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Problems in theoretical physics

Field theory in UV:!
1) Quantum gravity!
2) GUT!
3) SUSY/strings!
4) …

Particle physics:!
1) Neutrino masses!
2) Hierarchy problem!
3) BSM !
4) …

Cosmology:!
1) Dark Matter!
2) Dark Energy!
3) Inflation!
4) Baryon  

asymmetry

More theorists!
LHC new runs!

other experiments Euclid, LiteBird…
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Why Lorentz Invariance?

All current data are compatible with !
the            model!

(assumes Lorentz Invariance as a fundamental property 
of Nature) 

⇤CDM

GR is a unique LI theory of gravity with EOM !
of the second order

Very precise tests and tight bounds !
on LI in the SM sector

< 10�20



Why not Lorentz Invariance?

For other sectors !
bounds are milder or even don’t exist!
Gravity  Dark Matter Dark Energy
< 10�7 ??? < 10�2?
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Why not Lorentz Invariance?

Abandoning LI => !
! ! ! ! ! good for UV behaviour in gravity  
! ! ! ! ! ! ! ! ! ! ! ! (Horava’ 09)

For other sectors !
bounds are milder or even don’t exist!
Gravity  Dark Matter Dark Energy
< 10�7 ??? < 10�2?

Addressing dark energy and inflation: !
massive gravity, ghost condensate,…

Given the key role played by LI in 
modelling Nature, !

it is essential to test it to the best 
possible accuracy in all the sectors



Outline of my talk:

LV in dark matter

Lorentz-violating gravity: from UV to IR

Physical effects of LV on cosmological !
observables

Current constraints on LV!
in gravity and dark matter



Anisotropic scaling: ideaAnisotropic scaling: scalar field example

z = 3 � is dimensionless

x ⇥� b�1x , t ⇥� b�zt , � ⇥� b(3�z)/2�

The most general renormalizable action:

Second order in time derivatives            no ghosts

linear dispersion relation 
�2 = c2p2 in IR

S =
⇤

dtd3x
�
�̇2 � �(��)z�� V (�)

⇥

C2(0) = c2

S =
⇤

dtd3x
⌅
�̇2 +

�
A1(�)�3� + A2(�)(⇤�)6 + . . .

⇥

+
�
B1(�)�2� + B2(�)(⇤�)4 + . . .)

+ C2(�)���� V0(�)
⇧

Lifshitz, 1941

G ⇠ 1

|~k|6
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Gravity with anisotropic scaling
Let’s do something similar for gravity

1) Lorentz group is a gauge group, thus its breaking gives

new degree of freedom

1I) Geometrically, preferred time amounts to splitting coordinates in 
space and time, in other words, equipping space-time manifold with!
space-like foliations

Horava gravity1

Split coordinates in space and time:  
ADM decomposition of the metric (in GR -- a gauge choice)

ds2 = (N2 �NiN
i)dt2 � 2Nidtdxi � �ijdxidxj

Think of the splitting as physical 

spacetime =
Lorentzian manifold
equipped with folitation
by spacelike surfaces

t
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i)dt2 � 2Nidtdxi � �ijdxidxj

Think of the splitting as physical 

spacetime =
Lorentzian manifold
equipped with folitation
by spacelike surfaces

t

Excitation of the foliation = !
new scalar dof.



Horava gravity
Horava gravity II

Kij =
�̇ij �⇥iNj �⇥jNi

2N

S =
M2

P

2

⇤
d3xdt

⇤
�N

�
KijK

ij � ⇥K2 � V
⇥

difference 
from GR

Rij -- 3d Ricci tensor

VII =� �aia
i

+ M�2
⇥

�
C1ai�ai + C2(aia

i)2 + C3aiajR
ij + . . .

⇥

+ M�4
⇥

�
D1ai�2a1 + D2(aia

i)3 + D3aia
iajakRjk + . . .

⇥

ai � N�1�iN

VI = ��R + M�2
⇥

�
A1�R + A2RijR

ij + . . .
⇥

+ M�4
⇥

�
B1�2R + B2RijR

jkRi
k + . . .

⇥

is important for consistency (Blas, Pujolas, S.S., 2009)VII
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Split coordinates in space and time:  
ADM decomposition of the metric (in GR -- a gauge choice)

ds2 = (N2 �NiN
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Think of the splitting as physical 

spacetime =
Lorentzian manifold
equipped with folitation
by spacelike surfaces

t

projectable !
model

non !
projectable

⇣

VI � aia
i↵

Gradient inst.!

Strong co
upling

Horava gravity



Stuckelberg descriptionCovariant (Stueckelberg) form 

Convenient to compare with GR at low energies (where 
deviations are weak)

Inconvenient to analyse the UV structure (where deviations 
from GR are strong)

Covariant (Stueckelberg) form 

Convenient to compare with GR at low energies (where 
deviations are weak)

Inconvenient to analyse the UV structure (where deviations 
from GR are strong)

� introduce 
a field
to parametrize
the foliation 
surfaces

�(x, t)

t = �ADM formulation = the gauge                   

               sets global time�
Khronon !



Low-energy action

Constructing KHRONO-METRIC action

• Foliation preserving transformations
         symmetry 
Invariant object -- unit normal to the foliation surfaces:

• low-energy limit = Lagrangian with lowest number of 
derivatives

cf. with Einstein-aether theory (Jacobson & Mattingly, 
2001): a LV theory of a unit vector

• matter sector is Lorentz invariant at low energies 
direct coupling of the khronon to SM fields is 
forbidden 

uµ = ⇤µ⇥�
(⇤⇥)2

� ⇥� �̃ = f(�)

Skh = �M2
P

2

�
d4x
⇥
�g

⇥
(4)R + ⇥⇤µu⇥⇤⇥uµ

+ ⇤�(⇤µuµ)2 + �uµu⇥⇤µu⇤⇤⇥u⇤
⇤

kh-m
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cf. with Einstein-aether theory (Jacobson and Mattingly’01): an EFT for 
unit time-like LV vector

c1+

Both theories have the same scalar and tensor sectors!!
(completely characterised by                    )↵,�,�

p
�grµu

⌫rµu⌫ +l(u2
µ � 1)



Degrees of freedom
 Gravitational Lagrangian

c2t =
1

1� �
★ Massless Spin 2 graviton

★                        massless scalar (new force!)

!2 = c2t k
2

!2 = c2� k2

L�GR = LEH +
p
�g

⇣
� (rµuµ)

2 + ↵ (u⌫r⌫uµ)
2 + �rµu⌫r⌫uµ

⌘

Ingredients:  uµ , gµ⌫

 Khronometric case

' = t+ �

★ Extra vector polarizations

 Einstein-aether (generic     ): uµ

c2� =
� + �

↵

uµ ⌘ @µ'p
@↵'@↵'

Khronon 

uµ = ūµ + �uµ

            
                               

...+�1
p
�grµu

⌫rµu⌫

+l(uµu
µ � 1)
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• Foliation preserving transformations
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Invariant object -- unit normal to the foliation surfaces:

• low-energy limit = Lagrangian with lowest number of 
derivatives

cf. with Einstein-aether theory (Jacobson & Mattingly, 
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• matter sector is Lorentz invariant at low energies 
direct coupling of the khronon to SM fields is 
forbidden 

uµ = ⇤µ⇥�
(⇤⇥)2

� ⇥� �̃ = f(�)

Skh = �M2
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EA-case: extra vector polarisations 

not relevant for CMB-TT and LSS 



Constraints from the visible sector
h00 = �2GN

m

r

�
1� �PPN

2

2
(xivi)2

r2

⇥

h0i =
�PPN

1

2
GN

m

r
vi

⇥v

r

Definition of �PPN
1,2

Experimental bounds:

|�PPN
1 | � 10�4 , |�PPN

2 | � 10�7

PPN bounds

Constrains from GW emission in 
binary systems, cosmology 

(Einstein -aether only)

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

|↵,�,�| . 0.01

|↵,�,�| < 10�7

can be avoided for !
the special choice of parameters: 

Zuntz, Ferreira ,Zlosnik’08 
Yagi, Blas, Yunes, Barouse’14 
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Is it possible to test its Lorentz invariance?
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2

is taken to have unit norm1,

u
µ

uµ = �1. (1)

The presence of this field breaks LI locally. The covari-
ant action for u

µ

and the metric g
µ⌫

with the minimum
number of derivative reads,

S[EHu] =
1

16⇡G0

Z
d4x
p
�g

⇥
R�Kµ⌫

�⇢

r
µ

u�r
⌫

u⇢

+ l(u
µ

uµ + 1)
⇤
,

(2)

where R is the Ricci scalar for the metric g
µ⌫

,

Kµ⌫

�⇢

⌘ c1g
µ⌫g

�⇢

+ c2�
µ

�

�⌫

⇢

+ c3�
µ

⇢

�⌫

�

� c4u
µu⌫g

�⇢

, (3)

and l is a Lagrange multiplier that enforces the unit-
norm constraint. This is the action of the Einstein-aether
model [7, 15]. The parameter G0 in (2) is related to
Newton’s constant as [6, 15]

G
N

⌘ G0

�
1� (c4 + c1)/2

��1
. (4)

The dimensionless constants c
a

, a = 1, 2, 3, 4, character-
ize the strength of the interaction of the aether u

µ

with
gravity.

One can require additionally that the field u
µ

is or-
thogonal to a family of three-dimensional hypersurfaces
defined as the leaves of constant scalar field ',

u
µ

⌘ @
µ

'p
�@⌫'@

⌫

'
. (5)

Then the action (2) corresponds to the khronometric
model which represents low-energy limit of Hořava grav-
ity [6, 16]. In this case the term with the Lagrange mul-
tiplier is redundant and the four terms in (3) are linearly
dependent. Thus Kµ⌫

�⇢

can be reduced to its last three
terms with coe�cients

� ⌘ c2, � ⌘ c3 + c1, ↵ ⌘ c4 + c1 . (6)

The detailed relation between the Einstein-aether and
khronometric models has been worked out in [17].

The previous action should be supplemented by an ac-
tion for the matter sector. This consists of the SM part
and a dark matter (DM) component. Generically, these
can be directly coupled to the vector u

µ

. For the SM
part, this coupling is strongly constrained from test of
LI in particle physics experiments [1, 2] and tests of the
weak equivalence principle [3], which implies that it is
negligible in cosmology. In what follows we assume that
there is no direct coupling between SM and the aether2.

1
We use the (�+ ++) signature for the metric.

2
This decoupling can be protected, e.g., by imposing (softly bro-

ken) supersymmetry [18, 19] or by a dynamical emergence of LI

at low energies in the SM sector [20].

For DM, the possibility of a direct coupling to u
µ

was
first considered in [14]. It has been shown that within
the fluid description of DM this coupling leads to the
following e↵ective action,

S[DMu] = �m

Z
d4x
p
�g n F (u

µ

vµ), (7)

where m is the mass of the DM particles3, n is their num-
ber density and vµ is their four-velocity. The function
F (u

µ

vµ) parameterizes the interaction between the DM
fluid and the aether; we normalize it by setting F (1) = 1.
In deriving the equations of motion the variation of the
fields entering (7) must be subject to the constraints4
vµv

µ

= �1, r
µ

(n vµ) = 0, the latter expressing the par-
ticle number conservation. The resulting equations for
the aether-DM system can be found in [14].

Finally, we add to the total energy budget of the Uni-
verse the cosmological constant ⇤ as the source of the
cosmic acceleration. We will refer to the resulting cos-
mological model as ⇤LVDM.

Various combinations of the parameters introduced
above are constrained by experiment. Despite the ab-
sence of a direct coupling of aether to SM, it a↵ects the
gravitational interactions among celestial bodies. The
Solar System tests provide the bounds |↵1| . 10�4 and
|↵2| . 10�7, where ↵1, ↵2 are certain combinations of the
parameters c

a

entering in the post-Newtonian dynamics
[15, 16, 23]. Yet more stringent bound |↵̂2| . 10�9 has
been derived from the dynamics of solitary pulsar [24],
where ↵̂2 is the generalization of ↵2 for strong gravita-
tional fields. Since these bounds are much stronger than
those one can expect from cosmology, we will impose
vanishing of ↵1, ↵2, ↵̂2 as priors in our parameter ex-
traction procedure. In terms of the original coe�cients
this amounts to imposing the following relation5:
for Einstein-aether model:

c1c4 + c2
3 = 0 , (8a)

2c1 + 3c2 + c3 + c4 = 0 ; (8b)

for kronometric model:

↵� 2� = 0 . (9)

Curiously, in the khronometric case a single relation (9)
su�ces to ensure vanishing of all post-Newtonian param-
eters. The rest of the parameter space is constrained by

3
As explained in [14], this framework can be generalized almost

without changes to the case of any DM admitting the fluid de-

scription, such as, for example, axionic DM. We stick in this

paper to the simple physical picture of weakly interacting mas-

sive particles for clarity.

4
Alternatively, within the so-called pullback formalism, one intro-

duces a triple of scalar fields parameterizing the fluid elements

and varies with respect to these fields without any restrictions

[14, 21, 22].

5
The di↵erence between the two models is due to the helicity-1

perturbations which contribute into ↵1, ↵2.

DM-aether interaction:  
(assume DM - perfect !

pressureless fluid)

LV effects related to DM are summarised in

Y ⌘ F 0(1)

D.Blas, MI, S.Sibiryakov’ 12

number!
density

DM 4-velocity
aether
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Gµ⌫ =
1

M2
P

TSM
µ⌫ +

1

M2
P

T dm,LV
µ⌫ +

1

M2
P

T aether
µ⌫ + ⇤gµ⌫

T dm
µ⌫ = T dm

µ⌫ + Y ·O(⇢dmuµv
dm
⌫ )Y ⇢[dm]O(uµv
[dm]
⌫ )T dm,LV

µ⌫

Relativistic cosmology -     LVDM model⇤
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Blas, Sibiryakov’ 11
Audren, Blas, !

Lesgourges, Sibiryakov’ 13

???



Relativistic cosmology

Gµ⌫ =
1

M2
P

Tm
µ⌫ +

1

M2
P

T fluid
µ⌫ +

1

M2
P

T aether
µ⌫ + ⇤ gµ⌫

            
                               

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

            
✓
ȧ

a

◆2

=
8⇡Gc

3
⇢m

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.
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ȧ

a

◆2

=
8⇡Gc

3
⇢m

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

T dm
µ⌫ = T dm

µ⌫ + Y ·O(⇢dmuµv
dm
⌫ )Y

differs from Newtonian limit!
!

!

no singular limits, stability, 
0 < ↵ < 2

cut-off
c2t � 1, c2� � 1

Gravitational Constraints (Kh)
Theoretical

�

��!v

�!r

�!v ⇠ 10�2

GN =
1

8⇡M2
P (1� ↵/2)

↵PPN
1 = �4(↵� 2�)

↵PPN
2 =

(↵� 2�)(↵� �� 3�)

2(�+ �)
. 10�7

. 10�4

h00 = �2GN
M

r

✓
1� (↵PPN

1 � ↵

PPN
2 )v2

2
� ↵

PPN
2

2

(xi
v

i)2

r

2

◆

h0i =
↵

PPN
1

2
GN

m

r

v

i

Solar system

Gravitational Waves O(.01)Bounds

c2� ⌘ � + �

↵
> 0, c2t ⌘ 1

1� �
> 0

no ghosts, no g-Cerenkov

We can beat this!

⇤IR ⇠
p
�i MP

⇢[dm]O(uµv
[dm]
⌫ )T dm,LV

µ⌫

Gµ⌫ =
1

M2
P

TSM
µ⌫ +

1

M2
P

T dm,LV
µ⌫ +

1

M2
P

T aether
µ⌫ + ⇤gµ⌫

⇤



kY,eq

1/τeq

kY,0
H0

τ0τeq
τ, conformal time

k,
 m

om
en

tu
m

 

(a)
(a’)

(c)

(b) (c’)

(b’)

kY
 H

конформное время

ко
нф
ор
м
ны
й 
им
пу
ль
с

Cosmological perturbations

no screening

super-horizon
H0

k1

1/teq

k2

teq t0

k
, 
m

o
m

e
n
tu

m
 

t, conformal time

(a’)
(a)

(b)

(b’) (c)

(c’)

kY/a1/2

aH

Screening scale
Hubble

matter domination

Scalars: All effects summarized in Y ⌘ f̃ 0(1)

k2Y ⌘ 3H2
0⌦dmY

(� + �)(1� Y )

 =

s

25 +
24⌦dmY

⌦cm(1� Y )
� 5

screening

⇢(x, t) ⌘ ⇢(t)(1 + �(x, t))

� ⇠ (k ⌧)2

6

� ⇠ (k ⌧)2

6(1� Y )
⌧

k2 = kY

s
⌦dm + ⌦b

⌦�

Y

aeq a0scale factor

super-horizon
screening

enhanced growth

aH
kY =

s
3H2

0⌦dmY

(� + �)(1� Y )a(t)

� ⇠ a

� ⇠ a1+

2

Cosmological perturbations

no screening

super-horizon
H0

k1

1/teq

k2

teq t0

k,
 m

o
m

e
n
tu

m
 

t, conformal time

(a’)
(a)

(b)

(b’) (c)

(c’)

kY/a1/2

aH

Screening scale
Hubble

matter domination

Scalars: All effects summarized in Y ⌘ f̃ 0(1)

k2Y ⌘ 3H2
0⌦dmY

(� + �)(1� Y )

 =

s

25 +
24⌦dmY

⌦cm(1� Y )
� 5

screening

⇢(x, t) ⌘ ⇢(t)(1 + �(x, t))

� ⇠ (k ⌧)2

6

� ⇠ (k ⌧)2

6(1� Y )
⌧

k2 = kY

s
⌦dm + ⌦b

⌦�

Y

Cosmological perturbations

no screening

super-horizon
H0

k1

1/teq

k2

teq t0

k,
 m

o
m

e
n
tu

m
 

t, conformal time

(a’)
(a)

(b)

(b’) (c)

(c’)

kY/a1/2

aH

Screening scale
Hubble

matter domination

Scalars: All effects summarized in Y ⌘ f̃ 0(1)

k2Y ⌘ 3H2
0⌦dmY

(� + �)(1� Y )

 =

s

25 +
24⌦dmY

⌦cm(1� Y )
� 5

screening

⇢(x, t) ⌘ ⇢(t)(1 + �(x, t))

� ⇠ (k ⌧)2

6

� ⇠ (k ⌧)2

6(1� Y )
⌧

k2 = kY

s
⌦dm + ⌦b

⌦�

Y

Cosmological perturbations

no screening

super-horizon
H0

k1

1/teq

k2

teq t0

k,
 m

o
m

e
n
tu

m
 

t, conformal time

(a’)
(a)

(b)

(b’) (c)

(c’)

kY/a1/2

aH

Screening scale
Hubble

matter domination

Scalars: All effects summarized in Y ⌘ f̃ 0(1)

k2Y ⌘ 3H2
0⌦dmY

(� + �)(1� Y )

 =

s

25 +
24⌦dmY

⌦cm(1� Y )
� 5

screening

⇢(x, t) ⌘ ⇢(t)(1 + �(x, t))

� ⇠ (k ⌧)2

6

� ⇠ (k ⌧)2

6(1� Y )
⌧

k2 = kY

s
⌦dm + ⌦b

⌦�

Y

w
av

en
um

be
r

Effects on perturbations: LV in DM

(� + �)

Screening horizon



Cosmological perturbations
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LV in DM: Cosmic microwave background!
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1) Modified Poisson equation:
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II) Anisotropic stress:
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Enhanced gravity: effects on CMB

Sachs-Wolfe Doppler Integrated Sachs-Wolfe
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Shear: effects on CMB

Sachs-Wolfe Doppler Integrated Sachs-Wolfe
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Cosmological perturbations
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Observational data!

Planck

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
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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
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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])
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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,
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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)



Cosmological bounds!
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Conclusions:!

Consequences of LV in cosmology:  !
enhanced growth of structures at small scales (i)  

accelerated growth of structures (ii) !
additional cosmic shear (iii)

Lorentz violation is a consistent framework to !
test deviations from !

motivated by quantum gravity
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Other directions:!

Technically natural dark energy with LV!
- resolves Cosm. Const. Problem

Inflation with LV!
- curious phenomenology for NG

Rigorous treatment of renormalisability !
in extended Horava’s gravity
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Consequences of LV in cosmology:  !
accelerated growth of structures !

+!
additional cosmic stress

Conclusions:!

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.

33
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Cosmological bounds!
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Рис. 10: Одномерные частные апостериорные распределения и двумерные области
(соответствующие 68 и 95%– доверительным интервалам) параметров модели с на-
рушенной Лоренцевой симметрией в гравитации и темной материи.
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Рис. 10: Одномерные частные апостериорные распределения и двумерные области
(соответствующие 68 и 95%– доверительным интервалам) параметров модели с на-
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Correlation with H0 !
Khronon resembles dark radiation for 

some LV parameters !
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DM, baryons!
matter domination

LV in gravity: effects on perturbations

H2 = 8⇡Gc⇢/3
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the equivalence principle in the DM sector in the LI context. However, in the absence of any
direct detection so far and since the loop calculations are rather model-dependent, we find it
useful to study the bounds on LV in DM following from its gravitational manifestations, in
particular in cosmology.

Our work is organized as follows. In section 2 we briefly review the Einstein-aether
and khronometric models. To understand the qualitative effects of LV in DM we study in
section 3 the dynamics of massive point particles coupled to the aether, concentrating on
the Newtonian limit and Jeans instability. We next proceed to the systematic treatment of
LV DM using the effective fluid description. Section 4 contains the description of the setup,
analysis of the homogeneous cosmology and the equations for the linearized perturbations.
Section 5 contains the analytic study of the perturbations in various regimes and the qualita-
tive discussion of the observational signatures. The results of the numerical integration of the
linearized equations in a simplified cosmological model are presented in section 6. Section 7
contains the summary and discussion of our results. Some technical details of our numerical
procedure are described in the appendix.

2 Gravity with a preferred frame

To describe LV we assume that at every point of space-time there is a time-like vector uµ
that following ref. [11] we will call “aether”. The vector is constrained to have unit norm,2

uµu
µ = 1 . (2.1)

Thus it does not vanish anywhere and sets the preferred time-direction at every point of
space-time. This breaks the local Lorentz group SO(3, 1) of GR to the local subgroup SO(3)
of purely spatial rotations that leave uµ invariant. This way, the introduction of uµ allows us
to describe LV effects with an action invariant under arbitrary coordinate transformations.
We will be interested in the dynamics of uµ at large distances, which according to the rules
of effective field theory is governed by operators with the smallest number of derivatives. It
is straightforward to see that it is impossible to construct any contribution to the Lagrangian
with one or no derivatives. Thus LV at low-energies is governed by the action of the Einstein-
aether model [11, 12], the most general action containing up to two derivatives of uµ,
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σ + c4u

µuνgσρ, (2.3)

and the last term with the Lagrange multiplier l has been added to enforce the unit-norm
constraint. We have included in the above action the Einstein-Hilbert term for the metric
gµν . The parameter M0 is related to the Planck mass, cf. (2.9), while the dimensionless
constants ca, a = 1, 2, 3, 4, characterize the strength of the interaction of the aether with
gravity. As discussed below, observations require these constants to be much less than 1, so
we will assume

|ca| ≪ 1 (2.4)

2We use the metric with (+,−,−,−) signature. Latin indices from the middle of the alphabet take the
values i, j = 1, 2, 3, while Greek letters denote the space-time indices. The latter are manipulated with gµν .
Objects in bold face are three-vectors. We use units where the speed of propagation of light is c = 1.
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Constrains from GW emission in 
binary systems, cosmology 

(Einstein -aether only)

|↵,�,�| . 0.01
Zuntz, Ferreira ,Zlosnik’08 
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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



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?



Dark matter

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

Yes!
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Accelerated Jeans instability
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screening of the additional force 
     chameleon-type mechanism �

Standard Jeans instability 

NB. Standard homogeneous cosmology
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Standard growth of structures!
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DM, baryons!
matter domination

LV in gravity: effects on perturbations

H2 = 8⇡Gc⇢/3

Aether - effective relativistic dof, !
undergoes free-streaming 
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