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Inkroduction & Motivation
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Inkroduction & Motivakion

1\) o Understanding gravity & particularly cosmology and
the Dark sectors since they are modifications of &R

11) o Natural & direct generalisotions of standard field

P theory (including GRY, te. not ad hoc modifications.
Therefore promising for understanding gravity at a
deeper level, Immediately lead to two alternatives:

o Either nol realised i nature, but then we must
understand why that is so

o Or are realised in nature and therefore extremely
important and almost certainly will increase our
understanding of the Dark sectors —> pointing
back to motivation I



| Motivation I: Cosmology & Dark

GR &% the SM are quite adequate to

explain observations thus far \j =T
ark Energy

70%
o Provided we accept the inclusion of, only
indirectly inferred, Dark sources which totally
dominate the energy budget

o And dont think too seriously about the
cosmological constant prabiem(s) (ccris)

o Resolution of the CCP(s) seem to require new
understanding of GR, QFT or both

o QFT very robust framework so modification
of gravity away from GR appears to be more
promising

o Bul also GR is a quite robust theory/model so
modifications must make sense theoretically




Mokivakion II: Field %heo'rv

o Lower spin fields well understood and many do
exist A nakure, For the bosownic sector

o Spin-o: Massive (Higqgs) & massless (?)
(V2 —m*)p=0

o Spin-1: Massive (Gauge bosons) & massless (Fho&m)
(Vi—m—AjAi—0, @ Vi, |
o Spin-2: Massless (Graviton ?7) and massive (?)

2A
<V2—m2—|—?> D —Us . R T ()



Mokivakion II: Field %heorfj

° Any spin-2 theory beq for non-Linear completion,
Just as massless spin-2 theory beq for GR
completion

o We must therefore consider a non-Linear
compiﬁ&iom and the torrﬁspov\de spin-2 F:»ocr&iti.es
eibher exiskt i nature or Ek&j do ok



Linear 7

Cownskraints in Lmear ~ 7 Eheory Tk@. P«‘P @.qu&?zmns

1
5B, — £ A (hW e gu,,h> + e

( PRyt 5050v2 + ¢”°VuV, — 65V°V, — 68V, — 49”7 + 9 VY] hpo )

T A e R
2
Trace: g’“’(sEW — V2hH — VHV”hW -+ <A — —37; > h~0
2
Dilverqgence: il L
Lyl VH6 By = == (Vi =V h) =~ 0
Double diverqgence: E

VNS, — = (Vi h,, — V°h) &0

m
2



Linear 7

The Linear combinakion

2
2VHVYS By + mPg* 8B, = — (2A — 3m?) A~ 0

constitutes a scalar constraink, Together with
divergence constraints the theory can be written

(VQ—mQJr%) hopd 0, VPR e ()



Linear 7

The Llinear combination
m2
2VHVYSE,, + m g"6E,, = o (2A — 3m?®) h~ 0

constitutes a scalar constraink, Together with
divergence constraints the theory can be written

(VQ—mQJr%) hopd 0, VPR e ()

Unitarity implies Higuchi bound
(cf Breitenlohner-Freedman bound in AdLS)

3m? > 2A
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Linear 7

The Linear combinakion

2
2VHVYS By + mPg* 8B, = — (2A — 3m?) A~ 0

constitutes a scalar constraink, Together with
divergence constraints the theory can be written

(VQ—mQJr%) hopd 0, VPR e ()

What about when 2A = 3m2 ?

m2

2

V4 NN

Sl Ol




Linear 7

Impues the linear gauge Sjmme&rj

Ah,uy i v,uvz/ | 9 Juv f(ZE)

Action is brivially tnvariant since it can be writken
S[h] ~ / d*x./g h" 6B,y

From group theory: coincides with existence of
“short” UIRs in de Sikter



Further nwotivakbion

We now have an example of a theory where

A~ -

Ls pro&e«c&ec& bj a symmetry. Similarly
m? ~ (
may be thought of as “technically natural” due to

enhancement of diffeomorphism symmetry,
Furthermore dS favoured by unitarity



Further nwotivakbion

We now have an example of a theory where

A~ -

is protected by a symmetry. Similarly
m? ~ ()
may be thought of as “‘technically natural” due to

enhancement of diffeomorphism symmetry,
Furthermore dS favoured by unitarity

o Smwall [oosi,&ive_ AN nmay be regarded as &eakm&aaﬁv nabural!

o Buk SP&M“Z theories require nonlinear aompte&ion!



Early attempts I: Adding PM vertices

Zinoviev

Most obvious approach: Keep dS background fixed
but add higher order PM interactions and cownstrain
possible gauge symmetry

o Unigue structure of cubic vertices
constructed

o Only works for D=4 unless higher
derivabive bterms are considered

o Apparent obstruction for quartic vertices



Early attempts II: Conformal gravity

Deser, Joug, W&Ldrcm
Conformal gravity action

1
S ~ / d*z/gW? ~ / d*z\/g (RWRW —~ §R2>
and equations
B, =
wikh
By =“NPu + VNV Post+ Wan. P2, #lE_ R -




Early attempts II: Conformal gravity

Deser, Joug, W&Ldrom
Conformal gravity action

1
S ~ / d*z/gW? ~ / d*z\/g (RWRW —~ §R2>

and equ&&o&«s
B =
wikh
By = _VQPW 1 vpv(upv)/o + Wouwe P77, Py = Ry — EQWR

Under conformal Eransformation
0,5 — 208, 0F,, = =V /000

m? m?

7 P,Lw o Tg,uu e P,ul/ e Tg,uy_

Eransforms exactly as a M fleld!



Early attempts II: Conformal gravity

Deser, Joug, W&Ldram

o Correct structure linearly; PM field +

massless sp&v\mz

o Relative ghost between PM and massless
fleld

@ Not cownsisktent PM Eheor:j Mamiime&rtv

o Cownjectured that PM can only propagate on
Einstein backgrounds



Oubtline of Talk

8 RBimebric QEEQMPES

o Covaritank cownskrainkt a[z:praaak

o Summary & QOutlook



Rasic dekbails

' 'Q _myg
Theorj s defined bj the covariant m'::?:ms;\// | .

—m? [ ata VIl Rlg )+ oI RO ) — 2m/[g] V(S: B)

with the goveried bv
3
\/’? Sﬁn \/‘?Zﬁnen ):\/E50+\/@26'n6n( ’54—\/—‘/ 764 n

n=1

in terms of the squara“rou& makrix
=/ S5PS5%, = gp'uf,ul/

along with the “&i@mam&mv Sjmmaﬁrw Foivmomiais"

enlS) — Dy

Pr 080 ] spq % fn V1 D 1 Pl An41"Ad I
i - S ~70 L ST = € e fy oo BERIER ET S I

(i Byl -+ U S Hn nl(4—n)!

Or eveln more e.xpuciﬂj

eal9) =1, e(S)=tBe(SH. | 5] — (S R 5 —det(S)

DO —



Rasic dekbails

This lead to the equations of motion

EIW = g,ul/(g) 5l mZV,uV(ga f) =0

By = Gu(f) +m*Viu(g, f) =0
with e.q.

Viw = gup | Bool, — B (5% e 16 By ([52]pu N 6255)

— B3 ([S°]°, — e1[S?), + e25%, — 6355)]

along with Blanchi constraints
91 9"’V Vi = =/ |l V)V =0

and the idenkities

91 9" Vi + VI F| f Vi — V/1gI VEE = 0



Rasic dekbails

The massive graviby Limit (g massive) can be defined by

m r
Mg

YV =

2
> 00 and  Ag = 53’”21 Mg, M all fixed

This gives the Llimiting equations
5 i
g,uz/‘l‘m V,LLV:()7 g,LLV_I_Aff,LLV:O
Works for solutions of the form

Juv — Guuv i O(CV_Q) f,LLV e fEI/ 3 0(&_2)

Also per&urb&&oms behave Llike massive gravity f we take

D
iy

QMg

OGpv E E
Guv — Guuv | Mg fuyﬁfluu |



Rasic dekbails

The massive graviby Limit (g massive) can be defined by

2
o » 00 and Ay = 2T mg m all fixed

2

This gives the Llimiting equations




Proportional solutions & Mass spectrum

i
A tom{mrmai amsakz J py = C Gurv reduce the equaﬁous ko

1 A
R,uV 5 §g,u1/R e (Ajf) Gpir 0
Consistency requires A i

o?Bsct + (30262 — B1)c + 3(c?B1 — B3)c? + (PBo—3Ba)c— B1 =0

Gemer&«cauj delermines ¢ = C(a, @n,) ‘



Proportional solutions & Mass spectrum

i
A tom{armat amsakz J py = C Gurv reduce the equa&ons ko

1 A
R,LW 5 §g,u1/R e (Ajf) Gpir 0
Comsis&emav requires Ag =N e

o?Bsct + (30262 — B1)c + 3(c?B1 — B3)c? + (PBo—3Ba)c— B1 =0

Generically determines ¢ = c(a, B). ﬁeaau[ﬁe_d Fer?:urba&ic;-ms

guupa(SGW + A0Gy =0
5 )
B M NS + 2 (81— g8 =
with
1

0Guy = 0g + a6, ks (6 fuw — c*8g,)

706



Proportional solutions & Mass spectrum

The constant ¢ is left undetermined by the PM values
== () *Bo = 3By =
B1 =sb3y = D aiiDg — S0 s Sl
Higuchi bound saturated and nonlinear scaling symmetry realised

1+ (ae)=

Cani0 B0, 9y >1+a2(c+a)29uy




Proportional solutions & Mass spectrum

The constant ¢ is left undetermined by the PM values
== () *Bo = 3By =
B1 =sb3y = D aiiDg — S0 s Sl
Higuchi bound saturated and nonlinear scaling symmetry realised

1+ (ae)=

Ca i =0, 9y >1+a2(c+a)29uy

o Covers all GR solutions
) ‘Diagomaiisabta tihto mass eiqgenstates

o For PM values there is a dS preserving nonlinear scaling
symmelry



Cosmological solutions

Bidiagonal solutions
gudatde” = —dif ¥ a*(dr¥s r°dQ?)
fudxtdz” = —X*dt? + Y?(dr? + r?dQ?)

Characterised by a modified Friedmann equation

2 2 3
H2+£: +m—<50+3512+352 <Z> i 03 <Z> )
a a a

a? 3

and kthe potvmaméai equ&&iam

4 3 2
o B3 <%) + (3a°B2 — Ba) (%) + 3(a?B1 — Bs) (%) 4 ( + By — 352) % =51 =0

| Leaves Y( ) /a(t )umdeﬁermmed {:or the exact same
',' parama&ars Related bj &me-"depewiem& PM trafo




Cosmological solutions

2 2 3
H2+ﬁ2: +m—<ﬁo+351z+352 <Z> i U3 <Z> )
a 3 a a a

and the potvm;)mmi. equ&&ion
2 VNG 2 e 2 Y 2 ¥
a” B3 (;) + (3a” B2 — B4) (E> 4 3(a i Fa) (;) +< +Ha 50—352)5—5120

— = ——

- Leaves Y(t)/a(t) undetermined for the exact same
| parameters: Related bj Eimemdepemdemﬁ PM brafo

| : = s o il

— —— — e ==




Direckt appram:k fowards nonlinear M

Most direct approach to check for nonlinear PM: Mimic
the Linear FP analysis but for arbitrary backgrounds

o Requires Linearised equations and constraints for
arbitrary backgrounds

o Doable due ko recent resulks buk quite messy in
praa&&a

More own this agproaak Laker ...



Perturbative approach & Conformal gravity

Equations are of the form

g,uu(g) i V,LLV(g7 f) =0
gMV(f) T VMV(Q? f) =0

Perturbative ansatze, eq
fuulgl = +ip +ip2 _|_21 P ol O
192 % g = a g,ul/ m2 v m4 [V m4 [362( )g,uu 47 ,uz/] s e

Result tn single higher derivative equation (infinite expansion)

Aguw +aRuw +bguwR+ O (R?) =0



Perturbative approach & Conformal gravity

Stingle higher derivative equation (infinite expansion)

Agluy _I_aleuy _|_bg,ul/R_|_ O (Rz) e O



Perturbative approach & Conformal gravity

Stingle higher derivative equation (infinite expansion)

%ﬁ%ﬁb LR+0 (RS0

By =0

For the PM parameter values we get Weyl invariance to lowest order

Guie= ng,ul/ T O(R)



Perturbative approach & Conformal gravity

Stingle higher derivative equation (infinite expansion)

%ﬁ%ﬁb LR+0 (RS0

By =0

For the PM parameter values we get Weyl invariance to lowest order

Guie= ng,ul/ T O(R)

Bootstrapping within this formulation reveals symmetbry up to &th

order A
Aguy = GGuv + ) (Puw® + V0u0u0) + O(R27 RS)
gl e o 2 i
Afpw = ¢f,tu/ T 5 (P,uu¢ s v,ual/¢) 95 O(R27 RS)



Perturbative approach & Conformal gravity

o Connection to conformal gravity at lowest
order in derivatives

o Propagates & modes instead of 7 on
Elnstein spacetimes

o Perturbative gauge invariance up to at least
6th order i derivatives



Oubtline of Talk

o Covaritank cownskrainkt a[z:praaak

o Summary & QOutlook



The wmosk Aireck apprea&k

Perturbed equations for general backgrounds

5B, — 880 fan oV, — 0
2

~

X 2 m
6E/u/ = 5QMV —|— ¥5VW == O
Construct generalised traces
i k
o] =[S |59 0 E,,,
ik k -
\Pz = [S ]fop’%ELW
And generalised divergences

G
W

S NN
S e

T FQ



The nmost direck approac:h

Now build the most general Llinear combination
3
= Z (ui@i 4w ol vg\lfg)
k=0

and find scalar coefficients {19/ v9/} such that

C~0

P

ETG}MO&L de
lower order
derivatives




The nmost direck approac:h

Now build the most general Llinear combination

3
pr— Z (uz@g + v Wl + u£<1>£ AL vg\Ifi)
k=0

and find scalar coefficients {19/ v9/} such that

(€0l
1f this is possible the scalar constraint is given by

="

If this vanishes identically we have a gauge symmetry




The nmost direck approac:h

Why not checlkked earlier?

o Constraint only recently found
o Quite cumbersome expression to work with

@ Not mam&fesﬂv covariant in general



Less ambiktious approach: Restricted
baawgraumd and MG Limik

To malee headwav:

o Focus o MG Limdik. Omi.v one equ&&iam

o Cownsider simpi.e model with 33 =0
Constraint is mavxiﬁfesﬂj covariant

o Restricted class of backqgrounds but more
general then Einstein spacetimes



Less ambiktious approach: Reskricted
baﬁwgraumd and MG Limik

The field equations we consider are

1
R,uu o §g,uuR o+ m? [BOQ/LV o (Suu g elg,uu) + B2 (S,upspy = els,uy i eQQ,uV)] =

or equiv&t&.m&tv

m2R* = (50 + %6151) 0 (81 +BaeligiiE 82(5°)",



Less ambiktious approach: Restricted
bm‘:‘wgraumd and MG Limik

The field equations we consider are

1
R,uy o §g,uuR o+ m? [BOQ/LV o (Suu g elg,uu) + B2 (S,upspz/ = els,uu i eZQ,uV)] =

or equivate.nﬂ'j

m2R* = (60 + %6151) 0 (81 +BaeligiiE 82(5°)",

Covariantk conskraint

2
C— (S_l)VprV”5EW | m251 g 0r e m2525“”5EW ~0)
i C =0 off-shell ——— Llinear gauge svmme&rv

Ahy, = [(S71). PN, 8. 5 08 ) V0, Rans 0 oo 558, ()



Less ambiktious approach: Reskricted
ba&wgraumd and MG Limik

Generally difficult due to derivative terms
C =m?By| (AP + AP*) 6gg) + B} VPogg,

APX = e NP* L[S (sgv*s,ev'e | — SAV, 57 Ve, + SAVISEV, SP# 4 SAVTSAV, S
+ SpVISHeV,SE 4 SHPVTSIV,SE — 2SIVISHIV ey — SEVISEVES) — SEVIShVASE
— SEVSEVASE — SEVISEVASE 4+ SV SEV ey + SEVTS,,, VPSP — SAVISEVPS)
— SaVSEVESE — SENVISEVHSE — SAVTSEVESE + 285V S*AVPS,, + 285V S, VF 57
+ 8)SEVV, 8% 4 [SA¥VV,SE — [SHPAVIV,e1 — [SPEVIVASE — S)SAVIVESE
+ [S?]Mv"v”sp.,) +VFPSIVIe; — V, 8V — VESEVPS) — VESEVASE + VSV ey
+ V,SEVPSPA _ VESIVPSE — VPS)VHSE + 2V ,SEVHSP — SEVAVESE + S5V e,
— S}VIVPSE + SEVIV, 8P

ey M5 + [S71)7, (5;;Sgsgv,,55# + 07 SV, 85 — 67[S?)PAV ey — 6] [S?AV S

— 81S)STVHSS + 571 [S?PAVES,, + SPASEVTS,, + [SYPVTS,, — 6E[SPRVISE — SESAVT 5;:)
— SFVASE + S8VAe; — SAVHSE 4257V, 8% + 5582V ey — SV ey + SV, S8
— 0AS3VHS) — SAVES).




Less ambiktious approach: Reskricted
ba&wgraumd and MG Limik

Generally difficult due to derivative terms

C =m?B, | (AP + A1) 8gpr + B X dgs.

APX = e NP* L[S (sgv*s,ev'e | — SAV, 57 Ve, + SAVISEV, SP# 4 SAVTSAV, S
+ SpVISHeV,SE 4 SHPVTSIV,SE — 2SIVISHIV ey — SEVISEVES) — SEVIShVASE
— SEVSEVASE — SEVISEVASE 4+ SV SEV ey + SEVTS,,, VPSP — SAVISEVPS)
— SaVSEVESE — SENVISEVHSE — SAVTSEVESE + 285V S*AVPS,, + 285V S, VF 57
+ 8)SEVV, 8% 4 [SA¥VV,SE — [SHPAVIV,e1 — [SPEVIVASE — S)SAVIVESE
+ [S?]Mv"v”sp.,) +VFPSIVIe; — V, 8V — VESEVPS) — VESEVASE + VSV ey
+ V,SEVPSPA _ VESIVPSE — VPS)VHSE + 2V ,SEVHSP — SEVAVESE + S5V e,
— S}VIVPSE + SEVIV, 8P

ey M5 + [S71)7, (5;;Sgsgv,,55# + 07 SV, 85 — 67[S?)PAV ey — 6] [S?AV S

— 81S)STVHSS + 571 [S?PAVES,, + SPASEVTS,, + [SYPVTS,, — 6E[SPRVISE — SESAVT 5;:)

— SFVASE + S8VAe; — SAVHSE 4257V, 8% + 5582V ey — SV ey + SV, S8
— 0AS3VHS) — SAVES).

But solvable for backgrounds with V,5,, =



Less ambiktious approach: Restricted
bm‘:‘wgraumd and MG Limik

Generally difficult due to derivative terms

Ve mQﬂQ {(AB)\ +yi) (595)\ o BEA p5g/3>\}
AN = m?2[ g (€1 5%% = 2[S%P) + B> (e2[S?P — 265 [S%)P — 1 [5%)P)]

Only need to solve two algebraic equations

e

m 2RM = (60 + %6151) 6 - (Buds o )50 — Bo(90)F

Toqether with the condition Vo =0



Ricel summebric spacekimes
J

o Spacetimes with a CCT are very restricted
o Here it also implies Riccl symmetric V, R, =0

o Resbricted class of backgrounds but more
general then Einstein spacetimes

o Heavily studied bv differential gqeometers



Ricel summebric spacekimes
J

Only three possible spacetimes, with known metrics
o Pebrov bype D: A 2x2 cie«t:omgoso\bi.e spacetime Wiwoe 70, By, #0
o Petrov bype N: Restricted PP wave Wwwpse 70, By, =0

o Pebkrov E-ﬁ?e 0: Includes Einstein skakic Wyuwoe =0, B, =0

Petrov classification of spacetimes
\ due ko properties of Weyl tensor
——D and their possible degeneration.
\ l \ Tvpe I is most general, all others
P algebraically special and type 0 has
vanishing Weyl tensor

|
1




Ricel summebric spacekimes
J

Only three possible spacetimes, with known metrics
o Pebrov bype D: A 2x2 cie«t:omgoso\bi.e spacetime Wiwoe 70, By, #0
o Petrov bype N: Restricted PP wave Wwwpse 70, By, =0

o Pebkrov E-ﬁ?e 0: Includes Einstein skakic Wyuwoe =0, B, =0

Petrov classification of spacetimes
due ko properties of Weyl tensor
and their possible degeneration.
Type 1 is most general, all others
algebraically special and type 0 has
vanishing Weyl tensor




Ricel summebric spacekimes
J

Only three possible spacetimes, with known metrics
o Pebrov bype D: A 2x2 cie«t:omgoso\bi.e spacetime Wiwoe 70, By, #0
o Petrov bype N: Restricted PP wave Wwwpse 70, By, =0

o Pebkrov E-ﬁ?e 0: Includes Einstein skakic Wyuwoe =0, B, =0

o Linear PM symmetry for these
ba\twgrouv\ds A massive gra\v&v
model

o Does not work for general
batwgrouv\ds LA massive gra\viﬁv

o Also works »fc)r equ&ﬁav\s more
general than massive gravi%j




Ricel summebric spacekimes
J

Only three possible spacetimes, with known metrics
o Pebrov bype D: A 2x2 deaomgosabi.e spacetime Wiwoe 70, By, #0
o Petrov bype N: Restricted PP wave Wwwpse 70, By, =0

o Pebkrov E-ﬂ?e 0: Includes Einstein skakic Wyuwoe =0, B, =0

o Linear PM symmetry for these
ba\twgrouv\ds A massive gra\v&v
model

o Does not work for general
batwgrouv\ds LA massive gravi%v




Ricel summebric spacekimes
J

Reverse engineering; constructive approach
Consider general equations of the form

E,ul/ — g,uy ol Ag/u/ 7 F/u/(g, R) =0

For the Ricel svmmeﬁrw spa&eﬁmes we have Ehat
2
(R );w = 1Ry + roguw

Resulk in Linearised equations of the form

5E,uu o 5g,uy i alh,uy = CLQQ,LLVh + b1 (Ruphpy = b Ryphp,u)
+b29,, R oo = DRy WO T Tl b5RMpRV0hPU



Ricel svmmeérw s[pm‘:e&mes

Reverse engineering; constructive approach

Write dowin most general Linear constraint

= V“V”(SEW = clR”prV%EW £ ng’uyéE’w/ i CgR’uV5EW
Demand that C = ()

Linear gauge svmmeﬁrv glven bv

Ahy = (Vu Vo + aR, VPV, FodiiF iR, ) &(x)

¢i = ci(as, b;)



Ricel svmmeéric spa&e&&mes

o Linear PM symmelry exist for Riccl symmetric
spa&e&mes A massive gro\vLEv, notk omtv Elnsteln

o But also for more general equations, which still
propagate at most § dof

o In general many solutions within each class of
Ricel symmelric spacetimes

o Unique solution which works for all of these classes



Oubtline of Talk

o Summary & QOutlook




Summary % Outlooik

' Bimetbric theory is an extended theory of gravity
motivated from first principles

Interesting connections between different gravity
theories

Realises Linear M svmme&rj on Einskein
backgrounds but also on Ricet symmetric
batw’graumds

- PM theory may provide framework for naturally
small CC, protected by symmetries

Promising indications of nonlinear realisation of
PM, but also technical obstacles




Summary % Oubloolk

Is there a wfu,i.i,v nonlinear M &hearv?
’ I“f so, is ik the Proposeci bimebric wodel?

Or possibly an extension of this model,
including e.q. higher spin flelds?

What about consistent matter couplings of
such a PM field?




Thank you for your
kind abbention!

Milkkael vown Skrauss
Inskibuk d’AsEroijSE,que de Paris

IESC Cargese, May 2016
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