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All current data are compatible with
the ACDM model
(assumes Lorentz Invariance as a
fundamental property of Nature)

Reasons to question this:

Recent successes of Lorentz-violating
theory of quantum gravity (Horava’ 09)

Lorentz invariance has been tightly
constrained only in the sector of Standard
Model particles

< 1049
What about other sectors?
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For other sectors
bounds are milder or even don’t exist!

Gravity Dark Matter Dark Energy
<107" 277 < 10727

Given the key role
played by LI in
modeling Nature, it is
essential to test it to
the best possible
accuracy in all the
sectors

Dark Matter

Dark Energy
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Outline of my talk:

Gravity theory with broken Lorentz Invariance

Physical aspects of Lorentz violation in
cosmology:

LV 3 More structures
Mimicking Dark Radiation

Observational bounds on LV in gravity
and dark matter
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Breaking Lorentz Invariance

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

DR

Generic: Hypersurface orthogonal:
Einstein-aether theory Khronon
U, = O
o 2
uhu, = 1 C V(9y)

N
Jacobson, é il 23
Mattingly’ 01 b —
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Gravity Lagrangian:
Einstein-aether: Laor + L,

L, ~ c1,co,c3,¢4 Mp(Vuy,)?

Khronometric: = _ Opp

C; are not independent!

Both theories have the same scalar and tensor sectors!
(completely characterized by o, 5, \)

Vectors not relevant for CMB-TT and LSS

Wednesday, April 16, 14



Einstein-aether:

,Cu ~ C1,C2,C3,C4 MJQD(VUM)Q

Khronometric:

C; are not independent!

Gravity Lagrangian:

Lar+ L,

[

Bot

-

Low-energy limit of Horava-Lifshitz gravity

Arr ~ VaMp

sectors!

5SS
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Constraints from the visible sector

PPN bounds |cv, B, A\ < 107

can be avoided for
L E the special choice of parameters:

Khronometric: o« = 203
Einstein-aether: & = — (3 4 3\)

Constrains from GW emission in
binary systems:

a, 8, £ 0.01
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Constraints from the visible sector

&5 PPN bounds |av, 3, \| < 10~ 7

/ can be avoided for
the special choice of parameters:

Khrot I oo
Einste )
Can be improved with
Constrains from GWV emissio cosmclogy !

binary systems:

a, 8, £ 0.01
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Relativistic cosmology
1 SM 1 dm, LV | 1 aether
G = M?2 Tzl M? Ly A M3 L+ Agu
Tdm LV __ Tdm 1+ Y. p[dm]O(u,uv[Vdm])
D.Blas, MI, S.Sibiryakov’ 12

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

ds® = g, dztdz” = dt* — a(t)*dz'dz’
u, = (uo(),0,0,0) = v, . p(t)

Friedmann equations almost not modified!

a 2_ 87TGC G = 1
] — g Pm © 8TMZ[1+3)/2+ B/2]
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Relativistic cosmology

1 SM 1 dm, LV 1 aether
G = WTW | M?2 L | M3 Ly + Agw

Tdm LV __ Tdm + Y/O[dm]O(u,uv[dm])

D.Blas, Ml, S.Sibiryakov’ |2

Background: Homogeneous and isotropic
(preferred foliat

different from

ds® = gurdx 1

Uy = (U() (t)’ Gy = 87TM}23(1 — a/2)

Friedmann eq

a 2_ 87TGC G = 1
] — g Pm © 8TM2E[1+3)\/2+ 3/2]
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Effects on perturbations: LV in DM

p(z,t) = p(t)(1 +o(z,1)) . :
Screening horizon

O 3H?Qu., Y
Q o k L _\/ 0" édm
0 Y Y —
& — aH (6 + M1 = Y)a(t)
-
o
(>3 kY,eq """""""""""""""""""""""""""""""""""
3
o 1/1:eq .............................................................
kyor :

a
€4 scale factor
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LV in DM: Matter power spectrum

(3(k)o(K")) = 6P (k + ") P(k)k?

/

Non- -
linear

/

0.0001

0.001 0.01 0.

1
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LV in DM: Cosmic microwave background

(14+1)Cy/2n
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P

Sachs-Wolfe

Doppler

Integrated Sachs-Wolfe
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LV in gravity: effects on perturbations

) Modified Poisson equation: = > o - /3
- C
]{2¢ — —4@&2 [2,0@52 + 5/0aethe’l“]

different from G. , &~ _;_a*t0 - O0(2)

G 2

DM, baryons
matter domination O ~ T

(—144/1+24 58 ) /2

+ Solar system constraints
Khronometric (a=25) Einstein-Aether:

Gy . 3(B+A) G N
a. 1 = 5 +0(2) >0 2 —1=0(2)
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LV in gravity: effects on perturbations

) Modified Poisson equation: = > o - 0/3
- C
]{2¢ — —4@&2 [Z,OZ(S@ + 5/0aeth€’l“]

different from G. |, Cg\’ == 52 i 0(2)
DM, baryons G
’ —144/1424 28 ) /2
matter domination 0 ~ 7t \/ Ge )/
+ Solar system constraints
Khronor?etr)ic (a=23) Einstein-Aether:
Gy 3(8 + A G
Gc—lz 5 +0(2) >0 G]Z_le(z)
fluid
Il) Anisotropic stress: aether b— 1 = O(B)

ds® = a(t)? [(1 +2¢)dt* — §;5(1 — 2¢)da’da’]
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LV in gravity: effects on perturbations

) Modified Poisson equation: = > o - /3
- C
k‘2¢ — —47@&2 [2,0257J + 5,0aeth6’l“]

GN 87

different from G. , o 1= 52 - O0(2)

Aether - effective relativistic dof,
undergoes free-streaming

Il) Anisotropic stress: aether b — b = O(B)

ds® = a(t)? [(1 +2¢)dt* — §;5(1 — 2¢)da’da’]
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LV in gravity: effects in MPS
(5(k)o(K)) = 6 (k + k') P(k)K>

Y =0 1~1

0.0001 0.001 0.01 0.1
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Observational data

Angular scale
90°  18° 1 0.2° 0.1° 0.07°
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Cosmological bounds

95% CL upper limits
H0= 67.970-961

/\ PPN Khronometric o = 20
5 < 0.004

64.6 685 725 ]|n 5= _90144:(2)-53

4.11 6 T A< 2. 10—4
‘ | Y < 0.2

74 411 B+ —0.000878
In W - —3.49—1__3‘42

o PPN Einstein-aether
. 3N =—(a+p)

-6.91 -0.712 4.25 —0.00815
Y = 0.045% 05

425 |

-0.712

0.62 [

0.344 |

.

646 685 725 /4 411 0712 425 O 0344 062
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Cosmological bounds

95% CL upper limits

H0= 679709

Correlation with HO

rarrany eyl Khronon resembles dark radiation for
iy some LV parameters !

A

74 a1 e+ _ +—0.000878
Mo T 39k

425 |

PPN Einstein-aether
3\ = ~(a+ )

-0.712

-6.91 -0. 712 4.25 0.00815
Y -o. 045+0 015

0.62 [

0.344 |

1.

646 685 725 /4 411 0712 425 O 0344 062
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Conclusions:

@ Lorentz violation is a consistent framework to
= test deviations from ACDM

@ Consequences of LV in cosmology:

accelerated growth of structures
+

additional cosmic stress

Bounds at the level few x10~% on LV in gravity
and (0.01 — 0.1) on LV in Dark Matter
(depending on LV in gravity)

Q)

Outlook:

*  Nonlinear structure formation, ‘DM problems’
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Conclusions:

@ Lorentz violation is a consistent framework to
= test deviations from ACDM

@ Consequences of LV in cosmology:
” accelerated growth of structures

-

Thank you for your attention!

\(dependirig on LV in gravity)

Outlook:

*  Nonlinear structure formation, ‘DM problems’
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Baryonic bias and anisotropic stress:

0.1 T
0.95 10_2 I i
E £
@E 0.9 - ,:\5_ 107 :_
ol
0.75 - . o . o . N 10'5 -
| K [H Mpc'1] |
Qo 5 A Y | kyo (h Mpc™)
al|l2-1072 1107211072 | 0.2 9.2.1
bl2-1074 1074 ]107% | 0.2 0.1-°
cl|2-100%1107*|107* 1 0.02 2.6-1
d| 1077 0 [1077] 0.2 0.41
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Gravity action: v, u*

Einstein-aether:
My

S = >

/d4:13\/—g {R + KM, V,u” Vyu? + l(uy,u” — 1)

KWap = C1 g“”ggp + 62:5555 T3 5555 T C4 uuuygcw

o,
Vv (0p)?

C; are not independent!

Khronometric: u, =

Both theories have the same scalar and tensor sectors!
(completely characterized by «, 5, \)

Vectors not relevant for CMB-TT and LSS
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Dark matter

Is non-relativistic (small velocities).
s it possible to test its Lorentz invariance!

Yes!
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Generalized point particle action

_— \ o ,u
Spp = m/ds > m [ ds f uuv
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Generalized point particle action

_— \ o ,UJ
Spp = m/ds > m | ds f uuv

aether / DM ve|0C|ty
Newtonian limit:  «’,v" - small

o N e O

DM density (1)
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Generalized point particle action

Spp = —m/ds > —m/ds f(uqu

aether / DM velocity
Newtonian limit:  «’,v" - small

S = / d*x {MJ%¢A¢—|— Mé’o‘ uiAuz} + / d*z p {(U;)Q — ¢ @’

DM density (1)

® all effects are encoded in one parameter Y
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Generalized point particle action

_— \ o ,LL
Spp = m/ds > m [ dsf uuv

aether / DM veIOCIty
Newtonian limit:  «’,v" - small

S = [ dz|M? PQL i p dizp [ O
fofos s g )
/

DM density (1)

® all effects are encoded in one parameter Y

® modified inertial mass (coefficient in front of (v°)*)
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Generalized point particle action

_— \ o ,u
Spp = m/ds > m [ ds f uuv

aether / DM veIOCIty
Newtonian limit:  «’,v" - small

S = [ dz|M? PQL i p dizp [ O
oo o] g ()
/

DM density (1)

® all effects are encoded in one parameter Y

® modified inertial mass (coefficient in front of (v")*)
Yp
onJ%

® effective potential for aether in matter m.;; =
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g [y Screening regime

Standard growth of structures
chameleon-like mechanism

2/3

0 X T
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