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thz modify GR?

A i what wau?



Wk{z modify GR?

A what way?

A

Do you want to ask these qu@;sﬁoms?
What kind of answers do you wank?




Inkroducktion & Motivakion

j:) o Understanding gravity & particularly cosmology
and the Dark sectors — plethora of alleys

11) o Natural & direct qgeneralisations of standard field

Pt | &heor (including GR), not ad hoc modifications
buk based o fundamental principles — very few
alleys. Therefore promising for understanding
gravity ot a deeper level, Two logical alternatives:

o Either nolb realised i nakure — why nok?

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



| Mobivation I: Cosmology &% Dark

GR & the SM are quite aciequa&e to

explain observations thus far

Dark Energy
70%
Provided ...

o ... 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 problem(s) (CCP(s))

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 - less radical

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




Mokivakion I1: Fileld %heary

o Lower spin fields well understood and do exist in
nakure, For the bosonic sector

@ Spiw—-O:
(VA= mid — 0
o Spaw-lr
(VP-m?—-A)A,=0, VF*A,=0

3 SE:»EM'-Z:

(Vi—m?—22) p, = SRSl =0



Mokivakion I1: Fileld %heorj

o Lower spin fields well understood and do exist in
nakure, For kthe bosonic sector
. Spi,w-oz

(V2 —m?)¢ =0
Massless and massive

o Spin-1: ﬂféeicls exist i nature
(V2—m2—A)AM:O,

® SF?EM*Z:
(VQ_mZ_ %) P =0,

Massless field exist i
hature, BUT ...




Mokivakion I1: Fileld &hearj

Spin-2 particles carry the charge they mediate:
Spin-2 theory beq for non-Linear completion; Just
as massless spin-2 theory beg for GR completion.

Massless spin-2 is uniquely defined by GR; no
LM&QT’QC&&MQ MQSSLQSS SF£M“Z &h@_c}r:’ S. Deser, Class. Quant. Grav. 4 (1987)

N. Boulanger et al, Nucl. Phys. B 597 (2001)

Looking for massive spin-2 theory we must therefore
consider a non-linear theory; the corresponding
spin-2 particles either exist in nature or they do not

 Possibly, indeed preferably (1), massive spin-2 in
con junction with massless spin-2 —> bimebric/
mulkinmebric theories



Inkroduction & Motivation

o HLs&arj skarted 1939 wikh

M. Fierz and W. Pauli, Proc. Roy. Soc. Lond. A 173, 211 (1939)

o Progress halted 1972 by no-go

D. G. Boulware and S. Deser, Phys. Rev. D 6, 3368 (1972)

o Qesymt&c& thterest tn 2000s; A-HGS,
DGP, CNPT ...

N. Arkani-Hamed, H. Georgi and M. D. Schwartz and Annals Phys. 305 (2003)

G. R. Dvali, G. Gabadadze and M. Porrati, Phys. Lett. B 485, 208 (2000)

P. Creminelli et al, JHEP 0509 (2005)

o Cownjectured resolution in 2010 dRGT

C. de Rham, G. Gabadadze and A. J. Tolley, Phys. Rev. Lett. 106, 231101 (2011)

o Proved & extended bvj HK tih 2011

L
s e
 Fierz & W. Paull
| ' 4




Inktroduction & Motivation

o His&c:»rj skarted 1939 wikh

M. Fierz and W. Pauli, Proc. Roy. Soc. Lond. A 173, 211 (1939)

Progress halted 1972 bj no-go
D. G. Boulware and S. Deser, Phys. Rev. D 6, 3368 (1972)
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Conjectured resolution in 2010 dRGT

C. de Rham, G. Gabadadze and A. J. Tolley, Phys. Rev. Lett. 106, 231101 (2011)

o Proved & extended b'j HK tih 2011
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Basic details
: lCV g
Theorj s defined bj the covariant &ﬂ&uc:}y/ | Mg

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

with the governed by
V191 V(S; Bn) = \/\?Zﬁnen = L v ta )

in terms of the square.“rooﬁ makrix
— g_l : Spasay o gp'uf,uz/

along with the e&iiﬁmam&&rv sﬁmme&%réa’: !oc}tjmomiats

enlS) — Dy

Pr 080 ] spq % fn V1 D 1 Pl An41"Ad I
[,Ufl S 5 V?’LS S e n|(4_n)|€ e 61/1 I/n A )\4S S,&Ln

,un] 41 n M1 Hn

OT eVen more e_xpticiﬂv

eo(S) =1, e(S)="Te(S), Ol = (IFiSEEle e (5 —dct(S)

DN



Rasic dekbails

Theory is defined bj the covariant &c&iov/‘a My
e

S[g,f]zmz d4,flj gl Bla

(

: - nomial nwon”
il . tensor fields with non-poly

Lve tﬂ?%?’u"‘*ﬂ

9] E.T’LVO& Bit-n)

v kel

nds ko mass eiqenstates

alone

~ Neither g wov {' CcOTTespoe

en(S) = e IR T mem. e A4€V1 UnAn41° >\4S it °Syﬁn
Or even more e_xptmiﬂv
eolS) =1, ellS) =TFrl(Si- = = i %(T][-(S)2 - Tr(S2)) e S —det(S)



Rasic dekbails

This lead to the cquations of motion

2 0(+y/I|gV)
Ey = G Vel VWE_\/H oghv
ol Rl T

with e.q.
Viw = gup | Bool, — B (5% e 16 By ([52]pu N 6255)
— B3 ([S°]P, —e1[S?)P, + €25°, — e3)
along with Blanchi constraints

9|9V Vo — — /| eV V0



Rasic dekbails

This lead to the equations of motion

Euw=Guw+m’V, =0

wikh

along

vERRTE W:_\/’f‘fup@pf/uu:o



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

| A
R,uV %5 §g,ul/R i (Ai) Gnr = 0

Consistency requires . Al
a?Bsc* + (3a®Ba — Ba)e® + 3(a®B1 — B3)c* + (a?Bo — 3B2) c — B1 =0

Generically determines ¢ = c(a, B). Betau,pt@.ci Fer?:urba&iahs

~

£, 780G, TG, =

4 M2

£ OMyy + AOM,, + = (oS g, 000 1)

1
wiLkh 5G,uy T 5g,uu 5 0525f,uv ) 5MMV o 2_0 <5fMV g 625-9:“”)



Makber &OMPLEMSS

Matter can couple minimally to either one of the metrics,
but not both. Gives passibiu&v of “skrong qravity” & la

C. J. Isham, A. Salam and J. A. Strathdee, Phys. Rev. D 3 (1971)

or more geherally a “hidden” sector of “mirror matter”

£matter & \/EL(Q, (I)) i \mﬁ(fa \Ij)

Earlier attempts to get DM out of “mirror matter”

Z. Berezhiani et al, JHEP 0907 (2009) L. Blanchet and L. Heisenberg, Phys. Rev. D 91 (2015)



\
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Makber c:o»upi.&hgs

Matter can couple minimally to either one of the metrics,

but ot both., Grives passibiti&v of *

strong gravity” a la

C. J. Isham, A. Salam and J. A. Strathdee, Phys. Rev. D 3 (1971)

or more generally a “hidden” sector of “mirror matter”

£matter T\ |g‘£(ga (I)) s

Earlier attempts to get DM out of “mirror matter”

Z. Berezhiani et al, JHEP 0907 (2009) L. Blanchet and L. Heisenberg, Phys. Rev. D 91 (2015)

We only consider standard matter and get DM from
presence of additional spin-2




Recovering &K

Bimelric solution space cover all of &R solution space.
But generic BM solutions are not close to GR solutions
and can therefore be ruled out by observations.

~» Look for generic features of BM solutions which keep
them close enough to &R solutions



Spherically symmetric (static) solutions

Bidiagonal ansatze
gudzPdal=~e"dt I eldpt & nrdl)F

fuvdztdet= —e’dt" + 65\(7“ + rp)2dr? + (r + rp)*dQ°

Linearised solutions

2YeT 252
iy Lall e (1 n iRt TR ) J. Enander and E. Mértsell, JHEP 1310 (2013)
Sang 1o ’
A\ C1 a 2 (s a2 ¢~ MFPT (1 o mefr) C1 4 Cy 042(1 1 042) o—MFPT
= — ’ Do il
v 3 Migp 4 A
5\ Ch 2C5 s PEFPT (1 o mFPT) & C1 i 4 Cy e TERE
N Y , = == —
. 3mip 1 T 3 b
i ; il o
with Ch = & O — oy rs = 9 P7"2d7“
S Lee mpy Jo

valid for v,7,), A < 1 but arbi&rarv v



Spherically symmetric (static) solutions

o TProven bthat &R is recovered below bhe Vainshktein radius

1/3
- Al

)
mgp

o Easv o see bhalk R s recovered aom&inamastv it Ehe Limik
of large mass myp ; or at distances beyond the Compton
wavelength

o Can show that GR is recovered also in the Limit of
vanishing o, with Vainshtein mechanism taking over at

small enocugh diskances
f




Spherically symmetric (static) solutions

Recovering &R Llike behaviour

nonlinear Vainshtein regime large mass regime

linear regime

GRonly if a<<1




Cosmological solutions

Bidiagonal ansatze
gudatde” = —dt? +a*(dr® £7r2dQ%)
fupdatids” a9t dt i ¥ “(drt S

Characterised by the modified Friedmann equation

2 2 3
H2+£2= +m—<50+351z+352 (X) + B3 (X> )
a 3 a a a

and the polynomial equation
s (0) + G20 (L) w30 - (2) + (0 vat-sm) Lm0

a a a

Along with standard continuity equation for p



Cosmological solutions

Perturbative corrections to Friedmani equation

e B AL o | 222(A/mep) | g2 a¥(14a®)(Bi — Bs) (A/mip)
a® 3 3mp 3 —2(A/mgp) M| Msp (3—2 (A/ml%P))3
ik o ) [9 . 3 ((1 + 302 1 — o -
+mf§>1m%p ; (3 = (A/ml%P))E) {6 D3 | (( + 3a“)p1 + (1 — « )53) e

2A 2
~9(1 +a%)(81 — B5)” B2 (1 + o) (361 — )

FP iy




Cosmological solutions

Perturbative corrections to Friedmani equa&&om

e B AL o | 222(A/mep) | g2 a¥(14a®)(Bi — Bs) (A/mip)
g =3 8y 3—2(A/mép) e (G0 (A/m%P))B
ik o ) [9 . 3 ((1 + 302 1 — o -
+mf—31mgp 3 (3 e (A/ml%P))5 01 = Bs) + SUUIRER i (l 0] el
2 A A2
01 0?) (81 — Ba)' 2ol + oAHIR = B)
FP FP

Valid expansion as long as

A,
el 5 mp)Mep

Sofe to use at present epoch U mip > A

At early times p~T * so valid for temperatures

T < 10° GeV x (mpp/GeV)Y2 ~ 1.2 x 102K x (mpp/GeV)!/?




Cosmological solutions

Perturbative corrections to Friedmani equa@&om

gra kAL p | 202(A/mpe) | | g2 (1t a?)(Br—fs) (A/mp)
3 3my, 3 —2(A/mgp) Mp| M p (3 26N/ ml%‘P))B
p’ a (1l + a7 [ 2 2 A
Doy — 3{{l+4d L —
ST e VAR o e\ g iy P e
2 A A2
a6 Ba) T —2(1+a”)(381— B3)——| + .-
Mgp HRp

- Note that both A and mpp appear in a fundamental way
here, despite strictly being defined only on dS

- In the Limit of small o the corrections to GR vanish

—~In the Limit of large mass, mép > A, counterintuitive to
massive gravi,&v tntuition, most corrections are au&ama&icauv
small. Perturbakions also behave well.

A. De Felice et al, JCAP 1406 (2014)
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o BM as theory of gravitating
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o Summary % Qubtlook



BM as theory of gravitating massive spin-2

Expand around vacuum solutions
v g/u/ 5 h,uy f,ul/ i ?]uu i l,LLI/

The mass eigenstates

0Gu = 1—|—ozl (huv 8 O‘QZW) Py = mLpl (0Guw — ad M)
S My = LB (L — hy) Ly == WG Bee: oM, )

diagonalize qu&dra&t: ackion

5@ — / G

£2 (6G) + L2 (5M)—TER (SMH5M,,,, — 5M?)

L e —06M,) TW]

mpi



- For small o one sees that 6G,, ~ b, and that 6V,
couple weakly to matter

-Groing ko cubic order one can show that Noether and
gravitational stress-energy coincide. Also, massive field
source massless field just Like DM fluid component

K. Aoki and S. Mukohyama, Phys. Rev. D 94 (2016)

0G uy = 171:212 (hw 75 042ZW) Py = mipl (0Guw — ad M)
S My = LB (L — hy) L == G0 OM,, )

diagonalize quacir&ﬁt: ackion

5@ — [ dto/Igl| £Eh(6G) + LG 61~ e (5M5M,, - 5M?)

L %E ) asM,,) TW]

mpi



BM as theory of gravitating massive spin-2

Feedbaclk bo massless equation

1
po ot (mat) (G) (M)

Massive mode contribution

1
s 7 (0uMP7 0,6 M)



BM as theory of gravitating massive spin-2

Feedbaclk bo massless equation

1
po 8 (mat) (€)) (M)
Massive mode conbribution K. Aoki and S. Mukohyama, Phys. Rev. D 94 (2016)

1
s 7 (0uMP7 0,6 M)

In non-relativistic restframe of oM,
k,, = (mpp,0,0,0)
It acts just Like dust

2
m : o
iy = jP diag [(6MP76M,,) , 0,0, 0]




BM as theory of gravitating massive spin-2

Expav\div\g o all orders

L~ VG [m3R(G) + K(G,VVIM) + V(G,6M) + Lumatter(G, ®,6M)]

Greneric vertex with n orders of fields in coupling

Nthl” "~a® (1+a+a?+...+a*") L o "mp

Double expansion and higher order vertices can contaminate
lower orders. Insisting on per&urba&w&v requires care. In
general, perturbativity requires

E < amp merp < amp

but demanding no mixing between different orders qgives
stronger bound



Higher order vertices & Perturbativity

Structure of quadratic vertices (standard F?)

2 2
i 26504 o L ~EGESG T KoG”

Tl 0 A SMESM + AOM? + mipdM?

Structure of cubic vertices (+ overall 1/mp; suppression)

0G? 5G25 M SGOM? SM3

| | A . am?
A 0 o G i
’ , gt A g

Similar skructure persis&s to all orders e
(9 laps—o = b [ d'2v/IGT (R(G) - 24)



General feabtures

The massive field couples weakly to matter for small o

The field thak couples to matter is mostly massless

Nonlinear self-interactions of massless field sum up to
GR with a CC. Consistent to interpret 0Gyu, as massless

No linear terms of the massive field present. Implies no
direct decay tnto massless gravitons



Outline of Talk

a DM phemamematasv

o Summary % Qubtlook



‘Spm“z DM pradu&&mm

o Skandard Freeze-oulk mechanism does nok worlk. SFLM*Z DM

never i thermal @;qmubrmm t eomiv Universe; expansion
rake atwajs dominate over interaction rate.

o Gravitational production (hon—adiabatic kransition at end
of inflation) "does not work”, Requires a mass mpp 2> 10" GeV
and violates our perturbativity constraint.

o Freeze-in mechanism does work and gives a lower bound
on the mass mpp without constraining .




‘SPE;M,“Z DM c&e&av

Decay rate of massive spin-2 ko two SM particles
Qe

5
mpy

C(OM X X

Qequirib«g PM ko be &tasmatogmatbj stable
1 TeV < mpp < 6.6 x 10° TeV

With observabtional cownskrainks; PAMELA, AMS-02, EGRB

1 TeV < mpp < 66 TeV



SPE;M“Z DM d@.&&v

Decay rate of massive spin-2 ko two SM particles
Osz%P

5
mpy

C(OM X X

Qequiriv\s PM ko be tosmaiagicaii{j stable
1 TeV < mpp < 6.6 x 10° TeV

With observational cownskraints; PAMELA, AMS-02, EGRRB

1 TeV < mpp < 66 TeV

Upper bounds rely on requiring

perburbativity’



'De&av cownskrainks

EGRB, uja
EGRB, 77
EGRB, bb
PAMELA 7, bb or ti

AMS 5/p, bb
Fermi LAT ~-ray lines
IceCube, v,v,

1 TeV < mpp S 66 TeV

Upper bound relies on requiring
/

y erburbakivity.




Combined constrainks on mass

— DECAY

-- PERTURBATIVITY

vy oy LD

\
VAR AN W --- PRODUCTION
\ \

v
VvV
AR
P U ot Yot Y i Y Wl i Yl " YA L N WL VN

o St S S S e Sl S U Y AN N N N R W \ A
e e R o E U Y Y W N N NN \ VUV VN L Ly
R e Bt i ALY SRRV W S W W8 NN N N N Y Y N Y Yy

\
Y
A

Loglompp/ GeV




A conskrainks on mass
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Loglompp/ GeV
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— DECAY

-- PERTURBATIVITY
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Some samﬁv checles

Cur SEJEM“Z DM candidate bhus ...

o Gravitates with same strength as SM parEaates

o Has interactions with SM particles which are suppressed by
the Planclk scale - feebly interacting

o Does not deco\j into gravitons and has very suppressed
c&etmj ko SM Far&i«ct&s

o Cawn be produced in the correct abundance; even when
restricting theory to perturbative regime
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Summary % Qubtloolk

BM is a theory of modified gravity motivated from first
principles

Can be treated as a theory of a gravitating massive spin-2

Massive SPE,M*Z behaves Likke DM in bhese regimes, Grives
purely gravitational origin of DM

Also gives expansion; but finetuning problem persists
Production —» a mass i excess of 1 TeV

‘Per&urba&ivaﬁj and observakional consktrainks combine — a
mass Llower than &6 TeV

\feroj hard to detect! New ideas may be required ...




Summary % Qubtloolk

Possible to exclude the non-perturbative regime somehow?

Not detectable in any current direct (or indirect)
detection experiments — boring null prediction

Any unigque and detectable signatures when theory is so
close to GRY?

Massive spin-2 may gravitate differently in strong field
backgrounds

Strong self-interactions may give rise to detectable
signals ih CMB or clustering

Possible correlations with gravitational wave production -
SQMSE¢&£V& &0 E‘M“FLO\E‘:OMQ‘”? Sﬂ@.h&f’i(} K. Aoki and S. Mukohyama, Phys. Rev. D 94 (2016)
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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

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_mQ_%) h =0 VAh,, =0, L



Linear

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_mQ_%) h =0 VAh,, =0, L

What about when 2A = 3m2 ?



Linear

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_mQ_%) h =0 VAh,, =0, L

What about when 2A = 3m2 ?

m2

2

o Ve

Sl Ol




Linear

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 wobtivakion

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!



