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All current data are compatible with 
the            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 

What about other sectors?
< 10�20

⇤CDM
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For other sectors 
bounds are milder or even don’t exist!

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

Gravity  Dark Matter Dark Energy
< 10�7 ??? < 10�2?
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Outline of my talk:

Physical aspects of Lorentz violation in 
cosmology: 

Observational bounds on LV in gravity 
and dark matter

Gravity theory with broken Lorentz Invariance

LV More structures
Mimicking Dark Radiation
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Breaking Lorentz InvarianceEinstein-aether

There is a preferred frame at each point of the space-time set 
by a dynamical unit vector      - aether

Jacobson, Mattingly, 2000 
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Gravity Lagrangian: 

Khronometric:

Einstein-aether:

uµ =
@µ'p
(@')2

� ⌘ c2

are not independent!ci

� ⌘ c1 + c3
↵ ⌘ c1 + c4

Both theories have the same scalar and tensor sectors!
(completely characterized by          )

Vectors not relevant for CMB-TT and LSS 

↵,�,�

Lu ⇠ c1, c2, c3, c4 M2
P (ruµ)

2

LGR + Lu
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Khronometric:

Einstein-aether:

uµ =
@µ'p
(@')2

� ⌘ c2

are not independent!ci

� ⌘ c1 + c3
↵ ⌘ c1 + c4

Both theories have the same scalar and tensor sectors!
(completely characterized by          )

Vectors not relevant for CMB-TT and LSS 

↵,�,�

Lu ⇠ c1, c2, c3, c4 M2
P (ruµ)

2

Low-energy limit of Horava-Lifshitz gravity

⇤IR ⇠
p
↵MP

Gravity Lagrangian: 

LGR + Lu
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Constraints from the visible sector
h00 = �2GN

m
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Definition of �PPN
1,2

Experimental bounds:

|�PPN
1 | � 10�4 , |�PPN

2 | � 10�7

PPN bounds

Constrains from GW emission in 
binary systems:

↵ = 2�Khronometric:
Einstein-aether: ↵ = �(� + 3�)

|↵,�,�| . 0.01

|↵,�,�| < 10�7

can be avoided for 
the special choice of parameters: 
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Relativistic cosmology
Relativistic cosmology

Gµ⌫ =
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P
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µ⌫ +

1

M2
P

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

            
✓
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3
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Friedmann equations almost not modified!

Gc =
1

8⇡M2
P [1 + 3�/2 + �/2]

From BBN Gc = GN +O(.01)

ds2 = gµ⌫dx
µdx⌫ = dt2 � a(t)2dxidxi

uµ = (u0(t), 0, 0, 0)

COSMOLOGÍA

2003

WMAP mejoró la precisión de las observaciones del CMB

COBE
(7 degree resolution)

WMAP
(0.25 degree resolution)

COBE
(resolución de 7 grados)

WMAP
(resolución de .25 grados)

 (analogía con resolución en mapas terrestres)

Fondo de 
radiación de 
microondas

La anisotropía tiene una estructura granular.

La escala característica del “grano” es 300.000 años luz,

 el tamaño del Universo observable en la época de desacoplamiento

= vµ , ⇢(t)

baryonic matter minimally 
coupled to gravity

вторник, 19 февраля 13 г.

D.Blas, MI, S.Sibiryakov’ 12
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⌫ )T dm,LV

µ⌫
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Cosmological perturbations
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LV in DM: Cosmic microwave background
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1) Modified Poisson equation:

k2� = �4⇡GNa2[⌃⇢i�i + �⇢aether]

different from       ,Gc

Perturbations (LB)

 LB enhancement structure:  DM dom, subhorizon

  Anisotropic stress
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DM, baryons
matter domination

LV in gravity: effects on perturbations

H2 = 8⇡Gc⇢/3
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LV in gravity: effects in CMB
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Cosmological perturbations
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Observational data

Planck

SPT

WiggleZ survey
Two models for numerical studies 7

To understand these e↵ects, let us work in the Newto-
nian gauge. The Poisson equation (i.e., the sub-Hubble
limit of the (00) Einstein equation) reads

k2(2�� ↵ ) = �8⇡G0a
2

X

other

⇢
n

�
n

� ↵k2(�̇+H(1�B)�)� ↵G0

c2
⇥⌧↵G

cos

✓
H

↵

˙̃⇠ �  

⌧
a

◆
.

(37)

Let us first concentrate on the contribution of standard
matter. Using the Friedmann equation (17), the (time-
dependent) fraction of the total energy density of the
Universe due to each matter component is given by

f
n

⌘ 8⇡G
cos

3H2
⇢

n

. (38)

The Poisson equation takes the form

k2� = �4⇡G
N

a2
X

other

⇢
n

�
n

= �3
2

G
N

G
cos

H2
X

other

f
n

�
n

,
(39)

where for the time being we have omitted the terms in the
second line of (37) and neglected the anisotropic stress
(i.e. we have set  = �). If we assume that the back-
ground evolution of the Universe is standard, with H
and f

n

being exactly the same as in ⇤CDM, Eq. (39)
implies that the strength of the gravitational potential
produced by density perturbations is modified by the
factor G

N

/G
cos

. When this modified potential is sub-
stituted into the matter equations of motion (which have
the standard form), it leads to a di↵erent growth rate of
perturbations with respect to the ⇤CDM case. For in-
stance, a straightforward calculation shows that during
the matter dominated epoch, the density contrast grows
according to the modified power-law (cf. [12])

� / a
1

4

(�1+
p

1+24G

N

/G

cos

) . (40)

Notice that for small values of the parameters (↵, �, �)
the anomalous growth is proportional to

G
N

G
cos

� 1 =
⌃
2

+ O(↵2) , (41)

where we have defined

⌃ ⌘ ↵+ � + 3� . (42)

For ⌃ = 0, the e↵ect of modified self-gravity is strongly
suppressed. Hence we expect cosmological bounds on (↵,
�, �) to be weaker along this degeneracy direction. In-
cidentally, in the Einstein-aether case ⌃ is required to
vanish (or, rather, be extremely small) by the PPN con-
straints, see (9b). This explains why the cosmological
bounds on Einstein-aether theory are rather mild [11, 16].

Model ↵ � � ⌃

enhanced gravity 0.2 0 0.1 0.5

shear 0.05 0.25 �0.1 0

TABLE I: Parameters for the enhanced gravity and shear

models.

On the other hand, in the khronometric model the PPN
constraints are compatible with ⌃ 6= 0 and the influ-
ence of Lorentz violation on cosmological perturbations
is more pronounced.

The second e↵ect is understood from the tracefree part
of the (ij) Einstein equation,

k2( � �) =

� 12⇡G0a
2

X

other

(⇢
i

+ p
i

)�
i

+ �k2(�̇+ 2H�). (43)

Since the khronon field introduces a preferred direction
u

µ

in space-time, it may generate anisotropic stress. This
e↵ect (proportional to �) is accounted for by the last term
in the previous equation. Generally speaking, adding
anisotropic stress amounts to increasing the viscosity of
the cosmic fluid, and leads to a damping of small-scale
perturbations.

The third e↵ect comes from gravitational interactions
between ordinary matter species and the scalar fields �
and ⇠̃. This interaction, described by the second line in
Eq. (37), may play an important role under the condi-
tion that the fields cluster and form su�ciently dense
clumps. This might be the case through a mechanism
described in Ref. [4]. The mixing between the dark en-
ergy perturbation ⇠̃ and the khronon � (see Eqs. (21))
gives rise to a mode whose sound speed vanishes in the
limit of small momentum k. This property implies that
the e↵ective pressure associated with the mode is small,
and that the density perturbations (�⇢

�

, �⇢
⇠

) can be am-
plified e�ciently by gravitational collapse. Hence, the
⇥CDM model features clustering dark energy. A semi-
quantitative analysis of this e↵ect was performed in [4],
showing that structure formation is enhanced at small
comoving momenta (large wavelengths), k . H

↵

. Unfor-
tunately, in this range, the quality of cosmological data
is rather poor, and this e↵ect does not play a significant
role in actual observational constraints on the model.

To illustrate how the above e↵ects impact observable
quantities, we study numerically the evolution of cosmo-
logical perturbations in two reference models using the
Boltzmann code class. We will call them the enhanced
gravity and the shear models. The corresponding param-
eter values are listed in Table I. Clearly, in the enhanced
gravity model we keep the e↵ect (i) while switching o↵
the e↵ect (ii); in the case of the shear model the situa-
tion is opposite. The e↵ect (iii) is present in both models
but we will see that it is always subdominant. Note that
the values in Table I have been chosen very large in order

use CLASS   Blas, Lesgourgues, Tram (2011)
and MONTE PYTHON   Audren et. al. (2012)
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Cosmological bounds
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Correlation with H0 
Khronon resembles dark radiation for 

some LV parameters !
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Conclusions:

Consequences of LV in cosmology:  
accelerated growth of structures 

+
additional cosmic stress

Lorentz violation is a consistent framework to 
test deviations from 

Matter power spectrum
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Baryonic bias and anisotropic stress:
Other effects
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Figure 7: Matter power spectrum for several values of the parameters listed in Table 1. The
case of ΛCDM is shown for comparison.

at the present moment of time. The different choices are listed in Table 1 together with the
corresponding values of the screening scales kY,0 and kY,eq (see Eqs. (97), (128) for definitions).
All parameter choices are consistent with the gravitational tests described in Sec. 2. The
initial spectrum is taken to be flat with the same normalization in all cases.

α β λ Y kY,0 (h Mpc−1) kY,eq (h Mpc−1)
a 2 · 10−2 10−2 10−2 0.2 9.2 · 10−4 6.5 · 10−2

b 2 · 10−4 10−4 10−4 0.2 9.1 · 10−3 0.65
c 2 · 10−4 10−4 10−4 0.02 2.6 · 10−3 0.18
d 10−7 0 10−7 0.2 0.41 29

Table 1: The values of the parameters used in numerical simulations.

The comparison between the matter power spectrum in the LV models and in ΛCDM
is shown in Fig. 7. The left panel shows the cases when the present screening momentum
kY,0 is lower than kmax — the position of the power spectrum maximum. We clearly see the
change in the slope of the spectrum in the interval kY,0 < k < kY,eq accompanied by the shift
of the position of the maximum. The effect is significant for values of the parameter Y as low
as a few per cent, which suggests that these values can be tested observationally. The right
panel shows the situation when kY,0 is larger than kmax, corresponding to very small values
of the khronon parameters α, β,λ and relatively strong LV in DM, see Table 1. The position
of the maximum does not move in this case but the change in the slope is still visible.

Figure 8 shows the ratio between the amplitudes of perturbations in the baryonic and
DM components. As expected from the analytic considerations of Sec. 5, this ratio drops
from 1 at k < kY,0 to (1 − Y ) at larger momenta implying a scale dependent bias between
baryons and DM.
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