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Abstract: <span>Thermodynamical aspects of gravity have been atantalising puzzle for more than forty years now and are still at the center of much
activity in semiclassical and quantum gravity. We shall explore the possibility that they might hint toward an emergent nature of gravity exploring
the possible implications of such hypothesis. Among these we shall focus on the possibility that Lorentz invariance might be only a low
energy/emergent feature by discussing viable theoretical frameworks, present constraints and open issues which make this path problematic. In the
end we shall focus on black hole thermodynamics in Lorentz breaking gravity by presenting some recent results that seems to hint towards a
surprising resilience of thermodynamics aspect of gravity even in these scenarios.</span>
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The ouest for Quartum graity

In spite of decades of attempts we are still lacking a workable
and falsifiable QG theory,

We do have accumulated however many candidate theories and
many insiqghts...

These are mainly comin rom “critical” pountks i the current
~ 9

theory of gravitation...

I will explore today the possibility and consistency of emergent
gravLE-j scenarios with emergent srmce!:i.me svmmetries, more
spe.cificatl.tj with accidental (IR) Lorentz symmetry

The idea is not only to ve_rifj the vLo.bLLLE-j of these scenarios

but also to uncover the role of Lorentz Sjmmetr\j %) Lmryortan&

aspect of gravitational physics
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4 eoer rd Z‘/Teof‘y.. 1

Wkwj emerqgence?
Tantalising features of Gravity

Sinqularities

Critical phenomena in gravitational collapse

Horizon I:kermodjho\mi.cs

Spacel:i.me tkermodjuamics: Elnstein equations as equati.ous of state.
The cosmological constant Frobl.em

Faster than Light and Time travel solutions

AdS/CFT duality, holographic behaviour

Gravity /fluid dualit\j
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Spacetime thermodynamics (Jacobson, 1995)
éraw'fy as Z‘ﬁermoa’ynaﬁ?fcs

In standard thermodynamics one can recover a system equation of state from the first law and the
Clausius relation: can we do the same starting from horizon properties?

Use the fact that spacetime is locally flat around any chosen point
Then at each point of spacetime one can locally consider a local Rindler horizon as the boundary of the causal past of a space-
like 2-surface patch B including p. This horizon will have Unruh temperature T=1/2x7.
Assume that the Clausius relation holds for the horizon Energy-Entropy balance: 6Q=TdS
Assume that dS=adA (EE) where dA is the infinitesimal variation of the horizon area (a=const by SEP).
0Q=matter energy-momentum flux
Assume L‘I'IL‘l'g'\'*l'l]UII'H._‘nlll.]Tl conservation.
Then one derives the Einstein equations of General Relativity (with an arbitrary cosmological constant) as an Equation of State

for spacetime with «=1/4 IF the shear at B is taken to be zero at p.

2 2 ' . i N paph
dS = a [ édA |6 .\(lu- + ol 4 Ia’..a.f‘"r") _ oQ / €dA (—Ar) Topl"€”.
j . 2 ‘ Ju

p
[ = affinely parametrized tangent vector to the horizon
A = affine parameter

Horizon generating Killing vector

¥ Al

*Tup = 0,

27 , 1
o Iuh -_ It)rl’i FEa __ [i) ‘(),th,# S -\ Huh ELV\S&E&V\ e.q. U-\i.tk
ha 2
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Spacetime thermodynamics (Jacobson, 1995)
éraw'fy as Z‘ﬁermoa’ynaﬂ?f‘cs

In standard thermodynamics one can recover a system equation of state from the first law and the
Clausius relation: can we do the same starting from horizon properties?

Use the fact that spacetime is locally flat around any chosen point
Then at each point of spacetime one can locally consider a local Rindler horizon as the boundary of the causal past of a space-
like 2-surface patch B including p. This horizon will have Unruh temperature T=1/2x7.
Assume that the Clausius relation holds for the horizon Energy-Entropy balance: 6Q=TdS
Assume that dS=adA (EE) where dA is the infinitesimal variation of the horizon area (a=const by SEP).
0Q=matter energy-momentum flux
Assume L‘I'lL‘l'g_\'*l]]UII'IL‘HlU]Tl conservation.
Then one derives the Einstein equations of General Relativity (with an arbitrary cosmological constant) as an Equation of State

for spacetime with a=1/4 IF the shear at B is taken to be zero at p.
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Spacetime thermodynamics (Jacobson, 1995)
éraw'fy as Z‘ﬁermoa’yna/r?fcs

In standard thermodynamics one can recover a system equation of state from the first law and the
Clausius relation: can we do the same starting from horizon properties?

Use the fact that spacetime is locally flat around any chosen point
Then at each point of spacetime one can locally consider a local Rindler horizon as the boundary of the causal past of a space-
like 2-surface patch B including p. This horizon will have Unruh temperature T=1/2x7.
Assume that the Clausius relation holds for the horizon Energy-Entropy balance: 6Q=TdS
Assume that dS=adA (EE) where dA is the infinitesimal variation of the horizon area (a=const by SEP).
0Q=matter energy-momentum flux
Assume L‘I]L‘l'g_\'*ITIUII'IL‘Hlll]'I'l conservation.
Then one derives the Einstein equations of General Relativity (with an arbitrary cosmological constant) as an Equation of State

for spacetime with a=1/4 IF the shear at B is taken to be zero at p.
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Eling, Guedens,Jacobson (2006) - Eling (200%) - Chirco, SL (2009)
Near efw/:ér:am Chermodynarnc.s:

v .

i you can hedd 2, it has ricrostructure’

Loophole in the previous derivation: the expansion has to be zero at order 0(1) if Clausius
holds but the shear can be arbitrar-j.
Suggestion: in order to account for these terms and be able to recover the Einst. Eq.
One has to generalize the Clausius equation for a near-equilibrium thermodynamics situation

dS= external entropj Frodu.cti.ou: enl:ropj exchange rate with the surroundings

; il ) By diS= inkernal entropy production term
d.S + d;S = — + 0N y 2
] (due to internal d.of. of the system and zero for eversible processes)

0Q= compensal:ed heat (heat transfer between system and environment)

0N= uncompensated heat (heat transfer to internal d.of)

.S = 8Q/T, at the reversible level, —ti LA Equc\tions

= 0N, at the irreversible level. el t‘ifﬁ:iFQtLVt terms: VJL\C\L are L‘L\E.Lf:—’

y 1 g - 9 2
(d:S)¥™® Jr/ edv(0? + 26> KSS bound
JH
h

Ar

== Hartle-Hawking tidal heating

Grravitational leexes appears as a’vISSiﬁ'!i?‘lee’ Zerms for ?he .SyS?‘em (Zhe Bindler u,,edge*\.f
77}95/ are IN ?he “5{,')(&('!"{‘4./’1!‘ not ON the Sprir'e-?"rlmp,
Z_:‘(’r‘ hedt Tetxes f/;n/(j/f?” a medictm cannot {,,vr' localized via ,'J/;onon Fletxes z‘ﬁ/(k‘ can nonetheless

Zransfer enerqy via the rucroscopic excitalion of the fundamental constitients
vy 7
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Spacetime thermodynamics (Jacobson, 1995)
Graw'fy as Z‘ﬁermoa’ynaﬁ?fcs

In standard thermodynamics one can recover a system equation of state from the first law and the
Clausius relation: can we do the same starting from horizon properties?

Use the fact that spacetime is locally flat around any chosen point
Then at each point of spacetime one can locally consider a local Rindler horizon as the boundary of the causal past of a space-
like 2-surface patch B including p. This horizon will have Unruh temperature T=1/2x7.
Assume that the Clausius relation holds for the horizon Energy-Entropy balance: 6Q=TdS
Assume that dS=adA (EE) where dA is the infinitesimal variation of the horizon area (a=const by SEP).
O0Q=matter energy-momentum flux
Assume energy-momentum conservation.
Then one derives the Einstein equations of General Relativity (with an arbitrary cosmological constant) as an Equation of State
for spacetime with a=1/4 IF the shear at B is taken to be zero at p.
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fmerginﬁ mcrnfolds and 3}*&1/:‘1‘}/

D Many models are howadays resorting to emergent gravity scenarios (albeit
sometimes through very ca.fferent routes). An thcomplete List could include

@ Coausal seks

@ Quontum graphity models

@ Group field theories

@ AJS/CFT scenarios where the CFT is considered primary
@ Gravity as an entropic force

@ Condensed matter analoques of gravity

Analoque models in Par!:i.cuLar Flaved an meor!:o.ht i.nspi.ra!:i.ohat role

These are cohdensed matter systems which have provided toy models showing how at
least the concept of a pseudo-Riemannian metric and Lorentz tnvariance of matter

equations of motion can be emergent.

For example, non-relativistic systems which admit some k\jdrodvvmmics d«:scriFELov\ can
be shown to have Perburbah‘.ons (Pkonons) whose propagation is described, at Low energies,
by hyperbolic wave equations on an effective Lorentzian geometry,

See e.9. Rarcelo’, SL, Visser: Living Rev.Rel. ¥ (2008) 12, Living Rev.Rel. 14 (2011) 3
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fmerging mcrfolds and 3!‘62\/!.2‘5/

% Many models are howadays resorting to emergent gravity scenarios (albeit
sometimes through very ca.fferent routes). An incomplete List could include

@ Causal seks

@ Quontum graphity models

D@ Group field theories

@ AJS/CFT scenarios where the CFT is considered primary
@ Gravity as an entropic force

@ Condensed matter analogues of gravity

Analoque models in Far!:i.cuLar Flaaed an meor!:aht vaspi.ra!:i.ohat role

These are cohdensed matter systems which have provided toy models showing how at
least the concept of a Fszudo—rii.emahuiau metric and Lorentz invariance of matter
equations of motion can be emergent.

For example, non-relativistic systems which admit some k\jd\rodvv\amics d«:scriFEion can
be shown to have perturbations (Fkonons) whose propagation is described, at Low energies,
by hyperbolic wave equations on an effective Lorentzian geometry,

See e.9. Rarcelo’, SL, Visser: Living Rev.Rel. ¥ (2008) 12, Living Rev.Rel. 14 (2011) 3
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fmergenz‘ 3)‘62\/:‘2‘}/ and Lorentz Iwariance Scenarios

Can we emerge a relativistic theory for Spin 27

Obstruction: The Weinberq-Witten theorem

“No spin 2 particle can be emergent if you have Lorentz nvariance and
Gauge invariant currents or conserved SET”
Hence possible ways out are:

Workaround: From Manifold to Gravily with Lorentz breaking

" b b e Mesoscopic physics on Low energy LLI,
: ime Atoms” +qM IR i
P i o mobfold Gk LIV Diffeo,

Gravity+Matter

The harder route: One sEé.P emerqgence
Specetime Y
Atoms”

Manifold, Metric, Local Lorentz Invariance,
Diffeomorphism invariance
Grnvif:j*-SM-rFossLbLj something new?

Principle of relativity =» group structure
Homogeneity = linearity of the transformations
Isotropy = rotational invariance and Riemannian

structure
Precausality =» observer independence of co-local
time ordering

Lorentz transformations with unfixed
limit speed C
C=2 = Galileo
C=cjipne = Lorentz
Experiments determine C!
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A 0113)"8\55;0/7 D hoew hard 7 1S he Aard rowte?

Other mesoscopic physics without Lorentz violation?
One might try to relax other principles rather than the relativity one... but nothing seems to work...

Break Precausality = Hell breaks loose, better not!
Break Principle of relativity = Preferred frame, Modified dispersion relations

Break kinematical I\'nn‘npy => Finsler Iv_t'r:mcll'it"i.
F.g. Very Special Relativity (Glashow, Gibbons et al.) but reduced symmetry group... ;llrc;ul_\‘ very constrained.

Break Homogeneity =» tantamount to give up operative meaning of coordinates. Breaking the underlying
assumption of euclidean space locally used to start posing von Ingnatovski theorem.

Nonetheless we do have concrete QG models of emergent gravity like Causal Sets which predict
exact Lorentz invariance below the Planck scale in spite of discreteness. There the key point is that
spacetime comes from a statistical averaging over many microscopic configurations. This produces

Lorentz invariance physics which however has non-locality
(EFT with infinite series of higher order derivatives).

O~os e et Tepy

VP VP p

Similarly integrating out transplanckian d.o.f in Loop Quantum gravity seem to give non-Local EFT.
Also Deformed Special Relativity attempt led to Non-Locality (Relative Locality).

Conjecture: Discreetness + Lorentz Invariance = Non-Locality. Can we test this kind of EFT?
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A cfrjre\SSfon P hoew hard 7 1S he Aard rowlte?

Other mesoscopic physics without Lorentz violation?
One might try to relax other principles rather than the relativity one... but nothing seems to work...

Break Precausality =» Hell breaks loose, better not!
Break Principle of relativity = Preferred frame, Modified dispersion relations

Break kinematical Isotropv = Finsler gecometries.
P! .

E.g. Very Special Relativity (Glashow, Gibbons et al.) but reduced symmetry group... already very constrained.

Break Homogeneity =» tantamount to give up operative meaning of coordinates. Breaking the underlying
assumption of euclidean space locally used to start posing von Ingnatovski theorem.

Nonetheless we do have concrete QG models of emergent gravity like Causal Sets which predict
exact Lorentz invariance below the Planck scale in spite of discreteness. There the key point is that
spacetime comes from a statistical averaging over many microscopic configurations. This produces

Lorentz invariance physics which however has non-locality
(EFT with infinite series of higher order derivatives).

x 3 Y2
%~ e e g et g g R o g L PR v
f VP VP p

Similarly integrating out transplanckian d.o.f in Loop Quantum gravity seem to give non-Local EFT.
Also Deformed Special Relativity attempt led to Non-Locality (Relative Locality).

Conjecture: Discreetness + Lorentz Invariance = Non-Locality. Can we test this kind of EFT?
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Let's start with the bad news...
WV LIV in the matter Sector, current constrants

9 2 n ;"”
E? k2 + e

| = M
}J

5 photons

n

12 Dl (n) P
anrhr‘ T P * ! 1 \l'“
. pf

3 leptons/hadrons ,

o PR S ¢(n) eln) neln) | (n) (n) n..(n)
where, in EFT, £\ =&£." = (—)"_" and '™ =97 = (—)"n_".
Table 2 Summary of typical strengths of the available constrains on the SME at different orders.

Order photon e Jet IlLuhnm INulm'inm”

N.A 0(10-13) 0(10-27) 0(10°8)
O(10- ") (GRB) |0(107'%) (CR) 0(10-1%) (CR) 0(30)
0(10-8) (CR) 0(108) (CR) 0(10-%) (CR) 0(10-4)* (CR)

GRB=gamma rays burst, CR=cosmic rays

@ From neutrino oscillations we have constraints on the difference of LV coefficients of different
flavors up to O(10?%) on dim 4, O(10#) and expected up to O(10'*) on dim 5 (ICE3), expected
up to O(10 *) on dim 6 op. * Expected constraint from future experiments.

SL, CQ& ToFl'.c Review 2013
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Lorentz 5rea,6'n3 \9}‘62\/:‘2‘ v

Einstein-Aether Rotationally invariant Lorentz violation in the gravity sector via a vector field. Take
the most general theory for a unit timelike vector field coupled to gravity
(but not to matter), which is second order in derivatives.

1
S=8eg+Su=—— [ dzd\/—g (R+ L,).
167G 4 |

B 5 2 a3 ¢ c =3 C c [ v}
T —Af;;,- (Vo) (Vaul) + AMu? +1). Ai;;,- = CGa" *g.,,g + 20505 + (':;Ofs'é.j — CaUu" g5 4
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Lorentz 5}‘&@6‘/73 \9}‘62\//2‘ v

- . . . . . » . h . = Trsilke
Einstein-Aether Rotationally invariant Lorentz violation in the gravity sector via a vectos Sl 7755,
the most general theory for a unit timelike vector field coupled w0 2m " .o o

(but not to matter), which is second order in derivatives. clike

S=8Spy+S, = —— [ dzdv/—qg (R+ L,).
EH : 167CL g (
Lo=-Z55(Vat")(Vau') + A@? +1).  Z55 = 19*Pgys + 20585 + i

Constraints (pl‘[re gravity-aether) All the PPN parameters vanish except for €, @ WhHich ¢ ’ .lke hyper_
PPN crace of the

Current constraints are 1< 10 and ;< ’.&PSB function,
4x1077 and so there is still a large 2-d region
of parameter space that remains consistent
with available tests of GR. ) g
(see also arXiv:1311.7144 [gr-qc] Yagi et al. XN spectively and
for more complete analysis and improved ' .

. parameters that take the values A=1,
constraints) :

oonal aether field.
Gravity-aether waves
If we denote the speeds of the spin-2, spin-1 and spin-0 modes by % 10%) and so have been proposed several
then the requirement that all these speeds are greater than une m. In Pil“i('lllill'
constraints on a combination of the ¢ coefficients, Howeves, et ailed balance
imposing all of the above constraints there is still a large pegnai= * shall not deal with them here

yarameter space allowed.
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WV Lorentz Area@rg éraw'z'y
ewith a /Dref' erred foliation: Yorava 3}-62\/:'{‘ %

Idea: achieve power-counting renormalizability by modifying the graviton propagator in the UV by adding to the
action terms containing higher order spatial derivatives of the metric, but not higher order time derivatives, so to
preserve unitarity (anistotropic scaling). This procedure naturally leads to a space-time foliation into spacelike
surfaces, labeled by the t coordinate and with xi
being the coordinates on each surface.

M2
where h is the determinant of the induced metric h;; on the spacelike hyper-
surfaces, and Ly = K;; K" — AK? + £®)R + na;a’ with K is the trace of the
extrinsic curvature. Kj;, ()R is the Ricci scalar of hij. N is the lapse function,
and a; = 0;In N.

SHi = MP‘/dtdaa:N\/_(L2+ S gt M4L6),

L4 and Lg denote a collection of 4th and 6th order operators respectively and
M* is the scale that suppresses these operators.
These Infrared (IR) Lorentz violations are controlled by three dimensionless parameters that take the values A=1,
E=1, n=0 in General Relativity (GR).
IR limit L; is Einstein-Aether with hypersurface orthogonal aether field.

Unfortunately Ly and Lg contain a very large number of operators (~10%) and so have been proposed several
restrictions to the theory to limit them. In particular
Projectability; N=N(t) | Detailed balance
There is still debate about these constraints, we shall not deal with them here
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P D{gres Sion:

Constrants on Yorava-LiFshtz Grandy

How much can be M*? It is indeed bounded from below and above

My < My <10*"2GeV Mps =~ few meV  (from sub mm tests)

1 extra scalar mode. If one ¢ch

Due to the t pect to GR, the theory propas 00SCS to
Im INvariancec, nen t o iNIICSIS A J:';I\H [‘lll!‘l“"‘l.l!.'l
Blas,Pujolas,Sibiryakov,
Phys. Lett. B 688, 350 (2010).
The condition M*<10'¢ GeV
is a consequence of the need to protect perturbative renormalizability by assuring that the mass scale of the Horava
scalar mode Msc>M* (ie. strong coupling only when UV terms become non negligible)

Plus Solar System constraints on L; that generically imply Msc<10'"® GeV.

So is Muv~M* or
Muv>M* ?
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A D{gres Sion’

Constrants on Yorava-LiFshitz Granty

How much can be M*? It is indeed bounded from below and above

Mps < M <08 GeV Mhs =~ few meV  (from sub mm tests)

1 1 1
Due to the cduced symmetry | :‘ll:1'I(:|\,“.'Il":|il'.". propagalces in extra scalar mode. If one chooses to

restore diffeomorphism invariance, then this mode manifests as a foliation-definine scalar.
Blas,Pujolas,Sibiryakov,
Phys. Lett. B 688, 350 (2010).
The condition M*<10'¢ GeV
is a consequence of the need to protect perturbative renormalizability by assuring that the mass scale of the Horava
scalar mode Msc>M* (ie. strong coupling only when UV terms become non negligible)
Plus Solar System constraints on L that generically imply Msc<10'"® GeV.
However LIV cannot be confined to gravity!
Higher order operators will always induce lower order ones by radiative corrections!
[Collins et al. PRI.93 (2004), Iengo, Russo, Serone 2009]
So in general even starting with a Lorentz invariant matter sector at tree level one expects that matter LIV operators
will be generated via graviton radiative corrections
Let us assume that some protective mechanism can be envisaged to protect the lowest order operators
(universal coefficient of pz in MDR ¢=1), i.e Horava gravity IR viable.
Then the symmetries of the LIV operators in Horava-Lifshitz action naturally leads MDR for matter
(we assume no LIV at three level in matter and that CPT, P even nature of LIV in gravity sector is maintained in the
LIV terms induced in matter)

4 6
p p .
E*=m?*+p*+ e O er So is Muv~M* or
- Muv>M* 2

Using time delay from GRB one can infer My>10"" GeV. Can we improve this without using UHECR?
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Sync Arotron radiation constrant for %/orca/a—-
Lifshtz 6!“62\42‘}/

SL, Maccione, Sotiriou. Phys.Rev.Lett. 109 (2012) 151602

Crab Nebula spectrum for the LI case (blue, solid curve), for
the LV case n=4, with Mry = 10" GeV and n>0 (red, dashed
curve), and for the case with same parameters but 11<0
(magenta, dot-dashed curve). While, as discussed, the <0
case would lead to premature fall off of the synchrotron

. spectrum, we see here that for 1>0 there is a sudden surge of

+ M, = 10" GoV (n0) . : emission at high frequencies, followed by a dramatic drop due
M, = 10" GeV (n < 0) 3 :
— U .
*— Data ! ¢ characteristic threshold energy Eg=[mMyy]'/2/n'/4.

to the onset of vacuum Cerenkov emission at the

Log10({v/eV

Dependence of the reduced y* on MLV. _ 90% CL exciusion

By considering the offset from the minimum of the 95% CL exclusion

reduced y* we set exclusion limits at 90%, 95% and 99% . 99% CL exclusion
Confidence Level (CL).

Mass scales Mpva2 X 10'° GeV are excluded at 95% CL.

The window for Mpv~M* is closed.

Therefore a mechanism, suppressing the percolation of
LV in the matter sector, must be present in HLL. models,

and such mechanism should not only protect lower

order operators.

Pirsa: 14060002 Page 21/39



Pirsa: 14060002

4 A/ ? [Collins et al. PRLI3 (2004), Lifshitz theories
' Oﬁeﬁ Pf' opolrent: Z‘/?e (anisotropic scaling): lengo, Russo, Serone (2009)]

wun-nadwralness of small LV in EFT

In the matter sector Dim 3,4 operators are tightly constrained: O(10-%), O(10-%7).
This is why much attention was focused on dim 5 and higher operators
(which are already Planck suppressed).

However
if one postulates classically a dispersion relation with only naively (no anisotropic scaling) non-
renormalizable operators (i.e. terms 1™p"/Mp"* with n=3 and n™=0(1) in disp.rel.) then

Radiative (loop) corrections involve integration up to the natural cutoff Mp) will generate the
terms associated to renormalizable operators (Il‘”pN‘[m,l]“)p:) which are unacceptable
observationally if n2=0(1).

Three main Ways out _ s .
» Gravitational confinement

Assume only gravity LIV with M«<<Mp, then
percolation into the (constrained) matter sector is
suppressed by smallness of coupling constant Gn.

E.g. Horava gravity coupled to LI Standard Model: Pospelov

Custodial Symmetry & Shang arXiv.org/1010.5249v2

One needs another scale other from Eyv
[which we have so far assumed O(Mp))].

So far main candidate SUSY but needs Esusy not too high.
E.g. gr-qc/0402028 (Myers-Pospelov) or hep-ph/0404271 (Nibblink-
Pospelov) or gr-qc/0504019 (Jain-Ralston),

SUSY QED:hep-ph/0505029 (Bolokhov, Nibblink-Pospelov). See also
Pujolas-Sibiryakov (arXiv:1109.4495) for SUSY Einstein-Aether gravity.
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4 A/ 3 [Collins et al. PRLI3 (2004), Lifshitz theories
n Oﬁeh P!‘O eny-: Z‘/?e (anisotropic scaling): lengo, Russo, Serone (2009)]

wun-nadwuralness of small LV in EFT

In the matter sector Dim 3,4 operators are tightly constrained: O(10-%), O(10-%/).
This is why much attention was focused on dim 5 and higher operators
(which are already Planck suppressed).

However
if one postulates classically a dispersion relation with only naively (no anisotropic scaling) non-
renormalizable operators (i.e. terms 1™p"/Mp™* with n23 and n™=0(1) in disp.rel.) then

Radiative (loop) corrections involve integration up to the natural cutoff Mp) will generate the
terms associated to renormalizable operators (I]‘”p.\-"[m,l]‘“')pl) which are unacceptable
observationally if n2=0(1).

Three main Ways out e .
Gravitational confinement

Assume only gravity LIV with Ms<<Mp, then
percolation into the (constrained) matter sector is
suppressed by smallness of coupling constant Gn.

Custodial t E.g. Horava gravity coupled to LI Standard Model: Pospelov
ustodial symmetry & Shang arXiv.org/1010.5249v2

One needs another scale other from Epv

[which we have so far assumed O(Mp)).

So far main candidate SUSY but needs Esusy not too high. |TﬂDrOVed RG ﬂOW at HE
E.g. gr-qc/0402028 (Myers-Pospelov) or hep-ph/0404271 (Nibblink-
Pospelov) or gr-qc/0504019 (Jain-Ralston),

SUSY QED:hep-ph/0505029 (Bolokhov, Nibblink-Pospelov). See also . @it .
Pujolas-Sibiryakov (arXiv:1109.4495) for SUSY Einstein-Aether gravity. S.Sibiryakov, |HEP 1311 (2013) 064]

Models with strong coupling at high energies
improving RG flow a la Nielsen [G.Bednik, O.Pujolas,
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Violations of the Generdlised Second Laww in Lorentz
5)-45(2@/39 SCenarios

If someone points out to you that your pet theory of the universe is in disagreement with Maxwell’s equations — then so much the
worse for Maxwell’s equations. If it is found to be contradicted by observation = well, these experimentalists do bungle things
sometimes. But if your theory is found to be against the second law of thermodynamics I can give you no hope; there is nothing for
it but to collapse in deepest humiliation.”

Sir Arthur Stanley Eddington. The Nature of the Physical World (1915), chapter 4

Example A and B fields interacts only gravitationally

€ 7 CA cmep R ¢ RA e Tapaw » TAMaw
Surround the BH with two shells of A and B fields
It is Fossi.ble to choose the temperatures of the shells such thak

TeHaw ?Teskell?TA shelt? T AHow

Then Tashett? T AHaw LmFlLe.s fl.ux from Shell A to BH
Bul Tenaw >Ta skelt melie.s flux from BH to shell B
One can choose the temperatures of the shells in such a way that the
two energy fluxes compensate each other.
So BH mass, radius, entropy stay constant,
Bul Tosmet?Tasme hence the net effect is to bring heat from cooler
shell ke holter one!
Note: sPL-'.t i horizons can be used also to generate classical violation of GSL (region between radii is Like
erqgoreqgion for 8 fleld: possibte enerqy extraction)
Conclusion: Violation of LLI seems to lead to violation of the Gewneralized Second Law (GSL).
Possible way out: )Y comFI.el:iou might E.mr;l.-j “no BH interior” so that GSL qoes in Orcli.nartj Second Law, which
should still hold for non-relativistic fields.

S.L.Dubovsky, S.M.Sibirvyakov, Phys, Lett. B8 63% (2008) 509,
C. Eling, B, Z, Foster, T, Jacobson and A, C, Wall, "Lorentz viclation and Purrnlut.-l motion”, Phys, Rev. D 7§ (2007) 101502,

T. Jacobson and A, C, Wall, “Black hole thermodynamics and Lorentz symmelry”®, Found. Phys, 40 (2010) 1076,
J J J J
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A necw hope? Unversal horizons

In the previous picture one has just
different Limit speeds for different fields

B = c? ((:?m2 + p2)

But in general one expect some sort of
UV completion which would lead to
enerqgy dependent propagation speeds.

v

R

A 2 !

, 5 | CoiTis =0 E-,‘ T Y

Conformal diagram of black hole with Universal horizon. showing lines of constant 4 : A ] n—2
khronon field, with the Universal horizon shown in red.

Black holes in LIV graviky
ingredients q,, and kjperSurfo.ce. orthogonal aether field uw'=V" ¢

In BH tkermodjhami.cs gravity is treated classically (IR Fknjsi.cs) while malter reaches
deep UV regime as kraced back to the horizon,
So one can treat BH solution in Einstein-Acther considering them IR Limit of Horava but
take matter with UV completed dispersion relations (UV infinite speed).

A Universal Horizown occurs when a surface of constant Kronon field becomes compact,

These are surfaces of instantaneous Proragakion hence nothing can move outwards from them,

Alternatively the UH occurs when the Killing field x associated to energy at Lnfu‘.ni&j becomes
orthogonal to the aether field: (xu)=o.

Ekernal (D, Blas and S, Si.bi.rjo.kov (2011), E. Barausse, T. Jacobson, T. P. Sotiriou (2011))
and Collapse solutions (M.Saravani, N, Afshordi, Robert B. Mann,, (2014) ),
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A necw hope? Unversal horizons

In the previous picture one has just
different Limit speeds for different fields

B = ((:?m2 + p2)

But in general one expect some sort of
UV completion which would lead to
enerqgy dependent propagation speeds.

v

PO )

K. 2 !

. “lem” + P + E,—

Conformal diagram of black hole with Universal hotizon. showing lines of constant i 1 /\ ] n—2
Kkhronon field, with the Universal horizon shown in red. 4

Black holes in LIV gravity
ingredients q,, and kjperSurface. orthogonal aecther field uw'=V" ¢

In BH tkermodjhami.cs gravity is treated classically (IR Fkvsi.cs) while malter reaches
deep UV regime as kraced back to the horizon.
So one can treat BH solution in Einstein-Acther considering them IR Limit of Horava but
take matter with UV completed dispersion relations (UV infinite speed).

A Universal Horizown occurs when a surface of constant Kronon field becomes compact.

These are surfaces of instantaneous Prorago.tion hence nothing can move outwards from them,

Alternatively the UH occurs when the Killing field x associated to energy at Lnf:‘.nikj becomes
orthoqonal to the acther field: (xu)=o.

Eternal (D. Blas and S. Si.bi.rjo.kov (2011), E. Barausse, T. Jacobson, T. P. Sotiriou (2011))
and Collapse solutions (M.Saravani, N, Afshordi, Robert B, Mann,, (014) ),
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A neew hope? Unversal horizons

In the previous picture one has just
different Limit speeds for different fields

= c? ((:?m2 + p2)

But in general one expect some sort of
UV completion which would lead to
enerqgy dependent propagation speeds.

v

Ty

oo 2 /

g s | CoTEr R 1 i

Conformal diagram of black hole with Universal horizon. showing lines of constant : : . A ] n—2
khronon field, with the Universal horizon shown in red.

Black holes in LIV graviky
ingredients q,, and kjperSurface. orthogonal aether field u'=V" ¢

In BH tkermodjhami.cs gravity is treated classically (IR Fknjsi.cs) while malter reaches
deep UV regime as kraced back to the horizon.
So one can treat BH solution in Einstein-Acther considering them IR Limit of Horava but
take matter with UV completed dispersion relations (UV infinite speed).

A Universal Horizown occurs when a surface of constant Kronon field becomes compach.

These are surfaces of instantaneous Prorago.tion hence nothing can move outwards from them,

Alternatively the UH occurs when the Killing field x associated to energy at Lnfihikj becomes
orthogonal to the aether field: (xu)=o.

Eternal (D. Blas and S, Si.bi.rjo.kov (2011), E. Barausse, T. Jacobson, T. P. Sotiriou (2011))
and Collapse solutions (M.Saravani, N, Afshordi, Robert B, Mann,, (2014) ),
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2 n:'\/erSa‘/ %/orszn ﬂermodynamics

Berglund, Bhattacharyya, Mattingly
Phys.Rev, D¥S (2012) 124019
Arif Mohd. e~Prink: arXiv:1309,0907

B~ S

€123 ..
qui = (1 = e1z)run + == Kunlx|un

(B 5 N surface gravily is
. : e Iz .
il otkE ,"I,' . J (but Erivial L X \—J.,h UH 0 c13 = ¢1 + ¢3 (103 im 'C1 01 b Cs

i cohstant on UH

PR ' spherically symm, sols) |

g% S v quudAun | xun = /=V,x, Vix”
¥ 15!: vl || Energy conservation v e £ 876, Kyn = V,u"

ey

TN

| % [ | Note that an Universal Horizow is wot a
b e N Nown decreasin . o ?
i 2hd ki 9 v? (GSL?) ) -'11 >0 Killing horizon so generically I:kj: usual
T e e S entropy degeneracy between alternative
. e . ! ! definitions of surface gravity ceases to
! s;d | Unattainability of ? » ik
W S T=0 state . .
. § 3 ¥ : 1 However in spherically symmetric BH
Cropp, SL, Visser, CQG 30 (2013) 125001

-
)

Does the UH radiate?

Berglund, Bko.l:l'acknrj\jo., Maktihgl\j, ‘i’kljs.ﬁ.tv.LdE. 110 (2013) 7, 071301
Tunneling method a la Parikh—Wilczeke leads to Fredi.ct a kermal spec&rum with !:empemkure

RUH sy
Tl"” I T T from this and 1st law Sy = (1 — c13)caAun
AT Ce 9G s

Note:

1. The calculation assumes vacuum ot UH for infalling observers (Like Unruh for KH)
X The be.mpe.rad:ure. obtained is not « /21 as one would have e.xPe.cEe.cl...
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AE-Black holes

ds? = —e(r) dv? + 2dvdr + r? dQ2.

e Solution 1: ¢93 = 0.

I'n ’ln["ll } '.r:] ,'II ..3 Cl4 n
- — where I'y = [ —— = 1] —.
r r \ 2lEes) 2

For this particular exact solution, the Killing horizon is located at ry,, ro + ry, and
the Universal horizon at ry, = ro/2.

27 1/4
= cla] » The Universal horizon is located at r.;, = 3ry/4.

Acther field assumed to be a unit time-like vector everywhere
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'Y ca/z_‘rczcing in LV Black holes

1
w=—(k-u) ke=(k-s) [sLu, u®=1, (u,s) acther frame
o Identify a conserved energy

Ingredients

w=ck, + — k.

° UV Modified dispersion relation

Vulk, x")=V,2 =0 Q= Killing energy as observed at infinity

e Use conserved gquantity to 9o from spacetime and momentum dependent trajectory to purely

spacetime trajectory Resulks

123 = 0 solution cy14 = 0 solution

KH : UH KH

High energy
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1
2

w=—(k-u) ke=(k-s) [sLu, u®*=1, (u,s) acther frame
¢ Identify a conserved energy

Ingredients

w=cks + —¢° kf,

° UV Modified dispersion relation

Vulk, x") =V, 2 =0 Q= Killing energy as observed at infinity

° Use conserved quantity to go from spacetime and momentum dependent trajectory to purely

spacetime trajectory Resulks

¢123 = 0 solution ¢y = 0 solution

KH : UH KH

High energy
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ff&yiraciqg in LV Black holes

1
2

w=—(k-u) ke=(k-s) [sLu, u®*=1, (u,s) acther frame
¢ Identify a conserved energy

Ingredients

e 7. 2 1.3
e UV Modified dispersion relation w=ck, + —£ k.

Vilk, x")=V,2 =0 Q= Killing energy as observed at infinity

° Use conserved gquantity to g0 from spacetime and momentum dependent trajectory to purely

spacetime trajectory Resulks

¢123 = 0 solution cy4 = 0 solution

KH ' UH KH

High energy
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Vacwuwunr state and Swurface gravity

Vacuum state: The presence of a vacuum state for free falling observers at
horizow is strongly linked to exponential peel-off. This is how exact only ak UH.
Hint that Unruh state might be fixed there?

Surface gravity: We take the UH surface gravity ko be the parameter controlling
the exponential “peeling-off” of Light rays at the UH. 1 d dr

KUH = 39550
2dr dv |y

The surface gravity for the two exact solutions at hand is given by

f

] ,‘" 2 ] (2 Ci14
il I ar1 E RN ) Keyga=0 = Y 9
2ryn | 3(1 c13) <I'UH 2(1 c13)

These surface gravities **do not coincides* with the one calculated purely from the metric.

lHr'| =0 T

However, the temperature calculated in {Mattinglj et al, Phys.Revlett, 110 (2013) 7, 071301},
con be exF're.SSad as these peeling K /2!

While at the leading order we use the same du'.spersi,on relaktion as Matl:ingbj et al,, we skress
that our analysis shows that the peeling surface gravity of the Universal horizon is indeed
universal, Le., independent of the specific form of the superluminal dispersion relation!

The Fweeling Kk can be recognised to be Kuormat f one substitute in the standard formula the
redshift factor x*? by (ue x) therefore have a covariant expression for the surface gravity of

the Universal horizown as defined b\j the Petttng—off behavior of rays

KUH ‘)H”\—,,[H- X)
% UH
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Vacwuwunr state and Surface gravity

Vacuum state: The presence of a vacuum state for free falling observers at
horizown is strongly Linked to exponential Peel.-off. This is now exact only at UH.
Hint that Unruh state might be fixed there?

Surface gravity: We take the UH surface gravity ko be the parameter controlling
the exponential “Peeli.ng-off" of Light rays ot the UH. L.dugr

KUH = 39550
2dr dv |y

The surface gravity for the two exact solutions at hand is given by

1 ;
P | e — ""_ B s ——— g e
2run \ 3(1 — e13) Y 2run vl(l c13)

These surface qravities **do not coincides* with the one calculated purely from the metric.

S —
! i 2 ] ," 2 Cl14
'l‘f'|1 0=

However, the temperature calculated in {Mattihglj et al, Phys.Revlett, 110 (2013) 7, 071301},
can be expressed as these peeling k /2

While at the leading order we use the same du'.spersi,on relation as MaEl:inc_]L-J et al,, we skress
that our analysis shows that the peeling surface gravity of the Universal horizon is indeed
universal, Le., independent of the specific form of the superluminal dispersion relation!

The Fweeling Kk can be recognised to be Kuormat f one substitute in the standard formula the
redshift factor x*? b'j (ue 1) therefore have a covariant expression for the surface gravibj of

the Universal horizown as defined b\j the Petttng—off behavior of rays

KUH = u*Va(u- x)
73 UH
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A eprode\SSr‘/g at Che Kf//:‘rg horizon?

One can generically expect that an ouktgoing ray of low Omega can be significantly be affected
bj the Killing horizown if it sticks to it Long enough in terms of its “intrinsic time”

This should be compared with its "lingering time” that we can define as

Tinger — 1 / r

where we took as the characteristic scale of the Lingering the difference between the peeling
and mekbric surface gravity of the Killing horizon

[2(ro + 2r,)]"/3 (510 + 3r,) £2/3Q%/3

+ O(QY3),
2 (7'0 - 1‘“)7/3 ( )

# = |Kkn — Kxnmetric| =
Note that this Tiuger goes ko zero for large $2, and becomes infinite as 52 qoes to zero,

Finally, for small 52 one gets
8/3
Tlinger W 2('rlfl B 'ru) / 1

R= R e R A SN S Wi
Tintrinsic < (To ar 2Tu)2/3(51‘0 + 37‘u) 0A/30)1/3

So, rays with small 2 remain close enough to the Killing horizon for long

enough to be significantly reprocessed.
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A eprode\SSr‘/g at Che Kf//:‘rg horizon?

One can generically expect that an outgoing ray of low Omega can be significantly be affected
bj the Killing horizown if it sticks to it Long enough in terms of its “intrinsic time”

This should be compared with its "lingering time” that we can define as

Tinger — 1 / 4

where we took as the characteristic scale of the Lingering the difference between the peeling
and mekbric surface gravity of the Killing horizon

[2(ro + 2r,)]"/3 (5ro + 3r,) £2/3Q%/3

T O(RY:
2 (7'0 - 1 ru)”a ( )

# = |Kkn — Kxnmetric| =
Note that this Timger goes ko zero for large $2, and becomes infinite as 2 qoes to zero,

Finally, for small 52 one gets
8/3
Tlinger W 2(?.0 An ru) / 1

R = v S P0h Slie e Lt P
Tintrinsic Jt' (TO o 27':;)2/3(5?'0 Bs 37'u) 04/3Q1/3

So, rays with small 52 remain close enough to the Killing horizon for long

enough to be significantly reprocessed.
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Concl/usions

Non—equitibrium Spacetime khermodvnqmtcs is a tantalising feature that
may hint towards emergent/induced gravity scenarios
(but see Chirco, Haggard, Riello, Rovelli, arXiv:1401.5262 for alternative
Foi.hl: of view)
Emergent gravi!:-j scenarios have the Problem to exFlau',V\ the accurate
Lorentz invariance of the low energy world
While discrete gravity scenarios Like CAUSETS can avoid FrobLems at the
cost of ntroducing non-localities we have exPLored UV Lorentz scenarios.
Cownstkraints on the matter sector seem to i.mptv a ‘F’ospe.tov—skang Like
solution to the Naturalness problem of LIV in EFT,
Another Probl.v.m linked ko LIV is violation of GSL,
LIV BH however have Universal horizons
APPm*e.hl:l.j Killing horizons tkermodjnamtcs becomes Universal Horizons
tke.rmodjnamics i this setting,

o Open issues: sEabLLva of UH? what is the spectrum at th'uai.bj? what is the

natural vacuum state for a these BH when formed by a collapse?

Pirsa: 14060002
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Berglund, Bhattacharyya, Mattingly
Phys.Rev, D¥S (2012) 124019
Arif Mohd. e~Prink: arXiv:1309,0907

€123 ..
qui = (1 = e13)kun 4 l,;‘!\l nlxlun
surface gravity is
conskant on UH

0

) 2 " -
(but Erivial L X \—f,r. UH c13 = ¢ + 3 123 = C; + €2 + €3

spherically symm, sols)
quudAun ol = v~V Vi x*
H?T(;-.. Kun vn““
| Note that an Universal Horizown is not a
i Nown dqcreasm‘_) v7? (GSL?) {"‘_‘h H >0) Killing horizon so generically the usual
b/ entropy degeneracy between alternative
| ! ! definitions of surface gravity ceases to
i Uno.l:l:ai.uabilu:v of > exist.

v W —

Energy conservation

-

T=0 stote

-
X
-
2]
A

However in srktricallnj sjmmztri.c BH
Cropp, SL, Visser, CQG 30 (2013) 125001

Does the UH radiate?
Berglund, Bhattacharyya, Mattingly, Phys.Rev.Lett. 110 (2013) 7, 071301
Tunneling method a la Parikh—Wilczeke leads to Fredict a kermal srec&rum with Eempem&ure

RUH SR
Tl“ L R RCT from this and 1st law Sy = ( €13)Cw AUH
AmCy Tem

Note:

1. The calculation assumes vacuum ot UH for infalling observers (Like Unruh for KH)
P The be.mpe.rad:ure. obtained is not « /21 as one would have e.xPe.cEe.ci...
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Lorentz 5rea,6'n3 \9}‘62\/:‘2‘ v

Einstein-Aether Rotationally invariant Lorentz violation in the gravity sector via a vector field. Take
the most general theory for a unit timelike vector field coupled to gravity
(but not to mattcr), which is second order in derivatives.

S =8gyg +S, = 1()‘1‘61(. /(111\/ (R+L,).

2 — —Z:;(V,,M)(V gu’) + A(u? : 71"; = 19%P g5 + ('2(5;‘(5; + (';;(5}{5: — cqu®uPgys |

Pirsa: 14060002 Page 39/39




