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Lorentz invariance (LI) is a key ingredient of	


Particle Physics,  Gravity,  Dark Sector

Bounds:
other benefits of studying violative of LI in gravity:

such a fundamental principle should be	


questioned by studying viable alternatives

Why Lorentz Violation

. 10�20 . 10�7 . 10�2

Improve the UV properties of GR	


New ideas for black hole thermodynamics	


New ideas for cosmic acceleration	


Interesting (testable) phenomenology
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Power counting for amplitudes P
V

Lifshitz scalar (LV: no extra poles, no ghosts)
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How I: Hořava Gravity in a Nutshell
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ds2 = gµ⌫dx
µdx⌫ = N

2dt2 � �ij(dx
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idt)(dxj +N

jdt)

x

i 7! x̃

i(xj
, t)

t = t1

t = t0
x

i

preferred foliation of space-time

FDiff: Foliation preserving Diff

 Broken diffeomorphisms: new group of covariance

Extra (gapless?) polarization expected

t 7! t̃(t)

How I: Hořava Gravity in a Nutshell
Hořava 09For gravity this is more involved:



GR Lagrangian extended to

(Naive) GR limit:

Covariant objects under FDiff
ds2 = gµ⌫dx

µdx⌫ = N

2dt2 � �ij(dx
i +N

idt)(dxj +N

jdt)

Low energy (IR) Renormalizability
Finite # of	


counterterms
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How I: Hořava Gravity in a Nutshell
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Diff invariance restored by adding a compensator:  
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How II: Khronometric Theory
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Einstein-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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Lagrange multiplier:
enforces unit norm

Space-time filled by a preferred time direction
associated to a time-like unit vector uµ

Generic: 	


 Einstein-æther

Scalar-vector

uµu
µ = 1

Hypersurface orthogonal:	


Khronometric
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How III: Generic
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c2t =
1

1� �
 massless spin 2 graviton	



 extra massless scalar
!2 = c2t k

2
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Ingredients:  uµ , gµ⌫

Khronometric
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 extra vector polarizations

Einstein-æther (generic     ):  extra term uµ
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EFTs with cut-off 	
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Possible UV completion:	



Hořava gravity M
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Gravitational Lagrangian (IR)
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Where: 
 GR is modified in UV and IR,	



there may be traces	


of LV everywhere!



Ingredients: uµ , gµ⌫ + SM Fields + DM  + DE

Dynamical explanation?
In the following             	



SM:

DM, DE: 

 ̄ uµu⌫�µ@⌫ e.g.

            	


                               

DM ,DE?

SM = 0

to be answered by cosmology

Kostelecky, Liberati, Mattingly, ...

Lm = LLI(SM,DM,DE, gµ⌫) + SM LLV (SM, gµ⌫ , uµ)

+DM LLV (DM, gµ⌫ , uµ) + DE LLV (DE, gµ⌫ , uµ)

!2
 = m2

 + c2 k
2

Matter Lagrangian (& Tests)

|1� cp,n/c� | < 10�22



Light deviation

m10�6 1011 1026

Einstein-æther or Kh theory
UV modifications Solar system,  GWs, cosmology,...
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Torsion 	


balance

Atomic 	


interferometry

Satellites 	


(Probe B, GPS)

Mercury perihelion

Lunar laser ranging,	


 Planets (radar)

DM ,DE?

Nordtvedt effect,

M? > 0.1 eV

Huge improvement may come from	


detection of primordial GW (?)

Tests of Gravity
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stability, no ghosts	


no gravitational Cherenkov
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Theoretical & Solar System Constraints (Kh)



TH & Solar System constraints leave 2 free parameters

derived from situations with weak gravitational fields
Perimeter Institute, August 22, 2013 

PN+Stability+Cherenkov constraints

AE theory Kronometric
theory

�

�

GWs tests improve both aspects!

Gravitational Radiation (Kh)



Expected Astrophysical Effects

Matter forces are not modified
Gravitation modified (coupling	


between gravitons and æther)

Violation of strong equivalence principle (SEP) 
(Nordtvedt effect)

effectively, for strong gravity regimes	


this produces a coupling matter-æther for point particles!

g p

the orbital equations depend on uµv
µ

Spp = �m̃

Z
ds f(uµv

µ)Spp = �m̃

Z
ds

uµ vµ

star



Orbital effects: PN analysis

sensitivity: encapsulates the strong-field effects

v̇iA =
X

B 6=A

�GABmB

r3AB

riAB

Newtonian limit

mA ⌘ m̃A(1 + �A)

active masses
GAB ⌘ GN

(1 + �A)(1 + �B)

strong field

Foster 07
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Dipolar radiation

SEP violation : dipolar radiation expected
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SEP violated: the conserved momentum does not	


                  correspond to    

The dipole mode can be seen in interferometers 	


or in the evolution of binaries

(similar phenomenon in scalar-tensor)

,
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Ė = �G
DA1

5

...
Qij

...
Qij + B1

...
I
...
I + C⌃̇i⌃̇i + ...

E

GR: A1 = 1, B1 = C = 0



Computing the sensitivities

Matching of real solution to the effective one
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From the real system in this approximation
ds2 = e⌫(r)dt2 � eµ(r)dr2 � r2

�
d✓2 + sin2 ✓d'2
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+ 2vV (r, ✓)dtdr + 2vrS(r, ✓)dtd✓ +O(v2) ,

uµ = e⌫(r)/2�tµ + vW (r, ✓)�rµ +O(v2)



Neutron Stars Results

28

Æ c0,0,0 c0,0,1 c0,0,2 c0,1,0 c0,1,1 c0,1,2 c0,2,0 c0,2,1 c0,2,2

1.95⇥ 10�5 �3.15⇥ 10�1 4.60⇥ 10�4 7.58⇥ 10�2 �1.07 4.34 �3.19⇥ 101 4.37⇥ 102 �1.6⇥ 103

Æ c1,0,0 c1,0,1 c1,0,2 c1,1,0 c1,1,1 c1,1,2 c1,2,0 c1,2,1 c1,2,2

�2.14⇥ 10�2 2.90⇥ 10�1 �9.86⇥ 10�1 6.39⇥ 101 �8.34⇥ 102 2.68⇥ 103 �4.57⇥ 103 5.7⇥ 104 �1.51⇥ 105

Æ c2,0,0 c2,0,1 c2,0,2 c2,1,0 c2,1,1 c2,1,2 c2,2,0 c2,2,1 c2,2,2

5.67⇥ 10�1 �7.67 2.65⇥ 101 �1.87⇥ 103 2.49⇥ 104 �8.04⇥ 104 2.32⇥ 105 �2.99⇥ 106 8.91⇥ 106

kh c0,0 c0,1 c0,2 c1,0 c1,1 c1,2 c2,0 c2,1 c2,2

�3.67⇥ 10�6 �3.17⇥ 10�5 6.44⇥ 10�6 2.67⇥ 10�1 �1.09 1.97 �1.72⇥ 102 8.64⇥ 102 �1.39⇥ 103

kh c3,0 c3,1 c3,2 c4,0 c4,1 c4,2 c5,0 c5,1 c5,2

6.44⇥ 104 �3.13⇥ 105 4.60⇥ 105 �1.16⇥ 107 5.46⇥ 107 �7.42⇥ 107 8.00⇥ 108 �3.64⇥ 109 4.65⇥ 109

TABLE I. Estimated numerical coe�cients for the fitting formulas of the sensitivity in Einstein-Æther (Æ) theory and khrono-
metric gravity (kh).
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FIG. 6. (Color online) Absolute value of the sensitivity in khronometric theory as a function of the coupling constant � for a
star with M

obs

= 1.4M� (left panel) and as a function of compactness with � = 10�4 (right panel). In both cases, we set ↵kh
1

and ↵kh
2 by saturating the Solar System constraint (we use the second possibility of Eq. (22)). The bottom right panel shows

the fractional di↵erence between the numerical sensitivity and its weak-field value. Observe that for large compactnesses, the
weak-field result can be very inaccurate.

Some parameters of the binary system, however, are
not directly measurable, but rather they are inferred from
other observables. Let us for example consider the indi-
vidual masses of the binary. These parameters are in-
ferred by noting that other observables are functions of
the individual masses, once one chooses a gravitational
theory. Since observables are measured up to some obser-
vational uncertainty, this error also propagates into the
inferred parameters.

The inferred individual masses can be determined from
two binary observables that depend only on the conser-
vative sector of the theory, e.g. the rate of change of the
pericenter and the Shapiro time-delay. This inference
can be carried out with the leading-order, Newtonian ex-
pressions for these post-Keplerian observables, since 1PN
order corrections and higher will be greatly subdomi-

nant. In Einstein-Æther and in khronometric theory, the
conservative sector is modified to leading PN order only
through the substitutions GN 7! G and m̃A 7! mA (cf.
Eq. (84)). Thus, one can use the same inferred masses
as those obtained by assuming GR is correct. A subtle
caveat is that these inferred masses will not be the grav-
itational masses m̃A, but the di↵erence between these
and mA are of O(�A), which is much smaller than the
observational error for the range of �A that we constrain.
One may worry that to test GR with measurements

of Ṗ /P one may have to include 1PN corrections to the
conservative sector. This would definitely be the case if
non-GR corrections to both the dissipative and conser-
vative sectors entered at 1 PN order. This, however, is
not the case for Lorentz-violating gravity theories, be-
cause the dissipative sector is there modified at -1PN or-

Weak field result
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At         : modified TOVO(v0)

25
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�16⇡ [(� + 3�� 1) ⇢c � 3pc]C

+6 (3� + 4�+ 1)D) +O(r3) . (181)

The matching conditions and procedure are identical
to those described in Sec. IVC for Einstein-Æther theory.
Similarly, the numerical techniques are the same, and the
extraction of the sensitivity is done by transforming the
asymptotic solution for the metric [Eqs. (178) and (179)]
to the gauge of Eqs. (36)–(38) (see Appendix B for the
explicit calculation), which again yields Eq. (171). Thus,
one can calculate the sensitivity with the numerically-
derived value of A and Eqs. (53) or (83) via

�kh =

�

2A� 4� ↵kh
1

�

�

8 + ↵kh
1

� . (182)

VI. NUMERICAL NEUTRON STAR
SOLUTIONS AND SENSITIVITIES

In this section we present the results obtained by nu-
merically solving the modified field equations. In particu-
lar, we concentrate on deriving numerical results for the
sensitivities and developing an analytic fitting formula.
We first tackle the Einstein-Æther case, and then move
on to khronometric theory.

A. Einstein-Æther Theory

Let us first focus on the numerical solutions at O(v0).
At this order, the main observable is the relation between
the NS mass and its radius, for a sequence of NSs in a
given EoS family. As can be seen from the equations of
Sec. IVB1 (and as already noted in Ref. [90]), these solu-
tions depend only on the c

14

combination of the coupling
constants [see Eq. (43)].

Figure 2 shows the mass-radius relation in Einstein-
Æther theory for di↵erent values of c

14

. The horizon-
tal line at M = 1.97M� is the lower mass bound de-
rived from observations of PSR J0348+0432 [47]. Ob-
serve that, as one increases c

14

, the NS mass decreases
for a fixed radius, which is consistent with the conclusions
in Ref. [90].

This figure is a perfect example of the strong degener-
acy between the EoS and modified gravity e↵ects, which
in turn prevents us from constraining modified theories
with the mass-radius relation alone. For example, if we
knew that the LS220 EoS was the correct one, then we
could argue that the observation of PSR J0348+0432 [47]
requires that c

14

< 0.1. However, we do not know the
correct EoS and, for instance, the APR EoS could be the
correct one. If that were the case, we would not be able
to place competitive constraints on c

14

. We then con-
clude that the observation of PSR J0348+0432 [47] (or
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FIG. 2. (Color online) Mass-radius relations in Einstein-
Æther theory with di↵erent coupling strengths (c14 =
0.1, 0.3, 0.5, 0.8), where the thick black curve corresponds to
the GR result. Each panel corresponds to a di↵erent EoS:
APR (top left), SLy (top right), Shen (bottom left) and
LS220 (bottom right). The horizontal dashed line corresponds
to the lower mass bound provided by observations of PSR
J0348+0432 [47]. Observe that as c14 is increased, the NS
mass decreases for a fixed radius.

any other system for that matter) is ine↵ective at con-
straining Einstein-Æther theory through the mass-radius
relation.
Let us now consider the O(v) solutions, and in partic-

ular, the sensitivities in Einstein-Æther theory. In the
weak-field limit, i.e. expanding in the ratio of the bind-
ing energy ⌦ to the NS mass M

obs

, one can show that the
sensitivity scales as [73]

swf

Æ

=

✓

↵Æ

1

� 2

3
↵Æ

2

◆

⌦

M
obs

+O
✓

⌦2

M2

obs

◆

, (183)

with ↵Æ

1

and ↵Æ

2

given by Eqs. (40) and (41), while [40,
83]
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with r = |x| and r0 = |x0|. When plotting the weak-
field sensitivity using Eq. (183), we evaluate ⌦ by using
the Legendre expansion of the Green’s function of the
Laplacian operator [102]. Of course, this integral depends
on the EoS through ⇢(r).
Figure 3 shows the absolute magnitude of the sensi-

tivity in Einstein-Æther theory, calculated from the nu-
merical solution to the O(v) modified field equations,
for di↵erent EoS as a function of NS compactness C⇤ =
M⇤/R⇤ = GNM

obs

/R⇤. For comparison, we also plot the
weak-field expression for the sensitivity [Eq. (183)] with
the APR EoS. The bottom panel shows the fractional dif-
ference between the actual sensitivity and its weak field
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Æther theory with di↵erent coupling strengths (c14 =
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to the lower mass bound provided by observations of PSR
J0348+0432 [47]. Observe that as c14 is increased, the NS
mass decreases for a fixed radius.
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weak-field limit, i.e. expanding in the ratio of the bind-
ing energy ⌦ to the NS mass M

obs

, one can show that the
sensitivity scales as [73]
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with ↵Æ
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given by Eqs. (40) and (41), while [40,
83]

⌦ = �1

2
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|x� x

0| , (184)

with r = |x| and r0 = |x0|. When plotting the weak-
field sensitivity using Eq. (183), we evaluate ⌦ by using
the Legendre expansion of the Green’s function of the
Laplacian operator [102]. Of course, this integral depends
on the EoS through ⇢(r).
Figure 3 shows the absolute magnitude of the sensi-

tivity in Einstein-Æther theory, calculated from the nu-
merical solution to the O(v) modified field equations,
for di↵erent EoS as a function of NS compactness C⇤ =
M⇤/R⇤ = GNM

obs

/R⇤. For comparison, we also plot the
weak-field expression for the sensitivity [Eq. (183)] with
the APR EoS. The bottom panel shows the fractional dif-
ference between the actual sensitivity and its weak field
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FIG. 1. (Color online) Constraints on the (c+, c�) plane in Æther theory (left) and (�,�) plane in khronometric theory (right)
obtained by combining constraints derived from observations of PSR J1141-6545 [43], PSR J0348+0432 [44], PSR J0737-
3039 [45] and PSR J1738+0333 [46]. The areas outside the (allowed) shaded regions are ruled out by stability/Cherenkov
considerations (light blue), BBN (dark orange) and the combined binary pulsar constraints (dark purple). The red dotted line
corresponds to the values of the coupling constants required for the orbital decay rate to agree with the GR prediction in the
zero-sensitivity/weak-field limit. Observe that the new constraints are much more stringent than all others.

PSR J0348+0432 [44], and PSR J0737-3039 [45]. The
first two are pulsars on a 0.17-eccentricity, 4.74-hour or-
bit and on a O(10�6)-eccentricity, 2.46-hour orbit respec-
tively, around a white dwarf companion. The third is the
relativistic double pulsar binary, on a 0.088-eccentricity
and 2.45-hour orbit. These comparisons allow us to place
constraints on the coupling constants of the theory.

Another way to place constraints on Lorentz-violating
theories is to consider modifications to the conservative

sector , controlled by the Hamiltonian, which for example
a↵ects the orbital shape and precession rate. Lorentz-
violating corrections to the Hamiltonian induce preces-
sion of the spin and orbital angular momentum vectors.
Since such non-GR precession is not found in binary
pulsar observations, one can then place constraints on
Lorentz-violation. The constraints are cast in a model-
independent language by considering strong-field gener-
alizations of the parametrized post-Newtonian (PPN)
Hamiltonian. For example, binary pulsar observations
of PSR J1738+0333 [46] can be used to constrain the
strong-field PPN parameters associated with preferred-
frame e↵ects. We here calculate these parameters for
Einstein-Æther and khronometric theory, and then use
PSR J1738+0333 [46] to place constraints on the cou-
plings.

Combining all of these constraints, we obtain the
allowed coupling parameter space shown in Fig. 1
(Einstein-Æther theory in the left panel and khrono-
metric theory in the right panel). The colored regions

are those allowed after requiring stability and absence
of gravitational Cherenkov radiation [38–40] (light blue),
BBN constraints [29–31, 41] (dark orange) and binary
pulsar constraints (dark purple). The red dashed line
corresponds to the values of the coupling constants for
which the orbital decay rate equals the GR prediction,
assuming the sensitivities vanish and working at leading-
order in a weak-field expansion [37]. Observe that the
new constraints obtained here are much stronger than
all other constraints.
Binary pulsar constraints lead to regions of viable cou-

pling parameter space. This is because in deriving these
constraints one has to allow for di↵erent values of the cou-
pling constants (within the Solar System constraints) and
the sensitivities (because of the di↵erent possible EoSs),
and account for the observational error in the orbital de-
cay rate and the orbital period, as well as the error in
the inferred masses of the binary. The particular shape
of these viable regions is a result of the combination of the
constraints associated with di↵erent binary pulsars. For
example, dipole radiation is suppressed for double pulsar
binaries relative to pulsar - white dwarf systems, because
dipole radiation is proportional to the di↵erence of the
sensitivities and NSs have similar sensitivities. Therefore,
for double pulsar systems the orbital decay rate depends
mainly on the quadrupole term, which leads to a di↵erent
slope for the allowed region of coupling constants.

(Solar system constraints enforced)



            	


                               

LV effects from the coupling to                       : 

DM & gravitons gravitate differently:	


  no equivalence principle and enhanced collapse!

(i) the background     modifies the inertial mass	


(ii) new interaction from

uµ = ūµ + �uµ

ūµ

�uµ

            	


                               

Natural dark energy
Blas, Sibiryakov 11
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Lm = LLI(SM,DM,⇤, gµ⌫) + SM LLV (SM, gµ⌫ , uµ)

+DM LLV (DM, gµ⌫ , uµ) + DE LLV (DE, gµ⌫ , uµ)

LV in Cosmology
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    Background:  Homogeneous and isotropic	


     (preferred foliation aligned with CMB frame)
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2003

WMAP mejoró la precisión de las observaciones del CMB
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(7 degree resolution)

WMAP
(0.25 degree resolution)
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(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
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Relativistic Cosmology: Background



  Faster Jeans instability: DM dom, subhorizon

  Anisotropic stress ��  = O(�)
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k2 ⇠ GN
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Shift of the peaks,  change of zero point of oscillation and amplitude
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Tests in the gravitational sector

Cosmological constraints (background and perturbations):         
growth rate + anisotropic stress + screening 	


Effects on the CMB and matter power spectrum     

↵ = 2�

GW (strong fields): 
Solar system tests:

Exploring Lorentz violation yields a rich phenomenology with 
strong theoretical motivations (effective or fundamental)
Lorentz violation modifies gravity at every scale	



     (extra massless d.o.f.                  )

DM . O(.01)

' = t+ �

Short distance modifications: 

Conclusions

M? > 0.1 eV

�, � . O(.01)

�, � . O(.01)



Better UV properties than GR (e.g. Hořava gravity)

Performing a 1-loop calculation	


(so far only scaling arguments)

RG flow Nielsen, Picek 83

SUSY Groot Nibbelink, Pospelov, 04

MP suppression Pospelov, Shang 10

Black hole (singularities & thermod)
Early universe (inflation?)

Bednik, Pujolàs, Sibiryakov 13

Making Lorentz Invariance emergent in the IR

Next Challenges

Non-linear cosmology


