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Abstract: Emergent gravity scenarios have become increasingly popular in recent times. In this talk | will review some evidence in this sense and
discuss some lessons from toy models based on condensed matter analogues of gravity. These lessons suggest some (possibly) general features of
the emergent gravity framework which not only can be tested with current astrophysical observations but can also improve our understanding of
cosmological puzzles such as the dark energy one. | shall review these tests and expectations and discuss the perspectives of this line of research and
emergent gravity scenarios at large.
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Gravity as an emergent phenomenon?

Conaliating GR and QM has proven to be extremely hard.

Tentatives of quantizing GR lead to a non-rencormalizable thenn

GR and even uht QFT in curved spacetime is problematic: info loss problem in black holes
Problem of ime in QG..

BH thermodynamics.
Einstein equations can be recovered as equations of state from BH thermo Laws.
Critical phenomena in gravitational coliapse

Gravity'Fluid duality

Cosmological constant which is not E

M =k

Emergent gravity idea: quantizing the metric or the connections does not help
because perhaps these are not fundamental objects but collective variables.
z GR= Hydrodynamics

@ All the sub-Planckian physics is low energy physics

@ Spacetime symmetnies as emergent symmetries
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* Use the fact that spacetime 1s locally flat around any chosen pomnt

* 1 hen at cach point of spacetime one can locally consider a local Rindler horizon as the boundary of the caasal
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*Assume that the Clausius relatton holds for the honzon Energy-Entropy balance: 0Q=TdS

*Assume that dS=adA (EE) where dA 1s the imfimtesimal variaton of the honzon area (a=const by SEP

-.'\f\\l.f_'_'_:-lf :_‘rtt:l—":‘- -MOomenium Conscrvalron
e v Ty TR T TG e J =l 5 - T P — - % -
- I lI.'-'.'-...l. Onc L.L"—L“' [—‘L tlﬂ"‘u all i..ﬂf'.!n.it:"-ﬂ'u" Ol (_."-. i Ll] i\‘L iaty l[-\ WIlil an arp lfI'.. b \.'--:"“lu"--‘J ofICal consiant) 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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Near equilibrium thermodynamics: “if you can
heat it, it has microstructure”
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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

d, 5= external entropv production: entropy exchange rate with the surroundin
d.5= mternal entropy production term

{due to internal d.o.f. of the system and zero for eversible processes)

8Q= compensated heat (heat transfer between system and environment)

oN= uncompensated heat (heat transfer to internal d.o.f)




Extension to Scalar-Tensor theories

[he presence of the bulk viscosity is problematic. The relevant term can in fact be recast as

The shear term 15 “non-local™: it 1s the
null normal ¥¥. What is dissipative is the local Rindler wedge. not spacetime
The bulk term is local and the integral as well the k¥ vectors

actors can be “pedad off”. So it would seem to
correspond to dissipation in anv point of spacetime.
Chirco, Eling. Sl

It is in this case instructive to use the F(r) -> Brans-Dicke link (F(R)=BD «w=0'

In this case we can see relaxing the Strong Equiv. Prinaple to the Einstein one as taking th

mtegral over the horizon of an object that contains denvatives of the

e M X | 8
But doing just this is equuivalent to break background independence: one needs to give a SET to this new field
and count it in the 3Q term.
Based on dimensional analysis the most general contribution is
And since @ is qii-; ensionful one would have to introduce a new
length scale to construct a non-trivial £)(w) which we hence take as
constant. So the total equation for the reversible sector is
Which captures any BD theory, without need of bulk viscosity, if we set w=(1-3/2
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Emerging manifolds and gravity

» Causal Sets (Sorkin. Bombelli, Dowker...)

» Quantum graphity models (Fotini, Smoiin....)

» Group Field theory (Oriti, Sindoni)

- Emergent gravity ideas applied to dark energy (Sorkin, Padmanabhan, Frampton, Smooth)
» Gravity as entropic force ideas (Verlinde, ‘-‘mnim Hossenfelder)

_\naiuguc gravity scenarios

Analogue models in particular played an important irﬁpiratiunal role

» These are condensed matter systems which have provided toy models showing how at least
the concept of a pseudo-Riemannian metric and Lorentz invariance of matter equations of
motion can be emergent.

* For Example, non-relativistic systems which admit some h}rdrcnj}mamics desu'iptinn can be
shown to have perturbations (phonons) whose propagation is described, at low energies, by
Sisa: 050010 hvperbahc wave equahnns on an Etfectwe Lorentzian geometry. RadE0Ee
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Analogue models applications so far...

Experimental issues: try to gain an indirect observational
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confirmations of semiclassical gravity predictions

1l

Theoretical issues for GR: use the analogy to guess behavior in real
semiclassical gravity

Theoretical issues for CM: use analogy to have new interpretation of

known ﬁhvumnum or prediction of new ones.
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Analogue models applications so far...

Experimental issues: try to gain an indirect observational
confirmations of semiclassical gravity predictions
Theoretical issues for GR: use the analogy to guess behavior in real
semiclassical gravity

Theoretical issues for CM: use analogy to have new interpretation of
known phenomena or prediction of new ones.

» Acoustic BH as an observational test field for (analogue) Hawking radiation.
& Simulation of inflation/cosmological perturbations
Sensitivity of Hawking radiation/Inflationary spectra to spacetime microstruture
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2 Interpretation of observed CM phenomena: e.g. Bosenova
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gravity in BEC




The world as a condensate: analogue
gravity in BEC

A BEC is quantum system of N interacting "
bosons in which most of them lie in the same -
single-particle quantum state -ww
(T<T ~100 nK,N___ ~10°+10°) ;

d - h?
zh~)—l11 = —— V¥ —;:‘l’ + k|20

21

Mean field approximation: W(r.x)=y{r.x)+ 7(r.x) where W(r.x) =n_(r.x)=N/V

y(r.x)=(W¥(r.x))=classical wave function of the BEC , x(1.x) =excited atoms




Bose-Einstein condensate:
an example of analogue
emergent spacetime

By direct substitution of this ansatz in the above equation one gets

Background dynamics

Excitations dynamics

These are the so called Bogoliubov-de Gennes equations
The first one encodes the BEC background dynamics
The second one encodes the dynamics for the quantum excitations above it




Acoustic metric

tar the perturbations one gets the

system of cOEanons

Where D, 15 a represenis a second-onder differential
operator called the Iineanzed quantum potential

ineanzed quaniem poental D, can be neglected

In this case one obtains

The metric appearing here is the so called acoustic metric




Acoustic metric

L&t 5 consideT The guantim pertarhations ove

adopt the “guantum acoustic representation”

for the perturbations one gets the

S¥SsieT O C'qu.iii!ﬁ!‘_"{

Where D, 15 a represents a second-omder differential
operator called the Iineanzed quantum potental

For very iong wavelengths the terms commg from the
ineanzed quantum poential D, can be reglected

In thi= case one obtains

The metric appearing here is the so called acoustic metric

Theorem



Acoustic metric

Let's consider the guantum perturbations over the BEC background and

adopt the “quantum acoustic representation”

tor the pertarbations one gets the

Where D, 15 a represents a second-onder differential

operator called the lineanzed quantum potential
For very long waveiengths the terms coming from the
bneanzed quantmm poentmal D, can be neglected

In this case one obiains

The metric appearing here is the so called acoustic metric




LIV in BEC analogue gravity

IT instead of neglecting the quantum potential we adopt the eikonal approximation (high-

momentum approximation) we find. as expected. deviations from the Lorentz invariant
physics of the low energy phonons.

E.g. the dispersion relation for the
BEC guasi-particles is

This (Bogoliubov) dispersion relation (experimentally confirmed) actually interpolates between
two different regimes depending on the value of the fluctuations wavelength
A=2mAki with respect to the “acoustic Planck wavelength™ A =h/(2mc)=a with
E=healing length of BEC=1/(87pa)?

For A» A, one gets the standard phonon dispersion relation a=c/k/
For A«A-one gets instead the dispersion relation for an individual gas particle (breakdown
of the continuous medium approximation) a=~(#k*)/(2m)

1. It has been convincingly proven that Hawking radiation is robust against such high
energy Lorents violations but also new phenomena found (e.g. BH lasers)

2. BEC reproduces that kind of LIV that people has considered in quantum gravity
phenomenology. Constraints have been cast...

"3, “there have been attempts to use Analogue models as tools for learning about emergent
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Emergent gravity in BEC

Emerging a Loretzian metric is not the same as emerging gravity!

So let’s go back to the mean field approximation of BEC and focus
on the equation for the background:

. " _ : :
N—y(t,x)= | — V® 4+ Vou(x) + sn, ) wit. x)+k(2ne{t.x) 4+ mulf. x
N \ 21T J

< Can this be encoding some form of gravitational dynamics?
< If yes it must be some form of Newtonian gravity (non relativistic equation)
< In order to have any chance to see this we need to have some massive field

One way to get this is to introduce a soft U(1) breaking term
(i.e. pass from massless Goldstone bosons top massive pseudo-Goldstone bosons)

g - h-=

\<<u (soft breakin;

fﬁﬁ‘p = — — V20 — pU + 5[ T2T — AT
:

21

[t can be checked that the extra term gives §
massive phonons




BEC gravitational dynamics

We would now hike to put the equation for the condensate background in a
Poisson-like form with the quahl—partlclec moving aLCDrdlnﬂh to the
analogue gravitational potential. Le.

Let us consider small perturbations around a static, homogeneous
background |¢l%=n_=g,with (byGPeq.) it = Kpg — A

It is possible to show by looking at the Newtonian limit of the acoustic geometry

that the gravitational potential is encoded in density iermrbaﬁunﬁ

By adopting the ansatz

and looking at the Hamiltonian for the quasi-particles in the non relativistic limit,
one can actually show that the analogue of the gravitational potential is
g+ 4 (e +2X)

1105000 1His is the form the gravitational potential affecting the quasi-particle motignfor a
slightly inhomogeneous BEC.




SEC Newtonian gravity

Let’s consider the equation for the background with a source term.
he latter is given partly by a localized quasi-particle plus a vacuum contribution
ue to the unavoidable presence/backreaction of excited atoms above the
ondensate ' '
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» Massive, short range gravity: L~ healing length, analogue LI breaking saale=l .
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* Local particle interactions are mapped in non-local quasiparticle interactions (they are related via a
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Jogohubov transformation): non-focality as a signal of emergence
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= Cosmolooical constant 1t 1= due o the non-condensate fraction of atoms



The cosmological constant problem in
analogue/emergent gravity

Let us consider the EFT associated to phonons in BEC

Lo,
e =

In general B = ES wnp [ala; + Fone = (SR gun

-

Not knowing about the physics bevond the “healing scale” we would cut-off the svstem

at E=healing length of BEC and hence get a huge cosmological constant=(1/EFV

The full Grand Canonical Hamiltonian of our BECis H = H — L N

0 one would expect that it is the expectation value of the latter in the phonon ground state to be
he relevant quantity. This total grand-canonical energy density is

function
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SEC Newtonian gravity

Let’s consider the equation for the background with a source term.
he latter is given partly by a localized quasi-particle plus a vacuum contribution
due to the unavoidable presence/backreaction of excited atoms above the
ondensate ' E=—)

rd)

s guasi-particle vacunm backreaction terms

- Massive short range gravity: L~ healing length, analogue LI breaking sale=L

| [Tus problem can be addressed with multi-component BEC. See Sindon 2
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The cosmological constant problem in
analogue/emergent gravity

Let us consider the EFT associated to phonons in BEC

Ingeneral g _ 5

I | =
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wWe wollld cul—oIt the svstem
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Not knowing about the phvsics be
E=healing length of BEC and hence get a huge cosmological constant=( 1/EFF\
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The full Grand Canonical Hamiltonian of our BEC is H
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0 one would expect that it is the expectation value of the latter in the phonon ground state to be
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The cosmological constant problem in BEC
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The cosmological constant problem in BEC
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Few lessons for the cosmological constant problem:

1. [If gravity is emergent there is a priori no reason why the cosmological constant should be computed as
the zero-point energy of the system. A has to be computed through the denivation of Einstein equations
emerging from the underlying microscopic system.

2. The energy scale of A can be several orders of magnitude smaller than all the other energy scales thanks
to some small number of non-perturbative, micoscopic, origin unpredictable via EFT of the emergent
degrees of freedom (e.g semidassical gravity).

3 Also : = ] ;.

The Cosmological Constant problem 1s Natural in Emergent Systems!



The cosmological constant problem in BEC
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Few lessons for the cosmological constant problem:

1. If gravity is emergent there is a priori no reason why the cosmological constant should be computed as
the zero-pomnt energy of the system. A has to be computed through the denivation of Einstein equations
emerging from the underlving microscopic system.

2. The energy scale of A can be several orders of magnitude smaller than all the other energy scales thanks
to some small number of non-perturbative, micoscopic, origin unpredictable via EFT of the emergent
degrees of freedom (e.g semidassical gravity).

3. Also o 3 h 4

The Cosmological Constant problem 1s Natural in Emergent Systems!
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Do we need to go back to Newton for gravity to emerge?
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The cosmological constant pmblem 1n

analogue/emergent gravity
Let us consider the EFT associated to phonons in BEC
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Not knowing about the phvsics bevond the “healing scale we woulid ut-oft the systen

at E=healing length of BEC and hence get a huge cosmological constant=( | EFV

The full Grand Canonical Hamiltonian of our BEC is H — 5 )L.-‘L\‘

So one would expect that it is the expectation value of the latter in the phonon ground state to be
the relevant quantity. This total grand-canonical energy density is
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SEC Newtonian gravity

Let’s consider the equation for the background with a source term.
he latter is given partly by a localized quasi-particle plus a vacuum contribution

ue to the unavoidable presence/backreaction of excited atoms above the
condensate
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- Massive short range gravity: L~ healing length, analogue LI breaking scale=l .
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[This problem can be addressed with multi-component BEC. See Sindoni 2011]

=
i

T 3 x T ¥ 11E £ o 3 — A% =182
\k }I C :“:_ ‘:{-1.1—.':—._“1._‘ |. =] Y TT I J: I_. TT? —T !_'r =
duute conaensate (0,a" 1 such those for which the formalism holds

* [Local narticie mteractions are :TE_‘:F_'!':_"'L"L: in non-local quasiparticie miteractions (thev are reiated via a
e L0000 fion): non-localifv as a si | of emersence?
DOME GOV INansSIoNnaiiom - NON-10CAIITYV 45 4 Siglidl Of eINeTrgence

= Cosmoloeical constant 1t 1= due o the non-condensate fraction of atoms




The cosmological constant problem in
analogue/emergent gravity

Let us consider the EFT associated to phonons in BEC

In general g o \_‘ wx ( ala; + = Y B —S0E 1)

= o - ¥ » - 3 N P '] 1 3 - = 3
Not knowing about the physics bevond the “healing scale” we would cut-off the system
1/EFV

at E=healing length of BEC and hence get a huge cosmological constant=(

The full Grand Canonical Hamiltonian of our BECis H = H — )U_\'

0 one would expect that it is the expectation value of the latter in the phonon ground state to be
he relevant quantity. This total grand-canonical energy density is
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SEC Newtonian gravity

Let's consider the equation for the backgrnund with a source term

he latter is given partly by a localized quasi-particle plus a vacuum contribution
ue to the unavmdab[e prf:benw'backreachun of excited atoms above the
condensate ( h

vacuum backreaction terms

« Massive

short range gravity: L-
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The cosmological constant problem in
analogue/emergent gravity

Let us consider the EFT associated to phonons in BEC

b

Ingeneral gz _ ;5\
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o (ala; + ) Bvac = (2| Hpnon|
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Not knowing about the phvsics bevond the “healing scale” we would cut-off the system

at £=healing length of BEC and hence get a huge cosmological constant=(1/EFV

The full Grand Canonical Hamiltonian of our BECis H = H — L N

b0 one would expect that it is the expectation value of the latter in the phonon ground state to be
he relevant quantity. This total grand-canonical energy density is

Where F,

is a simple monotonic decreasing function
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The cosmological constant problem in BEC
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Few lessons for the cosmological constant problem:

1. f gravity is emergent there is a priori no reason why the cosmological constant should be computed as

the zero-point energy of the system. A has to be ;umputcd through the derivation of Einstein equations
emerging from the underlying microscopic system

-

2. The energy scale of A can be several orders of magnitude smaller than all the other energy scales thanks
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The cosmological constant problem in BEC
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and a direct calculation leads to the result

his is not the ground state gra nd canonical energy density h, neither its energy density =i+ L
is just related to the subdommat second order correction to these -I‘l:t?"-‘“i!“-m: {the part related to the exatations)
ote that for a very dilute condensate 9,2 <<l A @an be made much smaller than the EFT expected value=(1/§)
r of the UV compieted values h and

Fmazzi, SL, Ssndonas, 2011
Few lessons for the cosmological constant problem:
1. [If gravity is emergent there is a pnon no reason why the cosmological constant should be computed as

the zero-point energy of the system. A has to be computed through the denvation of Einstein equations
emerging from the underlyving microscopic system.

2. The energy scale of A can be several orders of magnitude smaller than all the other energy scales thanks
to some small number of non-perturbative, micoscopic, origin unpredictable via EFT of the emergent
degrees of freedom (e.g semidassical gravity).

3. Also _
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The Cosmological Constant problem 1s Natural in Emergent Systems!

Pirsa: 11050010 * We just saw a system with pre-exasting Newtoman Abselute Space- Iime. Page 38/66

Do we need to go back to Newton for gravity to emerge?




QG phenomenology nowadays

Suggestion for UV Lorentz violation came from several QG models. Almost all
of these models lead to modified dispersion relations of the sort we just saw

emerging in a BEC context. They can be constrained using HE Astrophysics.

> Sidereal variation of LV couplings as the lab moves with respect to a preferred frame or
directions
allow variations of a resonance frequency to be measured
exiremely accurately
» Cosmological variation of couplings
(e.g. varying fine structure constant)
» Cumulative effects in astrophysics
(e.g. color dispersion & birefringence)
Annmaiuus threshold reactions
(e.g. forbidden if LI holds, e.g. gamma decay, Vacuum Cherekov)
* Shift of standard thresholds reactions {E.g. gamma absorption or GZK) with new threshold
phenomenology
(asymmetric pair creation and upper thresheolds)
* LV induced decays not characterized by a threshoid
(e.g. decay of particle from one helicity to the other or photon splitting)
* Reactions affected by “speeds limits”
(e.g. synchrotron radiation)

The message 1s: we are out of the dim dark ages of pure speculative

investigations about what lies beyond the Plank scale!

D. Mattingly, Living Rev.Rel.8:5,2005.
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Theoretical frameworks

Of course to cast constraints on LIV using these phenomena one needs more than just the
Kinematics information provided by the meoedihed dispersion relations, one also ofien needs to
compute reaction rates and decayv times. L.e. one need a dynamical framework...

Lorentz symmetry violation Deformed/Doubly SR paradigm

. Non-critical Strings
Quantum decoherence

EFT+LV -
Renormalizable, or higher Non-commutative spacetime

dimension operators N .
po Finsler Geometries
e Relative Locality

EFT with LIV

Standard Model Extension " Neon-renormalizable ops. (HE LIV)
Renormalizable ops. (Low energy LIV)

E.g. QED. dlm 3 4 Gpcramrk E.g. QED. dim 5 operators

lectrons E? = m*®




e Crab nebuia a supernova remnant explod
A_D. distance -1.9 kpc from Earth

QEDwithLIVOEM) o - &

T -jacobson, S.-Liberatt and D -Mattinelv: Nature 474 10149 (2003
L Macvione. SI. A Celoth and | C Kk ICAP @710 013 (D07
L Moscione. ST A Celotti and LG Kiek P '_:“w__—'..r...':_'“:".'-' RBsv DTR- 103005 {2008 ¥

Crab nebula (and other SNR) well explained by synchrotron seif-Compton

(SSC) model!
1. Electrons are accelerated to very high energies at pulsar
2. High energy electrons emit synchrotron radiation
3. High energy electrons undergo inverse Compton (mainly with

synchrotron ambient photons)

Crab alone has provided so far the best constramnts on dim 5 LIV n QED

Currently the best two test come from: the measurement of the spectrum and pelarization of Crab synchrotron emissio




QED with LIV O(E/M)

he Crab nebuia 2 supernova remnant exploded in 1054 - 5
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Crab nebuia (and other SNR) well explained by synchrotron seif-Compton

(SSC) mode!
1. Electrons are acceierated to very high energies at pulsar
2 High energy electrons emit synchrotron radiation
3. High energy electrons undergo inverse Compton (mainly with

synchrotron ambient photons)
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Crab alone has provided so far the best constramts on dim 5 LIV n QED
Currently the best two test come from: the measurement of the spectrum and pelarization of Crab synchrotron emissio




QED with LIV O(E/M

The Crab nebula a supernova remnant exploded in 1054 3
A D. distance ~1.9 kpc from Earth - N\,
o
[ -lacobson. 5. -Liberaty and D -Mattmeiy Natpre 424 Y19 (2003)
 Macciome, S A Celott and .G Kl ICAP @710 013 (2007 .
L Macoiome, S A Celothh and | G Kirk P Ubertine - Pha= Bev DUV 105003 (2008 .

Crab nebuila (and other SNR) well explained by synchrotron seif-Compton

(SSC) moded
1. Electrons are accelerated to very high energies at puilsar
2. High energy electrons emit synchrotron radiation
3. High energy electrons undergo inverse Compton (mainly with

synchrotron ambient photons)

Crab alone has provided so far the best constramts on dim 5 LIV m QED
Currently the best two test come from: the measurement of the spectrum and polanzation of Crab synchrotron emissio




QED with LIV O(E/M)

he Crab nebula a supernova remnant exp |
P—.J gdistance =19 kpc from Earth
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riv- Nature 474 119 (2063
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Crab nebula (and other SNR) well explained by synchrotron seif-Compton

(SSC) mode!
1. Electrons are acceierated to very high energies at puisar
2 High energy elecirons emit synchrotron radiation
- & High energy electrons undergo inverse Compton (mainly with

synchrotron ambient photons)
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Crab alone has provided so far the best constramts on dim 5 LIV m QED
Currently the best two test come from: the measurement of the spectrum and polarization of Crab synchrotron emissio




QED with LIV O(E/M)
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The Crab nebuia a supernova remnant expioded

A D. distance ~1_9 kpc from Earth
[ -jacob=on. 5.-1itberatt and D -Mattimeiv: Nature 424, 1079 (200
L Moccione, S, A Celotts and Eiric [CAP @M 013 (200
Maccome. S A Celott and |G Kirk. P LbertinsPhv= Bev D78 103003 (2008 .

Crab nebula (and other SNR) well explained by synchrotron seif-Compton

(SSC) mode!
1. Electrons are accelerated to very high energies at pulsar
2 tHigh energy electrons emit synchrotron radiation

High energy electrons undergo inverse Compton ( mainly with
synchroiron ambient photons)

Crab alone has provided so far the best constramts on dim 5 LIV m QED
Currently the best two test come from: the measurement of the spectrum and polarization of Crab synchrotron emissio



Higher order LIV? Constraints on QED
with BEC like dispersion relation

QED ulth dtm 6 Lurs:ntz violating Operators

Mg, Galaverni, Sigl, arXiv-0708.1737. PRL
' ' Maccaone, SL, arXav:0805.2548. |[CAP

opposite helieity states

- Present limits on photon fraction: 2.0%, 5.1%, 31%, 36%
{(95% CL) at 10, 20, 40, 100 EeV from AUGER

« LIV “1.’.'03‘ gl \ affects the 'Chl'i_:u‘ﬂfu of this process. lower

and also et iresholds.

¥k, <10°® eV then photon rmr:tmn m UHECR much larger
than present upper limits
LI '|?-._': Iniro r“_ s comeeltriioe processes: V-eciay

photons above 102 eV are Ifr_ft’fftff then y-decay
threshold > 10® eV




CAVEAT: The un-naturalness of small LV in EFT

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

radiative corrections involve integration up to the natural cutoff Mp: will generate the terms
associated to renormalizable operators (n'"pMp, 11" p?) which are unacceptable observationally if n
12=0(1).

* Roughly the generated coefficients n'*» n*® are of order one because the Mp™? suppression is
cancelled by the integration cutoff which is again Mn [Collins et al. PRLI3 (2004)]
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» even if one postulates classically a dispersion relation with only naively (no anisotropic scaling)
non-renormalizable operators (Le. terms n'"™p*/Mp™? with n=3 and n™'=0(1) in disp.rel.)

radiative corrections involve integration up to the natural cutoff Mp will generate the terms
associated to renormalizable operators (n'"pMp, 11" p?) which are unacceptable observationally if n
(1 :'ZD'. 1}

* Roughly the generated coefficients n'"- n'® are of order one because the Mr™? suppression is
cancelled by the integration cutoff which is again M# [Collins et al. PRL93 (2004)]



CAVEAT: The un-naturalness of small LV in EFT
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* even if one postulates classically a dispersion relation with only naively (no anisotropic scaling)
non-renormalizable operators (iLe. terms n'™p*/Mp™* with n=3 and n"™'=0(1) in disp.rel.)

radiative corrections involve integration up to the natural cutoff Mp will generate the terms
associated to renormalizable operators (n'"'pMp,1"p?) which are unacceptable observationally if n

Z=0(1).
* Roughly the generated coefficients n'*- ' are of order one because the Mp™ suppression is
cancelled by the integration cutoff which is again Mn» [Collins et al. PRLS3 (2004)]

E.z. SUSY protect dim<S operators but when SUSY broken leads to too large renmormalizable ops
| & pr— —_— | LJ - .'_ - | n = - ¥ . kT
However CPI+STSY PESE SN TWED Ot alors (0 GIIE 0. when STSY ["s'.w.e-: = B ) I

F.z. gr-gqo/'0402028 ( Mvyers-Pospelov) or hep- ph_ﬂa-l-ﬂ-l""l (Nibblink- P[h‘p["{ﬂ‘i ) Or Zr-go l]'ﬁﬂ'-l-ﬂ!‘ﬂ Jain-Ralston).
SUSY QED:hep-ph/ 0505029 (Belokhov, Nibblink-Pospelov)

[SL. Visser. Weinfurtner. PRL96 (2006) ]
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- even if one postulates classically a dispersion relation with only naively (no anisotropic scaling)
non-renormalizable operators (iLe. terms n'"™p*/Mp™* with n=3 and n™'=0(1) in disp.rel.)

radiative corrections involve integration up to the natural cutoff Mp: will generate the terms
associated to renormalizable operators (n'"pMpn, 11" p?) which are unacceptable observationally if n
123=0(1).

* Roughly the generated coefficients ' n'” are of order one because the Mp™? suppression is
cancelled by the integration cutoff which is again Mn [Collins et al. PRLS3 (2004)]

o

. SUSY protect dim<S '"n:ri":lr- but when SUSY broken leads to too large remormalizable or

E o
3 Fy

However CEI+SUSY pash allowed operators to dim 6. when SUSY broken wf*=(N E-rrn M-
E.z. gr-gqo {H[I‘ﬂ'_ﬁ Myers-Pospelov) or hep- FEMH’"I (Nibblink-Pospelov) or gr-gc/0504019 ( Jain-Ralston).
SUSY QED:hep-ph/'0505029 ( Bolokhov, Nibblink-Pospelov)

[SL. Visser, Weinfurtner. PRL96 (2006) ]
I'he possible exception being Lifshitz theories with LIV and LI sector coupled via interactions

suppressed by some mass scale much larger than the LIV scale.
See e.g. Pospelov & Shang arXiv.org/1010.5249v2: LIV only in gravity.




esting Lorentz violations:
end of the story?

e B i ' - R R
of Lorentz and CPT wviolations is a a success story

1997->2010) from almost no tests to tight, robust constraints
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QG phenomenology

have gone in few yvears (1

on EFT models and some spacetime foam models.

In summaryv for EFT with LIV:
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end of the story?
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have gone
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[ ocal Lorentz Invariance in emergent/quantum Spacetimes

orentz breaking 1s not one to one with relativity breaking.

N von pmatowuky theasem (1911): Lorentz transformations with unfixed lima

Principle of relativity = group structure f » spee.d (
Homogeneity <P linearity of the transformations F C=== = Galile«
Isotropy = Riemannian structure (no Finsler) C=£!m“ = Lorent

Precausality < time ordering

Can we preserve the relativity princaple but give up some of the other postulates?




ocal Lorentz Invariance in emergent/quantum Spacetimes

orentz breaking is not one to one with relativity breaking.

S S — " — Lorentz transformations with unfixed limi

Principle of relativity ¥ group structure ] > EPEE_':I (
Homogeneity =P linearity of the transformations C=== =¥ Galileq
Isotropy ¥ Riemannian structure (no Finsler) C=cﬁg“ = Lorent

Precausality <9 time ordering

Can we preserve the relativity prinaple but give up some of the other postulates?

Isotropy: in 1+1 it is possible to give up kinematical isotropyv (opposite direction boosts are not equivalent) and still get a
elativity group with same number of generators but Finslerian invanant line element (Sonego-Pin 2008). In 3+1 one does not
jave same number of generators but still exists subgroup with Finslerian line element -> Very Special Relativity (Bogoslovsky

999), Cohen-Glashow (2006), Gibbens et al. (2007)).

recausality: too messy to give it up!
geneity: implies both linearity of transformations but it is also directly related to affine structure ¥ Differentiability.



ocal Lorentz Invariance in emergent/quantum Spacetimes

orentz breaking is not one to one with relativity breaking.

V. von Ignatowsky theerem (19T1): Lorentz transformations with unfixed limi
Principle of relativity ® group structure I > 5?'39_& (
Homogeneity =¥ linearity of the transformations ' C=== ¥ Galileq
Isotropy *# Riemannian structure (no Finsler) C=cﬁmt = Lorent
Precausality ¥ time ordering

Can we preserve the relativity princaple but give up some of the other postulates?
- in 1+1 it is possible to give up kinematical isotropy |GPPﬂ=1tE direction boosts are not equivalent) and still get a
latn ity group with same number of generators but Finslennan invanant line element (Sonego-Pin 2008). In 3+1 one does not

jave same number of generators but still exists subgroup with Finslerian line element -> Very Special Relativity (Bogoslovsky
1999), Cohen-Glashow (2006), Gibbons et al. (2007)).

Precausality: too messy to give it up!

implies both linearity of transformations but it is also directly related to affine structure <% Differentiability.

ncare’ *P® Euclidean Poincare’ or Lorentz *PNew Lorentz with different imit speed
e.g in Relativistic BEC. S Fagnoochi, 5. Finaza, 5L, M. Kormos, A. Trombeftoni: New. J. Phys. 12 (2010) 095012)
SR roufe: one tnes o construct 2 Relavty eron ap with same number of generators as SK but two mvarant scales (c Mg
Present .-_11."“7:"".:?_1 mainly via NC geometry e.g. x-Minkowski

Or Local Relativity? arXiv: 1001.0931 GAC, Freidel, Kowalski-Glikman, Smolin



[ ocal Lorentz Invariance in emergent/quantum Spacetimes

orentz breaking is not one to one with relativity breaking.

N. von Ignatowsky theerem (1911} Lorentz transformations with unfixed limi

Principle of relativity = group structure ] N ’-'_'P'E'E'_d (
Homogeneity P linearity of the transformations 4 C=== =¥ Galileq
Isotropy ¥ Riemannian structure (no Finsler) C=cliﬂht = Lorent

Precausality < time ordering

Can we preserve the relativity princaple but give up some of the other postulates?

Isotropy: in 1+1 it is possible to give up kinematical isotropyv (opposite direction boosts are not equivalent) and still get a
elativity group with same number of generators but Finslenan invanant line element (Sonego-Pin 2008). In 3+1 one does not
pave same number of generators but still exists subgroup with Finslerian line element -> Very Special Relativity (Bogoslovsky

999), Cohen-Glashow (2006), Gibbons et al. (2007)).

Precausality: too messy to give it up!

Homogenetty: implies both linearnty of transformations but it is also directly related to affine structure <% Differentiability.

Pomncare’ 9 Euclidean Pomncare’ or Lorentz *®New Lorentz with different limmit speed

e i Eelativistic BEC. SFaonoccdn, S Finazzn, 51, M. Kormes, A. Trombeltont: New. |. Phys. 12 (2010) 095012)

B, . i . = s B b s . ? — i 2 " s it T il B e L =
D5R route ' ore tnes o construct 2 Kela vty groupwith same number of senerators as SK but bwo mvarant scales (c Ay
K = &

Present attempits mamnilv via NC geometry e g. x-Mimmkowski

Or Local Relativity? arXiv: 1001.0931 GAC, Freidel, Kowalski-Glikman, Smelin

Diffeo Inv => Noether Charge = Horizon Entropy (Wald) = Thermodynamic behaviour again?
It rmdamental theory 1s Diffeo mvariance (a” la GR) then isn't it another gravity theory?




Emeregent eravitv scenarios

‘Ne spin 2 particle can be emergent if you have Lorent; mvariance and
Guauge moariant currents or conserved SET”

s Hence ways out are:
Une step emergence

- : — Manifold, Metrnic, LLIL Diffeo
s s :> Gravity+SM (QM?)

From Manifold to Gravity with Lorentz breaking (condensed matter inspired)

LLI, Driteo,

~Spacetime Atoms” +QM? @ Differentiable Manifold,
: Gravity+Matter

Flat Meirnic, Fields

While the “extreme emergence” route might seem the more fundamental it is also the hardest.
The second route is closer to the Analogue gravity philosophy.
Can we develop a toy model in this sense?
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One step emergence

» b=l o Manifold. Metrnic, LLIL Diffeo
Spacetime Atoms E> Gravity+SM (QM?)
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From Manifold to Gravity with Lorentz breaking (condensed matter inspired)

“Spacetime Atoms” +QM? ——y Difterentiable Manifold, m— L LI Diffeo,
Flat Metnic, Fields —_— Gravity+Matter

While the “extreme emergence” route might seem the more fundamental it is also the hardest.
The second route is dloser to the Analogue gravity philosophy.




Emeregent eravitv scenarios

‘Ne spin 2 particle can be emergent if you have Lorenic mvarance and
Gauge invariant currents or conserved SET™
Hence ways out are:

One step emergence

dSpB.L‘EﬂmE Ah}ms.. é liaﬂltﬂld. .\!Etnf. LLI. DIﬂED

Gravity+5M (QM?)

From Manifold to Gravity with Lorentz breaking (condensed matter inspired)

“Spacetime Atoms” +QM? g Differentiable Manifold, =z LLI, Diffeo,
Flat Metric, Fields ' P Gravity+Matter

While the “extreme emergence” route might seem the more fundamental it is also the hardest.
The second route is closer to the Analogue gravity philosophy.
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Emergent eravityv scenarios

“Ne spin 2 particle can be emergent if you have Lorents invariance and
Gauge moariant currents or conserved SET™
Hence ways out are:

One step emergence

. 4 , Manifold, Metric, LLL Diffeo
it Al E> Gravitv+SM (QM?)

From Manifold to Gravity with Lorentz breaking (condensed matter inspired)

“Spacetime Atoms” +QM? @ Differentiable liflnjfﬂid, — LLI Diffeo.
; Flat Metric, Fields 4 Gravity+Matter

While the “extreme emergence” route might seem the more fundamental it is also the hardest.
The second route is closer to the Analogue gravity philosophy.
Can we develop a toy model in this sense?
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Gamuige mvariant currents or conserved SET™

Hence ways out are:
One step emergence

- s o e Manifold, Metric, LLI, Diffeo
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Conclusions

Thermodynamic aspects of gravity seem to strongly hint toward an emergent nature of the latter
» Analogue models are a conceptually easy test field for many related ideas

= not only emergent metrics seem to be ubiquitous in nature but at least for the BEC analogue model there
is mdeed a form of emergent gravity.
» in these systems Local Lorentz Invariance is generically emergent as well
- the kind of phenomena induced by high energy violations of LI can be investigated with current
astrophvsics observations
» the condensation of atoms idea can be generalized to relabivistic systems
= in this case there is no need to introduce time from the onset as it can emerge with the metric
= simultaneously one can have an example of emergence of gravity-matter system which is Diffeo invariant.
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= Naturalness problem: QG phenomenology do constraint severely LIV! Why the IR world is so accurately Lorentz
invariant? Is there a missing ingredient? E.g. a “custodial symmetry”, high energy new relativity group?

» Otherwise can we have emergent with Loreniz invariance at all scales?

« Spacetime thermodynamics and LIV: while Hawking Radiation is robust against UV Lorentz breaking this does not seems
to be the case of BH thermodynamics (e.g. violation of the GSL in BH physics). Can emergent gravity be compatible at all

with the thermodynamic behaviour of semiclassical gravity?

= What is the role of dimensions? E.g can non-relativistic features be relegated to lower dimensional subspaces, like non
relativistic Navier-Stoke equation in gravity/fluid duality investigations?

* What is the relation between alternative theories of gravitation from an emergent gravity point of view?
= Can this be reconnected to existing QG models?
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= Can this be reconnected to existing QG models?

And 7 cherish more than anything else the Analogies, my most trustworthy masters.

They know all the secrets of Nature, muf mev aug&r least to be neglected in Geometry.
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