
Lorentz violations: from quantum 
gravity to black holes

Thomas P. Sotiriou 



Motivation

Thomas P. Sotiriou - 9th Aegean Summer School, Sifnos, September 18th 2017

Test Lorentz symmetry!



Motivation

Old problem: Can we make gravity renormalizable?

Possible solution: Add higher-order curvature invariants

Higher order term contain higher order time derivatives 

This introduces ghosts!

Simple solution: give up Lorentz invariance. Then

Higher order spatial derivatives without higher order time 
derivatives, i.e. no ghosts 

Renormalizable theory (at the power counting level)

Well, maybe not that simple...
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Lifshitz scalar
Consider the action

It is then natural to choose the scaling dimensions

[dt] = [�]�z [dx] = [�]�1

which implies that

S =

⇤
dtdxd

�
�̇2 � am�(��)m�+ gn�

n
⇥

So long as 

the theory is power counting renormalizable.

z � d

[�] = [](d�z)/2 [am] = []2(z�m) [gn] = []d+z�n(d�z)/2
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Lifshitz gravity
We first need to split spacetime into space and time by 
introducing a preferred foliation

ds2 = �N2c2dt2 + gij(dxi �N idt)(dxj �N jdt)

Remaining symmetry: “foliation preserving diffeomorphisms”

Time reparametrization: 

Spacetime-dependent 3-diffeos:

t� t̃(t)

xi � x̃i(t, xi)

S =
M2

pl

2

⇤
d3xdtN

⇥
g
�
KijKij � �K2 � V (gij , N)

⇥

Most general action

P. Hořava, Phys. Rev. D 79, 084008 (2009) 
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General features

The potential should be at least 6th order in spatial 
derivatives 

There are 2 types of  Lorentz-violating terms: those that 
come at lower order and those that come at higher order 

The theory propagates a scalar mode 

Generically there will be more than 60 couplings! 

So far perfectly consistent and viable theory (with certain 
assumptions about matter coupling)

V = �⇥R� � aia
i +

1

M2
�

L4 +
1

M4
�

L6 ai = �i lnN

 D. Blas, 0. Pujolas and S. Sibiryakov, Phys. Rev. Let. 104, 181302 (2010)
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Projectable version

The lapse is space-independent 

Drastic simplification - 9 couplings only 

Same degrees of  freedom 

Severe infrared viability issues 

Shown to be renormalizable! 

Shown to be asymptotically free in 2+1 dimensions

P. Hořava, Phys. Rev. D 79, 084008 (2009)  
T.P.S., M. Visser, S. Weinfurtner,  PRL 102, 064035 (2009)  

JHEP 0910, 033 (2009) 

T.P.S., M. Visser, S. Weinfurtner, JHEP 0910, 033 (2009)  
D. Blas, O. Pujolas, S. Sibiryakov, JHEP 0910, 029 (2009)  

K.Koyama, F. Arroja, JHEP 1003, 061 (2010)

A. O. Barvinsky et al., PRD 93, 064022 (2016) 
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Einstein-aether theory

Sæ =
1

16�Gæ

�
d4x

⇥
�g(�R�M�⇥µ⌅⇤�uµ⇤⇥u⌅)

M�⇥µ⌅ = c1g
�⇥gµ⌅ + c2g

�µg⇥⌅ + c3g
�⌅g⇥µ + c4u

�u⇥gµ⌅

The action of  the theory is

where

and the aether is implicitly assumed to satisfy the constraint

uµuµ = 1

Most general theory with a unit timelike vector field 
which is second order in derivatives

T. Jacobson and D. Mattingly, Phys. Rev. D 64, 024028 (2001).
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Hypersurface orthogonality

Now assume u� =
��T�

gµ⇤�µT�⇤T

and choose    as the time coordinate

u� = ��T (g
TT )�1/2 = N��T

Replacing in the action and defining one gets

with                       and the parameter correspondence
GH

Gæ
= ⇤ =

1

1� c13
⇥ =

1 + c2
1� c13

� =
c14

1� c13

ai = �i lnN

Sho
æ =

1

16⌅GH

⇤
dTd3xN

⇥
h
�
KijK

ij�⇥K2+⇤(3)R+ �aiai
⇥

T

T. Jacobson, Phys. Rev. D 81, 101502 (2010).
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Combined Constraints
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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 [58], PSR J0348+0432 [59], PSR J0737-
3039 [60] and PSR J1738+0333 [61]. 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.

• GC is the “cosmological” gravitational constant
that appears in the Friedmann equations [Eq. (28)];

• G is the “e↵ective” gravitational constant in a bi-
nary system [Eq. (88)].

Regarding the masses:

• m̃A is the gravitational mass of the A-th body in a
point-particle approximation [Eq. (31)];

• mA is the “active” gravitational mass of the A-th
body in a point-particle approximation [Eq. (87)];

• M
tot

is the total gravitational mass of a star, which
includes the gravitational, Æther and baryonic con-
tributions [Eq. (57)]; this mass generalizes m̃A

to regimes where the point-particle approximation
does not hold;

• M
obs

is the mass measured by Keplerian experi-
ments, which turns out to coincide with M

tot

;

• M⇤ ⌘ GNM
tot

= GNM
obs

is the length scale asso-
ciated with the total mass M

tot

= M
obs

;

• M(r) is a function with dimension of length, de-
fined by Eq. (137) and approachingM⇤ as r ! +1;

• m ⌘ m
1

+m
2

is the total active mass of a binary
system in the point-particle approximation;

• µ ⌘ m
1

m
2

/m is the active reduced mass of a binary
system in the point-particle approximation.

Regarding the velocities, we use

• vi or viA are both the 3-velocity of an object relative
to the Æther field;

• vi
12

= vi
1

� vi
2

is the relative velocity of the two
bodies in a binary;

• V i
CM is the center-of-mass velocity of the binary

relative to the Æther.

II. MODIFIED GRAVITY THEORIES

In this section, we define the theories we focus on. We
begin with a description of Einstein-Æther theory and
follow with khronometric theory (the low-energy limit of
Hořava gravity). In both cases, we first introduce the ac-
tion that defines the theory and then describe its current
experimental constraints.

A. Einstein-Æther Theory

Einstein-Æther theory describes gravity by means of
a metric g↵� and a unit-norm timelike dynamical vec-
tor field U↵ (the “Æther field”). The latter locally de-
fines a preferred time direction, which breaks boost- and

E. Barausse, T. Jacobson and T.P.S., Phys. Rev. D 83, 124043 (2011) 
K. Yagi, D. Blas, N. Yunes and E. Barausse Phys. Rev. Lett. 112, 161101 (2014)

Einstein-aether theory
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Combined Constraints

�ISCO rg

E. Barausse, T. Jacobson and T.P.S., Phys. Rev. D 83, 124043 (2011) 
K. Yagi, D. Blas, N. Yunes and E. Barausse Phys. Rev. Lett. 112, 161101 (2014)

Horava gravity
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FIG. 2. Binary pulsar constraints on Lorentz-violating theories. The dark, purple shaded surfaces are allowed regions in the
2-dimensional coupling parameter space of Einstein-Æther theory (left) and khronometric gravity (right), given observations
of PSR J1141-6545 [23], PSR J0348+0432 [24] and PSR J0737-3039 [30]. These regions account for possible variability in the
NS EoS, as well as 1� observational uncertainties in all system parameters, where we have marginalized over (↵1,↵2) given
Solar System constraints. Observe that these regions are significantly smaller than those allowed given stability/Cherenkov
requirements (light, blue shaded region) and big bang nucleosynthesis constraints (dark, orange shaded region). The red dashed
curves show the values of the coupling constants for which the orbital decay rate is exactly the same as in GR in the weak
field/low-compactness limit [3, 20].

relative to the leading order GR term. Therefore, using
the values for the individual masses obtained by assuming
GR is valid induces an error that is of O(v2/c2) ⇠ 10�6

for the binaries considered here.

Given N binary pulsar observations, one can construct
N , 2-dimensional allowed surfaces, all of which will be
di↵erent from each other because of di↵erent system pa-
rameters and observational uncertainties. The intersec-
tion of all these surfaces yields the only allowed region
in the coupling parameter space that would not be ruled
out by the binary pulsar observations under considera-
tion. Figure 2 shows the allowed coupling parameter re-
gion given the observations of PSR J1141-6545 [23], PSR
J0348+0432 [24] and PSR J0737-3039 [30] (dark, purple
shaded region). All throughout we restrict attention to
values of (↵1,↵2) that satisfy Solar System constraints.

Notice that PSR J0737-3039 is very useful in constrain-
ing Lorentz-violating theories not just because of how
relativistic it is, but also because both the dipolar and
quadrupolar, Lorentz-violating corrections to the orbital
decay rate are important for this system. This is because
PSR J0737-3039 is composed of two NSs with similar
masses, and thus similar sensitivities, which renders the
dipolar term comparable to quadrupolar one. Thus, the
orbital decay rate for this system scales with (c+, c�) dif-
ferently than for the other systems we considered, placing
stronger constraints when combining all observations.

Figure 2 also compares the new binary pulsar con-
straints to other constraints in the literature. The light,
blue shaded region and the dark, orange shaded one
are those allowed after considering stability/Cherenkov
constraints and big bang nucleosynthesis constraints re-
spectively. We do not show cosmological constraints on
Einstein-Æther theory [7] because they are comparable
to the stability/Cherenkov constraints shown in the plot.
Observe that binary pulsar observations push Lorentz-
violating theories to a tiny region of coupling parameter
space. The red, dashed curve shows the values of (c+, c�)
and (�,�) for which the energy flux agrees exactly with
the GR prediction to leading-PN order and setting the
sensitivities to zero [3, 20]. Observe that this curve
greatly underestimates the constraints that one can place
with binary pulsars. The constraints on (c+, c�) showed
on the left panel are significantly stronger and more ro-
bust than the order-of-magnitude estimate of [20]3.
The above constraints are robust to systematic errors.

The two main sources of such systematics are the neglect
of the orbital eccentricity and the NS spin. The former
is justified because the binary pulsar systems we consid-

3 The estimates in [20] are based on a small (c+, c�) approxi-
mation, leading PN-order, leading-order in the sensitivities and
neglect all degeneracies, including our ignorance of the EoS.
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Strong coupling

The low energy action exhibits strong coupling at energy

Msc = f(|⇥� 1|, �)Mpl

A. Papazoglou and T. P. S., Phys. Lett. B 685, 197 (2010) 
I. Kimpton and A. Padilla, JHEP 1007, 014 (2010) 

!!!!!!!!

Can be a large scale, but problem with renormalizability! 

Strong coupling problem can be circumvented if

Msc > M�

D. Blas, O. Pujolas and S. Sibiryakov, Phys.Lett. B 688, 350 (2010) 
!!!!!!!!

But then potential tension with observations!

A. Papazoglou and T. P. S., Phys. Lett. B 685, 197 (2010) 
!!!!!!!

1016GeV > M� > Mobs
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Hierarchy of scales

E2 = m2 + p2 + ⌘4
p4

M2
LV

+O(
p6

M4
LV

)

Constraint from synchrotron radiation from the Crab Nebula:

M
obs

> 2⇥ 1016GeV

      cannot be a universal scale!

S. Liberati, L. Maccione and T. P. S., Phys. Rev. Lett. 109, 151602 (2012) !!!!!!!

M?

Consider the dispersion relation

Assume that there is a universal LV scale, so

MLV ⇠ M?
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Percolations of LV

But what about the matter sector and lower order operators?

Different speeds for different fields in the IR, with 
logarithmic running!

R. Iengo, J. G. Russo and M. Serone, JHEP 0911, 020 (2009) !!!!!!!

Some extra symmetry, e.g. supersymmetry 

Assume Lorentz symmetry in matter and let the weak 
coupling to gravity (the Lorentz-violating sector) do the 
rest

Possible ways out:

M. Pospelov and Y. Shang,  Phys. Rev. D 85, 105001 (2012) !!!!!!!

S. Groot Nibbelink and M. Pospelov, Phys. Rev. Lett. 94, 081601 (2005) !!!!!!!
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Pertinent questions
Renormalization group flow: Do couplings get the 
values we want them to get? 

Quantization: some real quantum gravity predictions 

Matter coupling and relevant (possibly worrisome) 
phenomenology 

Vacuum energy 

Causal structure: do we understand it? 

Black holes and singularities: are there black holes? Are 
singularities resolved?

I. Kimpton and A. Padilla, JHEP 1304, 133 (2013)  
M. Colombo, A. E. Gumrukcuoglu, and T.P.S., Phys. Rev. D 91, 044021 (2015);  

Phys. Rev. D 92, 064037 (2015) 
A. Coates, M. Colombo, A. E. Gumrukcuoglu, and T.P.S., Phys. Rev. D 94, 084014 (2016)  

!!!!!!!!
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LV and causal structure 

Causal structure in special relativity

� � k

LV with linear dispersion 
relations

Different modes have different 
speeds and different “light” 
cones 

But there are still “light” 
cones!
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LV and black hole structure 

What happens to 
black holes?

They will have 
multiple horizons!
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Causal structure without relativity

space

time

P

Past

Future Simultaneous

LV with non-linear dispersion relations

No black holes at all??

�2 � k2 + ak4 + ...

No light cones!

LV and black hole structure 
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Spacetime diagram 
Si

ng
ul

ar
it

y

Universal Horizon Metric Horizon r

t

Constant preferred 
 time

E. Barausse, T. Jacobson and T.P.S., Phys. Rev. D 83, 124043 (2011)
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Penrose diagram

Taken from D. Blas and S. Sibiryakov, Phys. Rev. D 84, 124043 (2011) !!!!! 

φ

i+

i0�� = ��

Figure 2: The leaves of constant khronon field (thin solid lines) superimposed on the upper

half of the Penrose diagram of the Schwarzschild black hole. The thick solid line shows the

universal horizon.

signals, no matter how fast, can propagate only forward in this global time. In this way

the configuration of the khronon determines the causal structure of space-time in Hořava

gravity. From Fig. 2 it is clear that within this causal structure the inner region � > �⇥ lies

in the future with respect to the outer part of the space-time. Thus no signal can escape

from inside the surface � = �⇥ to infinity (null asymptotic region between i+ and i0) meaning

that this surface is indeed a universal horizon, cf. [26].

It should be pointed out that within the spherically symmetric approximation that we

have adopted so far the universal horizon is regular, despite the apparent singularity (45)

of the khronon. Indeed, we have seen above that the field uµ, which is the proper invariant

observable of the theory, is smooth at � = �⇥. This implies that the singularity (45) can

be removed by the symmetry transformation of the form (2). It is easy to see that the

transformation

⇥ ⇤⇥ ⇥̃ = exp
�
(�2⇥U

�
⇥

⇤
�⇥ � 1) ⇥

⇥

does the job: the redefined khronon field is analytic at �⇥. However, in the next section

we will argue that the universal horizon exhibits non-linear instability against aspherical

perturbations of the khronon field, which turn it into a physical singularity.

17

Universal Horizon
T
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Rotating black holes

T.P.S., I. Vega and D. Vernieri, Phys. Rev. D 90, 044046 (2014) 
!!!! 

Slowly rotating BHs in Einstein-aether theory do not have 
a preferred foliation. 

Slowly rotating BHs in Horava gravity have universal 
horizons. 

3d rotating black holes can have universal horizons even 
with flat asymptotics. 

Universal horizons can lie “outside” de Sitter horizons.

E. Barausse and T.P.S., Phys. Rev. Lett. 109, 181101 (2012) 
E. Barausse and T.P.S., Phys. Rev. D 87, 087504 (2013) 

E. Barausse and T.P.S., Class. Quant. Grav 30, 244010 (2013) 
E. Barausse, I. Vega and T.P.S., Phys. Rev. D 93, 044044 (2016) 

!! 
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Beyond exact solutions
A new “toolkit” is needed 

Can we define this horizon in full generality? 

Can we have a local definition when we have less 
symmetry? 

Is the universal horizon relevant to astrophysics?

M. Colombo, J. Bhattacharyya, and T.P.S., Class. Quant. Grav. 33, 235003 (2016). 
!!! 

No, it lies always behind the usual horizon

Yes!

Theorem
                                            form a set of  necessary and 
sufficient conditions for a hypersurface to be a universal 
horizon

(u · �) = 0, (a · �) 6= 0
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Spherical collapse

ds2 = �N2dT 2 + S2(NRdT + dR)2 + r2(d✓2 + sin2 ✓d�2)

@R
h
r2SN2 ~ÆR

i
= 0 , (s · ~Æ) =

fIM (T )

r2N2

One can make the ansatz

and then the “   -equation” takes the form T

Horava gravity has an instantaneous mode! 

The universal horizon corresponds to  

This foliation was used for simulations  

It does not penetrate the horizon!

N ! 1

D. Garfinkle, C. Eling and T. Jacobson, Phys. Rev. D 76, 024003 (2007)  !
!!! 

J. Bhattacharyya, A. Coates, M. Colombo, and T.P.S., Phys. Rev. D 93, 064056 (2016). 
!!! 
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LV and GW propagation
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E2 = m2
g + a1M?p+ c2gp

2 + a3
p3

M?
+ a4

p4

M?
+ . . .

GWs constrain significantly only the mass,     and   

Constraining the speed of  GW requires knowing distance 
AND time of  travel, or to have EM counterpart 

Weak constraints on speed from time delays between detectors 

Smoking-gun detection: scalar mode with time delay!  
(but hard to detect)

p p3

D. Blas et al., JETP Lett 103, 624 (2016) !!!!!!! 

T.P.S., arXiv:1709.00940 [gr-qc] !!!!! 

N. Cornish, D. Blas and G. Nardini, arXiv: 1707.06101 [gr-qc] !!!!!!! 



Perspectives

LV QG: Well-defined candidate, testable predictions 
Major IR viability issues resolved (in some versions) 
Some very interesting predictions. I did not mention: 

Major challenges ahead: renormalization group flow, 
quantization 
What about quantum predictions?

• Cosmology: scale invariant spectrum, no horizon 
problem, novel dark energy model, … 

• Possible contact with discrete QG (CDT)

S. Mukohyama, Class. Quant. Grav. 27, 223101 (2010) 
D. Blas and S. Sibiryakov, JCAP 1107, 026 (2011)

P. Hořava, Phys. Rev. Lett. 102, 161301 (2009) 
T. P. Sotiriou, M. Visser and S. Weinfurtner, Phys. Rev. Lett. 107, 131303 (2011) !!!!!!!
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Perspectives

Black holes are of  great interest in Lorentz-violating 
theories. New notion: “universal horizon” 

Non-trivial causal structure 

Is this horizon stable? 

Does it form from collapse? 

Testing LV with GW observations? 

M. Saravani, N. Afshordi and R. B. Mann, Phys. Rev. D 89, 084029 (2014) 
!!!! 

D. Blas and S. Sibiryakov, Phys. Rev. D 84, 124043 (2011) !!!!! 

J. Bhattacharyya, A. Coates, M. Colombo, and T.P.S., Phys. Rev. D 93, 064056 (2016). 
!!!! 
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