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Aspects of LB theories of gravity

@ Better UV properties than GR

@ New ideas for black hole physics
@ Potentially useful for AdS/CFT (condensed matter)

Models of modified gravity at low energies
Any new ideas for cosmology! Late time, inflation,...




Planck

HETDEX

Large Synoptic Survey Telescope

WFIRST

Big effort to understand gravity at large distances!
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Breaking Lorentz Invariance

Space-time filled by a preferred time direction
Associated to a time-like unit vector v,

Generic: +  Hypersurface orthogonal:
Einstein-aether X Khronometric
wut = 1 9,90« Khronon
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Gravitational Lagrangian (low energies)
Ingredients: w, | g,,

Khronometric:
Lycr=LeH+V—9 ()\ (VFu,) + o (u'Vyu,)? + Bvuu,,vyu“)

low energy Lagrangian of Horava gravity A;z ~ va Mp

Solar system + GW: a =23, a~A<1077

Einstein-Aether: 4 9
Expressed as if v, = ——
+ c1v/ =gV, u’ Vi VO
AV TIV VA E.g. scalar pert. around FRW

6120

Solar system + GW: a=—-3A+5), a~XS107°



Matter Lagrangian (low energies)

Matter part: +SM Fields + DM + DE

[,m — [,L[(SM, DM, DE, guv) + KRS M £LB(SM, Juvs uﬂ)
+KDM LLB (DM7 Juv, u,u) + KDE ELB (DE7 Juv, u,u)

Particle physics x5y < 1077

KDM,KDE"!

In the following kspy =0 kpy =0



LB and Dark Energy



Homogeneous Cosmology

1 m 1 lurd | 1 aether
G = 3z i+ 3z T+ 3 T + Mg

Background: Homogeneous and isotropic
(preferred foliation aligned with CMB frame)

ds® = g, dztdz” = dt* — a(t)*dz’'dz’
Uy — (UO(t)v 0, 0, O) — Up ; /O(t)

Friedmann equations almost not modified!

@\’ 8l G 1
(3) =5 O mmETaaEE
From BBN (%He abundance) Ge=Gn+ 01(-01)
Gy =

8TM2E(1 — «/2)



Quintessence model: ©CDM

Assuming that Ll is broken (EAther or Khronon):

Add a field with an exact shift symmetry

O—0+C
Derivatively coupled! Very simple Lagrangian
2
L:@ _ (av@) | ,u2u”(9V@
S

Stable under radiative corrections:
breaks ©® — —0©

It is technically natural to assume a small /!



©CDM: Homogeneous cosmology

Friedman equation

837G, [ O3 3G, [ 1*
H=—3 (2 ’pm): 3 <?+pm>

Scalar equation

Naturally small!

d = .-
— (PO +p7a’) =0 g = _ )2 C_ P po=p"/2
dt a(t)?

Stiff matter at BBN C' = 0

w= —1

NB:If pret =0 Minkowski is a solution!
(tachyonic instability)



PseudoGoldstones & DE

4 Small mass protected by shift symmetry
dO— o+ C

L= 0,¢0"¢ + A" (1 + cos(¢/[))
Non-perturbative potential

A* ~ HZM%

Y

2
Non-perturbative gravitational effects break ¢ R
the invariance: appearance of operators M3

- Phenomenology very similar to ACDM



OCDM: Perturbations

p=t+x,0=0+¢

*Spectrum k> k.= 17 /(Mpy/a) ~ Hy/Va
B+ A

84

2
2 212 2 12 Cy
wy = C k%,  wg = k7,

*Spectrum k< ke=p?/(Mpya) ~ Hy/va

wi =k, + (¢ + 1)k  gapped mode

c? k*
w2 — X slow mode (clusters)
k2 c. ~k/k. <1

* expected enhancement of structure
formation at large scales



OCDM: Perturbations ||

> LB enhancement structure: DM dom, subhorizon

2
5// _|_ 2H5/ — k 2¢
a
k26  3H?*(1+3/24+3)\/2) . 3Gn ..o
a2 2(1 — a/2) 2G.

G G a+ 5+ 3\
—1 14924 =N N 1

+ Solar system constraints

Khronometric Einstein-Aether:
Gn C3(B+ ) Gy
Gc_l_ 5 +0(2) >0 a. 1 =0(2)

% Anisotropic stress ds® = a(t)? [(1 +26)dt* - 6,;(1 — 2¢)da’da]

¢ —vp=0(p)



Cosmological perturbations

(0(k)O(K)) = 6 (k + k') P(k)K’

A More structure and shift
5 1x10°:
2 5x10%
= Bl
= 1x 10%, I
~ 5000 | N\
] / ©CDM
1000 | ACDM a~X<1071
500
- o001 o001 o1 1
k (h Mpc™1)
a~<1072
http://class-code.net OCDM

a=20
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Cosmological perturbations

(0(k)O(K)) = 6 (k + k') P(k)K’

A More structure and shift

Linear

k (h Mpc™1)

a~<1072
a=20

http://class-code.net OCDM
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Hlozek et alt., | |
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Cosmic Microwave Background

5.7 + k%6, D —

4k*
3

— ¥

A

kQ@b ~ _57 * el

Shift of the peaks, change of zero point of oscillation and amplitude
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0, =9,/4

O1(k,n0) ~ [O0(k, ns) + (ks 0 )ik (no — ns)] SW
+301(k, 1) (jl—l[/f(no — 1) (l+1;)€{i7[f£770*;n*)]) Doppler
+ fo dneT [ (k,n) — é(km)} Jilk(no — n)] ISW
19 %10~ <« Peaks shift

and amplitude (SWV)

o = 25
6.x 10710
4.%x 10710

Sl g o100 1000
http://class-code.net


http://class-code.net
http://class-code.net

. WMAP 5yr ¢ 1
3 Acbar ¢
o3 i
3 Boomerang ¢ 7
& CBI ¢ -
% -

¢
$ & ]
3 i
3 » . %? i
g 0% @§§§%% R
# %
W %$:

10

100 500 1000 1500
Multipole moment [

6000

100 500 1000

Multipole moment 1



Other effects

Anisotropic stress
¢ — v — Bx +2Hx)
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Bounds
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Conclusions

_ Breaking Lorentz invariance in the dark sector as an
alternative to GR/ACDM with better UV properties.

_ OCDM model for dark energy w = —1
pe = ,LL4/2 UV insensitive

_ Same background evolution. Different perturbations.
growth of structure enhanced
anisotropic stress at linear scales:
effects on the CMB and matter power spectrum

XK Comparison with data (LB bounds at percent level!)

2K Other bounds: weak lensing, polarization (EA)!...



