...,0,e,0,...) ~ (..., k,h, ,...)
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Extended Gauge Differential Complex
Keep in mind:
» gauge symmetry: eo g = 0, factorization e = f' o ¢’
» gauge fixing: h=e+sof
» principal non-degeneracy: ho g = s o k (by homotopy formula)

horizontal arrows — complexes, solid vertical — cochain maps, dashed
diagonal — homotopies: (7ill in with Os, where needed)

P9 F_ 9 ,p

-

. )
. .
-7 s Pid
7 K " h=softflog.”
.
T Sy

K . K 17

P+ s F*

- -
-
-

» homotopy formula: h=sof+e=sof+fog , k=fog+---
» homotopy equivalence: (...,0,e,0,...) ~(...,k,h, ,...) ~0
» choose ¢’ ... to be compatibility operators (‘universal’)
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Extended Gauge Differential Complex
Keep in mind:

» gauge symmetry: eo g = 0, factorization e = f' o ¢’

» gauge fixing: h=e+sof

» principal non-degeneracy: ho g = s o k (by homotopy formula)
horizontal arrows — complexes, solid vertical — cochain maps, dashed
diagonal — homotopies: (fill in with Os, where needed)

P9 F_ 9 ,p

- -

. . .
7 k - h=sof+f'og'.~ K’
.

e R et

K . K 17

P S ﬁ* s’ p/*

» homotopy formula: h=sof+e=sof+fog , k=fog+---
» homotopy equivalence: (...,0,e,0,...) ~ (..., k,hk',...) ~ 0
» choose ¢’,... and ', ... to be compatibility operators (‘universal’)
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Extended Gauge Differential Complex
Keep in mind:

» gauge symmetry: eo g = 0, factorization e = f' o ¢’

» gauge fixing: h=e+sof

» principal non-degeneracy: ho g = s o k (by homotopy formula)
horizontal arrows — complexes, solid vertical — cochain maps, dashed
diagonal — homotopies: (fill in with Os, where needed)

P9 F_ 9 ,p

-

s e ‘ /// //’
// // // P
K h=sof+flog’. K -
- Of 1 S -7
/// // -

x . K i’ K~

P S ﬁ* s’ p/*

-

» homotopy formula: h=sof+e=sof+fog , k=fog+---
» homotopy equivalence: (...,0,e,0,...) ~ (..., k,hk',...) ~ 0
» choose ¢’,... and ', ... to be compatibility operators (‘universal’)
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Extended Gauge Differential Complex
Keep in mind:

» gauge symmetry: eo g = 0, factorization e = f' o ¢’

» gauge fixing: h=e+sof

» principal non-degeneracy: ho g = s o k (by homotopy formula)
horizontal arrows — complexes, solid vertical — cochain maps, dashed
diagonal — homotopies: (fill in with Os, where needed)

/
P ? F J P
. k P hISOfJFf,Og//’/ K //,/
- e P -
K’ Rt R LK
P S = S pr+

» homotopy formula: h=sof+e=sof+fog , k=fog+---

» homotopy equivalence: (...,0,e,0,...) ~ (..., k,hk',...) ~ 0

» choose ¢’,... and ', ... to be compatibility operators (‘universal’)

» packaging top/bottom complexes into a single differential Q> = 0 has a
long history (BV-BRST, Lyakhovich-Sharapov et al, Grigoriev et al, .. .)
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Hodege-like Structure

» The resulting Hodge-like structure (recall A = od + do):

g

g g
0 y Pp —— Py ——» ... -2 P, > 0

- - -
J’h() //’ J’/’H //’ /// ihn
oy S l{// fn

k¢ '3
. P D Sn_, = N
0 » Pg P; N > 0

S1 S2

> (P.,8.), (P, s,) — compatibility complexes

» (h,) — cochain maps, induced by (f,) — cochain homotopies
» [ = P; — bundle of fields (for some /)

» P = P;,_; — bundle of gauge parameters

» P’ = P; 1 — bundle of invariant fields

> g = g; — gauge generator

> g’ = gi,1 — gauge invariant combinations

> f; — gauge fixing condition

» e = fi, 1091 — gauge invariant EOM

» hi=fi 1 0@ir1+ Sjofi— gauge fixed EOM
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Compatibility Complexes and Cochain Homotopies

» The resulting Hodge-like structure:

91 92 9
0 s Py > Py o2 P, > 0
lho lm lhn
< 4 g e I
s 1 s 2 S fo
0 > P P; " P > 0

» Examples:

» Maxwell (i = 1): de Rham complex, Laplace-Beltrami Laplacians;
g1 = s1 = d — de Rham differential

» Flat linearized YM (i = 1): de Rham complex, twisted by Lie algebra g;

91 = s¢ = D = d + B — flat connection on g-valued functions
» de Sitter linearized GR (i = 1): Calabi complex, with vector,
Lichnerowicz, Penrose, etc. Laplacians; [IK arxiv:1409.7212]
g1 = 81 = K — Killing operator
» Maxwell p-forms (i = p): de Rham complex again

» More examples?
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Sheaves, Cohomology, Duality
» Local solutions of g{[eg] = 0 form a sheaf ¢ on M.

» Under favorable conditions, the differential complex is a soft
(= acyclic) resolution of ¥:

~
o

9 g g
G — Py — Py — ... 5 P,

(e.g., when gy[e0] = 0 is a PDE of finite type)
» giving an isomorphism in cohomology H*(M, %) = H(P.,, g.)
» Poinacaré-Serre duality (1955):

H3(M,9)" = Ho(P., g0)* = H(P;, g%) = H"*(M, %),
where we have used the adjoint complex

= g7 ~ 9*71 an ~
0 Py «—— Pr " .. Py —— @

and the sheaf ¢* that it resolves.
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Causally and Dynamically Restricted Supports

> Typically, we study gauge theories on globally hyperbolic
spacetimes M (= we can choose gauge fixed (h,) to be hyperbolic
with unique retarded and advanced inverses).

» For a complex with Hodge-like structure (P, gs), (hs), (o) and
(he) hyperbolic, it is interesting to consider cohomologies with
spatially compact supports and restricted to solutions
[IK arXiv:1404.1932].

HSC(P.7 go) = HC(P0+1 ’ go+1 )7
Hsc(ker he, Ge) = Ho(Pe, o) © Ho(Pot1, Goi1)-
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Applications to Gauge Theories
Starting with g = g; and

g9 g
P F p!
J{k ,// J{h // J{k’
o o

ﬁ)* S ﬁ* s' IND/*
» & = ker gy — link to sheaf cohomology

> g'[#] = gi+1][#] — gauge invariant field combinations

> [y 90l Ye = [, 9*[¥c], hence gauge invariant functionals are
generated by g’”* = gj, plus Hi(P:, g7)

» |n physics, the solution space ker h (mod im g) has a natural variational

dpre )symplectic and Poisson structure. The kernels of these bilinear forms
not exceed the dimensions of [IK arXiv:1402.1282,1404.1932,1409.7212]

dlm H(IZ( [ ) go) @ Héc(P., go) @ Héc(ker h.,g.)
These kernels are related to ‘global charges!
> H*<I(P,,g,) = H*</(M,%) — rigid higher stage symmetries
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Applications to Gauge Theories
Starting with g = g; and

g9 g
P F p!
J{k ,// J{h // J{k’
o o

ﬁ)* S ﬁ* s' IND/*
» & = ker gy — link to sheaf cohomology

> g'[#] = gi+1][#] — gauge invariant field combinations

> [y 90l Ye = [, 9*[¥c], hence gauge invariant functionals are
generated by g’”* = gj, plus Hi(P:, g7)

» |n physics, the solution space ker h (mod im g) has a natural variational

dpre )symplectic and Poisson structure. The kernels of these bilinear forms
not exceed the dimensions of [IK arXiv:1402.1282,1404.1932,1409.7212]

dim HL(P%,9%) @ Hi,(Pe,ge) ® His(ker he,ge) < bounded by dim H*(M,%) and H*(M,%*)
These kernels are related to ‘global charges’
> H*</(P,,g,) = H*</(M,%) — rigid higher stage symmetries
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Gauge Invariants

Consider a (pseudo-)Riemannian manifold (M, g).

V 2 — Levi-Civita connection; Ra,cq — Riemann tensor of V.

>
>

» K[V]ap = VaVp + VpVa — Killing operator.

» The Killing equation K[v]a, = 0 is a PDE of finite type.
>

Q:
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Gauge Invariants

Consider a (pseudo-)Riemannian manifold (M, g).

V 2 — Levi-Civita connection; Ra,cq — Riemann tensor of V.

>
>

» K[V]ap = VaVp + VpVa — Killing operator.

» The Killing equation K[v]a, = 0 is a PDE of finite type.
>

Q:

> For Linearized General Relativity on (M, g), what is a complete set
(;) of local gauge invariants, /o K[v] =0 (Vv)?
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Gauge Invariants

> Consider a (pseudo-)Riemannian manifold (M, g).

» V,— Levi-Civita connection; Ra,cq — Riemann tensor of V.
> K[V]ap = VaVp + VpVs — Killing operator.

» The Killing equation K[v]a, = 0 is a PDE of finite type.

> Q:

> For Linearized General Relativity on (M, g), what is a complete set
(;) of local gauge invariants, /o K[v] =0 (Vv)?
> Or given g, what is the full compatibility complex of K[v]z, = 0?

T*M K, oM K= 000 1
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Gauge Invariants

> Consider a (pseudo-)Riemannian manifold (M, g).

» V,— Levi-Civita connection; Ra,cq — Riemann tensor of V.

> K[v]ap = VaVp + Vpvy — Killing operator.

» The Killing equation K[v]s = 0 is a PDE of finite type.

> Q:

> For Linearized General Relativity on (M, g), what is a complete set
(;) of local gauge invariants, /o K[v] =0 (Vv)?

> Or given g, what is the full compatibility complex of K[v]z, = 0?

T*M K, oM K= 000 1

Similar question for YM D,[¢] = (d + B)a¢, when D;, is not flat.
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Gauge Invariants

> Consider a (pseudo-)Riemannian manifold (M, g).

» V,— Levi-Civita connection; Ra,cq — Riemann tensor of V.
> K[V]ap = VaVp + VpVs — Killing operator.

» The Killing equation K[v]a, = 0 is a PDE of finite type.

> Q:

> For Linearized General Relativity on (M, g), what is a complete set
(;) of local gauge invariants, /o K[v] =0 (Vv)?
> Or given g, what is the full compatibility complex of K[v]a, = 0?
T*M K, oM K= 000 1
Similar question for YM D,[¢] = (d + B)a¢, when D;, is not flat.
» The components of K’ give a complete set of invariants (/).
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Gauge Invariants

> Consider a (pseudo-)Riemannian manifold (M, g).

» V,— Levi-Civita connection; Ra,cq — Riemann tensor of V.
> K[V]ap = VaVp + VpVs — Killing operator.

» The Killing equation K[v]a, = 0 is a PDE of finite type.

> Q:

> For Linearized General Relativity on (M, g), what is a complete set
(;) of local gauge invariants, /o K[v] =0 (Vv)?
> Or given g, what is the full compatibility complex of K[v]a, = 0?
T*M K, oM K= 000 1
Similar question for YM D,[¢] = (d + B)a¢, when D;, is not flat.
» The components of K’ give a complete set of invariants (/).

» Until recently, complete answer known for only very few g!
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Gauge Invariants

> Consider a (pseudo-)Riemannian manifold (M, g).

» V,— Levi-Civita connection; Ra,cq — Riemann tensor of V.
> K[V]ap = VaVp + VpVs — Killing operator.

» The Killing equation K[v]a, = 0 is a PDE of finite type.

> Q:

> For Linearized General Relativity on (M, g), what is a complete set
(;) of local gauge invariants, /o K[v] =0 (Vv)?
> Or given g, what is the full compatibility complex of K[v]a, = 0?
T*M K, oM K= 000 1
Similar question for YM D,[¢] = (d + B)a¢, when D;, is not flat.
» The components of K’ give a complete set of invariants (/).

» Until recently, complete answer known for only very few g!

» Practical solution given in [IK arxiv:1805.03751].
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Solution via Twisted de Rham Complex

> A PDE K|v] = 0 is of finite type (holonomic D-module) if the solution
space is (even locally) finite dimensional and knowing v(x) and finitely
many derivatives at any x € M (locally) determines the solution uniquely.
Examples:
» de Rham derivative on scalars, (d¢)a = 9a¢.
» Connection on vector bundle, Dg[w]s = d.w" + BE,w".
» Killing equation, K[V]as = VaVp + VpVa.
Generalized Killing tensors and spinors K[t]ap... = V(alp...).

v

» A PDE of finite type K[v] = 0 is equivalent to a Dg[w] = 0 for a flat
connection B, on some vector bundle, [Dg, Dg]w = 0.

» The compatibility complex for the Dg[w] =0 is the twisted de Rham
Complex, DB[W]Z1 ax — k(8[a1 ap-- ak] + B

vlay az ak])

Dp=D},

D2 Dp
W=3ANT oW 25 ... 25 A\N"T*oW

» In practice, given K' = K we first reduce it to a Dg and then lift the Dg
operators to build a full compatibility complex K*. A witness to the
construction is a homotopy equivalence between K* and Dg.
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Killing Compatibility Complexes: Examples

» Previously, answers known only for constant curvature (Calabi,
1961) and locally symmetric (Gasqui-Goldschmidt, 1983) cases.

» FLRW spatially homogeneous and isotropic cosmologies (any
dimension) [IK arXiv:1801.02632 (w/ et al), 1805.03751].

» Schwarzschild static spherically symmetric black hole (any
dimension) [IK arXiv:1805.03751].

> Kerr stationary rotating black hole (4 dimensions)
[IK arXiv:1910.08756 (w/ et al)].
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Discussion

» Compatibility operators of generators of infinitesimal gauge
symmetries naturally give rise to compatibility complexes, which
play a significant role in the structure of variational PDEs with
gauge symmetry.

» These compatibility complexes can be constructed in specific
cases by reducing to a twisted de Rham complex.

» They have cohomologies with important applications in the
geometry of Gauge Theories in physics.

» The cohomologies can be linked to the cohomologies of certain
sheaves, and thus computed by algebro-topological methods.
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Discussion

» Compatibility operators of generators of infinitesimal gauge
symmetries naturally give rise to compatibility complexes, which
play a significant role in the structure of variational PDEs with
gauge symmetry.

» These compatibility complexes can be constructed in specific
cases by reducing to a twisted de Rham complex.

» They have cohomologies with important applications in the
geometry of Gauge Theories in physics.

» The cohomologies can be linked to the cohomologies of certain
sheaves, and thus computed by algebro-topological methods.

» Open problem: find more applications of H*(M,¥) and H*(M,¥)!
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Discussion

» Compatibility operators of generators of infinitesimal gauge
symmetries naturally give rise to compatibility complexes, which
play a significant role in the structure of variational PDEs with
gauge symmetry.

» These compatibility complexes can be constructed in specific
cases by reducing to a twisted de Rham complex.

» They have cohomologies with important applications in the
geometry of Gauge Theories in physics.

» The cohomologies can be linked to the cohomologies of certain
sheaves, and thus computed by algebro-topological methods.

» Open problem: find more applications of H*(M,¥) and H*(M,¥)!

Thank you for your attention!
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Complete solution: Constant Curvature backgrounds
Constant curvature: R[d]ap.cd = A (9acObad — Gad9bc)-
Calabi complex, tensorial formulas [k arXiv:1409.7212]:
91[V]ab = K[V]ab = VaVp + VpVa
9elhlab.ca = (VV © h)ap.cg + Mg © h)ap.ca
= (VaVoyhod — V6V eyhad — V(aVayhoe + V5V gyhac)
+ M9achba — Ibchad — Gadhbe + Gbahac)
93[abc:de = di[r]avc:de = 3V [albe):de
= Valbc.de + Vblcade + Velab.de
94 [b]abcd:ef = dL[b]abcd:ef = 4v[abbcd]:ef
= vabbcd:ef - vbbr;da:ef - vcbdab:ef - vdbabc:ef
gi[b]a1~~~a,:bc = dL[b]a1-~a/:bc = iv[a1 ba2~~-a,-]:bc (i>3)

Va: hab : lab:cd - laj Z babe:de

ald
ble
€]




Example: FLRW cosmology

» For an (n— 1)-dimensional constant curvature Riemannian

metric § with R[F]abcd = (Jachbd — JadObc), let
g=—(dt?+ (g (f(t)+0).

> Parametrize v, = —Af(dt)s + 12Xz
and hgp = p(dt)gb + 2f2(dt)(a Yb) + fzzab.
» The Killing operator h = K[v] becomes

p 2 —2(Af) —204f |
Y =K|o|=| X -f'WVWA|=|-f1V
Z K[X] + 2Af'g 2f'g

where (—)' = d;(—), while V and K come from g.



FLRW: canonical form

> Any solution of K[v] = 0 has
A=0,K[X]=0and &:X = 0.

» There exists an operator J such
that JIK[v]] = A.

> Since R’ = iRa™[g] # 0, we
can take

1 .
Jih = fR/R[h]'

» Since we know the constant
curvature full compatibility
complex for K, there is no need
to fully reduce it to a flat
connection.

o ] ]

—20f ‘ 0
—=1¥ | &
2f'g K

Ne<t|©




