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The cc problem:

| A reg | <€ Quantum corrections to it
(naturalness problem)

Also, A=A, + AV(¢) maychange vastly
in cosmic history

Aeff((ﬁ) standard model vacuum
o VAR

@ Why is there a “SM” vacuum with A . ~10" 2




Different approaches:

1- Symmetries
2- Adjustment mechanisms (no go)
3- Vast landscape of “vacua”

4- Changing gravity (in the IR).
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And may also involve nhew symmetries.



Unimodular Gravity:

@® Any standard Lagrangian can be “unimodularized”

5 4 =(—det -1/n Weinberg 83,
gﬂV gﬂV ( g) gﬂv Buchmuller+Dragon 88
0 Alvarez et al. 07,

S :EJ‘ R[@] d"x + Smatter[QDWmatter] Blas 07

@ Different invariance group

009, = S(uw)

Weyl: 99,,=99,, TDiﬁ:{
8,&"=0

@® Equations of motion ingauge g=1

a : : I
5S RW—HQWR ZTW—HQWT

L Traceless Einstein’s Eq.




@® The equation for the trace follows from the Bianchi identity

Classical matter

0/
R, mmp[(N-2)R+2T],, =2nT" = .
>H

anomaly

T -
R™ =

N | —

- [(n -2)R+2T — $[R]= 2nA = integration const. J

@® Seems quite appealing (“fewer” equations)

@® But nothing differs from Einstein’s theory at the level of phenomenology



(Isham et al 71,

Big l'aVity Kogan and Damour,

Damour et al 02)
@ Action

S=M;[g"? R+ MI[F” R+ 3 8P —M!{g"V(X)

i=f,g -

~

Matter Interaction
lel = fﬂlglv

® V(X) Canonlydependon 7, =Tr[ X"] n=1,...4
® Vintage requirements:

® M.<M,;,M,

® 7 ~1

® 07, < M,



@® Example: consider the double embedding

J.G., 08
Ya

Nz L e

@ Diff invariancein M, and M,

@® Reparametrization invariance on the brane

® Brane DBI-type action ijd 45\/gw +f,

@ Standard EH kinetic terms for I, and Gab in the target spaces
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® Inthegauge Z%(x)=0] X* —s V(X)a/det(5f+(x_l)f)

(X7 =9"(x)[0,Y*(x)0,Y"(x) Fyu(Y (X))]

/

guv |:ab
® Y®=X"+ 7°(X) compensators to “restore” Diff [g] x Diff[F]
(Arkani-Hamed et al 03, Dubovsky, 04)

@ In “unitary” gauge ( 7 =0 ) the diagonal invariance Diff [f,g] remains.
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Isn’t bigravity problematic?

@ Bigravity is a theory of massive gravity, and as such it has some issues.

® On Lorentz-invariant backgrounds, we have the same problems as with
Lorentz-invariant massive gravity

® vDVZ discontinuity
@® Strong coupling near sources

@® Boulware Deser instability (6 propagating degrees of freedom)

One massless graviton < (Can Ige decoupled
Spectrum: < One massive graviton by M{—>w )
+ possible ghostly junk...




® These problems can be understood in terms of the dynamics of the

[P ” a
pions” 7°%(X) . (Deffayet+Rombouts 05
Creminelli et al. 05)

@® However, none of them need apply in Lorentz violating backgrounds.

(Dubovsky 04, Rubakov 04)



Lorentz invariant massive gravity
(Linearized theory)

@® Fierz-Pauli lagrangian
f d4x\/§Rg + m? f d4xhw/ha5 (17“0‘77’/6 — 77“”770‘5)

\

M2Zm? [ d*z (hijhij — 2hoihoi — hiihjj + 2hiihoo)

v v

Quadpratic in shift Linear in the lapse

@® Five propagating degrees of freedom

@® Wrong prediction for the bending of light because of the additional
Spin 0 polarization of the graviton (vDVZ discontinuity).
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@® Fierz-Pauli lagrangian

f d4x\/§Rg + m? f d4xhw/ha5 (17’“‘0‘77’/6 — 77“’/770‘5)

\

M2Zm? [ d*z (hijhij — 2hoihoi — hiihjj + 2hiihoo)

v v

Quadpratic in shift Linear in the lapse

@® Five propagating degrees of freedom

@® Wrong prediction for the bending of light because of the additional
Spin 0 polarization of the graviton (vDVZ discontinuity).

® This changes if we do not stick to the Fierz-Pauli form («a #1)
Then the spin 0 contribution cancels with a new ghostly contribution
from the sixth polarization (the lapse is no longer a Lagrange multiplier)



Lorentz invariant massive gravity
(Non-linear theory)

Near sources, linear theory breaks down at distances smaller than

r :(rS_CL m4)1/5 Vainshtein 72

At smaller distances, one can do another expansnon which recovers
the Schwarzschild solution in the limit m”* —0 (although there is no
guarantee that this matches the linearized solution far from the source).

Boulware-Deser )2 / d'z {(77g;; — NR° — N;R")
instability _
—m?® (hijhy; — 2N;N; — hyhi; + 2hy (1 — N? + Nﬂfgmﬁ'rs))}

g(H}) —1/2 i

@® Lapse and shift are no longer Lag. multipliers
Ni = go, @® The reduced Hamiltonian is unbounded below.



The “pion” description (Arkani-Hamed et al. 03,
Deffayet+Rombouts 05)

@ Action Sics = J'JIQD/(Z%EV _QR(Q)

+MEm? / d* e/ =ghuhas (9" 97 — 9" g"")

® Replacing h,, = g, — g Hyy = g — 9 0(Y)3,Y0,Y"

p— }1—#]’) _|_ ?l_}'_f.,‘]',f —|_ ?l_]';,“ —I_ ?Tﬂ-}'-!-?l_,]',f

@ Longitudinal mode 7, = Ju¢

@ Action starts at cubic

N2 2 4 3 LAy [\
order (no kinetic term) 2Mpm [d z ((O¢)° — (O¢) (80" ¢) (D))

This means one less degree of freedom,
and hence the reason why there is
no ghost in the linearized FP Lagrangian.



® But there is a mixing with h,;, —— VIMp (1 +mo)R

@ In Einstein’s frame  ~ M7im*¢0¢

A5 (O6)° — AE(D@)(Q‘”@ OO0 0) — E@T

1
@ After normalization L = Eg_f;D@ +

A= (m"Mp) ik
@® Exactin the limit Mp — oo, T — oo and m — 0 with A = est
1/5

@ Strong coupling at the Vainshtein radius T, :(I’S_CL m4)

@® Near the source, we are above cut-off, where we would have to take
the higher derivative terms seriously —— Ghost mode kicks in.

_
. //éé///% r> FV
‘ Linear theory
4

iﬂ

applies

&

7


http://atlas.geo.cornell.edu/people/weldon/earth-3d.gif

(Damour, Kogan,

Lorentz-breaking mass term  papazoglou 03,
Rubakov 04)

, 2 : 2
L,, = (mg hoohoo + 2??1? hoi hoi — mahijhi; + -m.g hiih;; — 2mihoo h.,;_?:)

@ This will be the generic situation in the context of bigravity

® The previous discussion does not apply.

@® In certain cases, due to residual gauge symmetry, we may have a
healthy “pion” lagrangian in the decoupling limit (no ghosts)
(Dubovsky 04)

® For instance, invariance under &' =£'(t) leadsto m’=0

— hOi become Lagrange multipliers.

i , 0
/T Non-dynamical 7T Ghost “condensate”



@® Linearized spectrum: One massive graviton of mass m,
with just two polarizations.

@® Potentially interesting phenomenology

r

by = + Gf'.-i’1p:2?‘ slight modifications of Newton’s law

(No vDVZ discontinuity)

m3[3mi — mg (3m3 — m3)]

P 2 2 o
my — mg(ms — ms3)

(Dubovsky, Tinyakov, Tkachev, 05)



Scales:

S=M;[g"? R+ MI[F” R+ Y 8P -M!{g"V(X)

i=f.g
® Inverse grav. couplings M; =1
M?>1
Binary pulsar
® Graviton mass m,~m= M2/ Mg (< 107%)
@ Overall scale (cut-off) M,=(mM 9)1/2 (< 10_24)

Pt > Tev=10"
® We would like to cancel
(Much biggerthan M, )



Vacuum solutions

Generic V =V (X)

. 2 4 '
Field Egs. MR, =M (V& + (V' X))+ po 0
M? Rfluv: Mf(V5ﬂv_(V'x)ﬂv)+p\fac5ﬂv

Not automatically oc 5

@ If we had a one parameter family of solutions satisfying (V'X)% o«c6”
with some free integration constant ~1 , then:

2 A g 4 9 We could choose the
M g A (7/) = M. F1(7/a---) T Poac integ. constant so that

M2 AT (7)= MEF,(7,..)+ p!. A< P

Provided that M/ >p?

vac

/

@® Our vacuum energy would be curving the “other” metric, but not ours !



Type I Ansatz (non-diagonal):

dx“dx’= = (1—=aNdt2+(1=a) ' dr? +r2 dO? Isham and Storey 78
{ g”“ (1-0q) +(-0q) * Blas, Deffayet, J.G. 07
v_ B hiani et al. 07
f, dx“dx"=—y [p(1-p)dt*+ Adr’+ r*dQ’+2Ddtdr] ereziianteta
Overall constant A=(1-0)*(fp-pq+1-q)
Lorentz breaking /[ D’=(1-g)*(p-q)Bp+1--0q)

® With thisansatz 7, =tr X"=y"(3+ f")=const.

® Eigenvalues of X’ : A(B.y), A =4=4(0,7)

Generically, we obtain X* oc5* forsome [ = [(y)

) \
A
[ pzyAf(y)rz q- o(7) J

Free parameter

3 3

“Standard” vacuum solutions of GR



Global structure of a (de Sitter) — (Minkowski) bigravity solution

(Blas, Deffayet, J.G. 06)

{ gupdztdz? = dt* — dr? — r2dQ3

fuvdatda? = 2(1 — p)dt® — 4p dtdr — 2(1+ p)dr? — 2r?dQ3

g
r = o0
\\ N~/ .
\K“\ - \\:’,x !
[ R\\ \‘\{J /
\ V \\}, 0o p
i\\/ If\\ Tl or (1_ p)
A :
N\ o -
; e =
\ &)
\ &r
AY
%




The past timelike infinity of Minkowski is mapped into part of
the de Sitter horizon




@® Not necessarily unique extension

@® Cauchy horizon (unstable?)



Global structure of a (de Sitter) — (Minkowski) bigravity solution

o
T +

1=}

v

r '\\
I/ \\‘. -~
e e -
F i




(de Sitter) — (de Sitter) solution




Diagonal Solutions:
Just take p=q in the Type | ansatz
g,, dx“dx'= —(1-q)dt*+(1-qg) " dr’ +r*dQ’
f,dx“dx"=—y [pA-q)dt’+ (1-q)" dr'+ r’dQ’ ]
Non-diagonal term D’ = (1-q)“(p—q) (Bp+1-4-0)=0

Eigenvalues of X/ : AW(B.7), A =4=4(0.7)

We obtain X" oco/' for =1 but, also for other [ = B(y)

4/T Was a free
y A (¥) B Ag (7) parameter

2 2
p= 3 r = 3 r for Type | sol.

But now the parameter is fixed
because of the additional requirement A (y) =y A ()

g

M E()+ ple = ¥ MPIMIE, () + o]



A)=rA:(y)

!

Mfl:l(j/)+p\?ac = ny_z[MfF2(7/)+praC]

Still an acceptably low curvature vacuum provided that

4
Po. <M, M, > M,,

/ Plac \
b~ L.
f 9

uv



Perturbations around Lorentz-Breaking biflat solutions

—?{m(hgij +h YR, 4 b )+ ng(Rf g0 + B 0) (W gy + B0, %)

~2n4(h g0 + B0 0) (W, + b, ")+ na(hf, + b f“)Q}

n. are potential V(X) dependent coefficients / i \
s (1)
Peculiarity of this mass term:

O2 g Residual Diff[f]
components hf and A Oz invariance in this
are absent background

_ " (3+1 split of the metric)
NoO propagating o +
scalars and vectors, hopo = 24
only tensors are ) < pX. = X yX
propagating but stable XO’ ’ZX ’ « o o
perturbations L\ hoy = 20704 — 2B, — 2F(z’,j) — tij




. (Can be decoupled
® Linearized | One massless graviton - by M? > , if need be)

spectrum: One m?ss:ive graviton m,
with just two polarizations.
G M, R : e 4 ;
b = — + GM;p“r slight modifications of Newton’s law
[

No vDVZ discontinuit
mg [ij — mg {3??1% — mﬁ}] ( y )

P 2 2 o
my — mg(ms — ms3)

@® Potentially interesting phenomenology
(Dubovsky, Tinyakov, Tkachev, 05)

@ Asymptotically flat non-linear solutions with sources recently obtained
(Berezhiani, Comelli, Nesti, Pilo 08)
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Relic massive gravitons detectable?

‘-------

Clustering in galaxies ’
S ,
| , ’ - o y,
, ’ s ~__ .- ’
i
i ¥ Pulsar Timing Ll
] 1 ] 1 ] ] ]
le—10 1e—08 1e—06 le—04 0.01
f/Hz

Dubovsky, Tinyakov, Tkachev, 2005
(See however Pshirkov et al. 2008)




Outlook

Bigravity, or massive gravity, may perhaps play a role
in “cancelling” the vacuum energy, by way of initial conditions

If we do observe a background of relic massive gravitons,
this possibility will of course become more popular.

One drawback is that the generic energy scale
in the massive graviton potential is not high enough
to cancel a vacuum energy at, say, the TeV.

Still, one may hope that the gravitonmass M, < M |
where M is the generic energy scale in the graviton
potential. This may perhaps be due to some symmetry.

An extreme example is the case when the graviton interaction
potential is invariant under TDiff. This brings us back to the case
of unimodular gravity, where we can cancel any vacuum energy.
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